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1. Introduction

We are going to see the first decade since the fundamental concept of massive multiple-input
multiple-output (MIMO) (also called large-scale MIMO) has emerged [1]. Massive MIMO is expected
to be one of the most promising technologies towards the fifth generation mobile communications (5G)
and beyond. Implementation [2,3] and trials [4,5] are actively proceeded. Especially, massive array
beamforming has a good match to millimeter wave communication [6] which suffers from link
budget shortfall due to its high frequency. Further, thanks to its excessive degree of freedom
(DoF), massive MIMO has unlimited potentiality to further enhance system capabilities [7] and still
expands various research topics with depth. It should be further discussed and believed to break
limitations in wireless communications such as spectral and energy efficiencies for better support of
continuously increasing mobile data traffic, as well as terminals driven by Internet of things (IoT).
The key contribution of this special issue is to provide readers with new insights and facilitate plentiful
discussions in this field.

2. The Present Issue

This special issue consists of nineteen papers covering wide and important topics in the field
of massive MIMO systems, including both fundamental regions such as computation complexity,
energy efficiency, pilot contamination, channel estimation, antenna design, non-orthogonal multiple
access (NOMA) and millimeter-wave beamforming, as well as emerging topic such as machine learning
incorporation. From the system model aspect, variety of scenario have also been covered such as
single/multi-cell, distributed antennas, heterogeneous network, IEEE802.11ac and long term evolution
(LTE) standards.

Distributed antenna systems (DAS) or base station (BS) cooperation have actively investigated
since it can provide array diversity or multiplexing gain due to low spatial correlation of distributed
antennas. Its extension to massive MIMO was analyzed in terms of spectral and energy efficiencies
with considering hardware impairment such as phase noise [8] and analog-to-digital converter (ADC)
resolution [9]. In the distributed massive MIMO structure, sounding reference signal (SRS) design and
channel estimation scheme were proposed in order to mitigate the pilot contamination impact [10].

Work in [11] proposed a path loss based pilot allocation strategy and pseudo-random code
pilot design. In [12], a modified heuristic pilot assignment algorithm was proposed. Its optimization
criteria is to maximize the minimum uplink signal-to-interference plus noise power ratio (SINR).
Efficient channel state information (CSI) estimation scheme was proposed in [13]. It exploits prior CSI
of the previous timeslot having temporal correlation in the angular domain. Differential modulation
unnecessitates channel estimation and is preferable especially in massive MIMO systems. In [14],
incoherent detection for differential modulation was expanded to multiple symbols in the single cell
scenario. For further capacity enhancement, multiplexing in the power domain, i.e., NOMA enabled
by successive interference cancellation (SIC), was introduced [15].

Electronics 2020, 9, 385; doi:10.3390/electronics9030385 www.mdpi.com/journal/electronics1
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In millimeter-wave communication, almost line-of-sight (LoS) channel or Ricean fading channel
is expected. Exploiting CSI of the LoS component, spectral efficiency of equal gain transmission
and combining (EGT/EGC) was analyzed in Ricean fading frequency selective fading channel with
cooperative relaying scenarios [16]. Such relaying approach is also effective in heterogeneous network
where small cell BSs play a role of relay the macro cell BS and user terminals. Reference [17] proposed
eigenvector decomposition based hybrid beamforming in the above scenario.

In the practical viewpoint, limited statistical CSI feedback constraint was considered and machine
learning based user grouping aided hybrid beamforming was proposed [18]. Further, CSI estimation
elimination approach, which applies a blind adaptive array signal processing, has been proposed
and its practical performance was evaluated with considering medium access control (MAC) layer
overhead of IEEE802.11ac and frequency division duplex (FDD) based LTE standards [19].

Computation complexity for pre/post coding is also significant problem on massive MIMO
systems. Suppose uplink transmission, iteration-based new detection algorithms were proposed.
One is the extension of linear minimum mean squared error (MMSE) post coding and log-likelihood
ratio (LLR) calculation [20] and another is based on the maximum likelihood (ML) detection and
iterative discrete estimation approaches [21].

Focusing on energy efficiency, reference [22] proposed simplified beamforming as well as power
allocation strategies for the scenario wherein unicast and multicast users are non-orthogonally
multiplexed. Discontinuous reception can also contribute to improve the energy efficiency.
Authors in [23] introduced an artificial intelligence (AI) approach, i.e., recurrent neural network
(RNN), to adapt sleep cycles of user terminals.

In realization of large-scale antenna arrays, we should pay attention to antenna manufacturing.
Reference [24] developed Bayesian compressive sensing based planar array diagnostic tool for efficient
and reliable testing. New antenna structures were designed; dual-polarized diamond-ring slot antenna
array exhibiting wide bandwidth [25], and leaky-wave antenna array incorporating metamaterial
shield [26] which can suppress the mutual coupling.

3. Future

Now discussions towards 6G has started. Massive MIMO is still expected as a promising
contributor for 6G [27–29], e.g., referred as ‘ultra massive MIMO’. Its potentiality will be truly realized
through relentless effort on R&D including the advance of hardware performance. Variety of massive
MIMO technologies, which were widely addressed in this special issue, could be one of the most
important solutions to bring a breakthrough towards beyond 5G or 6G.

Author Contributions: K.M. and F.F. worked together in the whole editorial process of the special issue, ‘Massive
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Abbreviations

The following abbreviations are used in this manuscript:

MIMO Multiple-Input Multiple-Output
5G Fifth generation mobile communications
DoF Degree of freedom
IoT Internet of things
NOMA Non-orthogonal multiple access
LTE Long term evolution
DAS Distributed antenna systems
BS Base station
ADC Analog-to-digital converter
SRS Sounding reference signal
SINR Signal-to-interference plus noise power ratio
CSI Channel state information
SIC Successive interference cancellation
LoS Line-of-sight
EGT Equal gain transmission
EGC Equal gain combining
MAC Medium access control
FDD Frequency division duplex
MMSE Minimum mean squared error
LLR Log-likelihood ratio
ML Maximum likelihood
AI Artificial intelligence
RNN Recurrent neural network
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Abstract: To achieve the advantages provided by massive multiple-input multiple-output (MIMO),
a large number of antennas need to be deployed at the base station. However, for the reason of cost,
inexpensive hardwares are employed in the realistic scenario, which makes the system distorted
by hardware impairments. Hence, in this paper, we analyze the downlink spectral efficiency in
distributed massive MIMO with phase noise and amplified thermal noise. We provide an effective
channel model considering large-scale fading, small-scale fast fading and phase noise. Based on the
model, the estimated channel state information (CSI) is obtained during the pilot phase. Under the
imperfect CSI, the closed-form expressions of downlink achievable rates with maximum ratio
transmission (MRT) and zero-forcing (ZF) precoders in distributed massive MIMO are derived.
Furthermore, we also give the user ultimate achievable rates when the number of antennas tends to
infinity with both precoders. Based on these expressions, we analyze the impacts of phase noise on
the spectral efficiency. It can be concluded that the same limit rate is achieved with both precoders
when phase noise is present, and phase noise limits the spectral efficiency. Numerical results show
that ZF outdoes MRT precoder in spectral efficiency and ZF precoder is more affected by phase noise.

Keywords: distributed massive MIMO; phase noise; amplified thermal noise; spectral efficiency

1. Introduction

Massive multiple-input multiple-output (MIMO) is becoming a promising technology to provide
significant gains [1–6]. Since it was first proposed, massive MIMO has been studied extensively.
The main feature of massive MIMO is that hundreds (or even thousands) of antennas are employed
at each base station, simultaneously serving tens of users in the same time-frequency resource,
which offers big advantages compared to conventional MIMO. Firstly, it can bring unprecedented
spatial degrees-of-freedom, which enables the improvement of spectral efficiency and energy efficiency
even with simple linear receivers or precoders [7]. In addition, user channels in massive MIMO systems
are nearly orthogonal and fast fading, intra-cell interference can be averaged out. Massive MIMO can
be divided into two categories: one is co-located massive MIMO and the other is distributed massive
MIMO [8]. The latter has promising advantages of increasing energy efficiency, system coverage
and spectral efficiency, which results from the increase in macro-diversity gain and the reduction in
access distance [9–15]. Considering these advantages, we analyze the spectral efficiency of distributed
massive MIMO in this paper. Notably, due to the different access distance between each user and
all remote antenna units (RAUs), the channel vectors are non-isotropic, which makes the analysis of
performance in distributed massive MIMO more difficult and more complex.

In practical communication systems, inevitable hardware impairments occur and cannot be
eliminated even after applying calibration and compensation techniques [16,17]. These impairments
can be divided into two categories: multiplicative distortion and additive distortion. Phase noise

Electronics 2018, 7, 317; doi:10.3390/electronics7110317 www.mdpi.com/journal/electronics5
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introduced by the local oscillators of transceivers is the multiplicative distortion. It will cause random
rotations of the transmitted data symbols, which degrades the system performance. Furthermore,
phase noise makes the estimated channel state information (CSI) more inaccurate and it introduces
a phenomenon called channel aging which means the estimated CSI obtained during pilot phase
is different from that used for downlink transmission. It is pointed out in [8] that the deployment
cost and circuit power consumption of massive MIMO scale linearly with the number of antennas.
Therefore inexpensive but hardware-constraint hardware may be deployed for the reason of cost,
which makes the hardware impairments more severe in massive MIMO.

Analyzing the spectral efficiency is a fundamental method to evaluate the impacts of phase
noise. The impacts of phase noise for uplink transmission have been studied in [18–21] and for
downlink transmission were investigated in [22–24]. The impacts of phase noise on physical layer
security for downlink massive MIMO were investigate in [22]. The achievable rate was derived in [23]
considering the frequency-selective multipath fading channel. The capacity of downlink transmission
with linear precoders was analyzed in [24] but it assumed that the number of antennas and users was
asymptotically large and it only considered a co-located MIMO system.

Herein, considering a distributed massive MIMO with phase noise and amplified thermal noise,
we analyzed the downlink spectral efficiency for any number of antennas and users. Followings are
the key contributions of this paper:

1. In distributed massive MIMO, the channel vectors are non-isotropic and the correlation between
channel vectors and intended beams for each user are destroyed by phase noise. Hence, we first
obtain the distributions of the desired signal and interference powers, which is challenging
and complex.

2. Considering both zero-forcing (ZF) and maximum ratio transmission (MRT) precoders, we obtain
the closed-form expressions of the downlink ergodic achievable rates with imperfect CSI and
hardware impairments in distributed massive MIMO. These closed-form expressions are accurate
for any number of antennas and users in both distributed massive MIMO and co-locate massive
MIMO. Furthermore, they are derived under imperfect CSI which is more realistic, and they
enable the analysis of performance degradation caused by phase noise.

3. The ultimate achievable rate per user is obtained when the number of antennas per remote
antenna unit (RAU) goes infinity. It can be used to investigate the asymptotic performance of
distributed massive MIMO with hardware impairments.

4. The theoretical results are verified by Monte Carlo simulations, and we have a deep insight into
the impacts of phase noise.

The rest of this paper is organized as follows. System model including system configuration,
a model describing phase noise and an effective channel model is introduced in Section 2. We obtain
the estimated CSI during the uplink pilot training phase and analyze the spectral efficiency with linear
precoders in Section 3. Numerical results are given in Section 4. A conclusion is provided in Section 5.

Notation: Column vectors x and matrices X are denoted by bold letters in lower case and in
upper case, respectively. IN is a N × N identity matrix. (·)H and (·)T are the conjugate transpose and
transpose operator, respectively. Scalars x are denoted by italic letters. |x| represents the absolute
value of x and ‖X‖ denotes the spectral norm of X. E[·] and var(·) represent the expectation operator
and variance operator, respectively. CN (0, σ2) represents circularly symmetric complex Gaussian
distribution with mean zero and variance σ2. Γ(k, θ) means Gamma distribution with shape parameter
k and scale parameter θ. Similarly, Nakagami(m, Ω) means Nakagami distribution with shape
parameter m and controlling spread parameter Ω.

2. System Model

Considering a distributed massive MIMO system, we first describe the system configuration and
give the conventional channel model. Next, we present a model describing phase noise and give an
effective channel model incorporating the impacts of phase noise.
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We consider the downlink transmission of a single-cell multi-user distributed massive MIMO
system comprising M RAUs and K single-antenna users as in Figure 1. Each RAU is equipped with an
array of N antennas. All users and RAUs are randomly distributed in the cell.

Figure 1. System Model.

Frequency-flat fading channels are assumed and the system runs in time-division duplex (TDD)
protocol. The channel vector between all RAUs and the k-th user is given by

g̃k
Δ
=
[

g̃1
k · · · g̃MN

k

]
= Λ1/2

k hk, (1)

where Λk = E
[
g̃kg̃H

k
]
= diag(λ1,k · · · λM,k) ⊗ IN is the covariance matrix, λm,k

Δ
= cd−α

m,k denotes
the path loss between the m-th RAU and the k-th user, dm,k is the corresponding distance, α is the
path loss exponent, c is the median of the mean path gain at a reference distance dm,k = 1 km,
and hk ∼ CN (0, IMN) is the small-scale fast fading vector.

In this paper, we consider a more realistic scenario where the antennas deployed at each
RAU are inexpensive and hardware-constrained. Specifically, each antenna experiences phase noise
which distorts communication. The phase noise means the multiplicative phase drift in the signal,
which comes from the local oscillators (LOs) of the RAUs and users. We assume that the LOs are
free-running without a phase-locked loop (PLL), and then the phase noise is commonly modeled as a
discrete-time independent Wiener process [8,25]. Mathematically, the phase noises at the LOs of the
n-th antenna and the k-th user are denoted as

φn (t) ∼ N
(

φn (t − 1) , σ2
φ,n

)
, (2)

ϕk (t) ∼ N
(

ϕk (t − 1) , σ2
ϕ,k

)
, (3)

which equal the previous realization φn (t − 1) and ϕk (t − 1) plus an independent zero-mean Gaussian
random increment with variances σ2

φ,n and σ2
ϕ,k. The variances are dependent on the carrier frequency

and symbol time [25].
The phase noise can be independent or correlated between antennas of each RAU. In our analysis,

we have assumed that the phase noise correlated between antennas of one RAU and independent
among RAUs. Then by expressing the total phase noise as a multiplicative factor, we can rewrite the
channel vector as

gk (t) =Θk (t) g̃k, (4)

where Θk (t)
Δ
= diag

(
ejθ1

k (t), · · · , ejθMN
k (t)

)
= ejϕk(t)Φ (t) ∈ CMN×MN is the total phase noise, wherein

Φ (t) Δ
= diag(ejφ1(t), · · · , ejφM(t))⊗ IN is the phase noise induced by all RAUs, and similarly, ejϕk(t)

corresponds to the phase drift pruduced by the k-th user. Notably, because of the presence of phase
noise, the effective channel becomes time-dependent.

7
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Remark 1. The conventional channel model without phase noise is obtained when σ2
φ,n = σ2

ϕ,k = 0, ∀n, k.

3. Downlink Spectral Efficiency Analysis

In this section, firstly, based on the effective channel model given above, we assume pilot sequence
aided transmission is employed and give the channel estimation. Next, since the channel vectors
are non-isotropic in distributed massive MIMO and the correlation between channel vectors and
intended beams for each user is destroyed by phase noise, we give the approximated distribution
of desired signal and interference powers. After that, we derive the closed-form expressions of the
ergodic achievable downlink rates with both MRT and ZF precoders.

3.1. Channel Estimation

As mentioned before, the transmission protocol is assumed as TDD. Each coherence block
occupying T channel uses is split into two parts: one for uplink pilot symbols and the other for
downlink data symbols. In order to guarantee that the pilot symbols of K users are orthogonal to
each other, it’s necessary to allocate τ ≥ K symbols for pilot transmission. Then the remaining T − τ

channel uses are used for downlink data transmission.
During the pilot training phase, the pilot sequence xk

Δ
= [xk(1), · · · , xk(τ)]

T is assigned to user k.
Incorporating the hardware impairments, the received pilot vector yp at the base station at time
t ∈ [0, τ] is given as

yp(t) =
K

∑
k=1

gk (t) xk(t) + nBS(t), (5)

where nBS(t) ∼ CN (
0, ξBSIMN

)
is the amplified thermal noise at time slot t, and its variance ξBS is

larger than the variance σ2 of thermal noise. This is because of the effects of low noise amplifiers,
mixers and other components.

Let Ψ
Δ
=
[
yT

p(1), · · · , yT
p(τ)

]T ∈ CτMN×1. Motivated by [8,26], the Linear Minimum Mean Square
Error (LMMSE) estimation of the channel of the k-th user obtained by pilot training is given by

ĝk (t) = ΛkHk(t)Σ−1Ψ, (6)

where

Hk(t) = [Hk,1(t), · · · , Hk,τ(t)] ,

Σ
Δ
= ∑K

j=1 Bj + ξBSIτMN ,

Hk,i(t) = x∗k (i)Dk,i(t),

Dk,i(t) = diag

(
e−

σ2
φ,1+σ2

ϕ,k
2 |t−i|, · · · , e−

σ2
φ,M+σ2

ϕ,k
2 |t−i|

)
⊗ IN ,

[
Bj
]

u,v
Δ
= Λjxj(u)x∗j (v)diag

(
e−

σ2
φ,1+σ2

ϕ,j
2 |u−v|, · · · , e−

σ2
φ,M+σ2

ϕ,j
2 |u−v|

)
⊗ IN .

The pilot sequences can be designed in different ways. Without loss of generation, in this paper
we assume that the number of pilot symbols is equal to that of users, i.e., τ = K. More specifically,

we assume that the set of orthogonal pilot sequences XP
Δ
= [x1, · · · , xK] is a diagonal matrix and each

element of it is √ρp, wherein ρp is the average transmit power of pilot symbols. This is equivalent to
the assumption made in [18,20].

8
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Under these assumptions, we give a definition of

βm,k(t) =
e−

σ2
ϕ,k+σ2

φ,m
2 |t−k|√ρpλm,k√
ρpλm,k+ξBS

, (7)

then we can rewrite the LMMSE estimation ĝk(t) in (6) as

ĝk (t) = ΛkHk(t)Σ−1/2ĥk (8)

=
(

β1,k(t)ĥT
1,k, · · · , βM,k(t)ĥT

M,k

)T
,

where βm,k(t) is the equivalent large-scale fading part from user k to RAU m and
ĥk = [ĥT

1,k, · · · , ĥT
M,k]

T = Σ−1/2Ψ ∼ CN (0, IMN) represents the equivalent small-scale fast fading part.
Because of the orthogonality principle of LMMSE estimation theory, the channel vector gk(t) can

be decomposed as
gk(t) = ĝk(t) + ek(t), (9)

where ek(t) is the uncorrelated and statistically independent of ĝk(t) estimation error.
During the pilot transmission phase, we obtain the estimated channel showing in (8). In our

analysis, it is assumed that the beamforming vector is designed by using the estimated CSI once
during the pilot transmission phase and then is applied for the entire duration of the downlink
transmission phase.

3.2. Downlink Signal Model

For downlink transmission, the received signal of user k at time t ∈ [τ + 1, T] is given as

rk (t) =
√

ρdlg̃
H
k Θ∗

k (t) x + nUE (t) , (10)

where ρdl is the downlink transmission power, nUE (t) ∼ CN (
0, ξUE) is the amplified thermal noise of

users at time slot t, ξUE is the variance of the noise, and x ∈ CMN×1 is the signal vector transmitted by
all M RAUs. Specifically, x can be given by

x = ∑K
l=1 wl sl , (11)

where sl ∼ CN (0, 1) is the transmitted data symbol assigned for user l, and wl is the beamforming
vector designed at time slot τ. MRT and ZF precoders are considered in our analysis. Mathematically,
these two linear precoders can be defined as

wl =

⎧⎨⎩
ĝl(τ)

‖ĝl(τ)‖ MRT,
al(τ)

‖al(τ)‖ ZF,
(12)

where al (τ) is the l-th column of Ĝ (τ)
(
ĜH (τ) Ĝ (τ)

)−1
, wherein Ĝ (τ) = [ĝ1(τ), · · · , ĝK(τ)].

Considering (4), we can rewrite (10) as

rk (t) =
√

ρdlg
H
k (τ) Θ̃k (t) x + nUE (t) , (13)

where
Θ̃k (t)

Δ
= diag

(
e−j(θ1

k (t)−θ1
k (τ)), · · · , e−j(θMN

k (t)−θMN
k (τ))

)
. (14)

9
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It is assumed that users have the statistical properties of the channel and they don’t carry out
channel estimation. So only statical CSI can be used by downlink users to detect the signal. Motivated
by [27], we rewrite the received data as

rk (t) =
√

ρdlE
[
gH

k (τ) Θ̃k (t)wk

]
sk + n′, (15)

where

n′ =√
ρdl

(
gH

k (τ) Θ̃k (t)wk −E

[
gH

k (τ) Θ̃k (t)wk

])
sk +

√
ρdl

K

∑
i 
=k

gH
k (τ) Θ̃k (t)wisi + nUE (t) .

Suppose E
[
gH

k (τ) Θ̃k (t)wk
]
sk is the only signal needed at user k, and treating n′ as unrelated

Gaussian distributed additive noise [28,29], the achievable downlink rate of user k is denoted as

Rk = log2

(
1 +

ρdl
∣∣E[gH

k (τ) Θ̃k (t)wk
]∣∣2

A(t) + B(t) + ξUE

)
, (16)

where

A(t) = ρdlvar
(

gH
k (τ) Θ̃k (t)wk

)
,

B(t) = ∑K
i 
=k ρdlE

[∣∣∣gH
k (τ) Θ̃k (t)wi

∣∣∣2] .

3.3. Downlink Achievable Rates

From (16) we can find that the correlation between gk and wk are destroyed by phase noise and
the powers of non-isotropic channel vectors projected onto the precoder subspace are necessary to
obtain the closed-form expressions. Hence we first present some preliminary lemmas which help us to
obtain the approximated and isotropic results.

Lemma 1 ([28]). For an isotropic random vector x ∈ CN×1 whose elements are independent and all distributed
as CN (0, σ2), then the distribution of xHx is Γ(N, σ2).

The strength of the estimated channel from user k to all RAUs is

ĝH
k (t)ĝk(t) = ∑M

m=1 β2
m,k(t)ĥ

H
m,kĥm,k, (17)

According to Lemma 1, β2
m,k(t)ĥ

H
m,kĥm,k is distributed as Γ(N, β2

m,k(t)). Hence (17) is the sum of M
non-identically distributed but independent items. To obtain its distribution, Lemma 2 stated bellow
can be used.

Lemma 2 ([15]). If {xi} are a set of random variables and independent of each other, each term is distributed as
Γ(χi, θi). Then the distribution of the sum ∑i xi can be approximated as ∑i Xi ∼ Γ(χ, θ) wherein

χ =
(∑i χiθi)

2

∑i χiθi
2 , θ =

∑i χiθi
2

∑i χiθi
. (18)

10
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Remark 2. From Lemma 2, the distribution of ĝH
k (t)ĝk(t) can be approximated as Γ(χk(t), θk(t)), wherein

χk(t) = N

(
∑M

m=1 β2
m,k(t)

)2

∑M
m=1 β4

m,k(t)
, (19)

θk(t) =
∑M

m=1 β4
m,k(t)

∑M
m=1 β2

m,k(t)
. (20)

Similarly, we can also give the distribution of eH
k (t)ek(t) as Γ(χe(t), θe(t)), wherein

χe(t) = N

(
∑M

m=1 η2
m,k(t)

)2

∑M
m=1 η4

m,k(t)
, (21)

θe(t) =
∑M

m=1 η4
m,k(t)

∑M
m=1 η2

m,k(t)
, (22)

where η2
m,k(t) = λm,k − β2

m,k(t).
Based on the lemmas and analysis above, we give the following lemma about the projection

principle of non-isotropic vectors.

Lemma 3 ([28]). When we project an MN-dimensional non-isotropic estimated channel vector ĝk ∈ CMN×1

onto a p-dimensional subspace, we can give the approximated distribution of the projection power as
Γ(pχk/(MN), θk).

Remark 3. The dimension p can be given by p = MN with MRT precoder and p = MN − K + 1 with ZF
precoder, respectively, and for any independent beam, we can have p = 1 [30,31].

When MRT and ZF precoders are employed, based on the analysis above, we can give the
distribution of the signal power at user k and the distribution of the interference power at user k∣∣∣∣ĝH

k (τ)
ĝk(τ)

‖ĝk(τ)‖
∣∣∣∣2 ∼ Γ (χk(τ), θk(τ)) , (23)∣∣∣∣ĝH

k (τ)
ak(τ)

‖ak(τ)‖
∣∣∣∣2 ∼ Γ

(
MN−K+1

MN χk(τ), θk(τ)
)

, (24)∣∣∣eH
k (τ)wi

∣∣∣2 ∼ Γ
(

1
MN

χe(τ), θe(τ)

)
. (25)

Notably, wi in (25) can be either MRT precoder or ZF precoder and the equation still holds when
i = k, due to the independence of ek(t) and wi.

Based on the analysis above, we can give the approximated distribution of
∣∣ĝH

k (τ) Θ̃k (t)wk
∣∣2 as∣∣∣∣ĝH

k (τ) Θ̃k (t)
ĝk(τ)

‖ĝk(τ)‖
∣∣∣∣2 ∼ Γ (χk(τ), θk(τ)) , (26)∣∣∣∣ĝH

k (τ) Θ̃k (t)
ak(t)

‖ak(t)‖
∣∣∣∣2 ∼ Γ

(
MN−K+1

MN χk(t), θk(t)
)

. (27)

Figure 2 verifies the accuracy of the approximation in (26) and (27). It illustrates the cumulative
distribution function (CDF) curves of

∣∣ĝH
k (τ) Θ̃k (t)wk

∣∣2 with MRT precoder. The phase noise variance
is set as σ2

φ = σ2
ϕ = 10−2. It can be seen that although the random variable Θ̃k (t) will destroy

the correlation of ĝk and wk, the approximation is exactly accurate when the variance of the phase
noise is 10−2, and it will be more accurate when the variance of the phase noise is lower 10−2.

11
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For ZF precoder, we can get the same conclusion. Meanwhile, the phase noise variance is generally
σ2

φ = σ2
ϕ = 1.58 × 10−4 [8,20,26]. Hence, it’s reasonable to use (26) and (27) to analyze the downlink

spectral efficiency.
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Figure 2. Cumulative distribution function of signal power with MRT precoder under different M
and N.

Based on the lemmas above, the spectral efficiency for downlink transmission with both MRT and
ZF precoders under hardware impairments is analyzed. The theorems and corollary stated below give
the closed-form expressions of the downlink achievable rates and system asymptotic performance.

Theorem 1. When MRT precoder is used, the closed-form expression of the downlink achievable rate under
hardware impairments is given by

Rmrt(t) =
Dmrt(t)

Amrt(t) + Bmrt(t) + ξUE/ρdl
, (28)

where

Dmrt(t) =

⎛⎝Γ
(

χ′
k(t) +

1
2

)
Γ
(
χ′

k(t)
)

⎞⎠2

θ′k(t),

χ′
k(t) = N

(
∑M

m=1 e−
(

σ2
ϕ,k+σ2

φ,m

)
|t−τ|

β2
m,k(t)

)2

∑M
m=1 e−2

(
σ2

ϕ,k+σ2
φ,m

)
|t−τ|

β4
m,k(t)

,

θ′k(t) =
∑M

m=1 e−2
(

σ2
ϕ,k+σ2

φ,m

)
|t−τ|

β4
m,k(t)

∑M
m=1 e−

(
σ2

ϕ,k+σ2
φ,m

)
|t−τ|

β2
m,k(t)

,

Amrt(t) = N ∑M
m=1 β2

m,k(τ) +
1
M ∑M

m=1 η2
m,k(τ)− Dmrt(t),

Bmrt(t) = ∑K
i 
=k

N ∑M
m=1 β2

m,i(τ)λm,k

θi(τ)(χi(τ)− 1)
.

Proof of Theorem 1. Please refer to Appendix A.
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Theorem 2. When ZF precoder is used, the closed-form expression of the downlink achievable rate under
hardware impairments is given by

Rzf(t) =
Dzf(t)

Azf(t) + Bzf(t) + ξUE/ρdl
, (29)

where

Dzf(t) =

⎛⎝Γ
(

κ(t) + 1
2

)
Γ (κ(t))

⎞⎠2

θ′k(t),

Azf(t) =
MN − K+1

M ∑M
m=1 β2

m,k(τ)− Dzf(t),

Bzf(t) =
K
M ∑M

m=1 η2
m,k(τ),

κ(t) =
MN − K + 1

MN
χ′

k(t).

Proof of Theorem 2. Please refer to Appendix B.

Then, in order to study the effects of phase noise further, we investigate a case where the
number of antennas employed at each RAU goes infinity and the number of RAUs and users is
fixed. The asymptotic performance provided in Corollary 1 is obtained based on (28) and (29).

Corollary 1. Let N → ∞, the ultimate rate of user k with both MRT and ZF precoders is given by

R∞
k (t) =

∑M
m=1 e−

(
σ2

ϕ,k+σ2
φ,m

)
|t−τ|

β2
m,k(τ)

∑M
m=1 β2

m,k(τ)− ∑M
m=1 e−

(
σ2

ϕ,k+σ2
φ,m

)
|t−τ|

β2
m,k(τ)

, (30)

Proof. Since the proof is similar for both precoders, we only provide the proof for MRT precoder.
It can be seen that χ′

k(t) → ∞ when the number of antennas N → ∞. Therefore we can have

limN→∞

((
Γ(χ′

k(t)+
1
2 )

Γ(χ′
k(t))

)2
− χ′

k(t)

)
= 0 [29]. Then the limiting rate of user k can be obtained directly

by dividing the denominator and numerator of (28) by N. From Corollary 1 we can see that the
ultimate rate without phase noise will be unlimited when N tends to infinity, which means that phase
noise limits the downlink spectral efficiency.

4. Numerical Results

In this section, a series of Monte Carlo simulations is used to verify the theoretical results obtained
in Section 3. A circular single-cell massive MIMO system is considered. All of the RAUs and users are
randomly distributed in the cell and the minimum access distance between RAUs and users is set as
r0 = 30 m. The channels are generated by (4), and other simulation parameters are presented in Table 1.

Table 1. Basic simulation parameters.

Number of RAUs M 5

Number of users K 2
Cell radius R 1 km

Path loss exponent α 3.7
Power of uplink pilot symbol ρp 1 Watt

downlink transmit power ρdl 10 Watts
variance of thermal noise is assumed as σ2 −174 dBm

13



Electronics 2018, 7, 317

Figure 3 illustrates the theoretical and simulated spectral efficiency with MRT and ZF precoders
versus the number of antennas per RAU. The spectral efficiency is the average rate between users.
We assume that the variances of phase noise and amplified thermal noise are σ2

φ,m = σ2
ϕ,k =

1.58 × 10−4 ∀m, k and ξUE = ξBS = 1.58σ2. t is set as τ + 1. It can be seen that the closed-form
expressions in (28), (29) and the simulation results in (16) match well with each other. For both
precoders, the spectral efficiency increases and gets more and more close to the limiting average
rate with the increasing of N. When N = 100, the system achieves 80% of the ultimate rate with ZF
precoder and 76% with MRT precoder. Furthermore, it can be seen that ZF precoder achieves better
performance than MRT.
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Figure 3. Spectral efficiency against M with MRT and ZF precoders.

Next, we investigate the effects of phase noise. Figure 4 illustrates the theoretical spectral efficiency
with MRT and ZF precoders against the variance of phase noise. Notably, the variance of phase noise
reflects the strength of phase noise. It is assumed that the number of antennas N = 50 and other system
parameters have the same value as Figure 3. Figure 4 reveals that the spectral efficiency decreases
monotonically with the variance of phase noise increasing. In addition, phase noise have a greater
impact on ZF precoder. This results form the fact that ZF precoder is more sensitive to CSI. It can be
noted that as the variance increases, the performance gap between MRT and ZF precoders becomes
smaller. This is because when the phase noise is severe, the loss caused by unknown CSI at user side
dominates rather than the interference between users.
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Figure 5 illustrates the instantaneous spectral efficiency during the downlink transmission phase.
The number of antennas employed at each RAU is assumed as N = 40 and the variance of phase noise
is set as σ2

φ,m = σ2
ϕ,k = 1.58 × 10−4 ∀m, k. In addition, the coherence time of channel is set as T = 200.

As shown in Figure 5, the spectral efficiency degrades as t increases. This is because the uncertainty
of the phase drift between downlink transmission phase and pilot training phase increases with the
growing of t. Figure 5 reveals that it’s improper to use the estimated CSI obtained during the pilot
phase for the whole data transmission phase.
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Figure 5. Spectral efficiency against t with MRT and ZF precoders.

5. Conclusions

In this paper, we analyzed downlink spectral efficiency with hardware impairments in distributed
massive MIMO. Initially, employing pilot symbol assisted transmission, we obtained the estimated
CSI in a more realistic scenario where transmission is distorted by phase noise and amplified thermal
noise. Next, we used the imperfect CSI to derive the closed-form expressions for downlink achievable
rates with MRT and ZF precoders. In addition, we obtained the ultimate rate when N → ∞. It can be
seen that the rate performance was limited by phase noise. Then, numerical results proved that the
theoretical analysis was accurate. Furthermore, they also revealed that ZF can achieve larger spectral
efficiency than MRT precoder, and hardware impairments had a greater impact on ZF precoder.
Finally, spectral efficiency degraded with the increasing of the variance of phase noise and downlink
transmission time.

In the future work, we intend to extend our research considering a more effective phase noise
model which could lead finer precoding strategies to improve the theoretical rates.
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Appendix A. Proof of Theorem 1

When MRT precoder is chosen, the following three terms
∣∣E[gH

k (τ) Θ̃k (t)wk
]∣∣2, A(t) and B(t)

need to be calculated showing in (16).
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For the term
∣∣E[gH

k (τ) Θ̃k (t)wk
]∣∣2, we can obtain

∣∣E [gH
k (τ) Θ̃k (t)wk

]∣∣2
(a)
=
∣∣E [gH

k (τ)E
[
Θ̃k (t)

]
wk
]∣∣2

(b)
=
∣∣E [|ĝH

k (τ)Dk,τ(t)wk|
]∣∣2

(c)
=

(
Γ(χ′

k(τ)+
1
2 )

Γ(χ′
k(τ))

)2
θ′k(τ),

(A1)

where (a) is obtained because Θ̃k(t) is independent of gk(τ) and wk. By exploiting the fact

that E

[
e−j(θm

k (t)−θm
k (τ))

]
= e−

σ2
ϕ,k+σ2

φ,m
2 |t−τ| and ek(t) is independent of wk, we can get (b),

and (c) results from Lemma 2, Lemma 3 and the relationship between Gamma distribution and
Nakagami distribution.

For the term A(t), we obtain

var
(

gH
k (τ) Θ̃k (t)wk

)
=E

[∣∣∣ĝH
k (τ) Θ̃k (t)wk

∣∣∣2]+E

[∣∣∣eH
k (τ) Θ̃k (t)wk

∣∣∣2]
−
∣∣∣E [gH

k (τ) Θ̃k (t)wk

]∣∣∣2 .

(A2)

The first term of (A2) can be calculated as

E

[∣∣∣∣ĝH
k (τ) Θ̃k (t)

ĝk (τ)

‖ĝk (τ) ‖
∣∣∣∣2
]

(a)
= N ∑M

m=1 β2
m,k(τ), (A3)

where (a) results from (26).
Next the second term can be given by

E

[∣∣∣∣eH
k (τ) Θ̃k (t)

ĝk (τ)

‖ĝk (τ) ‖
∣∣∣∣2
]

(a)
=

1
M ∑M

m=1 η2
m,k(τ), (A4)

where (a) can be obtained by exploiting the fact that ‖eH
k (τ) Θ̃k (t) ‖2 ∼ Γ(χe(τ), θe(τ)) and (25).

For the last term B(t), we first calculate

E

[
1

‖ĝi‖2

]
(a)
=
∫ ∞

0

1
x

xχi−1 e−x/θi

θ
χi
i Γ(χi)

dx

=
1

θ
χi
i Γ(χi)

θ
χi−1
i Γ(χi − 1)

=
1

θi(χi − 1)
,

(A5)
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where (a) results from Remark 2 and we omit (t) in (A5). Based on (A5), we have

E

[∣∣∣gH
k (τ) Θ̃k (t)wi

∣∣∣2]
(a)� E

[∣∣∣gH
k (τ) Θ̃k (t)ĝi(τ)

∣∣∣2]E [ 1
‖ĝi(τ)‖2

]

=
E

[
∑M

m=1 β2
m,i(τ)λm,kĥH

m,kĥm,k

]
θi(τ)(χi(τ)− 1)

=
N ∑M

m=1 β2
m,i(τ)λm,k

θi(τ)(χi(τ)− 1)
,

(A6)

where x � y means limN→∞(x − y) = 0, (a) results from Lemma 4 (ii) of [32].
Finally, combining (A1)–(A6) concludes the proof.

Appendix B. Proof of the Theorem 2

To derive the closed-form expression of (16) with ZF precoder, the following three terms∣∣E[gH
k (τ) Θ̃k (t)wk

]∣∣2, A(t) and B(t) need to be calculated, wherein wk =
ak(τ)

‖ak(τ)‖ .

For the term
∣∣E[gH

k (τ) Θ̃k (t)wk
]∣∣2, we obtain∣∣∣E[gH

k (τ) Θ̃k (t)wk

]∣∣∣2
(a)
=
∣∣∣E[gH

k (τ)E
[
Θ̃k (t)

]
wk

]∣∣∣2
(b)
=

∣∣∣∣E[ĝH
k (τ)Dk,τ(t)

ak (τ)

‖ak (τ) ‖
]∣∣∣∣2

(c)
=

⎛⎝Γ
(

κ(t) + 1
2

)
Γ (κ(t))

⎞⎠2

θ′k(t),

(A7)

where (a) is obtained because Θ̃k (t) is independent of g(τ) and wk. (b) is obtained due to the
independence of ek(τ) and wk. (c) results from Lemma 2, Lemma 3 and the relationship between
Gamma distribution and Nakagami distribution.

Similar to the proof of Theorem 1, to get the closed-form expression of A(t), we need to calculate
the following two terms

E

[∣∣∣∣ĝH
k (τ) Θ̃k (t)

ak (τ)

‖ak (τ) ‖
∣∣∣∣2
]

, (A8)

E

[∣∣∣∣eH
k (τ) Θ̃k (t)

ak (τ)

‖ak (τ) ‖
∣∣∣∣2
]

. (A9)

The first term (A8) can be given by

E

[∣∣∣∣ĝH
k (τ) Θ̃k (t)

ak (τ)

‖ak (τ) ‖
∣∣∣∣2
]
=

MN − K+1
M ∑M

m=1 β2
m,k(τ), (A10)

which results from (27).
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Next the second term can be given by

E

[∣∣∣∣eH
k (τ) Θ̃k (t)

ak (τ)

‖ak (τ) ‖
∣∣∣∣2
]
=

1
M ∑M

m=1 η2
m,k(τ), (A11)

which results from (25) and the fact that ‖eH
k (τ) Θ̃k (t) ‖2 ∼ Γ(χe(τ), θe(τ)).

For the term B(t), we can have

E

[∣∣∣gH
k (τ) Θ̃k (t)wi

∣∣∣2]
(a)
= E

[∣∣∣eH
k (τ) Θ̃k (t)wi

∣∣∣2]
=

1
M ∑M

m=1 η2
m,k(τ),

(A12)

where (a) results from the property of ZF precoder.
Substituting (A7) and (A10)–(A12) into (16) completes the proof.
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Abstract: In this paper, considering a more realistic case where the low-resolution analog-to-digital
convertors (ADCs) are employed at receiver antennas, we investigate the spectral and energy
efficiency in multi-cell multi-user distributed massive multi-input multi-output (MIMO) systems with
two linear receivers. An additive quantization noise model is provided first to study the effects of
quantization noise. Using the model provided, the closed-form expressions for the uplink achievable
rates with a zero-forcing (ZF) receiver and a maximum ratio combination (MRC) receiver under
quantization noise and pilot contamination are derived. Furthermore, the asymptotic achievable rates
are also given when the number of quantization bits, the per user transmit power, and the number of
antennas per remote antenna unit (RAU) go to infinity, respectively. Numerical results prove that
the theoretical analysis is accurate and show that quantization noise degrades the performance in
spectral efficiency, but the growth in the number of antennas can compensate for the degradation.
Furthermore, low-resolution ADCs with 3 or 4 bits outperform perfect ADCs in energy efficiency.
Numerical results imply that it is preferable to use low-resolution ADCs in distributed massive
MIMO systems.

Keywords: distributed massive MIMO; energy efficiency; spectral efficiency; pilot contamination;
quantization noise

1. Introduction

Massive multi-input multi-output (MIMO) systems are an essential technology for the fifth
generation (5G) mobile networks because they can significantly improve spectral efficiency and energy
efficiency [1–6]. In massive MIMO systems, a relatively small number of users are served by hundreds
or thousands of antennas employed at base stations in the same time-frequency resource. The huge
number of antennas provides a high number of degrees-of-freedom, which favors low-complexity
receivers, such as maximum ratio combination (MRC) and zero-forcing (ZF), and beamforming, such
as ZF and maximum ratio transmission (MRT) [2,7,8]. Therefore, we consider MRC and ZF receivers
for uplink transmission in this paper. There are two categories for massive MIMO: co-located massive
MIMO and distributed massive MIMO [9]. Compared to co-located massive MIMO, distributed
massive MIMO has advantages of increasing spectral efficiency, energy efficiency, and system coverage
due to the reduced access distance [8,10–12]. Hence, a distributed massive MIMO system is considered
in this paper.

Although massive MIMO systems have significant performance gains, they also face new
challenges: high total power consumption, expensive hardware, and mass data processing [13].
Specifically, each antenna is equipped with a radio frequency (RF) chain, including an analog-to-digital
converter (ADC) unit in massive MIMO systems. However, with the increase in the antenna number,
the hardware complexity and the power consumption of ADCs increase exponentially with the number
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of quantization bits [14]. Therefore, one promising solution is to employ low-resolution ADCs in
massive MIMO systems. The study of low-resolution ADC in MIMO or massive MIMO systems has
caused widespread concern.

Spectral and energy efficiency are two fundamental metrics to analyze the impacts of
low-resolution ADCs. Spectral efficiency was investigated in [15–17]. The performance of 1-bit
resolution ADC in MIMO systems was studied in [15] considering the nonlinear characteristics of a
quantizer. In massive MIMO systems with low-resolution ADCs, the uplink achievable rate using
the common MRC receivers has been investigated in [16], and the uplink achievable rate using the
common ZF receivers was studied in [17]. However, these two papers made an assumption that
the base station had perfect channel state information (CSI), and they only considered a single-cell
massive MIMO system. In fact, the CSI is not available at the base station. On the other hand, energy
efficiency was studied in [13,18–20]. The optimal number of quantized bits and antenna selection were
considered to maximize the energy efficiency of general MIMO with low-resolution ADCs in [13].
It was pointed out in [18] that very low bit resolution is not preferable from the perspective of energy
efficiency. A function about energy efficiency and the number of quantized bits was obtained in [19].

The previous papers mainly studied a single-cell system, made an assumption that the base
station had perfect CSI, and did not analyze spectral efficiency and energy efficiency simultaneously.
Hence, in this paper, a multi-cell multi-user massive MIMO system with low-resolution ADCs is
considered, and we assume that the base stations estimate CSI during the uplink pilot transmission
phase. Furthermore, the uplink spectral and energy efficiency are both analyzed. Here are the key
contributions of this paper:

1. A joint uplink signal model is provided and it enables us to study the effects of pilot contamination
and quantization noise simultaneously.

2. Under imperfect CSI and considering MRC and ZF receivers, we derive the closed-form
expressions for the uplink achievable rates. The asymptotic performance with quantization bits,
the number of antennas per RAU, and per user transmit power are also obtained.

3. The theoretical results are verified by performing Monte Carlo simulations, and we obtain
deep insight into the impacts of quantization noise on the uplink spectral efficiency and energy
efficiency in distributed massive MIMO systems.

2. System Model

We consider a distributed massive MIMO system. There are L adjacent cells, and each cell consists
of M remote antennas units (RAUs) and K single-antenna users. Each RAU is equipped with an
array of N antennas. Each antenna is equipped with a low-resolution ADC, which means system
performance will be degraded by quantization noise. RAUs in the same cell transmit or receive signals
simultaneously while the beamforming design and signal processing are performed in a baseband
processing unit. An example is given in Figure 1. There are L = 7 adjacent cells, and in cell-1, there are
K = 6 users and M = 6 RAUs.
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Low-resolution 
ADCs RAUUser

Baseband 
processing unit

L

Figure 1. System configuration.

2.1. Quantization Noise Model

For uplink transmission, the signal vector received by all RAUs in cell l can be given by

yl =
√

pu ∑L
i=1 Gl,ixi + nl , (1)

where xi is the K × 1 signal vector transmitted by the K users in cell i, pu is the uplink transmitted
power, and nl ∼ CN (0, IMN) is the additive white Gaussian noise, Gl,i = [gl,i,1, ..., gl,i,K] is the MN ×K
channel matrix from M RAUs in cell l to K users in cell i, wherein

gl,i,k =
[√

λl,1,i,khT
l,1,i,k, · · · ,

√
λl,M,i,khT

l,M,i,k

]T
(2)

where λl,m,i,k is the path loss between the k-th user in the i-th cell and the m-th RAU in the l-th
cell, which is dependent on the corresponding distance, and hl,m,i,k ∼ CN (0, IN) denotes the small
scale fading.

This paper assumes that the CSI is unknown to the base station, and pilot training is performed.
Motivated by [21], based on the minimum mean square error (MMSE) channel estimation, the
equivalent estimated channel can be given by

ĝi,l,k =
[√

βi,1,l,kĥT
i,k,1, · · · ,

√
βi,M,l,kĥT

i,k,M

]T
(3)

where

βi,m,l,k =
λ2

i,m,l,k

∑L
j=1 λi,m,j,k + 1/(τpu)

. (4)

τ denotes the length of pilot sequences, βi,m,l,k denotes the equivalent path loss between the k-th user in

the l-th cell and the m-th RAU in the i-th cell, and ĥi,k
Δ
= [ĥT

i,k,1, · · · , ĥT
i,k,M]T ∼ CN (0, IMN) represents

the equivalent small scale fading part of the estimated channel. Because of the orthogonality principle
of MMSE estimation theory, gi,l,k can be decomposed as

gi,l,k = ĝi,l,k + g̃i,l,k (5)

where g̃i,l,k ∼ CN (
0, diag

(
ηi,1,l,k, · · · , ηi,M,l,k

)⊗ IN
)

is the uncorrelated and statistically independent

of ĝi,l,k estimation error, and ηi,m,l,k
Δ
= λi,m,l,k − βi,m,l,k.

After the received analog signals pass through the low-resolution ADCs, the quantized digital
signal vector can be obtained as

yl,q = Q(yl) = Q
(√

pu ∑L
i=1 Gl,ixi + nl

)
(6)
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where Q(.) represents the quantization function. Assuming that the gain of automatic gain control is
appropriately set, the additive quantization noise model (AQNM) can be employed to reformulate the
quantized signal vector as

yl,q = αyl + nl,q = α
√

pu ∑L
i=1 Gl,ixi + αnl + nl,q (7)

where α = 1 − ρ, ρ is the inverse of the signal-to-quantization-noise ratio, and nl,q denotes the
additive uncorrelated quantization noise vector, which is Gaussian-distributed. The parameter ρ is a
constant dependent on the number of quantization bits b. According to [16], the covariance matrix of
quantization noise nl,q for a fixed channel realization can be denoted as

Rnl,q = α(1 − α)diag
(

pu ∑L
i=1 Gl,iG

H
l,i + I

)
. (8)

2.2. The Energy Efficiency Model

(1) Achievable uplink rates: In the uplink transmission phase, the quantized signal processed by
the linear detector of user k in cell l is presented as

rl,k = aH
l,kyl,q

= α
√

pu ∑L
i=1 ∑K

j=1 aH
l,kĝl,i,jxi,j + α

√
pu ∑L

i=1 ∑K
j=1 aH

l,kg̃l,i,jxi,j + αaH
l,knl + αaH

l,knl,q (9)

where al,k is the linear receiver vector in cell l for user k, and xi,j ∼ CN (0, 1) is the j-th column of
xi. In this paper, we focus on two linear receivers, namely MRC and ZF. Mathematically, al,k can be
given by

al,k =

{
ĝl,l,k, for MRC
fl,l,k, for ZF

(10)

where fl,l,k is the k-th column of Ĝl,l

(
ĜH

l,lĜl,l

)−1
, and Ĝl,l = [ĝl,l,1, · · · , ĝl,l,K].

Motivated by [22,23], treating the interference as worst-case unrelated additive noise, the lower
bound of the achievable uplink rate of the k-th user in the l-th cell can be given by

Rl,k(p) = E

[
log2

(
1 +

puα2|aH
l,k ĝl,l,k |2

E

[
aH

l,k

(
puα2 ∑(i,j) 
=(l,k) ĝl,i,j ĝ

H
l,i,j+puα2 ∑(i,j) g̃l,i,j g̃

H
l,i,j+α2+Rnl,q

)
al,k |Ĝl,l

]
)]

(11)

(a)
= E

[
log2

(
1 +

puα2|aH
l,k ĝl,l,k |2

E

[
Il,k+puα2 ∑i 
=l |aH

l,k ĝl,i,k |2+α2‖aH
l,k‖2

]
)]

(12)

where p is the transmitted power vector of K users. Since the denominator of Equation (11) is a
conditional expectation operator and the estimated error vector and estimated channel vector are
independent, Il,k is given as

Il,k =puα2 ∑L
i=1 ∑j 
=k aH

l,kE
[
ĝl,i,jĝ

H
l,i,j

]
al,k + puα2 ∑(i,j) aH

l,kE
[
g̃l,i,jg̃

H
l,i,j

]
al,k + aH

l,kE
[
Rnl,q

]
al,k (13)

24



Electronics 2018, 7, 391

wherein

E

[
ĝl,i,jĝ

H
l,i,j

]
= diag

(
βl,1,i,jIN , · · · , βl,M,i,jIN

)
E

[
g̃l,i,jg̃

H
l,i,j

]
= diag

(
ηl,1,i,jIN , · · · , ηl,M,i,jIN

)
E

[
Rnl,q

]
= diag

(
puĜl,lĜ

H
l,l

)
+ DR

DR = diag

((
pu

K

∑
j=1

ηl,1,l,j + pu ∑
i 
=l

K

∑
j=1

λl,1,i,j + 1

)
IN , · · · ,

(
pu

K

∑
j=1

ηl,M,l,j + pu ∑
i 
=l

K

∑
j=1

λl,M,i,j + 1

)
IN

)
.

ηl,m,i,j = ηl,m,i,j − βl.m,i,j.

(14)

(2) Power consumption model: According to [24–26], for cell l, the total power consumption
model can be given by

Pl = PTC + PLP + PT + PBH. (15)

The first term PTC is the power consumption of transceiver chains, which can be given by

PTC = M(NPBS + ρPSYN) + (1 − ρ)PSYN + KPUE + MPADC (16)

where PBS and PUE are the power consumption of running the circuit components employed at the
base station and users, PSYN are the power consumed by the local oscillator, and PADC = a0N2b + a1

are the power consumed by ADC, wherein a0 and a1 are constant parameters, ρ = 1 for the distributed
antenna system (DAS), and ρ = 0 for the co-located antenna system (CAS). This results from the
assumption that antennas at the same RAU are connected to a common oscillator, while oscillators
at different RAUs are different in the DAS, and all antennas are connected to a single oscillator in
the CAS.

The second term PLP is the power consumption of the MRC/ZF receiver at the base station, which
can be given by

PLP = B T−τ
T

2MNK
LBS

+
B
T

(
3MNK

LBS
(1 − d) + d

(
K3

3LBS
+ MNK(3K+1)

LBS

))
(17)

where d = 0 for MRC while d = 1 for ZF, B is the bandwidth, T denotes the symbols for uplink
transmission, and LBS is the computational efficiency of arithmetic complex-valued operations for
a Joule.

The third term PT is transmit power, which can be represented as

PT = T−τ
T

K
ξ pu (18)

where ξ is the amplified efficiency.
For the last term, PBH is the power consumed of backhaul in the DAS, while it can be neglected in

the CAS. Specifically, PBH in the DAS can be given by

PBH = M
(

P0 + BPBT ∑K
k=1 Rl,k(p)

)
(19)

where P0 and PBT are the fixed and traffic-dependent power consumption at each backhaul, respectively.
(3) Global energy efficiency model: Based on the above analysis, the total power consumption for

all cells can be given by

PTotal(p) = LPIND + T−τ
ξT LKpu + PBTMB ∑L

l=1 ∑K
k=1 Rl,k(p) (20)
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where PIND is the power consumption independent of p and can be given by

PIND = PTC + PLP + MP0. (21)

According to [24], the global energy efficiency is defined as the ratio of the achievable sum rate to
the total power consumption in Watts. Mathematically, it can be defined as

ϕ(p) =
B ∑L

l=1 ∑K
k=1 Rl,k(p)

PTotal
. (22)

3. Energy Efficiency Analysis

From Equations (22) and (A4), we can see that it is difficult to directly calculate Equation (A4)
to analyze the energy efficiency. Therefore, we first derive the closed-form expressions of uplink
achievable rates. The results are shown in the following theorems.

Theorem 1. Using MRC receiver with low-resolution ADCs and pilot contamination, the closed-form
expression for the uplink achievable rate of the k-th user in the l-th cell is given by

Rmrc
l,k = log2

(
1 +

puα
[
(N ∑M

m=1 βl,m,l,k)
2
+N ∑M

m=1 β2
l,m,l,k

]
puαΩl,k+puαΞl,k+(1−α)Φl,k+α ∑M

m=1 β2
l,m,l,k

)
(23)

where

Ωl,k = N ∑M
m=1 ∑L

i=1 ∑K
j=1 βl,m,l,kηl,m,i,j

Ξl,k = N
M

∑
m=1

βl,m,l,k

(
L

∑
i=1

∑
j 
=k

βl,m,i,j + ∑
i 
=l

βl,m,i,k

)
+ ∑

i 
=l

(
N

M

∑
m=1

β1/2
l,m,l,kβ1/2

l,m,i,k

)2

Φl,k = pu

⎛⎝(N
M

∑
m=1

βl,m,l,k

)2

+ N
M

∑
m=1

β2
l,m,l,k + N ∑

j 
=k

M

∑
m=1

βl,m,l,kβl,m,l,j

⎞⎠+ Υl,k

Υl,k = N ∑M
m=1 βl,m,l,k

(
1 + pu ∑K

j=1 ηl,m,l,j + pu ∑i 
=l ∑
K
j=1 λl,m,i,j

)
. (24)

Proof. The proof is given in Appendix B.

Theorem 2. Using ZF receiver with low-resolution ADCs and pilot contamination, the closed-form expression
for the uplink achievable rate of user k in the l-th cell is given by

Rzf
l,k = log2

⎛⎜⎜⎝1 + puαζ ∑M
m=1 βl,m,l,k

αpu
M
∑

m=1

(
∑

i 
=l
∑

j 
=k
βl,m,i,j+

L
∑

i=1

K
∑

j=1
ηl,m,i,j+ζ ∑

i 
=l
βl,m,i,k

)
+(1−α)

(
ζ pu

M
∑

m=1
βl,m,l,k+Δl,k

)
+αM

⎞⎟⎟⎠ (25)

where ζ = MN − K + 1, and

Δl,k = ∑M
m=1

(
1 + pu ∑K

j=1 ηl,m,l,j + pu ∑i 
=l ∑
K
j=1 λl,m,i,j

)
. (26)

Proof. The proof is given in Appendix C.

From Equations (23) and (25), it can be concluded that the quantization noise influences both the
numerator and the denominator of Equation (A4). This means that the quantization noise is unlike the
additive noise, which only affects the denominator.
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Based on the theorems above, we analyze the asymptotic performance with quantization
bits, per user transmit power, and the number of antennas per RAU, respectively. The results are
given below.

Case 1: With a fixed transmitted power per user pu and a total number of antennas per cell MN,
when the number of quantization bits b → ∞, the inverse of the signal-to-quantization-noise ratio
ρ tends toward zero, which means that α in Equations (23) and (25) tends toward 1. The following
results can then be obtained in this case by replacing the α in Equations (23) and (25) with 1

R̃mrc
l,k = log2

(
1 +

pu

[
(N ∑M

m=1 βl,m,l,k)
2
+N ∑M

m=1 β2
l,m,l,k

]
puΩl,k+puΞl,k+∑M

m=1 β2
l,m,l,k

)
(27)

R̃zf
l,k = log2

⎛⎜⎜⎝1 + puζ ∑M
m=1 βl,m,l,k

pu
M
∑

m=1

(
∑

i 
=l
∑

j 
=k
βl,m,i,j+

L
∑

i=1

K
∑

j=1
ηl,m,i,j+ζ ∑

i 
=l
βl,m,i,k

)
+M

⎞⎟⎟⎠ . (28)

Case 1 shows the achievable uplink rates without considering the quantization noise caused by
ADC. It can be seen that the spectral efficiency is only limited by pilot contamination and channel
estimation error. Moreover, since the power consumption of an ADC PADC = a0N2b + a1 is an
exponential function of b, PADC tends toward infinity when b → ∞. As shown in Equation (20), the
total power consumption also goes to infinity. Hence, the limited achievable rates and unlimited power
consumption lead to the fact that the global energy efficiency tends toward zero, that is φ(p) → 0
when b → ∞, while pu and MN are fixed.

Case 2: With a fixed number of quantization bits b and antennas per cell MN, when pu → ∞,
the ultimate rates of user k in cell l with both receivers can be directly obtained by dividing the
dominators and numerators of Equations (23) and (25) by pu, which are given by

R̃mrc
l,k = log2

(
1 +

α
[
(N ∑M

m=1 βl,m,l,k)
2
+N ∑M

m=1 β2
l,m,l,k

]
αΩl,k+αΞl,k+(1−α)Φ′

l,k

)
(29)

R̃zf
l,k = log2

⎛⎜⎜⎝1 + αζ ∑M
m=1 βl,m,l,k

α
M
∑

m=1

(
∑

i 
=l
∑

j 
=k
βl,m,i,j+

L
∑

i=1

K
∑

j=1
ηl,m,i,j+ζ ∑

i 
=l
βl,m,i,k

)
+(1−α)

(
ζ

M
∑

m=1
βl,m,l,k+Δ′

l,k

)
⎞⎟⎟⎠ (30)

where

Φl,k =

⎛⎝(N
M

∑
m=1

βl,m,l,k

)2

+ N
M

∑
m=1

β2
l,m,l,k + N ∑

j 
=k

M

∑
m=1

βl,m,l,kβl,m,l,j

⎞⎠+ Υ′
l,k

Υ′
l,k = N ∑M

m=1 βl,m,l,k

(
∑K

j=1 ηl,m,l,j + ∑i 
=l ∑
K
j=1 λl,m,i,j

)
Δ′

l,k = ∑M
m=1

(
∑K

j=1 ηl,m,l,j + ∑i 
=l ∑
K
j=1 λl,m,i,j

)
.

Case 2 indicates that, as pu grows indefinitely, the achievable uplink rates approach certain values
dependent on the resolution of ADC. This observation shows that the performance degradation due to
low-resolution ADCs cannot be compensated by increasing the transmit power. Furthermore, it can
be seen that, as the transmit power increases, the system energy efficiency tends toward zero. This is
because the total power consumption presented in Equation (20) tends toward infinity as pu increases
indefinitely, but the unlimited growth in the transmit power cannot improve the achievable uplink
rates indefinitely.

Case 3: With a fixed number of quantization bits b, the number of RAUs per cell M and the
transmitted power per user pu, when N → ∞, the limiting rates of user k in cell l with both receivers
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can be directly obtained by dividing the dominators and numerators of Equations (23) and (25) by N2,
which are given by

Rmrc
l,k = log2

(
1 +

α(∑M
m=1 βl,m,l,k)

2

α ∑i 
=l

(
∑M

m=1 β1/2
l,m,l,k β1/2

l,m,i,k

)2
+(1−α)(∑M

m=1 βl,m,l,k)
2

)
(31)

Rzf
l,k = log2

(
1 + α ∑M

m=1 βl,m,l,k
α ∑i 
=l ∑M

m=1 βl,m,i,k+(1−α)∑M
m=1 βl,m,l,k

)
. (32)

Case 3 shows that, when the number of antennas per RAU grows without bound, the impacts of
quantization noise vanish. However, the achievable rates with both receivers tend toward certain and
limited values as N goes infinity. This results from the presence of pilot contamination. Furthermore,
since the power consumption of transceiver chains and linear processing at the base station are
proportional to N, they tend toward infinity when N → ∞. As shown in Equation (20), the total
power consumption also goes to infinity. Hence, the limited achievable rates and unlimited power
consumption lead to the fact that the global energy efficiency tends toward zero, that is φ(p) → 0
when N → ∞ while b, M, and pu are fixed.

4. Numerical Results

In this section, we verify the accuracy of the theoretical results in Section 3 by a series of Monte
Carlo simulations. A multi-cell distributed massive MIMO system is considered, which consists
of L = 7 cells, M = 7 RAUs per cell, K = 6 users per cell, and the cell radius D is normalized
to 1. In each cell, all users are uniformly distributed, while RAUs have fixed locations with radiuses
r1 = 0, r2 = · · · = r7 = (3 − √

3)/2 and angles θ1 = 0, θ2 = π/6, θ3 = π/2, θ4 = 5π/6, θ5 =

7π/6, θ6 = 3π/2, and θ7 = 11π/6. The path loss between the k-th user in the i-th cell and the m-th
RAU in the l-th cell λl,m,i,k is modeled as λl,m,i,k = d−ι

l,m,i,k, where dl,m,i,k is the corresponding distance,
and ι assumed as ι = 3.7 is the path loss exponent. Moreover, the length of pilot sequences is τ = K.
The coherence time of the channel is assumed as T = 196 symbols, and the power consumption
parameters are given in Table 1.

Table 1. Power consumption parameters.

Parameters Values

Transmitted power per user pu 0.02 Watts
Power consumption per antenna at base station PBS 0.1 Watts

Power consumption per antenna at users PUE 0.1 Watts
Power consumption per local oscillator PSYN 1 Watts
Computational efficiency at base stations LBS 12.8 Gflops/Watt

Power amplified efficiency ξ 0.4
Fixed power consumption per backhaul P0 0.825 Watts

Traffic-dependent backhaul power PBT 0.25 Watts/(Gbit/s)
Parameters of ADC a0&a1 10−3 & 0.02

We first prove the accuracy of the theoretical results given in Theorems 1 and 2. Figure 2 illustrates
the uplink spectral efficiency per cell versus the number of quantization bits with different numbers
of antennas per RAU. It can be seen that the closed-form expressions and simulation results match
well with each other using both MRC and ZF receivers. As the number of antennas per RAU increases,
the uplink spectral efficiency grows obviously for both receivers. Furthermore, for both receivers, the
uplink spectral efficiency increases rapidly with the increase in quantization bits b when b is small,
while the growth of b cannot improve the spectral efficiency further when b is large. It can be concluded
that low-resolution ADCs are acceptable in massive MIMO systems, and employing a large number
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of antennas at each RAU can compensate for the performance degradation. In the following, the
closed-form expressions will be used for numerical work.
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Figure 2. Spectral efficiency versus the number of quantization bits with different numbers of antennas
per RAU.

Next, Figure 3 illustrates the energy efficiency versus spectral efficiency with different numbers
of quantization bits and of antennas per RAU. It can be seen that, as the number of antennas and
the number of quantization bits increase, energy efficiency increases first and then decreases. This is
because the power consumption and spectral efficiency both increase with the increase in antennas
and quantization bits, but the improvement of spectral efficiency dominates first, and the power
consumption then dominates. The results illustrate that we cannot improve the spectral efficiency and
energy efficiency simultaneously without bound, and there needs to be a tradeoff between them, which
was investigated in [27–29]. Moreover, it can be seen in Figure 3b that b = 3 or b = 4 are preferable
under the system configuration mentioned above. If b increases further, the spectral efficiency can be
slightly improved while the energy efficiency decreases rapidly. It should be noted that the optimal
number of bits is dependent on system configuration and system parameters. Figure 3 also indicates
that low-resolution ADCs (b = 3 or 4 bits in our simulation results) are preferable in distributed massive
MIMO systems.

Finally, the energy efficiency against spectral efficiency with different numbers of quantization bits
and transmitted power per user is presented in Figure 4. The same conclusion about the relationship
between energy efficiency and spectral efficiency with different b can be obtained from Figure 4. As for
the transmitted power per user, it can be seen that, with its increase, the energy efficiency increases
first and then decreases. This results from the fact that the power consumption linearly increases with
the growth of transmitted power, but the spectral efficiency increases first and then tends toward a
certain value.
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Figure 3. Energy efficiency versus spectral efficiency with different numbers of quantization bits b
and different numbers of antennas N per RAU. (a) Each line corresponds to different numbers of
quantization bits with b = [1, 2, 3, 6, 8, 9, 11] and the points on each line correspond to different numbers
of antennas per RAU with N= [1:1:6, 8, 10, 12, 15, 20, 30, 40, 50, 80, 100]. (b) Each line corresponds to
different numbers of antennas per RAU with N= [4, 6, 8, 12, 16, 22, 30] and the points on each line
correspond to different numbers of quantization bits with b = [1:1:12].
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Figure 4. Energy efficiency versus spectral efficiency with the number of quantization bits b = [1:1:6]
bits and transmitted power per user pu = [0.01, 0.02, 0.05, 0.08, 0.1, 0.15, 0.2, 0.3, 0.4, 0.6, 0.8, 1] W, where
each line corresponds to different b and the points on each line correspond to different pu.

5. Conclusions

In this paper, we analyzed the uplink spectral and energy efficiency simultaneously in distributed
massive MIMO systems with low-resolution ADCs. Furthermore, this paper considered a more
realistic scenario where the base station did not have CSI and it obtained the estimated CSI during
the pilot phase. In this case, the pilot contamination presents and degrades the system performance.
We first gave an additive quantization noise model and got the estimated CSI with pilot contamination.
Under the imperfect CSI, we derived the closed-form expressions for achievable uplink rates using
MRC and ZF receivers. Furthermore, we obtained the asymptotic performance with the number of
quantization bits, the per user transmit power, and the per RAU antenna number, respectively. The
theorems are verified by simulation. It can be noted that the increase in antennas can compensate for
the spectral efficiency degradation caused by quantization noise. Furthermore, the energy efficiency
with low-resolution ADCs are better than that with perfect ADCs. Numerical results imply that it is
preferable to use low-resolution ADCs in distributed massive MIMO systems.

We intend to extend our research considering the tradeoff between spectral efficiency and energy
efficiency, which involves multi-objective optimization. Furthermore, in order to make the system
more energy-efficient, we plan to extend our research considering RAU selection.
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Appendix A. Lemmas for Proof

In order to derive the closed-form expressions with both receivers, we provide the following
preliminary lemmas first.
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Lemma A1 ([22]). Suppose {Xi} are independent Gamma distributed random variables, i.e., {Xi} ∼ Γ(ki, θi).
Then the first two moments of the sum ∑i Xi can be given by

E

[
∑i Xi

]
= ∑i kiθi, (A1)

E

[(
∑i Xi

)2
]
= ∑i kiθ

2
i +

(
∑i kiθi

)2
. (A2)

Lemma A2 ([21]). For the p-dimensional non-isotropic channel vector x whose strength is distributed as
xHx ∼ Γ(k, θ), when projected onto a s-dimensional subspace, the distribution of the projection power can be
approximated as Γ(sk/p, θ).

Lemma A3 ([30]). If x is an N × 1 isotropic random vector and A is a constant matrix. Then we can have

Ex

[
xHAx

]
=

tr(A)

N
. (A3)

Appendix B. Proof of Theorem 1

From Lemma 4 of [31], we can obtain the approximation of Equation (11) as follows:

Rl,k(p) ≈ log2

(
1 +

puα2E[|aH
l,k ĝl,l,k |2]

E

[
Il,k+puα2 ∑i 
=l |aH

l,k ĝl,i,k |2+α2‖aH
l,k‖2

]
)

. (A4)

Consider the MRC receiver, it can be seen from Equation (A4) that the following terms need to
be simplified:

E

[
‖ĝl,l,k‖4

]
= k̂l,l,k θ̂2

l,l,k + (k̂l,l,k θ̂l,l,k)
2 (A5)

where

k̂l,l,k =
N(∑M

m=1 βl,m,l,k)
2

∑M
m=1 β2

l,m,l,k

θ̂l,l,k =
∑M

m=1 β2
l,m,l,k

∑M
m=1 βl,m,l,k

. (A6)

This can be obtained by exploiting the fact that ĝH
l,l,kĝl,l,k ∼ Γ(k̂l,l,k, θ̂l,l,k) and Lemma A1.

Due to the independence between ĝl,l,k and ĝl,i,j when j 
= k, we have

E

[
ĝH

l,l,kE
[
ĝl,i,jĝ

H
l,i,j

]
ĝl,l,k

]
(a)
= N ∑M

m=1 βl,m,l,kβl,m,i,j (A7)

where (a) results from the fact that the channel strength is Gamma-distributed.
Because of the pilot contamination, ĝl,l,k and ĝl,i,k are dependent, we have

E

[
|ĝH

l,l,kĝl,i,k|2
]
(a)
=
(

N ∑M
m=1 β1/2

l,m,l,kβ1/2
l,m,i,k

)2
+ N ∑M

m=1 βl,m,l,kβl,m,i,k (A8)

where (a) is obtained due to the fact that the channel strength is Gamma-distributed and due to
Lemma A1.

Using the fact that ĝl,l,k and g̃l,i,j are independent, we have

∑(i,j) E
[
ĝH

l,l,kE
[
g̃l,i,jg̃

H
l,i,j

]
ĝl,l,k

]
= N ∑M

m=1 ∑L
i=1 ∑K

j=1 βl,m,l,kηl,m,i,j. (A9)
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For the last term, we first calculate

E

[
ĝH

l,l,kdiag
(

puĜl,lĜ
H
l,l

)
ĝl,l,k

]
= puE

[
ĝH

l,l,kĝl,l,kĝH
l,l,kĝl,l,k

]
+ pu ∑j 
=k E

[
ĝH

l,l,kĝl,l,jĝ
H
l,l,jĝl,l,k

]
= pu

(
k̂l,l,k θ̂2

l,l,k + (k̂l,l,k θ̂l,l,k)
2 + N ∑j 
=k ∑M

m=1 βl,m,l,kβl,m,l,j

)
.

(A10)

Then we can obtain

E

[
ĝH

l,l,kE

[
diag

(
pu

L

∑
i=1

Gl,iG
H
l,i + I

)]
ĝl,l,k

]

= E

[
ĝH

l,l,kdiag
(

puĜl,lĜ
H
l,l

)
ĝl,l,k

]
+E

[
MN

∑
n=1

∣∣ĝl,n,l,k
∣∣2 DR

]
= pu

(
k̂l,l,k θ̂2

l,l,k + (k̂l,l,k θ̂l,l,k)
2 + N ∑j 
=k ∑M

m=1 βl,m,l,kβl,m,l,j

)
+ Υl,k.

(A11)

Substituting Equations (A5), (A7)–(A9), and (A11) into Equation (A4) yields the closed-form
expression expressed by Equation (23). This completes the proof.

Appendix C. Proof of the Theorem 2

Consider a ZF receiver, similar to the proof of Theorem 1. The following terms need to
be calculated.

For the term E

[
1

‖aH
l,k‖2

]
, we have

1
‖aH

l,k‖2
=

∣∣∣∣ aH
l,k

‖aH
l,k‖2 ĝl,l,k

∣∣∣∣ ∼ Γ
(

MN−K+1
MN k̂l,l,k, θ̂l,l,k

)
, (A12)

which results form Lemma A2 and from the fact that, from the perspective of each user, an intended
beam lies in a subspace of dimension s = MN − K + 1 with ZF receivers. Thus,

E

[
1

‖aH
l,k‖2

]
= MN−K+1

MN k̂l,l,k θ̂l,l,k. (A13)

Next, due to the independence between al,k and ĝl,i,j, we have

∑i 
=l ∑j 
=k E
[
aH

l,kE
[
ĝl,i,jĝ

H
l,i,j

]
al,k

]
(a)
= ∑i 
=l ∑j 
=k E

[
E

[
aH

l,kĝl,i,jĝ
H
l,i,jal,k

]]
(b)
=

1
MN

E

[
ĝH

l,i,jĝl,i,j

]
(c)
= 1

M ∑i 
=l ∑j 
=k ∑M
m=1 βl,m,i,j. (A14)

where (a) results from the fact that al,k and ĝl,i,j are independent, (b) results from Lemma A3, and (c)
results from the fact that ĝH

l,i,jĝl,i,j ∼ Γ(k̂l,i,j, θ̂l,i,j).
Similarly, we have

∑(i,j) E

[
aH

l,k
‖aH

l,k‖2 E

[
g̃l,i,jg̃

H
l,i,j

]
al,k

‖aH
l,k‖2

]
= 1

M ∑L
i=1 ∑K

j=1 ∑M
m=1 ηl,m,i,j. (A15)
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Due to the pilot contamination, al,k and ĝl,i,k are dependent, we have

∑i 
=l E

[∣∣∣∣ aH
l,k

‖aH
l,k‖

ĝl,i,k

∣∣∣∣2
]
= MN−K+1

M ∑i 
=l ∑
M
m=1 βl,m,i,k. (A16)

For the last term, we first calculate

E

[
aH

l,k
‖aH

l,k‖
diag

(
puĜl,lĜ

H
l,l

)
al,k

‖aH
l,k‖

]
= puE

[
aH

l,k
‖aH

l,k‖
ĝl,l,kĝH

l,l,k
al,k

‖aH
l,k‖

]
= MN−K+1

MN puk̂l,l,k θ̂l,l,k. (A17)

Then we can obtain

E

[
aH

l,k
‖aH

l,k‖
E

[
diag

(
pu

L

∑
i=1

Gl,iG
H
l,i + I

)]
al,k

‖aH
l,k‖

]

= E

[
aH

l,k
‖aH

l,k‖
diag

(
puĜl,lĜ

H
l,l

)
al,k

‖aH
l,k‖

]
+E

[
aH

l,k
‖aH

l,k‖
DR

al,k
‖aH

l,k‖

]
(a)
= MN−K+1

MN puk̂l,l,k θ̂l,l,k +
1
M

Δl,k

(A18)

where (a) results form Lemma A3.
Substituting Equations (A13)–(A16), and (A18) into Equation (A4) yields the closed-form

expression expressed by Equation (25). This completes the proof.
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19. Sarajlić, M.; Liu, L.; Edfors, O. When Are Low Resolution ADCs Energy Efficient in Massive MIMO?
IEEE Access 2017, 5, 14837–14853. [CrossRef]

20. Roth, K.; Nossek, J.A. Achievable Rate and Energy Efficiency of Hybrid and Digital Beamforming Receivers
With Low Resolution ADC. IEEE J. Sel. Areas Commun. 2017, 35, 2056–2068. [CrossRef]

21. Li, J.; Wang, D.; Zhu, P.; You, X. Uplink Spectral Efficiency Analysis of Distributed Massive MIMO With
Channel Impairments. IEEE Access 2017, 5, 5020–5030. [CrossRef]

22. Li, J.; Wang, D.; Zhu, P.; You, X. Spectral efficiency analysis of single-cell multi-user large-scale distributed
antenna system. IET Commun. 2014, 8, 2213–2221. [CrossRef]

23. Ngo, H.Q.; Larsson, E.G.; Marzetta, T.L. Energy and Spectral Efficiency of Very Large Multiuser MIMO
Systems. IEEE Trans. Commun. 2013, 61, 1436–1449. [CrossRef]

24. Zuo, J.; Zhang, J.; Yuen, C.; Jiang, W.; Luo, W. Energy-Efficient Downlink Transmission for Multicell Massive
DAS With Pilot Contamination. IEEE Trans. Veh. Technol. 2017, 66, 1209–1221. [CrossRef]

25. Ngo, H.Q.; Tran, L.; Duong, T.Q.; Matthaiou, M.; Larsson, E.G. On the Total Energy Efficiency of Cell-Free
Massive MIMO. IEEE Trans. Green Commun. Netw. 2018, 2, 25–39. [CrossRef]

26. Björnson, E.; Sanguinetti, L.; Hoydis, J.; Debbah, M. Optimal Design of Energy-Efficient Multi-User MIMO
Systems: Is Massive MIMO the Answer? IEEE Trans. Wirel. Commun. 2015, 14, 3059–3075. [CrossRef]

27. Pham, Q.; Hwang, W. Fairness-Aware Spectral and Energy Efficiency in Spectrum-Sharing Wireless
Networks. IEEE Trans. Veh. Technol. 2017, 66, 10207–10219. [CrossRef]

28. Deng, L.; Rui, Y.; Cheng, P.; Zhang, J.; Zhang, Q.T.; Li, M. A Unified Energy Efficiency and Spectral Efficiency
Tradeoff Metric in Wireless Networks. IEEE Commun. Lett. 2013, 17, 55–58. [CrossRef]

29. Xu, L.; Yu, G.; Jiang, Y. Energy-Efficient Resource Allocation in Single-Cell OFDMA Systems: Multi-Objective
Approach. IEEE Trans. Wirel. Commun. 2015, 14, 5848–5858. [CrossRef]

30. Heath, W.H., Jr.; Wu, T.; Kwon, Y.H.; Soong, A.C.K. Multiuser MIMO in Distributed Antenna Systems With
Out-of-Cell Interference. IEEE Trans. Signal Process. 2011, 59, 4885–4899. [CrossRef]

31. Lim, Y.; Chae, C.; Caire, G. Performance Analysis of Massive MIMO for Cell-Boundary Users. IEEE Trans.
Wirel. Commun. 2015, 14, 6827–6842. [CrossRef]

c© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

35





electronics

Article

Channel Sounding for Multi-User Massive MIMO in
Distributed Antenna System Environment

Seoyoung Yu † and Jeong Woo Lee *,†

School of Electrical and Electronics Engineering, Chung-Ang University, Seoul 06974, Korea;
holywillow@naver.com
* Correspondence: jwlee2@cau.ac.kr; Tel.: +82-2-820-5734
† Current address: 84 Heukseok-ro, Dongjak-gu, Seoul 06974, Korea.

Received: 20 November 2018; Accepted: 21 December 2018; Published: 1 January 2019

Abstract: We propose a generation scheme for a sounding reference signal (SRS) suitable for
supporting a large number of users in massive multi-input multi-output (MIMO) system with
a distributed antenna system (DAS) environment. The proposed SRS can alleviate the pilot
contamination problem which occurs inherently in the multi-user system due to the limited number
of orthogonal sequences. The proposed SRS sequence is generated by applying a well-chosen phase
rotation to the conventional LTE/LTE-A SRS sequences without requiring an increased amount
of resource usage. We also propose using the correlation-aided channel estimation algorithm as a
supplemental scheme to obtain more reliable and refined channel estimation. It is shown that the
proposed SRS sequence and the supplemental channel estimation scheme improve significantly the
channel estimation performance in multi-user massive MIMO systems.

Keywords: massive multi-input multi-output (MIMO); distributed antenna systems (DAS); sounding
reference signal (SRS); channel estimation

1. Introduction

It is expected that the amount of mobile wireless traffic in 2020 will be 1000 times higher than that of
2010 [1–3]. Along with the dramatic growth in the demand for wireless communications, performance
requirements for data rate, spectral efficiency and energy efficiency are also getting higher [4–6].
To meet these growing demand and performance requirements for wireless communications, massive
multi-input multi-output (m-MIMO) technology was proposed as one of the key technologies for the
next generation cellular networks, known as fifth generation (5G) systems [7–10]. It is known that
m-MIMO systems, whose transmitter or receiver is equipped with massive number of antennas, can
improve the spectral efficiency and save energy in wireless communication systems [10–12]. As a result,
m-MIMO systems have recently attracted many researchers and engineers in many aspects. Multi-user
m-MIMO technology, in which a base station (BS) uses a large number of antennas to serve many pieces
of user equipment (UE) simultaneously on the same time-frequency resource, is one example that is
actively studied to be practically adopted in 5G systems [13–15]. The distributed antenna system (DAS)
has also been considered a key technology for feasible deployment of 5G systems [16–18]. In DAS
configuration, there exist a digital unit (DU) and multiple radio units (RUs) in a cell, where each RU is
connected to DU via fiber optic links. The DU manages RUs in a centralized manner, by which RUs
can transmit and receive signals in a cooperative manner.

The key requirement for enjoying the benefit of m-MIMO technology is to obtain the accurate
channel state information (CSI) for each link at the BS, or at RUs in DAS environment. In the
frequency-division duplex (FDD) approach, UEs estimate downlink (DL) channels by using DL
pilot signals, or sounding reference signals (SRS), transmitted from the BS [19]. The required number
of DL pilots in an FDD based approach is proportional to the number of BS antennas multiplied by the
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number of served UEs, which complicates the adoption of such a DL channel estimation in massive
MIMO environments. Thus, the m-MIMO systems typically employ the time-division duplex (TDD)
approach to estimate the DL channel. In the TDD approach, UEs estimate DL channels by sending
mutually orthogonal uplink (UL) pilot signals (SRS) to BS based on the DL and UL channel reciprocity
within the channel coherence interval [9]. The total number of UL pilots required in such a TDD based
approach is proportional to the number of served UEs irrespective of the number of BS antennas [7,9].

For a given length of sequence, say M, we may generate at most M orthogonal sequences.
Conventionally, pilot sequences are mutually orthogonal, so the maximum number of pilot sequences
is limited by M. If the number of UEs in simultaneous service exceeds M, we need to reuse some or
all of the already generated orthogonal sequences. This results in the so-called pilot contamination
problem [20] due to the violation of orthogonality between pilot sequences. The pilot contamination
mainly limits the performance improvement of m-MIMO systems [7,15]. Most of the prior works
that proposed to resolve this problem have considered the use of mutually orthogonal SRS sequences.
They include pilot signal coordination [21], blind channel estimation with data samples [22] and
cooperative multi-cell precoding in m-MIMO systems [23]. The number of mutually orthogonal SRS
sequences is mainly limited by the length of the base sequence. In Long Term Evolution (LTE)/Long
Term Evolution-Advanced (LTE-A) systems, the number of orthogonal SRS sequences is 16, which is
not suitable for serving a large number of users in m-MIMO environments [24,25]. Using long pilot
sequences may reduce the pilot contamination, but they replace data sequences and reduce channel
spectral efficiency and throughput. If pilot sequences are made too long, they may occupy even the
restricted band, which must be prevented. Thus, it may be desirable to generate a larger number of
SRS sequences without increasing the sequence length.

For this purpose, we propose a mechanism for generating SRS sequences with a lower level of
pilot contamination which is suitable for serving a large number of UEs. In the proposed mechanism,
a phase rotation is applied to the base sequence without increasing the sequence length. The resultant
SRS sequences may be mutually correlated and thus still incur a pilot contamination as the number
of UEs grows and exceeds the length of base sequence. This results in high channel estimation error
when a linear estimation based on the orthogonality of SRS sequences is used. To resolve this problem,
we propose a two-step channel estimation algorithm by which the least square (LS) estimation [26] is
first applied and the minimum mean squared error (MMSE) estimation [27] is additionally applied
only to the group of UEs using mutually correlated SRS sequences. The proposed correlation-aided
channel estimation shows the improved performance in the channel estimation. It is shown that the
proposed SRS combined with the supplemental channel estimation algorithm guarantees lower mean
squared error (MSE) in channel estimation, which alleviates the pilot contamination problem.

The rest of the paper is organized as follows. In Section 2, we introduce the system model in
consideration. In Section 3, a brief review of SRS sequences in conventional LTE/LTE-A systems is
provided. We introduce the generation of proposed SRS sequences and the analysis on the resultant
correlation in Section 4. In Section 5, we propose the two-step channel estimation algorithm composed
of an LS estimation followed by a supplemental MMSE estimation. We also formulate and analyze the
MSE obtained for SRS sequences with an LS estimation. We verify the performances in various aspects
by computer simulations in Section 6 and conclude this paper in Section 7.

2. System Model

Consider a cell having a DU and R RUs each of which serves K UEs as shown in Figure 1,
where each RU has NT transmit and receive antennas. We index RU by r ∈ {0, · · · , R − 1}, and index
the UE served by RU r as r(k), k ∈ {0, · · · , K − 1}. We consider orthogonal frequency division
multiplexing (OFDM) communications with Nc subcarriers between UE and RU. We suppose the
channel reciprocity, by which the DL channel from RU to UE can be estimated by using the UL pilots
sent from UEs under the constraint that the time delay from the UL channel estimation to the DL
transmission is less than the coherence time of the channel [7]. Then, the UL channel estimated
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by sending SRS sequence from each UE to RU is used as the DL channel estimation. Let sr(k) =

[sr(k)[0] · · · sr(k)[M − 1]]T denote the SRS sequence of UE r(k), where the superscript T denotes a
transpose of a vector. We also let hr(k),r′ [m] ∈ CNT×1 denote the channel gain between UE r(k) and
RU r′ over the m-th subcarrier. Then, the channel gains corresponding to M subcarriers, hr(k),r′ [m],
m = 0, · · · , M − 1, are estimated by using an SRS sequence.

The signal received by RU r over the subcarrier m is denoted by yr[m] ∈ CNT×1 and obtained by

yr[m] =
K−1

∑
k=0

hr(k),r[m]sr(k)[m] +
R−1

∑
r′=0,r′ 
=r

K−1

∑
k=0

hr′(k),r[m]sr′(k)[m] + nr[m], (1)

where nr[m] ∈ CNT×1 is the zero-mean additive white Gaussian noise vector with covariance matrix
σ2

nINT×NT . Note that hr(k),r′ [m] = βr(k),r′gr(k),r′ [m], where βr(k),r′ represents the large scale fading
while each entry of gr(k),r′ [m] ∈ CNT×1 denotes the small scale fading represented by an independent
and identically distributed (i.i.d.) zero mean complex Gaussian random variable with unit variance.
Note that the large scale fading factor β2

r(k),r′ = d−a
r(k),r′ , where dr(k),r′ is a distance between UE r(k) and

RU r′, and a is an attenuation factor.

Figure 1. Multi-user m-MIMO configuration in DAS environments.

3. Conventional Channel Sounding Reference Signal in LTE/LTE-A Systems

In the following, we briefly introduce the generation of SRS in conventional LTE/LTE-A
systems [24,25]. The structure of SRS symbol is illustrated in Figure 2. Basically, the SRS sequence is
generated by a cyclic shift of a base sequence, which is obtained from Zadoff–Chu sequence [24,25]
as presented below. Let NRB

sc be the number of subcarriers per RB, where NRB
sc = 12 in LTE/LTE-A

systems, and L be the number of assigned subcarriers for SRS or sounding bandwidth. Let D be the
decimation factor which is the number of SRS sequences sharing the allocated sounding bandwidth,
where the length of SRS sequence is M = L/D. Note that L is the multiple of NRB

sc , i.e., L = n · NRB
sc ,

1 ≤ n ≤ NUL
RB , where NUL

RB is the uplink system bandwidth in terms of RBs. Let Lz denote the length of
Zadoff–Chu sequence used to generate the base sequence of length M, where Lz is given by the largest
prime number such that Lz < M.
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Let xq[m] denote the q-th root Zadoff–Chu sequence defined by

xq[m] = exp
{
−j

πqm(m + 1)
Lz

}
, 0 ≤ m < Lz, (2)

where

q = �q̄ + 0.5�+ v(−1)�2q̄�,
q̄ = Lz(u + 1)/31,

(3)

with u ∈ {0, 1, · · · , 29} and v = 0 if M = nNRB
sc , n ≤ 5 and v = 0, 1 if M = nNRB

sc , n ≥ 6. The base
sequence x̄[m] is obtained by

x̄[m] = xq[m mod Lz], 0 ≤ m < M. (4)

Note that base sequences are divided into groups, where u is the group number associated with
the physical cell ID and the length of the SRS sequence, and v is the base sequence number within the
group. The SRS sequence x(α)[m] of length M is defined by applying a cyclic shift α, α ∈ {0, 1 · · · , 7},
to the base sequence x̄[m] as

x(α)[m] = ej2π α
Lc mx̄[m], 0 ≤ m < M, (5)

where Lc > 7 to obtain distinct values of ej2π α
Lc for different α ∈ {0, 1 · · · , 7}. For any αi and αj chosen

from {0, · · · , 7}, two sequences x(αi) = [x(αi)[0] · · · x(αi)[M− 1]]T and x(αj) = [x(αj)[0] · · · x(αj)[M− 1]]T

are orthogonal if 1
M x(αi)

H
x(αj) = δi−j, where δi−j = 1 if i = j and 0 otherwise, and the superscript H

denotes a conjugate transpose of a vector. This condition reduces to 1
M ∑M−1

m=0 ej 2π
Lc (αj−αi)m = δi−j by

using Equation (5) and the property |x̄[m]|2 = 1 for all m, which is clear from Equations (2)–(4).
This condition is satisfied only if (αj − αi)

M
Lc

is an even integer, or, in other words, Lc is a factor
of (αj − αi)

M
2 , for αi 
= αj ∈ {0, · · · , 7}. Consequently, Lc must be an integer that is greater than 7 and

is a factor of 1
2 M.

Figure 2. SRS symbol structure.

Multiple SRS sequences are defined from a single base sequence by using different values of
α and the decimation factor. In LTE/LTE-A, the decimation factor of two is used and the signal
occupies every second subcarrier within the allocated sounding bandwidth. By using distinct SRS
sequences obtained with different values of α and by using distinct sets of subcarriers as a result of
decimation, multiple UEs can estimate their channel gains and can be served by RU simultaneously.
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In conventional LTE/LTE-A systems using α ∈ {0, · · · , 7} and the decimation factor of two, we can
obtain only 16 orthogonal sequences. In the multi-user systems with higher number of UEs than 16,
we need to design a larger set of SRS sequences having low cross-correlation.

4. Proposed Channel Sounding Reference Signal for Multi-User Systems

The lack of orthogonal SRS sequences may cause the pilot contamination problem. The easy way
to alleviate this is using longer SRS sequences or wider sounding bandwidth. However, this approach
may result in the degraded performance of channel estimation in the frequency selective environment
and the lower spectral efficiency and throughput because SRS sequences replace data sequences.
Moreover, if the sounding bandwidth is too wide, SRS sequences may occupy the restricted band,
which must be prohibited. Thus, we aim to generate a new set of SRS sequences showing reduced
pilot contamination without increasing the sounding bandwidth or sequence length. We apply phase
rotation to the LTE/LTE-A SRS sequences, which is introduced in Section 3 to generate a new SRS
sequence as

x(α,s,p)[m] � ej2π s
M me

j2π
p

Lp m
x(α)[m] = e

j2π
(

s
M +

p
Lp +

α
Lc

)
m

x̄[m], 0 ≤ m < M, (6)

where 0 ≤ s < M
Lc

and 0 ≤ p < Lp, and the last equality comes from Equation (5). Note that Lc is an
integer greater than 7 which can divide 1

2 M as introduced in Section 3 and Lp is a prime number which
is smaller than Lc. For a given SRS sequence length M, we may generate up to M orthogonal sequences.
However, by using Equation (5), we can generate only eight orthogonal sequences with varying
α = 0, · · · , 7. Thus, we use the phase rotation ej2π s

M m, 0 ≤ s < M
Lc

, together with ej2π α
Lc m, 0 ≤ α < Lc,

to generate M orthogonal SRS sequences without incurring pilot contamination. If the number of
UEs exceeds M, we need to generate extra SRS sequences instead of reusing already generated ones.

For this purpose, we apply additional phase rotation e
j2π

p
Lp m

, 0 ≤ p < Lp, where Lp needs to be
coprime with M and thus be also coprime with Lc in order to make the resultant sequences distinct
from already generated M sequences. We empirically found that a prime number Lp smaller than Lc

results in a good performance.
By Equations (2)–(4), we can rewrite Equation (6) as

x(α,s,p)[m] =

⎧⎨⎩exp
{

j2π
((

s
M + p

Lp
+ α

Lc

)
m − qm(m+1)

2Lz

)}
, for 0 ≤ m < Lz,

exp
{

j2π
((

s
M + p

Lp
+ α

Lc

)
m − q(m−Lz)(m−Lz+1)

2Lz

)}
, for Lz ≤ m < M.

(7)

The correlation of SRS sequences sr(k) and sr′(j) is defined and expanded as

Cr(k),r′(j) �
1
M

sr(k)
Hsr′(j) =

1
M

M−1

∑
m=0

s∗r(k)[m]sr′(j)[m] =
1
M

M−1

∑
m=0

e
−j2π

(
s−s′

M +
p−p′

Lp + α−α′
Lc

)
m

, (8)

where sr(k)[m] = x(α,s,p)[m], sr′(j)[m] = x(α
′ ,s′ ,p′)[m] and the superscript ∗ represents the complex

conjugate of a complex variable. The detailed derivation of Equation (8) is provided in Appendix A.
It is clear that Cr(k),r′(j) obtained with s = s′, p = p′ and α = α′ corresponds to the auto-correlation of
sr(k) because sr′(j) = sr(k), where Cr(k),r(k) =

1
M ∑M−1

m=0 ej·0 = 1. The cross-correlation Cr(k),r′(j) = 0 if
p = p′ and either s 
= s′ or α 
= α′, while Cr(k),r′(j) 
= 0 if p 
= p′ by the following reason.

Consider f (φ) = 1
M ∑M−1

m=0 ej2πφm, where f (φ) = 0 if φM is a nonzero integer, and f (φ) 
= 0,
otherwise. If p = p′, the rightmost side of Equation (8) becomes f

( s′−s
M + α′−α

Lc

)
. If s 
= s′ or α 
= α′,( s′−s

M + α′−α
Lc

)
M is a nonzero integer because M is a multiple of Lc as introduced in Section 3, and thus

Cr(k),r′(j) = f
( s′−s

M + α′−α
Lc

)
= 0. On the other hand, if p 
= p′,

( s′−s
M + p′−p

Lp
+ α′−α

Lc

)
M cannot be a
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nonzero integer because (p′ − p)M is not divisible by Lp, and, thus Cr(k),r′(j) = f
( s′−s

M + p′−p
Lp

+ α′−α
Lc

) 
=
0, where Lp and M are coprime and |p − p′| < Lp.

Consequently, for each p, we can generate a set of M orthogonal SRS sequences, where 0 ≤ s < M
Lc

and 0 ≤ α < Lc enables the generation of M orthogonal sequences. Applying the phase rotation

e
j2π

p
Lp m

, 0 ≤ p < Lp, in Equation (7) enables to obtain Lp sets of M orthogonal sequences. Any two
sequences obtained with different values of p are mutually correlated.

Distinct SRS sequences generated with different α, s and p by Equation (7) are assigned to different
UEs. The first set of M orthogonal sequences generated with p = 0 are assigned to the first M UEs.
Then, the next set of M orthogonal sequences generated with p = 1 are assigned to the next M UEs.
This procedure is repeated by increasing p until all UEs are assigned SRS sequences.

5. Channel Estimation

5.1. Least Square Channel Estimation

Let ĥr(k),r[m] denote the estimation of the channel gain hr(k),r[m]. We apply the LS estimation
algorithm [26] to the received signal of SRS sequence for the channel estimation. In this process,
we assume a block fading with length M, by which the channel is considered invariant over consecutive
M subcarriers. Then, the estimation of channel gain at the m-th subcarrier in a fading block, ĥr(k),r[m],
can also be denoted by ĥr(k),r and obtained as

ĥr(k),r[m] = ĥr(k),r =
1
M

M−1

∑
i=0

s∗r(k)[i]yr[i]. (9)

By using Equation (1), we can rewrite Equation (9) as

ĥr(k),r =
1
M

M−1

∑
i=0

s∗r(k)[i]
{

K−1

∑
j=0

hr(j),r[i]sr(j)[i] +
R−1

∑
r′=0,r′ 
=r

K−1

∑
j=0

hr′(j),r[i]sr′(j)[i] + nr[i]

}

=
1
M

M−1

∑
i=0

{
hr(k),r[i] +

K−1

∑
j=0,j 
=k

hr(j),r[i]s
∗
r(k)[i]sr(j)[i] +

R−1

∑
r′=0,r′ 
=r

K−1

∑
j=0

hr′(j),r[i]s
∗
r(k)[i]sr′(j)[i] + s∗r(k)[i]nr[i]

}
,

(10)

where s∗r(k)[i]sr(k)[i] = |sr(k)[i]|2 = 1 is used. If the channel is actually block faded with length M,
the channel gain hr(k),r[m] is identical for all m = 0, · · · , M − 1 and thus, we can represent the channel
gain by hr(k),r. Then, Equation (10) can be rewritten as

ĥr(k),r = hr(k),r +
K−1

∑
j=0,j 
=k

hr(j),rCr(k),r(j) +
R−1

∑
r′=0,r′ 
=r

K−1

∑
j=0

hr′(j),rCr(k),r′(j) +
1
M

M−1

∑
i=0

s∗r(k)[i]nr[i]. (11)

In case that all SRS sequences of UEs in the cell are mutually orthogonal, we have zero
cross-correlation between any two SRS sequences so that Equation (11) is simplified as

ĥr(k),r = hr(k),r +
1
M

M−1

∑
i=0

s∗r(k)[i]nr[i]. (12)

We define the normalized mean squared error (MSE) of the channel estimation between UE r(k)
and RU r at subcarrier m as

σ2
MSE,r(k)[m] =

E‖ĥr(k),r − hr(k),r[m]‖2

β2
r(k),r NT

. (13)

Then, we define the average MSE by
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σ̄2
MSE =

1
KRM

K−1

∑
k=0

R−1

∑
r=0

M−1

∑
m=0

σ2
MSE,r(k)[m] (14)

and use this as the performance metric of channel estimation. Note that, if the channel is actually
block faded with length M, the normalized MSE can be denoted by σ2

MSE,r(k) and Equation (14) can be

simplified as σ̄2
MSE = 1

KR ∑K−1
k=0 ∑R−1

r=0 σ2
MSE,r(k). Under the assumption of block fading with length M,

the average MSE can be obtained from Equations (11), (13) and (14) as

σ̄2
MSE =

1
KR

K−1

∑
k=0

R−1

∑
r=0

E‖ĥr(k),r − hr(k),r‖2

β2
r(k),r NT

=
1

KR

K−1

∑
k=0

R−1

∑
r=0

1
β2

r(k),r

{
K−1

∑
j=0,j 
=k

β2
r(j),r|Cr(k),r(j)|2 +

R−1

∑
r′=0,r′ 
=r

K−1

∑
j=0

β2
r′(j),r|Cr(k),r′(j)|2 +

1
M

σ2
n

}
,

(15)

where the detailed derivation is given in Appendix B.
Let us predict analytically the average MSE under the block fading environment. The large scale

fading factors are assumed to be βr(k),r = β1 and βr′(k),r = β2 for all k, r and r′, r′ 
= r, which means
that the large scale fading between UE and serving RU is represented by β1 while the large scale fading
between UE and other neighboring RUs are represented by β2. We suppose β2 < β1 because UE is
usually served by a nearly located RU. Then, Equation (15) can be rewritten as

σ̄2
MSE =

1
KR

K−1

∑
k=0

R−1

∑
r=0

{
K−1

∑
j=0,j 
=k

|Cr(k),r(j)|2 +
β2

2
β2

1

R−1

∑
r′=0,r′ 
=r

K−1

∑
j=0

|Cr(k),r′(j)|2 +
σ2

n

β2
1M

}
. (16)

We consider the reuse of M orthogonal SRS sequences to UEs repeatedly without applying the

phase rotation e
j2π

p
Lp m

in Equation (7). We suppose that each RU in the cell serves the equal number
of UEs and distinct set of M

R orthogonal sequences are assigned repeatedly to UEs in each RU. Then,
we obtain a correlation matrix C ∈ CKR×KR of SRS sequences whose (i, j)-th entry is defined by

Cij =

{
1, if |i − j| = kM, k = 0, · · · , �KR/M�,

0, else.
(17)

Every other M
R column and row of C correspond to UEs in the same RU. Due to the reuse of

M
R orthogonal sequences for each RU, SRS sequences used for different RUs are always mutually

orthogonal. It follows that Cr(k),r′(j) = 0 for all k, j and r 
= r′ and Equation (16) becomes

σ̄2
MSE =

1
KR

K−1

∑
k=0

R−1

∑
r=0

K−1

∑
j=0,j 
=k

|Cr(k),r(j)|2 +
σ2

n

β2
1M

. (18)

From Equation (17) and the allocation rule of orthogonal sequences to UEs introduced above,
we obtain

1
KR

K−1

∑
k=0

R−1

∑
r=0

K−1

∑
j=0,j 
=k

|Cr(k),r(j)|2 =

⎧⎨⎩0, if KR ≤ M,
1

KR ∑
� KR

M �
i=1 2(KR − iM), if KR > M.

(19)

Consequently, we can rewrite Equation (18) as

σ̄2
MSE =

⎧⎨⎩
σ2

n
β2

1 M
, if KR ≤ M,

�KR
M �

(
2 − M

KR

(
�KR

M �+ 1
))

+ σ2
n

β2
1 M

, if KR > M.
(20)
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Note that σ̄2
MSE is independent of β2

2 while it depends on β2
1. Recall that β2

2 is determined by
the distance between a UE and its neighboring RU. Thus, the performance of channel estimation
obtained by reusing orthogonal sequences repeatedly is not affected by how far neighboring RUs
are located from UE. It is also clear from Equation (20) that the average MSE decreases as M grows.
Since the number of orthogonal sequences is limited for a given sequence length, the number of UEs
served simultaneously in a cell is limited. In the multi-user systems, a larger number of UEs must be
accommodated, so we may need to use non-orthogonal sequences for channel sounding.

5.2. Supplemental Correlation-Aided Channel Estimation

As the number of UEs grows in the cell, it is impossible to assign orthogonal SRS sequences to all
UEs even by using the proposed SRS sequences because the number of orthogonal sequences is limited
to M. Thus, we propose using the supplemental channel estimation scheme to enhance the channel
estimation performance even with correlated SRS sequences. Suppose DU knows SRS sequences and
their cross-correlations. We rewrite Equation (11) as

ĥr(k),r =
R−1

∑
r′=0

K−1

∑
j=0

hr′(j),rCr(k),r′(j) +
1
M

M−1

∑
i=0

s∗r(k)[i]nr[i], (21)

where 0 ≤ r < R and 0 ≤ k < K. This can be expressed by using matrix forms as

Ĥ = HC + N, (22)

where Ĥ ∈ CNT×KR, H ∈ CNT×KR and N ∈ CNT×KR are matrices whose columns are ĥr(k),r, hr(k),r
and nr(k),r, respectively, 0 ≤ r < R and 0 ≤ k < K. We let C ∈ CKR×KR denote a correlation matrix
whose entries are Cr(k),r′(j), where 0 ≤ r, r′ < R and 0 ≤ k, j < K. We define two classes of UEs.
The first one is the set of UEs that are assigned mutually orthogonal SRS sequences. UEs assigned
mutually correlated SRS sequences compose the second class. We reorder Ĥ, H, C and N and partition

them as Ĥ =
[
Ĥu Ĥc

]
, H =

[
Hu Hc

]
, C =

[
I 0

0 A

]
and N =

[
Nu Nc

]
, where submatrices

with subscripts u and c correspond to the first and the second class of UEs, respectively, and A is a
non-diagonal matrix. Then, Equation (22) can be rewritten in partitioned forms as

[
Ĥu Ĥc

]
=
[
Hu Hc

] [I 0

0 A

]
+
[
Nu Nc

]
, (23)

which implies

Ĥu = Hu + Nu, (24)

Ĥc = HcA + Nc. (25)

It is clear from Equation (24) that ĥr(k),r = hr(k),r + nr(k),r for the first class of UEs. So, ĥr(k),r
is considered to estimate sufficiently the actual channel hr(k),r of UE r(k) in the first class. On the
other hand, as can be seen from Equation (25), for the second class of UEs, ĥr(k),r includes the linear
combination of other UEs’ channels as well. Thus, we need a supplemental procedure to obtain
the more reliable channel estimations for UEs in the second class. For this purpose, we propose the
correlation-aided channel estimation which applies the MMSE algorithm [27] to the estimated channels
for the second class of UEs as the supplemental procedure. We obtain the refined channel estimation
˜̂Hc for UEs in the second class by multiplying the MMSE nulling matrix W to Ĥc as

˜̂Hc = ĤcW, (26)
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where
W = AH

(
AAH + B−1I

)−1
(27)

and B is a diagonal matrix whose diagonal entries are β2
r(k),r corresponding to UEs in the second

class. Then, after refinement of Ĥc to ˜̂Hc by Equation (26), the channel estimation Ĥ is replaced by
Ĥ =

[
Ĥu

˜̂Hc

]
.

In summary, first, we apply the LS estimation to obtain ĥr(k),r for all UEs. Next, we define the
first and the second classes of UEs based on the correlation matrix C. The first class is defined by UEs
whose SRS sequences are mutually orthogonal. The remaining UEs form the second class. Then, for the
second class of UEs, we apply additionally the MMSE algorithm to the channel estimation obtained by
LS scheme as the supplemental procedure. Finally, we use the result of LS estimation for the first class
and the result of supplement estimation for the second class as the channel estimation. If the number
of UEs is less than or equal to the number of mutually orthogonal SRS sequences, we only need to
perform a LS estimation as introduced in Equation (9). Otherwise, we need to apply the proposed
correlation-aided supplemental estimation after performing the LS estimation.

6. Numerical Results

We evaluate the performances of the proposed SRS and the proposed supplemental channel
estimation algorithm in terms of MSE in the multi-user m-MIMO DAS environment. For comparison,
the MSE obtained by using conventional LTE/LTE-A SRS scheme is also shown. As the proposed
scheme, we consider the following three types:

(a) using repeatedly M orthogonal sequences generated by varying α and s without applying the

phase rotation e
j2π

p
Lp m

in Equation (7),

(b) using the phase rotation e
j2π

p
Lp m

together with varying α and s for SRS generation, but not using
the supplemental correlation-aided channel estimation,

(c) using the phase rotation e
j2π

p
Lp m

together with varying α and s for SRS generation, and the
supplemental correlation-aided channel estimation as well.

We consider the large scale fading factor between UEs and serving RU as β1 and the large scale
fading factor between UEs and other neighboring RUs as β2, i.e., βr(k),r = β1 and βr(k),r′ = β2 for all k,
r and r′ 
= r. We let β2/β1 = 0.7692, which comes from the assumption that the distance of UE from
serving RU is 1.3 times shorter than the distance from other neighboring RUs, where the attenuation
factor is assumed to be a = 2. We let each RU serve the same number of UEs. We choose Lc = 8 in

Equations (5) and (7), and Lp = 3 when applying the phase rotation e
j2π

p
Lp m

in types (b) and (c) of
the proposed scheme. We consider a block fading channel, International Telecommunication Union
Radiocommunication Sector (ITU-R) Ped A and ITU-R Veh A channels [28], where ITU-R Ped A [29]
and ITU-R Veh A channels are examples of frequency selective channels. The simulation parameters
used for performance evaluation are listed in Table 1.

We depict the average MSE of channel estimation with respect to the total number of UEs
in the cell obtained for block fading channel, ITU-R Ped A channel and ITU-R Veh A channel in
Figures 3–5, respectively. In each figure, we plot the average MSE obtained by using conventional SRS
in LTE/LTE-A systems and the proposed scheme of three types.

We also plot the average MSE obtained by applying supplemental MMSE estimation to all UEs
instead of applying MMSE selectively only to UEs belonging to the second class, where the phase

rotation e
j2π

p
Lp m

is applied and the corresponding curves are marked with ‘nonselective supplemental
MMSE.’ In Figure 3, we include the average MSE predicted analytically by Equation (20) for the
proposed scheme of type (a) over block fading channel.
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Table 1. Parameters used in performance evaluation.

Parameters Values

number of subcarriers (Nc) 1024

number of subcarriers per RB (NRB
sc ) 12

SRS length (M) 48 (proposed scheme)

24 (LTE/LTE-A with a decimation factor of 2)

sampling time 0.1 μs

average SNR (β2
1/σ2

n) 0 dB

channel model block fading, ITU-R Ped A, ITU-R Veh A

number of RUs (R) 4

number of RU antennas (NT) 8
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Figure 3. Average MSE of channel estimation with respect to the total number of UEs over block fading channel.
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Figure 4. Average MSE of channel estimation with respect to the total number of UEs over ITU-R Ped A channel.
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Figure 5. Average MSE of channel estimation with respect to the total number of UEs over ITU-R Veh
A channel.

It is observed that the channel estimation MSE obtained by using any SRS scheme rapidly
increases when the number of UEs in service exceeds the number of orthogonal SRS sequences, where
the conventional LTE/LTE-A scheme and the proposed scheme generate 16 and M (=48) orthogonal
SRS sequences, respectively. For more than 48 UEs, the proposed scheme also provides much lower
channel estimation MSE than LTE/LTE-A scheme. Even reusing repeatedly M (=48) orthogonal SRS
sequences generated in type (a) can lower significantly the channel estimation MSE for any number of

UEs. It is observed that applying phase rotation e
j2π

p
Lp m

to SRS generation further lowers the channel
estimation MSE, and the use of supplemental selective MMSE estimation can even further improve
the channel estimation performance at the cost of increasing complexity. Note that the computational
complexity of supplemental selective MMSE estimation is, in general, O(n3) because it requires the
matrix inversion, where n is the dimension of a square matrix A. Considering, as a reference, the case
that M orthogonal sequences are repeatedly used to generate SRS sequences, the dimension of A is
determined from Equation (17) as n = min(KR, 2 max(0, KR − M)). Applying supplemental MMSE
estimation nonselectively to all UEs degrades the performance when the number of UEs is not high
enough. In Figure 3, the analytic prediction of MSE for block fading channel is observed to match
the numerical result very well. It is clear that the proposed scheme of type (c) shows the best channel
estimation performance in terms of MSE for all numbers of UEs. The MSE gain of the proposed scheme
of type (c) over LTE/LTE-A system is about 6 dB in block fading and ITU-R Ped A channels, and about
8 dB in ITU-R Veh A channel when serving 120 UEs through four RUs. The performance gain achieved
by using the proposed scheme can be observed in block fading channel as well as frequency selective
channel.

Conventional LTE/LTE-A systems may not effectively employ m-MIMO transmission for
the service of a large number of UEs mainly due to the pilot contamination problem. However,
the proposed SRS and the supplemental channel estimation can relieve the pilot contamination
problem in a significant level. It is expected that the proposed scheme can be effectively adopted in
multi-user m-MIMO systems.

7. Conclusions

In this paper, we proposed a generation of SRS sequences resulting in improved channel estimation
performance without increasing the sequence length. The proposed SRS can easily be generated
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by imposing a phase rotation to the base sequence. Even though the proposed SRS sequences
are mutually correlated when the number of UEs is higher than the sequence length, it lowers
significantly the MSE of channel estimation and thus alleviates the pilot contamination problem.
We also proposed a supplemental correlation-aided channel estimation scheme to further improve
the channel estimation performance of multi-user m-MIMO technology in DAS environments. It is
expected that the proposed SRS scheme and the supplemental channel estimation scheme can be
effectively adopted in m-MIMO systems.
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Appendix A. Derivation of Equation (8)

With sr(k)[m] = x(α,s,p)[m] and sr′(j)[m] = x(α
′ ,s′ ,p′)[m], we obtain Equation (8) by using

Equation (7) as

Cr(k),r′(j) �
1
M

sr(k)
Hsr′(j) =

1
M

M−1

∑
m=0

s∗r(k)[m]sr′(j)[m]

=
1
M

Lz−1

∑
m=0

e
−j2π

((
s

M +
p

Lp +
α

Lc

)
m− qm(m+1)

2Lz

)
e

j2π

((
s′
M +

p′
Lp +

α′
Lc

)
m− qm(m+1)

2Lz

)

+
1
M

M−1

∑
m=Lz

e
−j2π

((
s

M +
p

Lp +
α

Lc

)
m− q(m−Lz)(m−Lz+1)

2Lz

)
e

j2π

((
s′
M +

p′
Lp +

α′
Lc

)
m− q(m−Lz)(m−Lz+1)

2Lz

)

=
1
M

M−1

∑
m=0

e
−j2π

(
s−s′

M +
p−p′

Lp + α−α′
Lc

)
m

.

Appendix B. Derivation of Equation (15)

By using Equations (11), (13) and (14), we obtain Equation (15) as

σ̄2
MSE =

1
KR

K−1

∑
k=0

R−1

∑
r=0

E‖ĥr(k),r − hr(k),r‖2

β2
r(k),r NT

=
1

KRNT

K−1

∑
k=0

R−1

∑
r=0

1
β2

r(k),r
E

∥∥∥∥∥ K−1

∑
j=0,j 
=k

hr(j),rCr(k),r(j) +
R−1

∑
r′=0,r′ 
=r

K−1

∑
j=0

hr′(j),rCr(k),r′(j) +
1
M

M−1

∑
i=0

s∗r(k)[i]nr[i]

∥∥∥∥∥
2

=
1

KRNT

K−1

∑
k=0

R−1

∑
r=0

1
β2

r(k),r

{
K−1

∑
j=0,j 
=k

E‖hr(j),r‖2|Cr(k),r(j)|2 +
R−1

∑
r′=0,r′ 
=r

K−1

∑
j=0

E‖hr′(j),r‖2|Cr(k),r′(j)|2

+
1

M2

M−1

∑
i=0

E‖nr[i]‖2

}

=
1

KRNT

K−1

∑
k=0

R−1

∑
r=0

1
β2

r(k),r

{
K−1
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Abstract: Massive Multiple-input Multiple-output (MIMO) is an emerging technology for the 5G
wireless communication systems which has the potential to provide high spectral efficient and
improved link reliability and accommodate large number of users. Aiming at the problem of
pilot contamination in massive MIMO systems, this paper proposes two algorithms to mitigate
it. The first algorithm is depending on the idea of Path Loss to perform User Grouping (PLUG)
which divide the users into the center and edge user groups depending on different levels of pilot
contamination. It assigns the same pilot sequences to the center users which slightly suffer from
pilot contamination and assign orthogonal pilot sequences to the edge users which severely suffer
from pilot contamination. It is assumed that the number of users at the edge of each cell is the
same. Therefore, to overcome such limitations of PLUG algorithm, we propose an improved PLUG
(IPLUG) algorithm which provides the decision parameters for user grouping and selects the number
of central and edge users in each cell in a dynamic manner. Thus, the algorithm prevents the wrong
division of users in good channel conditions being considered as an edge user which causes large
pilot overhead, and also identifies the users with worst channel conditions and prevents the wrong
division of such users from the center user group. The second algorithm for pilot decontamination
utilizes the idea of pseudo-random codes in which orthogonal pilot are assigned to different cells.
Such codes are deployed to get a transmission pilot by scrambling the user pilot in the cell. Since the
pilot contamination is generated because different cells multiplex the same set of orthogonal pilots
and the pseudo-random sequences have good cross-correlation characteristics, this paper uses this
feature to improve the orthogonality of pilots between different cells. Simulation results show that
the proposed algorithms can effectively improve channel estimation performance and achievable rate
as compared with other schemes.

Keywords: Massive MIMO; pilot decontamination; MSE; dynamic user scheduling; dynamic
pilot allocation

1. Introduction

With the advent of the era of big data and increasing demand by the explosion of growing
numbers of subscribers, the demand for communication networks has exploded, and the existing
mobile communication networks (4G) are increasingly unable to meet the needs of users for the
network [1]. Massive MIMO is a key technology for 5G wireless communications to increase the
spectral efficiency [2–4]. It has the ability to be deployed in various communications paradigms such as
multicarrier communication, Orthogonal Frequency Division Multiplexing (OFDM) and cooperative
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communications [5–12]. As massive MIMO utilizes different frequencies in a Frequency Division
Duplex (FDD) system. Therefore, the current research on massive MIMO is generally depending on
a Time Division Duplex (TDD) system [13], that is, using channel reciprocity to obtain the required
channel state information (CSI) [14], but the limited coherence interval limits the number of orthogonal
pilots allocated to the user, which inevitably exists. The use of the same pilot by different cell users
results in the inability of the Base Station (BS) to distinguish between pilot contamination [15].

In view of the fact that pilot contamination is caused by different cells multiplexing the same pilot,
this paper proposes two algorithms for pilot decontamination in massive MIMO systems. The first
algorithm is depending on the path loss for performing user grouping (PLUG) while the second
algorithm is depending on pseudo-random codes [16]. In PLUG algorithm, the users are divided
into a central user group and an edger user group depending on the distance between the users and
the BS, and then classified according to the corresponding principle. In the case of a slight loss in
the performance of the central user, the communication outage probability of the cell edge user is
significantly reduced, and the quality of service (QoS) is significantly improved. On the basis of the
PLUG strategy, the improved PLUG (IPLUG) is further proposed, and the decision parameters are
dynamically selected to select the number of edge users to realize the dynamic division of the central
users and edge users and improve the flexibility of the strategy. The second algorithm is depending on
pseudo-random code that assigns different delays to each cell as a code sequence that distinguishes
different cells and uses these pseudo-random codes to correspond to the cells. The user pilot performs
synchronous scrambling to obtain new user pilots to enhance the orthogonality of user pilots between
different cells. At the same time, the mean square error (MSE) of the expected channel estimation
under the pilot design scheme is derived and analyzed. The strategy of this paper does not require the
large-scale cooperation of BSs. It only needs to know the distance and decision parameters between
users and BSs in the current cell and compete for a dynamic grouping by using the division principle.
The proposed model has low complexity and requires fewer parameters, which makes it suitable for
deploying in massive MIMO systems practical scenarios. It is proved that the proposed pilot design
scheme can effectively improve the performance of channel estimation. The numerical simulation
results also verify that the proposed pilot design algorithms depending on PLUG and pseudo-random
code can greatly improve the performance of channel estimation and effectively reduce the pilot
contamination of the system.

2. State-of-the-Art Pilot Decontamination Algorithms

The authors in [8] pointed out that in multi-cell massive MIMO systems, when the number of
BS antennas tends to infinity, the performance of the system is mainly limited by pilot contamination,
and thereafter the research on pilot contamination in massive MIMO systems has never stopped.
The authors in [17] analyzed the influence of pilots on the performance of massive multi-cell
MIMO systems and proposed a minimum mean square error (MMSE) multi-cell precoding method.
As compared with the traditional zero-forcing (ZF) precoding, the MMSE scheme can significantly
improve the gain of the system without pilot contamination, but the pilot contamination is relatively
serious. The increase in system gain is limited. In [18], a pilot contamination precoding (PCP) scheme
is proposed in which a precoding matrix is designed with ZF to obtain an infinite signal-to-interference
plus noise ratio (SINR), but the effect is not ideal when the number of antennas is limited. In [19],
the optimal algorithm for finding the optimal pilot contamination precoding matrix and the simple
suboptimal algorithm is proposed depending on [18], and the two algorithms are proved to be
limited when the number of BS antennas is limited. Compared with traditional MIMO, the gain
of the system can be greatly improved. In [20], an intelligent pilot allocation scheme is proposed,
which can maximize the uplink SINR of all users in the target cell under the channel of large-scale
fading characteristics. The authors in [21,22] proposed a pilot power control method, which was
successfully used in the classified cell, which effectively reduced the pilot contamination and improved
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the downlink reachability and rate of the entire system. Pilot contamination is a problem inherent in a
massive MIMO system. The method of solving pilot contamination in different situations is not unique.

Ideally, massive MIMO should use Fully Orthogonal Pilot Scheduling (FOPS) to assign orthogonal
pilots to each user, but the length of the pilot sequence and the pilot set size are limited by the
channel coherence time. In a typical scenario, the maximum number of orthogonal pilot sequences
in a 1ms coherence time is about 200 [23]. Therefore, a massive MIMO system generally adopts
Fully Reused Pilot Scheduling (FRPS). Since the pilot between users is non-orthogonal or identical,
pilot contamination is unavoidable [16]. When the number of BS antennas tends to be infinite and
there is no cooperation, the main factor affecting the system performance is inter-cell interference (ICI)
caused by pilot contamination [23], so pilot contamination is critical to the performance improvement
of massive MIMO systems.

At present, massive MIMO pilot decontamination is mainly carried out from three aspects:
channel estimation method [24–28], matrix precoding method case [29,30], and pilot allocation
strategy [21]. The authors in [25] utilize a diagonal Jacket matrix for pilot reduction which has
low complexity, excellent eigenvector and a constant diagonal treatment and an energy harvest.
The drawback of such a method is that it assumes perfect multipath fast channel estimation. In [26],
the authors propose a pilot mitigation algorithm using a low-rate coordination between cells during
the channel estimation phase itself. The coordination makes use of the additional second-order
statistical information about the user channels, which are shown to offer a power way of discriminating
across interfering user with even strongly correlated pilot sequences. The authors in [27] propose
a highly efficient Discrete Fourier Transform (DFT) based approximation of the Linear Minimum
Mean Square Error (LMMSE) estimator for reducing the pilot contamination problem. The authors
in [28] propose an eigenvalue-decomposition-based approach to channel estimation, that estimates
the channel blindly from the received data. The approach exploits the asymptotic orthogonality
of the channel vectors in massive MIMO systems. It also deploys a short training sequence to
resolve the multiplicative ambiguity of the received signals covariance. In [29], the authors propose
a zero forcing (ZF) time-shifted pilot scheme, which was known to mitigate the pilot contamination
effectively using conjugate beamforming. The authors in [30] proposed interreference-cancellation (IC)
precoding scheme for pilot contamination mitigation in massive MIMO systems. They investigated the
quality-of-service (QoS) guaranteed user-scheduling which is improved by deploying their proposed
scheme. The authors in [31] pilot contamination reduction scheme which is dependent on complex
exponential basis expansions. The Linear Time-Varying (LTV) channel is estimated and the optimal
pilot symbols are derived following the minimum mean square error (MMSE) criterion and it is shown
that the optimal pilot strategy is to group consecutive pilot tones together as a pilot cluster and to
distribute uniformly all pilot clusters in frequency-domain. Depending on the pilot allocation strategy,
the research found that: In [30], under the principle of maximizing Signal Leakage Noise Ratio (SLNR)
precoding, the same guidance is adopted for users with small ICI. Users with high frequency and
mutual interference user orthogonal pilots to improve the overall performance of the system in the
case of pilot contamination. However, the pilot scheduling scheme requires large-scale cooperation
between BSs and needs to know the large-scale fading factor of each user. Such a factor is very
difficult in a massive MIMO system with its own complex structure. The authors in [32] proposed
a pilot allocation strategy depending on power control, which makes the pilot transmit time slots
between cells with relatively large crossover gains staggered, but it is not easy to ensure pilot dynamic
synchronization of several cells. The choice of mechanism will directly affect the performance of
the strategy. The authors in [33] proposed a pilot coordinated allocation scheme, which allocates
pilot sequences by identifying pilot usage conditions and selects user multiplexed pilots that are least
affected by pilot contaminations, thereby reducing pilot contamination, but inter-cell cooperation to
system brings additional burdens and expenses. The authors in [34] proposed an improved strategy
depending on soft pilot multiplexing. On the basis of soft pilot multiplexing technology, packet
parameters are introduced for secondary grouping, but the path loss factor, shadow fading, and the size
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of each user need to be known. The parameters such as the scale fading factor are more complicated,
and the computational complexity of implementing the secondary grouping is higher.

3. System Model

3.1. The System Model

Figure 1 shows the model for massive MIMO system. The channel propagation matrix of all users
in the cell to the cell site is:

Hij = Gij

√
Dij (1)

where: Gij =
[
gij1 gij2... gijK

]
, gijk ∈ CM×1 is a small-scale fading vector, each vector is independent

of each other and obeys a zero mean complex Gaussian distribution with a variance of IM, that is
gijk ∼ CN(0, IM); Dij = diag

(
βij1 βij2... βijK

)
is a K × K order diagonal matrix, used to describe the

jth cell large-scale fading of each user to the ith cell BS, βijk = zijk/
(

rijk/R
)α

represents the large-scale
fading factor of user k to ith BS in the jth cell. Wherein, the shadow fading zijk obeys a lognormal

distribution, that is, 10lg
(

zijk

)
obeys a zero mean, the standard deviation is a Gaussian distribution of

σshadow, R is defined as the cell radius, and rijk represents the distance from the user k to the ith BS in
the jth cell, α represents the path loss factor, and zijk, rijk, α are independent of each other. At the same
time, it is assumed that the antenna arrays in the same BS are sufficiently compact in arrangement,
the large-scale fading of specific users is equal in all propagation paths, but the large-scale fading of
different users is independent of each other, and the channel is reciprocity, that is, uplink propagation
is assumed to be the conjugate transpose of the matrix in the downlink propagation matrix [22]. For a
multi-cell multi-user massive MIMO system, the number of antenna arrays installed by the BS is large,
and the channel satisfies progressive orthogonality, namely:(

HH
ij Hij

M

)
=
√

Dij

(
GH

ij Gij

M

)
M�K

√
Dij ≈ Dij (2)

Figure 1. Massive MIMO multi-cell multi-user TDD system model.

3.2. Causes of Pilot Contamination

In a massive MIMO multi-cell multi-user TDD system, the BS is estimating the uplink pilot
signal by the user in each coherent time and complete signal detection and downlink precoding.
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At the beginning of each coherence time, all users in all cells simultaneously transmit pilot sequences.
At the beginning of each coherence time, all users in all cells simultaneously transmit pilot sequences.
Suppose ψi = (ψ1i, ψ2i, . . . , ψKi)

T is the K × τ dimension pilot sequence matrix of all users in ith
cell (τ is the sequence length), which satisfies ψiψ

H
i = IK, where IK is the unit matrix of order K × K.

Under the FRPS policy, the pilot matrix received by the uplink cell BS is:

yp
i =

√
pp

(
L

∑
j=1

Hijψi

)
+ np

i (3)

where, pp is the pilot signal transmission power and np
i is the additive white Gaussian noise matrix

of order M × τ. After receiving the pilot signal, the BS starts uplink channel estimation. The channel
estimation value Ĥii of the target cell is obtained by using the LS channel estimation introduced earlier
which is expressed as:

Ĥii =
1√pp

yp
i ψH

i = Hii + ∑
j 
=i

Hij +
1√pp

np
i ψH

i (4)

It can be seen from Equation (4) that the ith cell channel estimation value Ĥii includes the
superposition of the channel propagation matrix of other cells to the target cell in addition to the
influence of the target channel and noise, which is pilot contamination.

After the user sends the pilot, all users send data signals to the BS and use the same time-frequency
resource. The signal received by the ith cell BS is defined as:

yu
i =

√
pu

L

∑
j=1

K

∑
k=1

hijkxu
jk + nu

i (5)

where xu
jk is the transmitted data symbol of user k in jth cell; pu is the uplink user data symbol average

transmit power; hijk represents the channel transmission vector of user k to ith cellBS in jth cell, which
is the kth column of Hij; nu

i is the additive white Gaussian noise vector of order M × 1. The BS uses the
channel estimation value Ĥii of the Equation (4) and the received signal vector yu

i , and the MF detects
the original data symbol x̂u

jk transmitted by the user k in the ith cell is expressed as:

x̂u
jk = ĥH

iikyu
i =

(
L

∑
j=1

hH
ijk + vH

ik

)(
√

pu

L

∑
j=1

K

∑
k=1

hijkxu
jk + nu

i

)
(6)

where vik is the column vector of the matrix np
i ψH

i /√pp. When the number of BS antennas M
approaches positive infinity, it is easy to know from Equation (2) that the channel of the massive MIMO
system exhibits progressive orthogonality, and the progressive expression of Equation (6) is:

x̂u
ik ≈ M

√
pu

(
βiikxu

jk + ∑
j 
=i

βijkxu
jk

)
(7)

It can be known from Equation (7) that when the BS antenna M → ∞ , the data symbol
x̂u

ik will not be affected by the small-scale fading factor and noise. Therefore, when M → ∞ ,
the signal-to-interference and noise ratio (SINR) of the user k uplink received signal in the ith cell can
be defined as:

SINRu
ik =

β2
iik

∑j 
=i β2
ijk

(8)

It can be seen from Equation (8) that due to the existence of pilot contamination, the uplink SINR
is limited by the large-scale fading factor of the same pilot user in the interfering cell. According to
Equation (8), the uplink achievable rate of user k in the target ith cell is given by:
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Cu
ik = (1 − μ0)E{lb(1 + SINRu

ik)} (9)

where μ0 is the pilot overhead coefficient for full multiplexing, indicating the spectral efficiency loss
caused by the pilot sequence used for channel estimation, when other pilot allocation algorithms are
used, the adjustment in Equation (9) is to be appropriately made.

3.3. IPLUG Algorithm

The PLUG algorithm significantly improves the QoS of the edge user but lacks certain flexibility.
This is because the number of edge users selected by each cell in the PLUG policy is the same, and only
compared with the distance between other users in the cell and the BS. The user’s own specific
environment is not considered. Therefore, we proposed an improved pilot scheduling algorithm
depending on path loss to perform user grouping (IPLUG) and dynamically select the number of
edge users per cell by introducing decision parameters. Figure 2 is a schematic diagram of the IPLUG
algorithm decision parameters. The improved IPLUG algorithm is depending on the PLUG algorithm
and is designed to improve the accuracy and legitimacy of performing user groupings. In the IPLUG
algorithm, when the decision parameter λ is selected, the BS can complete the dynamic grouping
according to the user distance d and λ × R. The specific division principle is:

d
?
≥ λ × R →

{
Yes → Edge User
No → Center User

(10)

Let the central user set be Uc, the edge user set be Ue, the central user pilot set be ψc, and the edge
user pilot set be ψe, the pilot set of jth cell is ψj =

(
ψ1j, ψ2j, . . . , ψKj

)T , j = 1, 2, . . . L, then:

ψkiψ
H
kj =

{
1 → ψki ⊆ ψc and ψkj ⊆ ψc

0 → otherwise
(11)

Then, the pilot vector received by the target ith cell BS is:

yp
i =

√
pp

L

∑
j=1

(
K

∑
k=1, k∈Uc

hijkψkj +
L

∑
k=1, k∈Ue

hijkψkj

)
+ np

i (12)

For the target ith cell user k, the Least Square (LS) channel estimation is used to obtain the target
channel estimation value:

ĥiik =
1√pp

yp
i ψH

ki (13)

Combining Equations (12) and (13), when the number of antennas M → ∞ the SINR of the central
user under the IPLUG algorithm is:

SINRuc
ik =

∣∣∣hH
iikhiik

∣∣∣2
∑j 
=i, ψki⊆ψc , ψkj⊆ψc

∣∣∣hH
jikhjik

∣∣∣2 (14)

The edge user is not affected by the pilot contamination, so when M → ∞ , the edger user
SINRue

ik → ∞ .
Figure 3 illustrates the flowchart for the IPLUG algorithm.
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Figure 2. IPLUG policy decision parameters for user grouping.
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Figure 3. Proposed IPLUG algorithm flowchart.
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3.4. Pseudo-Random Code-Based Pilot Scheduling

3.4.1. Uplink

Assume that all users in any cell send a pilot sequence of length τ, if the pilot transmitted by K
users in the jth cell is ψj =

[
φj1φj2 . . . φjK

]
, where φjk ∈ Cτ×1 is the pilot transmitted by the kth user in

the cell (φH
jk φjk = 1), when the average transmit power of the user is ρr, the pilot signal received by the

lth cell BS is:

Yl =
√

ρrτ
L

∑
j=1

Gjlψ
T
j + nl (15)

where Gjl = Hjl

√
Djl is the channel between all users of the jth cell and the lth cell BS. Let β jlk

denote the large-scale fading coefficient of the user k of the jth cell to the lth cell BS, then Djl can be

expressed as a diagonal matrix, and the diagonal element is β jl =
[

β jl1, β jl2, . . . , β jlK

]
, nl denotes

the additive white Gaussian noise of the lth cell. The term Hjl can be determined from the following
matrix expression:

Hjl =

⎡⎢⎣ hj1 l1 · · · hj1 lM
... · · · ...

hjK l1 · · · hjK lM

⎤⎥⎦ (16)

The elements of Hjl are independently and identically distributed (i.i.d), and hjk lm represents a small-
scale fading coefficient between the kth user in the jth cell and the mth antenna of the BS in the lth cell.

The BS estimates the channel using the received pilot signal, which is known from the standard
results in the estimation theory [24]. When the number of BS antennas tends to infinity, the MMSE
estimate of the channel is:

Ĝjl =
√

ρrτYl

(
I + ρrτ

L

∑
i=1

ψ∗
i Dilψ

T
i

)−1

ψ∗
j Djl (17)

3.4.2. Downlink

Considering the BS of the lth cell, it is assumed that the information symbol transmitted by the lth
cell to the user is Sl = [Sl1Sl2 . . . SlK]

T , and Al = f
(
Ĝll
)

is a linear precoding matrix of order M × K,
where f (·) represents a specific linear precoding technique at the BS. After precoding, the signal
matrix sent by the BS can be represented as AlSl , and the BS satisfies the average power constraint,
that is, tr

{
E
[
AlSlSH

l AH
l
]} ≤ P, then the data information received by the user of the jth cell can be

expressed as:

Xj =
√

ρ f

L

∑
l=1

GT
jl AlSl + nj (18)

where ρ f is the downlink transmit power and nj is the AWGN noise of the corresponding cell.
Assuming a simple MF precoding technique at the BS, i.e., Al = Ĝ∗

ll , Equation (25) can be expressed as:

Xj =
√

ρ f

L

∑
l=1

GT
jl Ĝ

∗
llSl + nj =

√
ρ f ρrτ

L

∑
l=1

GT
jl

⎛⎝ρrτ
L

∑
j′=1

Gj′ lψ
T
j′ + nl

⎞⎠∗

Z∗Sl + nj (19)

where Z =
(

I + ρrτ ∑L
i=1 ψ∗

i Dilψ
T
i

)−1
ψ∗

j Djl . When the number of BS antennas increases and tends to
infinity then:

1
M√

ρ f ρrτ
Xj → √

ρrτ
L

∑
l=1

Djl

(
ψH

l ψj + ρrτ
L

∑
i=1

ψH
l ψiD∗

ilψ
H
i ψj

)−1

D∗
llSl (20)

58



Electronics 2019, 8, 55

It can be obtained from Equation (20) that when all cells multiplex the same set of orthogonal
pilots, the right side of Equation (20) can be equated to:

L

∑
l=1

Djl

(
I + ρrτ

L

∑
i=1

D∗
il

)−1

D∗
llSl (21)

At this time, the signal received by the jth cell will be interfered by the signals transmitted by
other cells, especially when the large-scale fading coefficient is large; this phenomenon is called pilot
contamination. When all cells use orthogonal pilots, the right side of Equation (20) can be equated to:

Djj

(
I + ρrτD∗

jj

)−1
D∗

jjSl (22)

In this case, the signal received by the user is a scaling of the signal transmitted by the BS of the cell,
and there is no pilot contamination. However, in actual communication, because the coherence interval
is limited, it cannot guarantee that all cells can adopt an orthogonal pilot. Therefore, pilot contamination
has become an important factor limiting the performance of massive MIMO systems.

3.4.3. Pseudo-Random Code Scheme Description

The pseudo-random code has the similarity of noise sequence. It is a seemingly random but
actually regular periodic binary sequence, including m sequence, a Gold sequence, M sequence and
combined sequence [35]. Pseudo-random codes have good autocorrelation and cross-correlation
properties and can be used as address codes in CDMA communication technology. In addition, thanks
to its pseudo-random characteristics, pseudo-random codes are also widely used in information
encryption [36]. The pseudo-random sequence is generated by the linear feedback shift register
shown in Figure 4, where ci = 0, indicates that the line is off; ci = 1 indicates that the line is on.
The characteristic polynomial of generating a pseudo-random sequence is:

f (x) =
n

∑
i=0

cixi = c0 + c1x + . . . + cnxn (23)

where xi indicates the ith shift register; c0 = c1 = 1, for any i 
= 0 and i 
= n, ci ∈ {0, 1}.

Figure 4. Pseudo-random code linear feedback shifter register.

Since the pilot contamination is generated because different cells multiplex the same set of
orthogonal pilots and the pseudo-random sequences have good cross-correlation characteristics,
this paper uses this feature to improve the orthogonality of pilots between different cells. Depending
on the above considerations, this paper proposes a pilot design scheme depending on pseudo-random
code: in the case that all cells multiplex the same set of orthogonal pilots, the pseudo-random code is
used as the code sequence for distinguishing different cells, for each cell allocates a pseudo-random
code with different delays, and synchronously scrambles the pseudo-random code in each cell to the
user pilot of the corresponding cell to obtain a new pilot.
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The pilot design scheme depending on the pseudo-random code is shown in Figure 5. Since the
flow of the pilot design of different cells is the same, in order to facilitate the representation without
loss of generality, the pilot design scheme is specifically described here. Assume that the pilot of the
kth user in a cell is φk = [φk1, φk2, . . . , φkτ ]

T , and the pseudo-random sequence generated by the linear
feedback shifter register in the corresponding cell is m = [m1, m2, . . . , mN ]. The scrambler in Figure 5
indicates that the pseudo-random matrix is multiplied by the matrix of the corresponding user’s pilot
matrix. In general, a pseudo-random sequence is a 0–1 bit stream whose length is much larger than the
length of the pilot sequence.

Figure 5. Pseudo-random code pilot design scheme.

In order to ensure that the generated pseudo-random sequence can be used for scrambling,
it needs to process as follows:

1. The pseudo-random sequence generated by the linear feedback shift register is truncated, and the
method is to generate a rectangle depending on the pilot length τ and using a rectangular window
for pseudo-random sequences to make truncation.

2. Performing BPSK modulation on the truncated pseudo-random sequence.
3. The pseudo-random sequence is diagonalized after modulation, that is, τ pseudo-random

numbers are generated as pseudo-random matrices on the diagonals of the diagonal matrix.

The pseudo-random matrix used for scrambling after the above processing can be expressed as:

P =

⎡⎢⎢⎢⎢⎣
m1

0
...
0

0
m2
...
0

· · ·
· · ·
. . .
· · ·

0
0
...

mτ

⎤⎥⎥⎥⎥⎦ (24)

After the pseudo-random matrix is scrambled by the scrambler to the user pilot, the pilot of the
kth user outputted by the scrambler is obtained as:
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Ψk = Pφk = [m1 m2φk2 . . . mτφkτ ]T (25)

The scrambling method used in this paper is to use the same pseudo-random sequence to
synchronously scramble the pilots of all users in the cell, and the pilot of K users in the cell can be
obtained after the pilot design as:

Ψ =

⎡⎢⎣ m1φ11 · · · m1φK1
... · · · ...

mτφ1τ · · · mτφKτ

⎤⎥⎦ (26)

The designed pilot is transmitted to the BS through the channel, and the BS can obtain the required
Channel State Information (CSI) by using channel estimation.

When the pilot design is performed on users of other cells, considering the pilot contamination
is related to the distance between users, when the distance between two users is large enough,
the influence of pilot contamination is neglected. Therefore, the proposed pseudo-random code pilot
scheduling scheme only considers the pilot contamination of the target cell and ignores the pilot
contamination of the farther cell. Under the above assumptions, only the pseudo-random sequence
needs to be allocated to the target cell and the neighboring cell, and the pseudo-random sequence
can be reused for the farther cell, which greatly reduces the usage and implementation complexity
of the pseudo-random sequence and makes it easy to design a better pilot sequence. Depending on
the above considerations, the pilot design of all cells can be designed by using the proposed pilot
design scheme. The only difference is that the pseudo-random sequence used by the target cell and the
neighboring cell cannot be the same, which involves a pseudo-random sequence selection problem. Since
the cross-correlation between different pseudo-random sequences is different, if the cross-correlation
value between the selected pseudo-random sequences is large, even if the user pilot is designed, the pilot
contamination between the cells is still serious, so that the pilot design seems to be meaningless, so it is
necessary to follow the certain criteria when selecting the pseudo-random sequence as the code sequence
to distinguish difference cells. Theoretically, the cross-correlation values between pseudo-random
sequences are connected. Nearly 0, the effect of the pilot design is more obvious, but the complexity
of acquiring these pseudo-random sequences will become very high. In order to obtain the desired
effect within a certain complexity range, this paper adopts the following criteria to obtain the required
pseudo-random sequence. Assuming that the number of cells requiring different pseudo-random
sequences is M, the corresponding M pseudo-random sequences need to be satisfied:∣∣ρ(mi, mj

)∣∣
i 
=j < γi, j = 1, 2, . . . , M (27)

where ρ
(
mi, mj

)
= 1

n ∑n
k=1 mikmjk, is a function that represents a normalized cross-correlation value

between two pseudo-random sequences. γ ∈ [0, 1] is a constant values indicating the upper limit of
the normalized cross-correlation value between any two selected pseudo-random sequences.

It can be seen from Equation (27) that in the case where the pseudo-random sequence used is
determined, the setting of the value is an important factor affecting the impact of the pilot design
scheme. The smaller the value, the smaller the cross-correlation value between pseudo-random
sequences. After the pilot design, the orthogonality of user pilots between different cells is stronger,
and the effect of reducing pilot contamination is more obvious. Otherwise, it cannot effectively reduce
the pilot contamination. The BS and the user in each cell share a pseudo-random sequence, and the BS
can distinguish pilots from different cells by using detection techniques. At the same time, since each
cell has the same pseudo-random sequence to scramble a set of orthogonal pilots of all users in the
cell, after pilot design, the user pilots in each cell remain orthogonal, and in addition, no additional
intra-cell interference will be introduced. Moreover, increasing the pilot length is beneficial to improve
the efficiency of the pilot design. This is because the length of the pseudo-random sequence is the same
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as the length of the pilot, and the longer the pseudo-random sequence, the better the orthogonality
between them, so increasing the pilot length is equivalent to improving the orthogonality between the
pseudo-random sequences. Thereby, the orthogonality of user pilots between different cells after the
pilot design is improved.

3.4.4. Mean Square Error (MSE) Performance Analysis of Expected Channel Estimation

This section will use the new pilot to derive and analyze the MSE of the channel estimate and
explore the pilot design method described in Section 3.3. It can be seen from [15] that when the
pilot contamination is relatively serious, the channel estimation performance of the system drops
sharply. In this case, even if a complex multi-cell MMSE precoding scheme is applied, the performance
improvement of the massive MIMO system is limited. In order to facilitate derivation and analysis,
this section only studies simple single-cell ZF precoding and its precoding matrix is defined as:

Al =
Ĝll
(
ĜH

ll Ĝll
)−1√

tr
[(

ĜH
ll Ĝll

)−1
] (28)

It can be found from (28) that a single-cell ZF precoding matrix can be designed as long as the
information of the desired channel is obtained. Therefore, the subsequent derivation and analysis in
this section are depending on the estimated expected channel.

As can be seen from Section 3.4, the user pilot of the jth cell is Ψj = PjΨ, then Equation (15) can be
expressed as:

Yl =
√

ρrτ
L

∑
j=1

GjlΨ
T
j + nl =

√
ρrτ

L

∑
j=1

Gjlψ
T PT

j + nl (29)

In the case where the number of BS antennas is limited, the MMSE estimation of the desired
channel is:

Ĝll =
√

ρrτ Yl

(
Cn + ρrτ

L

∑
i=1

P∗
i ψ∗Cilψ

T PT
i

)−1

P∗
i ψ∗Cil (30)

where Cn = E
{

nH
l nl

}
, is the autocorrelation matrix, representing the received noise nl ; Cjl =

E
{

GH
jl Gjl

}
is the autocorrelation matrix representing the channel transfer matrix Gjl .

The MMSE defining the expected channel estimation of the lth cell BS is:

Mmse � E
{∣∣∣∣Ĝll − Gll

∣∣∣∣2
F

}
(31)

Let R =
√

ρrτ
(

Cn + ρrτ ∑L
i=1 P∗

i ψ∗Cilψ
T PT

i

)−1
P∗

i ψ∗Cil , then Ĝll = Yl R, substituting into (38) we
get:

Mmse = E
{

tr
{
(Yl R − Gll)

H(Yl R − Gll)
}}

= tr
{

RHE
{

YH
l Yl

}
R − RHE

{
YH

l Gll
}− E

{
GH

ll Yl
}

R + E
{

GH
ll Gll

}} (32)

Using the model shown in Equation (29), there is:

E
{

YH
l Yl

}
= Cn + ρr τ

L

∑
i=1

P∗
i ψ∗Cilψ

T PT
i (33)

E
{

YH
l Gll

}
=

√
ρrτP∗

i ψ∗Cll (34)

E
{

GH
ll Yl

}
=

√
ρrτCllψ

T PT
l (35)
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Substituting Equations (32)–(34) into Equation (35), we can rewrite Mmse as:

Mmse = tr
{

RH
(

Cn + ρr τ
L
∑

i=1
P∗

i ψ∗Cilψ
T PT

i

)
R −√

ρrτRH P∗
i ψ∗Cll −√

ρrτCllψ
T PT

l R + Cll

}
= tr

{
Cll −√

ρrτCllψ
T PT

l R
}

= tr

{
Cll − ρrτ Cllψ

T PT
l

(
Cn + ρrτ

L
∑

i=1
P∗

i ψ∗Cilψ
T PT

i

)−1

P∗
l ψ∗Cll

}
(36)

Since the matrix Pi is a diagonal matrix composed of diagonal elements 1 and −1, and ψHψ = I,
so (Piψ)

H(Piψ) = I can be obtained according to the properties of the matrix conjugate transpose.
Using the matrix inversion principle, we can express Equation (36) as:

Mmse = tr

⎧⎨⎩Cll − ρrτ Cll

(
ΨT

l CnΨ∗
l + ρrτ

L

∑
i=1

ΨT
l Ψ∗

i CilΨ
T
i Ψ∗

i

)−1

Cll

⎫⎬⎭ (37)

where Ψi = Piψ, i = 1, 2, . . . , L. When M → ∞ then:

Cll = E
{

GH
ll Gll

}
=
√

DllE
{

HH
ll Hll

}√
Dll = MDll (38)

Cn = E
{

nH
l nl

}
= MIτ (39)

Substituting Equations (38) and (39) into Equation (37), we get:

1
M

Mmse = tr

⎧⎨⎩Dll − ρrτ Dll

(
I + ρrτ

L

∑
i=1

ΨT
l Ψ∗

i DilΨ
T
i Ψ∗

i

)−1

Dll

⎫⎬⎭ (40)

When the number of users in each cell is K = 1, ΨT
l Ψ∗

i = (Plψ)
T(Piψ)

∗ = γli, where γli
is a normalized cross-correlation value between the pseudo-random code in the lth cell and the
pseudo-random code in the ith cell, which can be obtained from equation (27). Assuming that the
large-scale fading coefficient Dil = [βil1] at this time, then Equation (40) can be simplified as:

1
M

Mmse = βll1 −
ρrτβ2

ll1
1 + ρrτβll1 + ρrτ ∑i 
=l γ2

liβli1
(41)

It can be seen from the results of Equation (41) that when the large-scale fading coefficient and the
uplink transmit power are constant and the pilot length is constant, the MSE performance of the channel
estimation that can be obtained by applying the pilot scheme depending on the pseudo-random code
and it is mainly limited by the cross-correlation performance between the pseudo-random sequences
used: when the normalized cross-correlation value between the pseudo-random sequences used is
large (|γli| is close to 1), the MSE performance of the channel estimation is relatively poor. When
the normalized cross-correlation value between the pseudo-random sequences used is small (|γli|
is close to 0), the MSE performance of the channel estimation is better. It can be concluded that if a
suitable pseudo-random sequence is selected, the above method is adopted. The proposed pilot design
scheme can effectively improve the performance of channel estimation, thus achieving the purpose
of reducing pilot contamination. Figure 6 shows the flowchart of the proposed pseudo-random pilot
code algorithm.
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Start

Initialize parameters

Determine the pilot sequence  
for the kth user

Determine the pseudo-random 
sequence in the corresponding 

cell

PNlength >> Pilot 

Perform channel estimation

End

Yes

No

Scramble the pilot sequence of 
the kth user with the generated 

pseudo-random sequence

Figure 6. Proposed pseudo-random algorithm flowchart.

4. Simulation Results

4.1. Simulation Scenario and Parameters

Taking the MATLAB software (R2017b, The MathWorks, Natick, MA, USA) as the simulation
platform, it is assumed that the massive MIMO multi-cell multi-user TDD system includes 7 regular
hexagonal cells, as shown in Figure 7.

Table 1 shows the details of simulation parameters which are used for simulation analysis of the
proposed pilot decontamination schemes. It is assumed that the antenna spacing is 1

2 times the carrier
wavelength, that is, there is a correlation between the antennas, but the correlation is not considered in
this paper, and it is assumed that all the antennas are omnidirectional antennas. The number of users
in each cell is K = 10, the user is uniformly distributed in the cell, the pilot length is 128, the path loss
factor is 3, the pilot overhead coefficient is μ0 = 0.05, the cell radius R = 500 m, and the concentrated
antennas is 16 ≤ M ≤ 1024, and the lognormal shadow fading is 4 dB (only the last normal logarithmic
normal shadow fading is set to 2 dB), and the number of simulations is 2000.
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Figure 7. Simulation scenario of massive MIMO system of seven cells.

Table 1. Simulation Parameters.

S. No Parameter Name Value

1 Number of BS antennas (M) 16~1024
2 Number of users per cell (K) 10
3 Antenna Spacing 1

2 λc
4 Pilot Length (τ) 128
5 Path Loss Factor (α) 3
6 Pilot overhead coefficient (μ0) 0.05
7 Cell Radius (R) 1000 m
8 Lognormal Shadow Fading 4 dB
9 Number of simulations 5000
10 Average transmit power at BS (ρ f ) 20 dB
11 Average transmit power at User (ρr) 10 dB
12 The upper limit of normalized cross-correlation (γ) 0.3
13 Cross-gain (β jlk) 0.7

According to the above simulation parameters, the Monte Carlo method is used to simulate
the uplink SINR, and the normalized channel estimation MSE and the target cell achievable rate,
thereby comparing the performance between the PLUG algorithm, the IPLUG, and the FRPS
algorithm respectively.

4.2. Analysis of PLUG Algorithm

Figures 8 and 9 respectively show the performance of the channel estimation normalized MSE
and uplink SINR of the central user and the edge user. The performance of the uplink SINR varies
with the number of antennas.
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Figure 8. NMSE comparison of FRPS and PLUG Algorithms.

Figure 9. NMSE comparison of FRPS and PLUG Algorithms.

It can be seen from Figures 8 and 9 that the channel estimation normalized MSE of the edge user
and the central user under both algorithms has a decreasing trend with the increase in the number
of antennas. However, the MSE and SINR curves of the central users in both algorithms overlap,
indicating that the center user multiplexes the pilots and causes the same pilot contamination. The edge
user allocates orthogonal pilots under the PLUG algorithm, so there is no pilot contamination. When
the number of antennas is 256, the NMSE performance of the edge users is increased by 10.88 dB,
and the SINR performance is improved by 3.23 dB. Figure 10 is a graph showing the average achievable
sum-rate performance of the center user and the edge user as the number of antennas increases when
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the number of edge users is one. Figure 12 shows the performance variation of the uplink achievable
rate of the target cell of the central user and the edge user when the number of edge users is 1. It can
be seen from Figure 10 that the average achievable rate of the central user in the PLUG algorithm is
slightly lost. This is because the orthogonal pilot set is added under such algorithm, and the pilot
overhead is increased, resulting in a decrease in spectral efficiency (SE), but the performance of the
edge user is very good. With a large boost, the average achievable is increased by 0.42 bps/Hs when
the number of antennas is 256. It can be seen from Figure 12 that the uplink achievable rate curves
of the target cell are basically coincident under the two algorithms, which indicates that the PLUG
algorithm does not bring loss to the overall performance of the target cell, but only increases the
fairness of the central user and the edge use. It is also obvious from the results that the proposed PLUG
algorithm reduces the probability of edge user communication interruption. Figure 13 compares the
uplink target cell achievable rate in the case where the number of edge users of the FRPS and PLUG
algorithms is different and for the number of antennas of 256. As can be seen from Figure 13, when
the number of edge users increases, the achievable rate of the PLUG algorithm gradually decreases.
This is because when the number of edge users is greater than one, the cost of pilot overhead exceeds
the performance gains of the PLUG algorithm.

Figure 10. Comparison achievable rate of target cell of FRPS and PLUG algorithms.

4.3. Analysis of IPLUG Algorithm

Figure 11 compares the NMSE of the central user and the edge user against the number of
antennas for the FRPS, PLUG, and IPLUG algorithms, wherein the IPLUG algorithm corresponds
to a decision parameter 0.9, and the PLUG algorithm corresponds to an edge user of 1. As can be
seen from Figure 11, when the number of antennas is 256, the NMSE performance of the edge users
under the IPLUG algorithm is 2.95 dB higher than that of PLUG algorithm, and the central user NMSE
is improved by 4.68 dB. The improvement of channel estimation performance greatly improves the
performance of uplink signal detection and downlink coding. This is due to the flexibility brought by
the IPLUG algorithm.
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Figure 11. NMSE comparison of IPLUG, FRPS, and PLUG algorithms.

Figure 14 compares the uplink target cell achievable rate for FRPS and IPLUG with different
decision parameters when the number of antennas is 256. As can be seen from Figure 14, when the
decision parameter increases to λ ≥ 0.68, the achievable rate of the IPLUG algorithm gradually
increases. Therefore, the achievable rate of the proposed IPLUG algorithm have significantly exceeded
the FRPS algorithm, which is a clear advantage of the IPLUG algorithm, avoiding the waste of pilot
overhead caused by some users with good channel conditions being misclassified as edge users,
or some users with poor channel conditions are being misclassified as the central user which results in
communication interruption.

4.4. Analysis of Pseudo-Random Pilot Scheme

Figure 15 shows the probability density function (PDF) curves of the channel estimation MSE for
the proposed pseudo-random scheme and compares it with no pilot contamination and with pilot
contamination cases. The parameters set used for these results are: the number of users per cell is
K = 4, the number of BS antennas M = 100 and pilot length τ = 8. It can be seen from Figure 15
that the MSE of the channel estimation that can be obtained by all cells multiplexing the same set of
orthogonal pilots is around 1.63, and the MSE distribution of the channel estimation obtained by the
pilot after the proposed pseudo-random pilot design is around 0.82. It can be seen that the proposed
pseudo-random code scheme is opposite to the channel when all the cells are multiplexed with the same
set of orthogonal pilots. The estimated MSE performance has increased nearly two times. Although all
cells use orthogonal pilots, there is no pilot contamination, but there are certain uncorrelated noise and
fast fading effects when the number of antennas is limited. The MSE of channel estimation is not 0.
As the number of BS antennas increases, the uncorrelated noise and fast fading effects are gradually
averaged, and the MSE of channel estimation gradually approaches 0.
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Figure 12. Achievable rate comparison of FRPS and PLUG algorithms for user fairness analysis.

Figure 13. Comparison of achievable sum rate against a different number of edge users for FRPS and
PLUG algorithms.
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Figure 14. Comparison of achievable sum rate against a different number of user grouping factor λ for
IPLUG and FRPS algorithms.

 

Figure 15. PDF comparison of the proposed pseudo-random code scheme with other cases.

Figure 16 depicts the trend of the system’s downlink transmission BER as the number of antennas
increases. The number of users per cell is K = 8, the number of BS antennas M = 100 and pilot length
τ = 32. It can be seen from Figure 16, as the number of BS antennas increases, the performance of the
system is improved. In the case of full pilot contamination, the pilot performance is too serious, and the
improvement of system performance is not obvious with the increase of the number of antennas.
Therefore, it can be foreseen that when the number of antennas reaches a certain value, the system
performance will not be improved.
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Figure 16. Comparison of the BER of the proposed pseudo-random pilot design scheme with other
schemes against the number of BS antennas.

When the proposed pilot design scheme or no contamination is used, the performance of the
system is significantly improved with the increase of the number of antennas. Figure 17 depicts
the trend of the downlink BER of the system as the average transmit power ρ f of the BS increases.
The results are analyzed for different pilot lengths. The number of users per cell K = 8, the number
of antennas configured by the BS M = 100. As can be seen from Figure 17 that when the number
of BS antennas is large, the increase of the BS transmit power is effective for improving the system
performance, but when it exceeds a certain value, the system performance will not be improved,
and this value will be affected by the severity of pilot contamination. It can be seen from Figure 17 that
in the case of complete pilot contamination, the system performance will not be improved after the BS
transmission power reaches 25 dB. In the case of the proposed pilot design scheme (pseudo-random
code) or no contamination, this value is greater than 25 dB. At the same time, it can be found that in the
case of complete pilot contamination, the system performance will not be improved with the increase
of the pilot length τ; in the absence of pilot contamination, the increase of the pilot length can improve
the system performance to a small extent, but there is no need to sacrifice pilot overhead to boost such
tiny performance. After using the proposed pseudo-random pilot design scheme, the performance
of the system will increase significantly with the increase of the pilot length. Furthermore, when the
pilot length τ = 64, the performance achieved by the proposed pilot design scheme is very close
to the case of no pilot contamination. Figure 18 compares the BER of the proposed pseudo-random
pilot design scheme with other cases versus the number of cell users K. The number of antennas
configured by the BS is M = 100, and pilot length τ = 128. It can be seen from Figure 18 that in the
case where the number of BS antennas is large, the increase in the number of cell users may deteriorate
the performance of the system, but the performance of the system is still far better when the proposed
pseudo-random pilot design or no pilot contamination scheme is used. At the same time, when the
number of users is small and the pilot length τ = 128, the same performance of the system can be
almost achieved in the case of no contamination when the proposed pilot design scheme is adopted.
This is because the increase in the length of the pseudo-random code can only make them infinitely
close to the orthogonal but cannot completely remove the pilot contamination. In the case of a small
number of users, the pilot contamination is small enough to affect the performance of the entire system.
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In the case of a large number of users, the impact on the overall system performance is considerable
due to the superposition of pilot contamination. Overall, the proposed pilot design scheme is very
obvious for the improvement of system performance.

Figure 17. Comparison of the BER of the proposed pseudo-random code and another scheme versus
the average BS power ρ f .

Figure 18. BER comparison against the number of cell users for the proposed pseudo-random pilot
design and other cases.

Figure 19 compares the NMSE of the proposed IPLUG algorithm with the conventional
state-of-the-art algorithms [29,30,32] wherein the IPLUG algorithm corresponds to a decision parameter
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0.9. As can be seen from the figure that the proposed IPLUG algorithm shows better NMSE performance
than the conventional algorithms for increasing number of base station antennas. Figure 20 compares.

Figure 19. NMSE comparison of IPLUG and conventional algorithms.

Figure 20. Comparison of the BER of the proposed pseudo-random pilot design scheme with other
schemes against the number of BS antennas.
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Figure 20 illustrates the BER comparison of the proposed pseudo-random code scheme and
the conventional schemes as the number of antennas increases. The number of users per cell is
K = 8, the number of BS antennas M = 160 and pilot length τ = 32. It can be seen from Figure 20,
as the number of BS antennas increases, the performance of the system is improved. The proposed
pseudo-random code scheme shows better BER performance as compared with the conventional
algorithms with increasing number of antennas.

5. Conclusions

This paper proposes a robust approach for effective pilot decontamination in massive MIMO
systems. Two efficient pilot decontamination schemes are proposed. The first scheme is depending on
Path Loss to perform User Grouping (PLUG) method while the second scheme is depending on the
pseudo-random code. The PLUG scheme divides users into central and edge users. Edger users are
allocated orthogonal pilots, and central users are assigned multiplex pilots, which improves edge user
performance. The Improved PLUG scheme (IPLUG) is further proposed to overcome the deficiency of
the PLUG scheme as it dynamically selects and correctly classifies the edge users and central users so
that there is no wrong misclassification and therefore, the communication quality of service is improved.
The analytical and simulation results show that the proposed IPLUG scheme can avoid the waste of
pilot overhead caused by users with good channel conditions being misclassified as edge users, or the
users with poor channel conditions being misclassified as central users, resulting in communication
interruption, therefore, the proposed IPLUG scheme increases the fairness of communication for each
user. The MSE of the expected channel estimation after the proposed pseudo-random code pilot design
scheme is deduced and analyzed. It is found that this scheme can not only effectively improve the
performance of channel estimation, but a more accurate channel estimation can be obtained by selecting
an appropriate pseudo-random code and pilot length. Thereby improving the performance of the
entire downlink system. The above conclusions are verified by numerical simulation. The numerical
results also show that the proposed pilot design scheme depending on pseudo-random code can greatly
improve the performance of the entire system limited by pilot contamination. The proposed PLUG
and IPLUG schemes are focused only on the cells of the omnidirectional antenna, and other sector
cells are not considered. At the same time, the pilot allocation is performed in the target cell, and the
pilot allocation between the cells is independent of each other and has certain limitations. Therefore,
the future research direction will be PLUG and IPLUG schemes depending on pilot decontamination
in sectoral cells. The problem is to consider the mutual connection of each cell to reasonably allocate
pilots throughout the system.
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Abstract: The reuse of the same pilot group across cells to address bandwidth limitations in a network
has resulted in pilot contamination. This causes severe inter-cell interference at the targeted cell. Pilot
contamination is associated with multicell massive multiple-input multiple-output (MIMO) systems
which degrades the system performance even when extra arrays of antennas are added to the network.
In this paper, we propose an efficient pilot assignment (EPA) scheme to address this issue by maximizing
the minimum uplink rate of the target cell’s users. To achieve this, we exploit the large-scale characteristics
of the fading channel to minimize the amount of outgoing inter-cell interference at the target cell. Results
from the simulation show that the EPA scheme outperforms both the conventional and the smart pilot
assignment (SPA) schemes by reducing the effect of inter-cell interference. These results, show that
the EPA scheme has significantly improved the system performance in terms of achievable uplink rate
and cumulative distribution function (CDF) for both signal-to-interference-plus-noise ratio (SINR), and
uplink rate.

Keywords: pilot contamination; massive MIMO; pilot assignment; large-scale fading coefficients

1. Introduction

Equipping the base station (BS) with a large number of antennas (also known as massive
multiple-input multiple-output (MIMO)) has been considered one of the fundamental technologies that
leads to 5G [1]. The introduction of this technology is to meet the increasing demand for mobile data
in 5G [2]. Although the use of massive MIMO systems increases spectral efficiency, enhances energy
efficiency, and reduces the effect of small scale fading [3–7], but invariably promotes pilot contamination.
In massive MIMO, time-division duplex (TDD) protocol is preferred over the frequency-division duplex
(FDD) [8,9], as the former allows channel estimation in one direction (i.e., uplink) and avoids the estimation

Electronics 2019, 8, 372; doi:10.3390/electronics8040372 www.mdpi.com/journal/electronics
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of the other side (i.e., downlink) due to channel reciprocity property. In other words, the use of TDD
based channel reciprocal minimizes the overhead signals used for channel estimation, which largely saves
network bandwidth. Although, the channel estimation ensures high utilization of TDD massive MIMO
via uplink transmission, but its channel coherence blocks are restricted in size (limited size). Therefore, the
orthogonal pilot sequences cannot be allocated for all users among the cells. To overcome this problem,
the orthogonal pilot sequences have to be reused across the cells. Although, pilot reuse approach is a
remarkable way forward in addressing the associated problem, however, the channel estimate obtained in
a given cell will be contaminated by pilots transmitted by users in other cells. Specifically, the inter-cell
interference exacerbates the estimation error and also makes sure the channel estimation of two or more
users sharing the same pilot sequence is correlated at a given cell [10]. Thus, with multicell massive MIMO
systems, its performance deteriorates during uplink and downlink transmission. This issue is referred to
as pilot contamination, and depicted in Figure 1.

Figure 1. The effect of pilot contamination in multicell massive MIMO systems at a cell a, where the solid
line represents the direct gain and the dotted line represents the inter-cell interference.

To address the issue associated with pilot contamination, several research methods have been
proposed to eliminate/relieve pilot contamination. Among these methods, the pilot assignment technique
is identified to be a potential technique for solving this problem. Smart pilot assignment (SPA) method
proposed by [11], focused on adjusting the combination between the users and pilot sequences, but did
not consider inter-cell interference which causes the pilot contamination. In this paper, we propose an
efficient pilot assignment mechanism to improve the performance of users with respect to intense pilot
contamination in multicell massive MIMO systems. We summarize our contributions below:

• We formulate the pilot assignment as an optimization problem and develop a heuristic algorithm, in
order to maximize the minimum throughput considering the reduction in the inter-cell interference
pilot contamination.

• We evaluate the performance of the proposed mechanism in terms of signal-to-interference-plus-noise
ratio (SINR), and uplink rate with an extensive MATLAB simulation.

• We compare our work with SPA and other conventional schemes.

The rest of this paper is organized as follows. The related work is summarized in Section 2, the system
model is described in Section 3, the pilot contamination phenomenon and the achievable uplink rate are
illustrated in Section 4, the EPA scheme is explained in Section 5, the simulation results are depicted in
Section 6, and finally, this paper is concluded in Section 7.

Notation: Throughout this paper, the bold lower case letters represent vectors and matrices are
represented by bold upper case letters. IM denotes the identity matrix of dimensions M× M. The operators
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(.)−1, (.)T , and (.)H are defined for inverse, transpose and conjugate transpose operations, respectively.
The expectation operator is represented by E

[
.
]
.

2. Related Work

Different traditional algorithms based on pilot assignment have been proposed for pilot
decontamination [12,13]. A vertex graph-coloring-based pilot assignment has been proposed in [12], the
pilot sequences are allocated to the users according to the inter-cell interference (ICI) graph. The evaluation
of ICI graph depends on both angle of arrival (AoA) correlation and distances between users. However,
this scheme requires a second order channel information to construct ICI graph. A deep learning-based
pilot allocation scheme (DL-PAS) is proposed in [13] to address the pilot contamination problem in massive
MIMO systems. This algorithm aims at learning from the relationship between pilot assignment and users’
location. However, the DL algorithm requires high data and subsequently takes a longer time to process
the data.

The authors in [14,15] developed the location-based pilot assignment approaches for pilot
decontamination. A new expression for line of sight (LOS) interference is derived in [14] which is
considered as the criteria for pilot allocation. Although, there was an improvement in the sum spectral
efficiency (SE), but the pilot assignment process takes a longer time to be implemented, especially in large
networks. The work in [15] characterizes the angular region of the targeted user, and the pilot assignment
process was implemented with the aim of making this region interference-free. This angular region is
characterized by both the number of BS antennas and the location of the targeted user. However, the pilot
assignment problem is formulated by the joint optimization problems which subsequently introduce high
computational complexity.

In [16,17], the pilot allocation based pilot reuse (reuse factor more than 1) is also considered for pilot
contamination’s elimination technique. A systematically-constructed pilot reuse method is proposed
in [16]. In this approach, the neighbor cells are allowed to use different sets of pilot sequences according to
the tree division. To improve performance, it ensures larger distance between cells that share similar pilot
sets, the depth of the tree is increased as the pilot contamination severity increases. This approach offers
an effective performance when the ratio of the channel coherence time to the number of users in each cell
is relatively large. For the purpose of improving the quality of service (QoS) of the edge users, a soft pilot
reuse (SPR) scheme was proposed by [17]. The channel quality for each user is initially compared with a
determined threshold before the pilot allocation procedure, but an increase in complexity was recorded
due to additional computational cost incurred by finding the optimal threshold value.

By considering a fairness among users in order to mitigate the pilot contamination, pilot allocation
schemes were proposed in [18,19]. Specifically, to maximize the sum rate of the system and guarantee
fairness among users, a pilot allocation scheme was proposed by [18]. An optimization problem is
formulated based on a max-product criterion, then both min-leakage algorithm and user- exchange
algorithm based on greedy (UEBG) pilot allocation were suggested to solve the optimization problem.
Although this scheme almost achieves the same performance as the optimal exhaustive search algorithm
(ESA), it still suffers a setback due to high complexity. For the purpose of pilot contamination mitigation
in [19], the pilot assignment scheme based on the harmonic SINR utility function was introduced to
regulate the fairness among users. However, the system complexity increases as the number of users and
network size grows (more than two cells).

Based on performance degradation of users, a pilot assignment scheme has been proposed in [20],
the degradation performance is initially evaluated for all users according to the value of the uplink
achievable rate. Therefore, the optimal pilot sequences were assigned to users who suffered from the
highest degradation in a greedy way. Obviously, this scheme is not effective in bad channel conditions.
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In [11,21], the pilot allocation approaches aim at enhancing the performance of users who suffer from
bad SINR. The pilot allocation in [21] focused on maximizing the sum capacity of the whole system for
pilot decontamination. In this work, the pilot sequences were assigned initially to the users who have bad
channel condition. However, the complexity of the pilot assignment procedure increases as the network
size is increased. A SPA scheme is proposed in [11] to improve the performance of users with poor SINR.
Users with low channel quality were assigned to pilot sequences which resulted in a low interference.
However, the achievement of this scheme is limited as it did not consider inter-cell interference which
causes the pilot contamination.

Some authors have tried to make a combination of two schemes to get an improved performance
as shown in [22,23]. As such, a joint pilot assignment scheme has been proposed by [22], in which
time-shifted [24] and the SPA [11] schemes were combined in order to mitigate the effect of pilot
contamination. Inter-group interference is suppressed according to [24] strategy, whereas SPA is used
to reduce intra-group interference. Although an improved overall performance was recorded, the
mutual interference between downlink data and uplink pilot signals cannot be eliminated despite the
use of SPA scheme. New pilot assignment schemes such as greedy-based and swapping-based were
implemented together with pilot contamination precoding design (PCP) for massive MIMO downlinks [23].
This combination offers a considerable improvement over the random pilot assignment, but the PCP
matrix is changed according to the update in pilot assignment information.

By exploiting the channel sparsity for wideband massive MIMO system, the pilot contamination
can be removed with the help of pilot assignment policy in [25]. The pilot assignment policy is designed
to help identify the subspace of the desired channel. The difficulty in this approach, lies on how to
deal with the subspace estimation, which can be realized through multiple frames after randomizing the
pilot contamination.

Differing from the aforementioned works [11,20], we consider the source of inter-cell interference
throughout pilot assignment, which is essentially the cause of the pilot contamination. In some other
works [12–15], the availability of some factors (e.g., user location, AoA, or LOS interference) are needed
for pilot assignment which are not always easy to estimate, while our approach requires only large-scale
fading coefficients, which can be tracked easily as they do not frequently change during coherence interval.
Besides, comparing to previous works [17–19,21], our algorithm is not computationally intensive, and
therefore it can be applied for large-scale networks.

3. System Model

In this section, we describe the system model under which the TDD-massive MIMO systems are
implemented. In this model, the uplink comprises L cells, in which each cell contains a BS equipped with
M antennas. Furthermore, in each cell coverage area K single-antenna users communicate simultaneously
to their designated BS, assuming that M � K [2,5]. The propagation channels connecting the k-th user
located in the j-th cell to the BS in i-th cell is modeled as Rayleigh block fading [26] and the channel vector
hi

jk ∈ CM×1 is denoted as:

hi
jk = gi

jk

√
βi

jk
. (1)

where gi
jk

and βi
jk

denote the small scale-fading vector and large-scale fading coefficient, respectively.
The small scale-fading vector has a complex Gaussian distribution with zero mean and unity variance, CN
(0, IM) , while the large-scale fading coefficient is referred to the effect of both path-loss and shadowing
and it can be tracked easily as it changes slowly during coherence interval τc = BcTc [27–29]. We use
Bc and Tc to denote the coherence bandwidth and the coherence time, respectively. Figure 2 illustrates
the coherence block for TDD protocol. We also consider that large-scale fading coefficient is equal for
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all antenna elements, assuming that the distance between user k and BS is significantly larger than the
distances between antenna elements.

Figure 2. Time-division duplex (TDD) Protocol.

4. Pilot Contamination and Achievable Uplink Rate

Since the size of channel coherence blocks is limited, it is difficult to assign orthogonal pilot sequences
to all users in order to prevent pilot contamination. Thus, it is necessary to reuse the pilot sequences in
all cells to overcome this limitation [2]. The pilot sequences Φ = [φ1, φ2, ..., φK]

T ∈ C
M×τp are assumed

mutually orthogonal ΦTΦ = τpIK with length of τp. During the pilot phase, the pilot sequences are
distributed randomly to all users. Thus, the received signal U

φ
i ∈ C

M×τp at the BS in the i-th cell can be
written as:

U
φ
i =

√
ρφ

L

∑
j=1

K

∑
k=1

hi
jk φT

k + N
φ
i (2)

U
φ
i =

√
ρφ

Ki

∑
k=1

hi
ik φT

k +
√

ρφ

L

∑
j=1
j 
=i

Kj

∑
k=1

hi
jk φT

k + N
φ
i (3)

where ρφ denotes the pilot transmission power, and N
φ
i ∈ C

M×τp denotes the additive white Gaussian
noise (AWGN) matrix which is assumed independent and identically distributed (i.i.d) random variables
whose elements have zero mean and variance σ2

N . The received signal U
φ
i is called the observation, in which

the BS in the cell i can use it to estimate the channel responses. The first term in (3) represents the received
pilot signals from users in the serving cell, whereas, the middle term represents the inter-cell interference
signal from the neighbor cells, which causes the pilot contamination. Correspondingly, the received uplink
data ud

i ∈ CM at the BS in the i-th cell can be represented by:

ud
i =

√
ρu

L

∑
j=1

K

∑
k=1

hi
jk xu

jk + nu
i (4)

where xu
jk denotes the uplink transmitted symbol from user k located in the j-th cell, ρu denotes the power

of the uplink transmitted symbol with E
[ | xu

jk |2
]

= 1, and nu
i ∈ CM×τu denotes the AWGN vector with

variance σ2
n and zero mean value. The minimum mean square error (MMSE) is exploited for the purpose

of the channel estimation ĥi
jk ∈ CM×1 [9]. Therefore, the MMSE estimated channel vector ĥi

jk based on the

observation U
φ
i in (2) can be given as [10]:

ĥi
jk =

√
ρuRi

jkΨi
jku

p
ijk (5)

and

Ψi
jk =

(
∑
j,k

ρuτp Ri
jk + σ2

uIK

)−1

(6)
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where u
p
ijk = U

φ
i φ∗

k which is called the received proceed signal, Ψi
jk denotes the inverse of the

normalized correlation matrix, and Ri
jk denotes the spatial correlation matrix of the channel to be estimated,

Ri
jk = E[hi

jkhiH
jk ].

The estimated channel is then used to detect the uplink data symbol and precode the downlink data.
Herein, we consider both maximum ratio combining (MRC) and zero forcing (ZF) as a linear detectors at
the BS which are given by [30]:

Ai =

{
Ĥi

i MRC

Ĥi
i
(
Ĥi H

i Ĥi
i
)−1 ZF

(7)

The received detected signal is evaluated by multiplying the received uplink data signal ud
i by the

decoding vector aiH
ik , which represents the k-th column of the matrix Ai and hi

ik is the k-th column of the
matrix Hi

i. Therefore, the detected symbol of user k at a given BS located in a cell i can be expressed as:

zu
iik = aiH

ik ud
i = aiH

ik

(
√

ρu

L

∑
j=1

K

∑
k=1

hi
jk xu

jk + nu
i

)
(8)

zu
iik =

√
ρuaiH

ik hi
ikxu

ik +
√

ρu

Ki

∑
n=1
n 
=k

aiH
ik hi

in xu
in +

√
ρu

L

∑
j=1
j 
=i

Kj

∑
k=1

aiH
ik hi

jkxu
jk + aiH

ik nu
i (9)

The first term in (9) represents the desired signal, the second one represents the intra-cell interference,
the third term is the effect of pilot contamination (inter-cell interference), and the last one represents the
uncorrelated noise.

Consequently, the average SINR of the k-th user in the target cell i can be evaluated as:

SINRu
ik =

ρu |aiH
ik hi

ik|2

ρu ∑L
j=1
j 
=i

∑
Kj
k=1 |aiH

ik hi
jk|2 +

υi
ik

ρu

(10)

and

υi
ik = ρu

2
Ki

∑
n=1
n 
=k

|aiH
ik hi

in|2 + ρu ||ai
ik||2

where υi
ik denotes the intra-cell interference and uncorrelated noise, in which their effect is almost neglected

as the number of antennas increases (M → ∞) [5]. Then, the uplink SINR can be described by large-scale
fading coefficients βi

jk as follows:

SINRu
ik =

βi
ik

2

∑j 
=i βi
jk

2 , when (M → ∞) (11)

It is clear from the above expression that the effect of small-scale fading and thermal noise are
averaged out as the number of antennas is increased [5]. Therefore, the ergodic achievable uplink rate of
the user k according to [26] is:

Ru
ik =

1
Tc

∑
τu

(1 + SINRu
ik) (12)

82



Electronics 2019, 8, 372

where Ru
ik is calculated in bit/channel use and τu refers to the uplink duration. From (12), it is obvious that

the average uplink rate of multicell massive MIMO systems is limited due to pilot contamination and it
cannot be boosted by increasing either the number of serving antennas or both ρu and ρp.

5. Proposed Scheme

In this section, an efficient heuristic algorithm is developed for addressing the multicell massive
MIMO associated problem. To do this, the assignment and the reuse of pilot group across cells in the
network is formulated as an optimization problem.

5.1. Problem Formulation

Formally, we formulate an optimization problem as depicted in:

P M→∞−−−→ P̂ : max
∀k∈i

(
min

βi
ik

2

min
∀φk

∑j 
=i βi
jk

2

)
(13)

The above optimization problem is based on the method proposed by [11]. In this method, it is
assumed the number of antennas is very large and as such make use of the large-scale fading coefficients
βi

jk. To address problems related to pilot contamination, this study concentrates on assigning the pilot
sequences for a specific cell in multicell massive MIMO systems. In the target cell, the number of possible
iterations is defined by the number of K users which is usually very high. In contrast, the conventional
scheme assigns the pilot sequences Φ = [φ1, φ2, ..., φK]

T randomly to K users.
The performance of multicell massive MIMO systems is much degraded by the effect of the strong

inter-cell interference from the neighbor cells and is exacerbated when the channel quality of the users
in target cell is poor. Specifically, in the SPA scheme, the set of users with the worst channel quality are
assigned pilot sequences with the lowest inter-cell interference. Although these pilot sequences have the
lowest interference, they are still considered high interference pilot sequences when used by users which
have bad channel quality. Therefore, the interference that is associated with such pilot sequences must
be minimized.

5.2. Proposed Solution

To achieve minimal outgoing inter-cell interference among neighbor cells for the target cell, we ensure
a weak channel cross gain of the interfering users against desired users. The large-scale fading coefficients
are used to measure the effect of inter-cell interference at the target BS. Thus, the effect of inter-cell
interference can be measured by using these fading coefficients as it changes progressively during the
coherence interval τc, as every user measured result is sent to its corresponding BS. The required conditions
for finding the large-scale fading coefficients can be met in long term evolution-advanced (LTE-A) systems.
These corresponding BSs contain the channel’s information for the available BSs. The user keeps tracking
these BSs until a reliable BS is identified for suitable handover. To enhance the cooperation among the
BSs, we assume acquisition of the coordinated multi points (CoMP). Furthermore, a mobility management
entity (MME) is connected to BSs by S1 interface and has a huge ability for computing. As a result, this
unit can collect the large-scale fading coefficients from the connected BSs [31,32].

To abate the effect of setback suffered by users due to poor channel quality or high interference,
the SINR is optimized. This is done by assigning the pilot sequence, which is associated with low
interference, to users having poor channel quality.
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In order to achieve this, we propose a heuristic algorithm based on SPA to solve the optimization
problem in (13). Before illustrating the algorithm, we need to define a set of parameters ηjk which
characterizes the squared cross gain of the interfering users from neighboring cells:

ηjk = βi
jk

2
, k = 1, 2, ..., K, j = 1, 2, ..., L and j 
= i

The interference that is produced by users who shared the same pilot sequence φk can be evaluated
at the target cell as:

ξk = ∑
j 
=i

ηjk (14)

In addition, the set of parameters �k is used to characterize the square channel quality of the target
cell’s users which can be expressed by:

�k = βi
ik

2
, k=1,2,...,K

So, the optimization problem in (13) can be re-written as the following:

P M→∞−−−→ P̂ : max
∀k∈i

(
min

�k
min
∀φk

∑j 
=i ηjk

)
(15)

The proposed algorithm EPA is summarized in Algorithm 1 to solve the above optimization problem.

Algorithm 1 Efficient Pilot Assignment (EPA).

1: Input:

2: βi
jk ∀i, j and k

3: Output:

4: Assigning pilot sequences Φ for all users in all j cells ∀j = 1, 2, ..., L

5: Procedure:
for each neighbor cells j 
= i do
for all users K in cell j do

6: Evaluate: ηjk = βi
jk

2, k = 1, 2, ..., K
end for

7: Classifying the users into different levels: V1, V2, ..., Vk, ..., VK.
Vk = [ η1k, η2k, ..., ηjk, ..., η(L−1)k ]

8: Assign the pilot sequence φk to the users in Vk.
end for

9: Find the sum: ξk = ∑j 
=i ηjk , ξk ∈ [ξ1, ξ2, ..., ξK] ∀Φ
for each user in the target cell i do

10: Evaluate �k = βi
ik

2, k = 1, 2, ..., K
end for

11: Sort �k in descending order: �1 ≥ �2, ...,≥ �k, ...,≥ �K

12: Sort ξk in descending order: ξ1 ≥ ξ2 ≥, ...,≥ ξk, ...,≥ ξK

13: Assigning the pilot sequence φk ,which associates with ξk, to the user who has �k.
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The available large scale fading coefficients are exploited to measure the interference from the neighbor
cells. From the above algorithm, the users in the neighbor cells are classified into different levels according
to the value of squared cross gain (ηjk), which gives an indication of the strength of the interference at
the target cell i. The users that cause the highest interference (which have the largest ηjk) are classified
as the level V1 users. This level involves the worst interfering users from each neighbor cell. The second
level V2 contains the users which cause less interference than that in V1. This classification process will
continue until the last level VK, which contains the users that produce the smallest interference. The k-th
interference level can be represented by:

Vk = [ η1k, η2k, ..., η(L−1)k] (16)

The amount of interference that is produced by the users in each level is described by (14). After that,
the interfering users in each level are assigned the same pilot sequence. For instance, the users in V1

and VK are assigned the pilot sequences φ1 and φK, respectively. As a result, the pilot sequence φ1 is
suffering from the highest interference, whereas φK is the one with the lowest interference. The remaining
pilot sequences have different levels of interference between φ1 and φK. After minimizing the inter-cell
interference at the serving BS, the second step is to assign pilot sequences to its users and this can be
achieved by solving the following formula:

P M→∞−−−→ P̂ : max
∀k∈i

(
min

�k
ξk

)
(17)

Obviously, from the EPA algorithm, the pilot assignment process for the users of the target cell
depends on, both the squared channel quality �k and the minimized outgoing interference ξk, which is
caused by users sharing the same pilot sequence in the level Vk . The optimization problem in (17) can be
solved with the help of the SPA algorithm. In this algorithm, users that suffer setbacks due to bad channel
quality are exempted from the pilot sequence as it will cause severe interference. Thus, the sets of users
with the worst channel quality are assigned pilot sequence with the lowest inter-cell interference. For the
remaining cells, the process will continue in a sequential way, excluding the cells that are already included
with the target cell.

Furthermore, our algorithm is not computationally intensive in the sense that it ultimately relies on
cell sorting, thus the time complexity it incurs is O (L K log K), and therefore it works faster if compared to
recent schemes. For example, EPA shows less computational complexity than the work in [19,21], which
incur O (L K3) and O (L2 K log K), respectively. In addition, the scheme in [17] incurs O (M(K2

e + K2
CS),

where Ke denotes the number of edge users in the network, and KCS represents the number of users in the
largest cell. So apparently [17] is much more intense than EPA. The SPA scheme [11], as it is fundamentally
limited to only a target cell optimization, unsurprisingly it incurs only O ( K log K).

6. Simulation Results

The base code implemented is obtained from [26], while Monte Carlo simulation is used to evaluate
the performance of the EPA scheme. A typical hexagonal cellular network made up of L cells is considered
in the EPA scheme. Each of these cells comprises of a BS which is equipped with M number of antennas
and K users with single antennas under its coverage area [2,5]. A center cell surrounded by all other cells
is considered as a target cell. The system parameters are summarized in Table 1. The parameter βi

ik is
modeled in decibel as [10]:

βi
ik = Υ + 10 α log10

(
di

jk

1 km

)
+ Fi

jk (18)
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where di
jk (km) is the distance between the k-th user in the j-th cell and the BS in the i-th cell, α is the

path-loss exponent, Υ determines the median channel gain at 1 km as a reference distance which can be
calculated according to many propagation models [33], and Fi

jk � N (0, σ2
s f ) is the shadow fading which

creates log-normal random variations around the nominal value Υ + 10 α log10(d
i
jk/1 km).

Table 1. Simulation parameters.

Parameter Value (for Figures 3–12) Value (for Figure 13)

Number of Cells L 7 7
Number of BS Antennas M 8 ≤ M ≤ 512 8 ≤ M ≤ 512

Number of users in each cell K 8 20
Cell RadiusR 500 m 300 m

Cell edge SNR 15 dB 20 dB
Path-loss Exponentα 3 3

Shadow Fading Standard Deviation σ2
s f 8 8

Thermal Noise Variance −174 dBm/H −174 dBm/H

We evaluate the SPA [11] and the conventional schemes [2,5] against the EPA scheme. Figure 3
depicts the average uplink rate per user of the EPA, SPA and conventional schemes against the number
of BS’s antennas using the ZF as a linear detector. Obviously, the average uplink rate of the EPA scheme
outperforms the other schemes. This improvement can be attributed to the policy implemented for pilot
assignment in the neighbor cells. This implemented policy ensures a significant reduction of the inter-cell
interference at the serving BS, which invariably leads to a better throughput. Due to the pilot assignment
in the target cell which was executed according to the users’ channel quality, the SPA scheme achieves
better performance than the other conventional scheme. However, the performance of both SPA and
conventional schemes changes slightly when the number of antennas exceeds certain points (e.g., greater
than 150).
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Figure 3. The average uplink rate per user with zero forcing (ZF) for different numbers of antennas.
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Figure 4 shows the impact of the EPA scheme when using the MRC as a linear detector. It can be
clearly observed that the average uplink rate per user (bits/channel use) is substantially enhanced by
the EPA scheme when the number of antennas is increased. The superiority of the EPA scheme over
other schemes, arose as a result of the minimization of the inter-cell interference that comes from the
neighbor cells. This is achieved by allowing the users in each interference level Vk to share the same pilot
sequence. Consequently, EPA scheme has shown a low interference from the neighbor cells compared to
the other schemes.
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Figure 4. The average uplink rate per user with maximum ratio combining (MRC) for different numbers
of antennas.

Figure 5 depicts the performance of the EPA scheme when compared with both conventional and SPA
schemes in terms of cumulative distribution function (CDF) of the average SINR. When the number of BS’s
antennas is 64 with ZF detector, the probabilities of the average uplink SINR being less than −10 dB for
the conventional, the SPA, and the proposed EPA schemes are almost 80%, 26.25%, and 10%, respectively.
The improvement is achieved because the effect of the interference, which is associated with the pilot
sequences, on channel quality of the users in the target cell became slight, which effectively increased the
SINR of the system.

Figure 6 depicts the CDF of the minimum SINR when M is 64. It is evident that the minimum SINR
of the EPA scheme is significantly improved when compared with SPA and conventional schemes. For
example, the probability of the minimum SINR to be less than −20 dB for the EPA scheme is approximately
16.25%, while this probability is about 34.6% and 79.6% for the SPA and the conventional schemes,
respectively. The reason behind this improvement is due to assigning the pilots of the users with the
lowest interference, in the neighbor cells, to the users who have bad channel quality in the target cell.
In consequence, the performance of these users was improved due to the reduction of their interference.
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Figure 5. The cumulative distribution function (CDF) of the average signal-to-interference-plus-noise ratio
(SINR) when M = 64 using ZF.
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Figure 6. The CDF of the min. SINR when M = 64 using ZF.

Figures 7 and 8 depict the CDF of average and minimum SINR, respectively, using MRC detector when
M is 64. As observed from Figures 7 and 8, the EPA scheme outperforms the SPA and the conventional
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schemes. As shown in Figure 7, the EPA scheme increases the average SINR by 1.8 dB over the SPA scheme,
whereas it increases up to 4.69 dB for minimum SINR, as illustrated in Figure 8.
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Figure 7. The CDF of the average SINR when M = 64 using MRC.
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Figure 8. The CDF of the min. SINR when M = 64 using MRC.

From Figures 5–8, the minimum SINR always achieves a better performance. In other words,
the performance of edge users is significantly enhanced. This is due to the fact that the inter-cell interference
has been greatly reduced at the target cell while the users with poor channel quality are assigned to the
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suitable pilot sequences in order to maximize its SINR. Moreover, the results obtained as a result of using
ZF and MRC linear detections, are approximately comparable when run on the same parameters setting.
This is because the inter-cell interference is greatly reduced by the EPA scheme that runs before the process
of signal detection.

By using ZF detector, the performance of the EPA scheme has been examined in terms of the CDF of
the average uplink rate when M is 64, as shown in Figure 9. It can be seen that the performance of the
CDF in the conventional scheme is highly influenced by the pilot contamination. The assignment of the
pilot randomly, has led to the worst performance compared to the SPA and the EPA schemes. On the other
hand, the EPA scheme outperforms the SPA and the conventional schemes, since the effect of users who
cause the highest interference is considered weak compared to users having good channel quality when
they are assigned the same pilot sequence. As a result, these interfering users are excluded from sharing
the same pilots of users with bad channel quality.
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Figure 9. The CDF of the average uplink rate when M = 64 using ZF.

Result of evaluation for the CDF of the minimum uplink rate is depicted in Figure 10. It is clear that
the EPA scheme performs better than the other schemes. For example, the minimum uplink rate of the
EPA scheme is doubled when compared to the SPA scheme. This improvement has been achieved because
the interference associated with pilot sequences, which is allocated to users with bad channel quality, was
reduced effectively by the EPA scheme.

Figures 11 and 12 represent the CDF of the average and the minimum uplink rate, respectively, when
the MRC is utilized and M is 64. The EPA scheme achieves the highest performance when compared
with other schemes, especially in the minimum uplink rate. Specifically, the achieved gain in minimum
uplink rate is doubled while it is 1.2 times in average uplink rate in comparison with SPA. The reason for
this improvement in the minimum uplink rate is due to the priority given to the users having the worst
channel quality during the pilot assignment process.
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Figure 10. The CDF of min. uplink rate when M = 64 using ZF.
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Figure 11. The CDF of average uplink rate when M = 64 using MRC.

In order to verify the effectiveness of the EPA scheme, the average uplink rate against the
number of antennas has been evaluated in Figure 13 with different parameters, considering ZF detector.
These parameters, which are shown in Table 1, increase the interference severity at the target cell. Obviously,
the average uplink rate of EPA schema is higher than other schemes, despite the intensity of interference.
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Figure 12. The CDF of min. uplink rate when M = 64 using MRC.
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Figure 13. The average uplink rate per user with ZF for different numbers of antennas, K = 20 , and
R = 300 m.
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7. Conclusions

In this paper, we propose a new pilot assignment approach to address the pilot contamination
in multicell massive MIMO systems. An optimization problem is formulated in order to improve the
minimum uplink rate for users in the target cell. Our approach to solving this optimization problem
ensures an overall reduction of the outgoing inter-cell interference of neighbor cells. This reduction is
achieved by assigning the pilot sequences to the neighbor cell’s users and maximizing the minimum
uplink rate of the target cell’s users based on SPA algorithm. The numerical results have clearly shown
that the EPA scheme is more effective than the other schemes in both MRC and ZF linear detections.
Additionally, using such an efficient assigning approach entitles the new EPA scheme to achieve significant
performance when the typical parameter M is 64 compared to the SPA and the conventional schemes.
Likewise, the minimum uplink rate is greatly enhanced by the new EPA scheme than the SPA scheme.
Furthermore, the proposed scheme has also proved high effectiveness and performance even in severe
interference environments.
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Abstract: We exploited the temporal correlation of channels in the angular domain for the downlink
channel estimation in a massive multiple-input multiple-output (MIMO) system. Based on the slow
time-varying channel supports in the angular domain, we combined the channel support information
of the downlink angular channel in the previous timeslot into the channel estimation in the current
timeslot. A downlink channel estimation method based on variational Bayesian inference (VBI)
and overcomplete dictionary was proposed, in which the support prior information of the previous
timeslot was merged into the VBI for the channel estimation in the current timeslot. Meanwhile
the VBI was discussed for a complex value in our system model, and the structural sparsity was
utilized in the Bayesian inference. The Bayesian Cramér–Rao bound for the channel estimation mean
square error (MSE) was also given out. Compared with other algorithms, the proposed algorithm
with overcomplete dictionary achieved a better performance in terms of channel estimation MSE
in simulations.

Keywords: massive MIMO; channel estimation; Bayesian inference; overcomplete dictionary

1. Introduction

Massive multiple-input multiple-output (MIMO) is the key technology for next generation wireless
communication. The large number of antennas enable high spectrum efficiency and lower power
consumption [1]. To get these benefits, the base station (BS) needs to acquire the channel stated
information (CSI) for uplink and downlink. Pilot-based channel estimation is widely used in wireless
communication systems. In the time division duplex (TDD) system, the channel reciprocity is used to
get the CSI by only estimating the uplink channel at BS. In the frequency division duplex (FDD) system,
the channel reciprocity cannot be used directly. In FDD massive MIMO system it is challenging to get
the downlink CSI with the conventional feedback scheme. In the conventional feedback scheme each
user estimates its channel and then feeds back the estimated CSI to the BS. The pilot and feedback
overheads are high for massive MIMO, since they are scaling linearly with the number of antennas.
Hence, it is important to design an efficient downlink channel estimation and feedback scheme for a
FDD massive MIMO system.

By exploiting the sparsity in massive MIMO channel, compressed sensing (CS) was applied in
the channel estimation and feedback. The users could feed the compressed training measurements
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back to the BS, and an orthogonal matching pursuit (OMP) was used for downlink CSI recovery in [2].
In [3] the modified basis pursuit (MBP) was proposed by utilizing the partial priori signal support
information to improve the recovery performance. In [4] the support information of a signal in the
discrete fourier transform domain was incorporated into the weighted l1 minimization approach for CS
recovery, which could reduce the number of measurements by the size of the known part of support.
In [5] a three-level weighting scheme based on the support information was used for the weighted
l1 minimization and the simulation results showed superiority. In [6] we exploited the reciprocity
between uplink and downlink channels in the angular domain, and diagnosed the supports of the
downlink channel from the estimated uplink channel, and proposed a weighted subspace pursuit
(SP) channel estimation algorithm for FDD massive MIMO. It can be seen that CS was effective in the
channel estimation for massive MIMO.

However, most of these algorithms need the sparsity level in the estimation algorithm, which is
not practical in engineering scenarios. The Bayesian framework can be applied to the compressive
channel estimation. In [7], Bayesian estimation of sparse massive MIMO channel was developed in
which neighboring antennas shared among each other their information about the channel support.
In [8] a variational expectation maximization strategy was used for massive MIMO channel estimation,
and a Gaussian mixture prior model was designed to capture the individual sparsity for each channel
and the joint sparsity among users. In [9] a sparse Bayesian learning algorithm was proposed for FDD
massive MIMO channel estimation with arbitrary 2D-array. By the Bayesian framework in compressive
channel estimation the sparsity level is unnecessary, and it has relatively better recovery performance.
Additionally, there exists angular reciprocity in massive MIMO. For example, the channel covariance
matrices for uplink and downlink are reconstructed by making use of the angle reciprocity between
uplink and downlink channels in [10]. Hence it is promising to apply the angular reciprocity and
Bayesian framework in the compressive massive MIMO channel estimation.

Additionally, there exists angular reciprocity in the FDD massive MIMO. There is also time
correlation of channels. In [11] a differential compressive feedback in FDD massive MIMO was proposed
based on the channel impulses response (CIR) between timeslots, which were slow time-varying and
sparse, and the differential CIR between two CIRs in adjacent timeslots was sparse. Inspired by the
sparsity in the angular domain and time correlation of channels, the correlated angular sparsity can
also be exploited for massive MIMO channel estimation.

In this paper we proposed a downlink channel estimation in a TDD/FDD massive MIMO system.
The timeslots were divided into groups. In each group the estimated channel support information
of the previous timeslot was utilized by the following timeslot. The correlated angular sparsity
between timeslots in the downlink channel was utilized in the Bayesian inference for channel recovery.
We transformed the complex sparse vector to the real sparse vector recovery by Bayesian inference,
and the structural sparsity of the transformed real sparse vector was utilized. Meanwhile, the prior
support information from the estimated channel in the previous timeslot was made use of in modeling
the hidden hyperparameters in the Bayesian model. A Bayesian Cramér–Rao bound analysis is
presented, and simulations are given out to verify the performance of the proposed algorithm.
The main contributions were as follows: (1) a group-based channel estimation scheme was proposed,
in which previous estimated channel support information was used as the priori information in
the following timeslot due to the sparsity correlation; (2) priori information was merged into the
Bayesian inference algorithm for channel recovery; (3) the Bayesian Cramér–Rao bound for the channel
estimation mean square error (MSE) was analyzed.

The system model is illustrated in Section 2, while the proposed channel estimation algorithm
based on Bayesian inference is presented in Section 3. The Bayesian Cramér–Rao bound (BCRB) for the
channel estimation of mean square error (MSE) is given out in Section 4. Simulations and conclusions
are presented in Sections 5 and 6.

In the paper, we used the following notations. Scalars, vectors and matrices were denoted by
lower-case, boldface lower-case and boldface upper-case symbols. The probability density function
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of a given random variable was denoted by p(·). Gamma(x|a, b) was the Gamma probability density
function (PDF) with shape parameters a and b for x, while Normal(x|c, d) was the Gaussian PDF with
parameters mean c and variance d for x. Γ(·) was the Gamma function, and ln(·) was the logarithm
function. Tr(·) stood for the trace operator. a(·) denoted the expectation operation with the PDF of
variable a.

2. System Model

We considered a massive MIMO TDD/FDD system with a single user, and assumed that the BS
was equipped with N antennas and the user terminal (UT) had a single antenna. For the downlink
channel estimation in the massive MIMO system, the BS transmitted the pilots to UT. The UT received
the pilots and fed back the received signal to the BS directly. The received signal yd(t) at the UT in the
t-th timeslot was written as

yd(t) =
√
ρdAhd(t) + nd(t) (1)

where hd(t) ∈ CN×1 is the downlink channel, A ∈ CTd×N is the downlink pilots, Td is the pilot length,
ρd is the downlink received power, nd ∈ CTd×1 is the received noise with each element to be i.i.d
Gaussian with mean 0 and variance σ2, yd(t) ∈ CTd×1 is the received signal at UT.

Since in the massive MIMO there existed sparsity, when Dd ∈ CN×M was the channel dictionary
for downlink channel which could be unitary dictionary or overcomplete dictionary (M > N,
their column vector had the form of steering vector with a different sampling angle), hd

a(t) was
the sparse representation with hd(t) = Ddhd

a(t). In this paper we applied the overcomplete dictionary
to present the sparse angular channel to get a better recovery performance. In the downlink channel

estimation, we needed to obtain ĥ
d
a(t) the estimated downlink channel in the angular domain in the

t-th timeslot.
By utilizing the sparse channel representation we then had

yd(t) =
√
ρdADdhd

a(t) + nd(t) (2)

For simplicity, the timeslot mark is omitted in the following equations. Since yd(t), hd
a(t), and nd(t)

are complex number vectors, we could rewrite Equation (2) into real number vectors as

[
Re(yd)

Im(yd)

]
=

⎡⎢⎢⎢⎢⎢⎢⎢⎣ Re(
√
ρdADd) −Im(

√
ρdADd)

Im(
√
ρdADd) Re(

√
ρdADd)

⎤⎥⎥⎥⎥⎥⎥⎥⎦
[

Re(hd
a(t))

Im(hd
a(t))

]
+

[
Re(nd(t))
Im(nd(t))

]
(3)

where Re(·) and Im(·) denote the real and imaginary parts respectively. For simplicity, we rewrote
Equation (3) as

y = Ah + n (4)

where y =

[
Re(yd)

Im(yd)

]
, A =

⎡⎢⎢⎢⎢⎢⎢⎢⎣ Re(
√
ρdADd) −Im(

√
ρdADd)

Im(
√
ρdADd) Re(

√
ρdADd)

⎤⎥⎥⎥⎥⎥⎥⎥⎦, h =

[
Re(hd

a(t))
Im(hd

a(t))

]
and n =

[
Re(nd(t))
Im(nd(t))

]
.

On the other hand, we considered the meaning of sparse angular channel representation hd
a(t).

If the transmission angles were allocated exactly at the sampling points in the channel dictionary Dd,
then the corresponding coefficient in the hd

a(t) was nonzero. If the path number was smaller than
the antenna number, then hd

a(t) was sparse. However, there was leakage effect induced by dictionary
mismatch which will have deteriorated the sparsity of the angular channel representation [12]. When the
movement velocity of UT was not very high, e.g., v = 12 km/h, and the typical timeslot duration
τ = 0.5 ms, the movement distance of UT in one timeslot was 0.017 m. When the distance of UT and BS
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was 200 m, the angle change for the line of sight (LoS) transmission in one timeslot was 0.0049◦ which
was much smaller than the sampling interval in the dictionary. For the non-LoS (NLoS) transmission,
the angle change was also small which is discussed in Section 4.1. Hence the transmission angle change
between two timeslots is very small if the transmission environment doesn’t change dramatically,
and there is correlation in the angular channel sparsity between adjacent timeslots. In other words,
the information regarding the estimated angular channel in the previous timeslot could be utilized in
the current channel estimation.

It was proven that the prior support information could improve the channel recovery
performance [3–6]. Hence in this paper we made use of the prior support information from the previous
timeslot to improve the Bayesian channel estimation. In the following section we have discussed how
to merge the prior information into the Bayesian inference algorithm for channel estimation.

3. Proposed Algorithm

We designed a three-layer hierarchical graphical model as shown in Figure 1. In the first layer,
h was assigned a Gaussian prior distribution

p(h|α) =
2N∏
i=1

p(hi

∣∣∣∣αi) (5)

where hi and αi are the i-th entry in h and α respectively, p(hi

∣∣∣∣αi) = Normal(hi

∣∣∣∣0,αi) and αi is the

inverse variance of the Gaussian distribution. When hi is close to 0, then αi is very large, and vice versa.
In the second layer, we assumed a Gamma distribution as hyperpriors over the hyperparameters

αi, and it can be presented as

p(α) =
2N∏
i=1

Gamma(αi
∣∣∣ai, bi) (6)

where Gamma(·) is the Gamma PDF, and the parameters ai and bi characterize the shape of Gamma
PDF. For fixed ai, the larger bi is, the smaller αi is; then hi tends to be nonzero. In the sparse Bayesian
learning ai and bi were set to be very small for non-informative hyperprior over αi [13].

In our model, we set ai to be constant with a predefined value, and we modeled bi as random
parameters. In Figure 1 it could be found that the entries of y were divided into two sets by their
indices, i.e.,

{
S, S+N

}
and

{
S, S+N

}c, where S was the set with channel support indices from the previous
timeslot, and S+N was the set with each index in S added by N, since we converted the complex
system model to the real system model as Equation (3).

{
S, S+N

}c was the complementary set of
{
S, S+N

}
.

For example, in the (t − 1)-th timeslot, the positions of nonzero entries or called supports in hd
a(t− 1)

were S = {4, 5, 6}, then S+N = {4 + N, 5 + N, 6 + N}. The probable supports for hd
a(t) in the current

t-th timeslot can be assumed to be the same as those for previous (t − 1)-th timeslot for simplicity.
On the other hand, we could have also diagnosed the probable channel supports further by taking the
angle deviation and leakage effects into consideration. In this paper we adopted the support diagnosis
algorithm, and the details can be found in [6].

For yj, j ∈ {
S, S+N

}
, we employed a Gamma distribution over the hyperparameters bi in the third

layer as
Gamma(bi|c, d) = Γ(c)−1dcbc−1

i e−dbi (7)

where c and d characterize the shape of Gamma PDF. By the system model and assumptions for massive
MIMO, we could use a Bayesian inference to perform the sparse channel recovery.
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Figure 1. Graphical model for the channel estimation with Bayesian inference. The nodes with
double circle, single circle and square correspond to the observed data, hidden variables and
parameters, respectively.

According to the standard Bayesian inference [14], let z �
{
h,α, b

}
, we have

ln p(zi) = Ezi,i� j[ln p(y, z)] + constant
∝ Ezi,i� j[ln p(y, z)]

(8)

where constant is a constant used for p(zi) normalization, p(y, z) is the joint pdf for h and z, and zi can
be h,α, andb. We have p(y, z) = p(z

∣∣∣y)p(y) . We assume p(z
∣∣∣y) posterior independence among the

hidden variables z, then p(z
∣∣∣y) ≈ p(z) , and p(z) is the product of PDF of h,α, and b.

In order to make use of the prior support information from the previous timeslot and the structure
sparsity in Equation (4), we needed to make some modifications to the standard Bayesian inference.
The main considerations for the modifications were as follows:

(I) Since we rewrote Equation (2) as Equation (4), if hd
a,i was nonzero, then hi and hi+N were

nonzero simultaneously. Hence it was wise to assume that bi and bi+N were the same;
(II) In the standard Bayesian learning ai and bi were set to be very small for non-informative

hyperprior over αi. This assumption was valid if no prior information was provided. If the prior
support information was available, such as that the support information of the previous timeslot could
be used for channel estimation in the coming timeslot by sparsity correlation, it was wise to assume
that the supports between adjacent timeslots were partially common. If the i-th element in the angular
channel vector was nonzero, then the hyperparameter bi and bi+N tended to be variables rather than to
be fixed small numbers, which meant only for the indices from the prior support set S the third layer
prior model was adopted.

It can be seen that the consideration (II) was similar to [15]. However, our proposed algorithm
was extended for a complex number system and the structure sparsity was considered. However,
on the other hand, the overcomplete dictionary was adopted in our algorithm.

The proposed uplink-aided downlink channel estimation based on Bayesian inference was
as follows:

(i) Update of p(h)

According to Equation (8), by ignoring the terms which are independent of h, we have
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ln p(h) ∝ Eα,b

[
ln p(y

∣∣∣h) + ln p(h
∣∣∣α) + ln p(b)

]
∝ Eα,b

[
ln p(y

∣∣∣h) + ln p(h
∣∣∣α)]

= −1
2σ2 (y−Ah)

T
(y−Ah) − 1

2 h
T

Λh

(9)

where Λ = diag
{
Eα[αi]

}
, σ2 is the noise variance in the system model, the vectors b and α are comprised

by bi and αi respectively. Since p(y
∣∣∣h) and p

(
h
∣∣∣α) are a Gaussian distribution, then p

(
h
)

follows a
Gaussian distribution with the mean μ and covariance φ given by

μ =
1
σ2 ΦA

T
y (10)

Φ =
( 1
σ2 A

T
A + Λ

)
(11)

(ii) Update of p(α)

According to Equation (8), by ignoring the terms which are independent of α, we have

ln p(α) ∝ E
h,b

[
ln p(y

∣∣∣h) + ln p(h
∣∣∣α) + ln p(α|a, b ) + ln p(b)

]
∝ E

h,b

[
ln p(h

∣∣∣α) + ln p(α|a, b )
]

=
2N∑
i=1

Eh,b

{
(ai − 0.5) lnαi −

(
0.5h

2
i + bi

)
αi

}
=

∑
i∈{S,S+N}

Eh,b

{
(ai + 0.5− 1) lnαi −

(
0.5h

2
i + bi

)
αi

}
+

∑
i∈{S,S+N}c

Eh,b

{
(a− 0.5) lnαi −

(
0.5h

2
i + bi

)
αi

}

=
∑

i∈{S,S+N}

⎧⎪⎪⎨⎪⎪⎩(ai + 0.5− 1) lnαi −
⎛⎜⎜⎜⎜⎝Eh,b(bi+bi+N)

2 +
Eh,b(h

2
i +h

2
i+N)

4

⎞⎟⎟⎟⎟⎠αi

⎫⎪⎪⎬⎪⎪⎭+
∑

i∈{S,S+N}c

⎧⎪⎪⎨⎪⎪⎩(ai + 0.5− 1) lnαi −
⎛⎜⎜⎜⎜⎝bi +

Eh,b(h
2
i +h

2
i+N)

4

⎞⎟⎟⎟⎟⎠αi

⎫⎪⎪⎬⎪⎪⎭

(12)

where S is the estimated support set from the previous timeslot. Since the complex system model was
converted in Equation (4). By (II), S+N � {si + N} was also the support set in the converted system
model in Equation (4). For i ∈ {

S, S+N
}
, bi is variable number, bi and bi+N were assumed to be the same,

we used 0.5Eh,b(bi + bi+N) to present Eh,b(bi). The same assumption was applied to hi and hi+N with

E
h,b(h

2
i ) = 0.5E

h,b(h
2
i + h

2
i+N). In this way the structural sparsity was utilized.

Since p(α|a, b ) is the Gamma distribution and p
(
h
∣∣∣α) is the Gaussian distribution, p(α) is the

Gamma distribution. Then p(αi) is also the Gamma distribution with the updated parameters ãi and b̃i
given by

ãi = ai + 0.5 (13)

b̃i =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
E

h,b(bi+bi+N)

2 +
E

h,b(h
2
i +h

2
i+N)

4 , i ∈ {
S, S+N

}
bi +

E
h,b(h

2
i +h

2
i+N)

4 , i ∈ {
S, S+N

}c

(14)

(iii) Update of p(b{S,S+N})
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According to Equation (8), by ignoring the terms which are independent of b, we have

ln p(b{S,S+N}) ∝ E
α,h

[
ln p(y

∣∣∣h) + ln p(h
∣∣∣α) + ln p(α

∣∣∣a, b) + ln p(b
∣∣∣c, d)

]
∝ E

α,h[ln p(α
∣∣∣a, b) + ln p(b

∣∣∣c, d)]

=
∑

i∈{S,S+N }

{−biEα(αi) + (ci − 1) ln bi − dibi
} (15)

where b{S,S+N} is comprised by the entries indicated by
{
S, S+N

}
in b. In (15) the α, a, b, c, d are also

comprised by their indicated
{
S, S+N

}
, the subscript

{
S, S+N

}
is omitted for simplicity. As shown

in Figure 1, b{S,S+N} was modelled as a Gamma distribution. Since p(αi|ai, bi) and p(bi|ci, di) were a

Gamma distribution, p(
~
b{S,S+N}) was Gamma( b̃i∈{S,S+M}

∣∣∣∣̃ci, d̃i ), and the updated c̃i and d̃i were given by

c̃i = ai + ci (16)

d̃i = di +Eα(αi) (17)

Then the Bayesian inference for the channel estimation was executed iteratively among (i), (ii),
and (iii). The details of the algorithm are summarized in step 3 of Algorithm 1. When the estimated
channel vector h′ was recovered, we needed to convert it to the complex vector hd

a according to
Equation (3).

Algorithm 1 Downlink channel estimation with variational inference algorithm and overcomplete dictionary.

Input: A, y,σ2

Output: h′
1. Divide the timeslots into groups, and with each group comprised by tg timeslots.
2. For the first timeslot in the group, use variational Bayesian inference (VBI) for channel estimation, and

obtain the angular channel supports.
3. For the rest of the timeslots in the group, utilize the support information from the previous timeslot for

channel estimation one by one. The recovery algorithm in each timeslot is as follows:

3.1. Initialize α, a, b, c, d.

3.2. μ = 1
σ2 φA

T
y,φ = ( 1

σ2 A
T

A + Λ), E
h,b(h

2
i ) = μ2

i +φi,i, where Λ = diag
{
Eα[αi]

}
, μi is the i-th

entry in μ, and φi,i is the i-th diagonal entry in φ.

3.3. Update ãi and b̃i according to Equations (13) and (14) in (ii) (̃ai and b̃i are the updated ai and bi,
and ai and bi are the results from last iteration); then according to the property of the Gamma
distribution variable, Eα(αi) = ãi/ b̃i.

3.4. Update c̃ and d̃ according to Equations (16) and (17) in (iii) (̃c and d̃ are the updated c and d, and c
and d are the results from last iteration); then according to the property of the Gamma
distribution variable, Eα (̃bi) = c̃/d̃.

3.5. Go to step 3.2 until stop criteria meets.

3.6. Then h′ = μ.

4. Go back to step 2 for a new group of timeslots.

In a practical massive MIMO system, the transmission environment may change suddenly, in this
way the correlation of sparsity between adjacent timeslots will deteriorate, and the previous channel
support information cannot be utilized. On the other hand, the error will accumulate if the previous
channel support information is utilized timeslot by timeslot. Hence, the initialization is important for
the robustness and efficiency of the algorithm. As shown in Figure 2 divided the timeslots into groups,
and each group was comprised of several timeslots. During the channel estimation for each group,
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the VBI was used for the channel estimation in the first timeslot, and then the proposed algorithm was
executed for the remaining timeslots in which the channel support information of the previous timeslot
was made use of by the current timeslot. This procedure is detailed in steps 1, 2 and 4 in Algorithm 1.

Figure 2. Channel estimations by group. Each block represents one timeslot, and the block filled with
grey is the timeslot with variational Bayesian inference (VBI) for the channel estimation, while the
blank blocks are the timeslots with the proposed algorithm for channel estimation.

4. Discussion

4.1. Sparsity Correlation Analysis

The UT movement distance was very small when the velocity of UT was small and the timeslot
was 0.5 ms. The reflector for the transmission was static during the UT moving between timeslots.
The ellipse geometry channel model is shown in Figure 3. The line of sight (LoS) distance between BS
and UT was dLos, the non-LoS (NLoS) distance by reflector between BS and UT was dNLoS, and the UT
movement distance in one timeslot was dΔ. If the transmission path was still reflected by the same
reflector as shown in Figure 3, the maximum and minimum NLoS distances from BS to UT between
timeslots were dNLoS + dΔ and dNLoS − dΔ. The transmission angle change was Δθ. The distance
between the reflector and BS was d1. By some mathematical manipulations shown in Appendix A,
we got

Δθ ≈ 2dΔ(dNLoS − d1)

2d1dLoS

1√
1− cos2 θ

(18)

Figure 3. Ellipse geometry channel model for line of sight (LoS) and non-LoS (NLoS) transmission.

In order to illustrate the angle change Δθ during one timeslot, we assumed that dNLoS was 800 m,
the velocity of UT was 14.4 km/h, and the typical timeslot duration τ = 0.5 ms, then the movement
distance of UT in one timeslot was 0.02 m. By changing the distance between BS and reflector, as shown
in Figure 4, the angle change was not more than 0.025◦. It should be noted that when the LoS distance
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and the dNLoS were fixed, BS and reflector distance could not be arbitrary vales due to triangle inequality.
Hence, the angle of arrival or departure changed slowly and then there was sparsity correlation among
the angular channels for adjacent timeslots.

Figure 4. Transmission angle change during one timeslot with a different LoS distance and different
distances between the base station (BS) and reflector.

4.2. Bayesian Cramér-Rao Bound Analysis

In this section we have discussed the Bayesian Cramér–Rao bound (BCRB) for the channel
estimation with the proposed algorithm. Let z �

{
h, σ

}
, then the BCRB for the channel vector h is given

by the inverse of the Fisher information matrix J as:

J = Ez

{
−∂

2 log p(y, z)

∂zi∂zj

}
(19)

According to the system model in Section 2, h, σ are independent, the Fisher information matrix J

is block diagonal. We can rewrite p(y, z) as

p(y, z) = p(y
∣∣∣z)p(h∣∣∣α)p(α∣∣∣b)p(b) (20)

Then the BCRB on the MSE of the estimated channel vector h′ is given by

E

{
‖h′ − h‖

2
}
≥ tr

(
J−1

hihj

)
(21)

where Jhi hj
= Ez

{
−∂2 log p(y,z)

∂hi∂hj

}
is the fisher information sub-matrix. Thus, we can obtain the Bayesian

Cramér–Rao bound of the minimum mean square error for the estimated channel h′ as shown in
Proposition 1.
Proposition 1. The BCRB of MSE for the channel estimation h′ is represented as
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E

{
‖h′ − h‖

2
}
≥ tr

⎛⎜⎜⎜⎜⎝(diag(E
(

1
αi

)
) +

1
σ2 A

T
A

)−1⎞⎟⎟⎟⎟⎠ = ∑
i∈S

1
1+c
adi

+ λi
σ

+
∑
i�S

1
bi
a + λi

σ

(22)

where S is the diagnosed support set, λi is the eigenvalues of A
T

A, and A
T

A ∈ R2N×2N, and a, bi, c, and di are
the parameters in the Bayesian model in Figure 1. When Td, M→∞ and Td

M = β, according to the random
matrix theory, we have

E

{(
h− ĥ

)H(
h− ĥ

)}
≥ |S| · 1

|S|
∑
i∈S

1
1+c

a min(d) ++
λi
σ

+ (N − |S|) · 1
(N−|S|)

∑
i�S

1
max(b)

a +
λi
σ

→ |S| amin(d)
1+c

(
1− F(snr1,β)

4βsnr1

)
+ (N − |S|) a

max(b)

(
1− F(snr2,β)

4βsnr2

) (23)

where snr1 =
amin(d)
(1+c)σ , snr2 = a

σmax(b) , F(x, z) =

(√
x
(
1 +
√

z
)2
+ 1−

√
x
(
1− √z

)2
+ 1

)2

, min(d) and

max(b) are the minimum and maximum entries in d and b.

The proof of proposition 1 is presented in Appendix B. From proposition 1, we can see that the
MSE lower bound is related to the priori support size |S|, (1 + c)/min(d) and max(b) for the massive
MIMO channel estimation.

5. Simulations

In the simulation, the support diagnosis algorithm in [6] was adopted, and we assumed that
the transmission angle change between timeslots was within 1 degree. The pilot length was 50,
and antenna number at the BS was 100. The channel was generated according to the spatial model as
defined in 3GPP TR25.996. We compared our proposed algorithm with a unitary dictionary with a
size of 100 and the overcomplete dictionary with a size of 150, 200, and 250, and compared this with a
Bayesian sparse learning (SL) [16], weighted subspace pursuit (WSP) [6], weighted l1 minimization
(W-l1 min) [5], weighted iteratively reweighted least square(W-IRLS), IRLS [17], compressive sampling
matched pursuit (COSAMP) in [11], and l1 minimization (l1 min) [18].

In order to evaluate the channel estimation performance, we used a normalized mean-square
error (MSE) between true and estimated channel vectors as follows:

MSE =
1
T

∑
T

∥∥∥ĥd − hd
∥∥∥2∥∥∥hd

∥∥∥2 (24)

where T is the number of trials, ĥ
d

and hd are the estimated and original channel vector, respectively
for each trial. In the simulations the trial number T was 250.

In Figure 5 the overcomplete dictionary size was 150 in the proposed algorithm. It could be seen
that when the unitary dictionary was used, our proposed algorithm outperformed WSP, COSAMP
and IRLS, but was a little worse than W-l1 with a small gap. However, when the overcomplete
dictionary was used, our proposed algorithm outperformed other algorithms, but almost had the
same performance as SL with a little performance improvement which could be seen in the zoomed-in
subfigure. The overcomplete dictionary in the proposed algorithm can dramatically improve the MSE
performance due to the fact that there are more atoms in the overcomplete dictionary than in the
unitary dictionary which can improve the sparsity in the angular channel; however, it doesn’t mean
that the larger the overcomplete dictionary size is, the better performance it has, which is shown in
Figure 6.

106



Electronics 2019, 8, 473

Figure 5. Comparisons of channel estimation mean square error (MSE) for different algorithms.

Figure 6. Comparisons of channel estimation of MSE for the proposed algorithm with different
dictionary sizes.

We compared the performance of the proposed algorithm with different dictionary sizes in
Figure 6. It can be seen that in the high SNR region the performance improved when an overcomplete
dictionary was used, but the MSE performance gain did not improve when increasing the dictionary
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size. For example, the algorithm with a dictionary size of 150 had a relatively better performance than
with a dictionary size of 100. However, the performances with a dictionary size of 200 and 250 almost
gave the same trends as that with a dictionary size of 150. This was because the larger dictionary would
induce angel ambiguity because the correlation of atoms increased. Hence, in the practical engineering,
the dictionary size is not recommended to be very large. A large dictionary size is computationally
expensive and the benefit is limited. It also should be noted that in the low SNR region the MSE
performance with a larger dictionary size did not always do better than those with a smaller dictionary
size. For example, when the SNR was 0 dB, they hadsimilar performance. The reason was that in
the low SNR region the estimated channel support of the previous timeslot was not accurate enough,
and on the other hand larger dictionary size would have deteriorated the dictionary incoherence.

We compared the runtime and convergence performance of the proposed algorithm with a
different dictionary size in Figure 7. The relative error was defined as the ratio of the difference of
adjacent iteration results to the previous iteration result. It can be seen that the proposed algorithm with
dictionary size 150 converged fast than with a dictionary size of 100. However, the improvement had
its price, and the runtime for the proposed algorithm with dictionary size 150 was longer which meant
that the computational complexity was higher with a larger dictionary size. Based on the simulation
results shown in Figures 6 and 7, when the antenna at BS is 100, the dictionary size is recommended to
be set at 150 or so to balance the performance improvement and computation complexity.

Figure 7. Comparisons of runtime and convergence performances of the proposed algorithm with
orthogonal dictionary (size is 100) and overcomplete dictionary (size is 150).

6. Conclusions

In this paper we proposed a downlink channel estimation algorithm based on overcomplete
dictionary and variational Bayesian inference. We converted the complex system model to a real model
and exploited the correlation of angular channel sparsity in adjacent timeslots. In the algorithm we
divided the timeslots into groups and made use of the channel support information of the previous
timeslot to the channel estimation in the current timeslot within each group. The sparsity correlation
and Bayesian Cramér–Rao bound for the MSE of channel estimation was analyzed. Compared with
other recovery algorithms, such as WSP, IRLS, WIRLS, l1 min, W-l1 min and COSAMP, our proposed
algorithm with overcomplete dictionary had a relatively better performance. Moderate overcomplete
dictionary can improve the MSE performance of channel estimation to balance the computational
complexity and performance gain.
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Appendix A

Proof of angle change with UT movement.

According to the cosine law, we have

cosθ =
d2

1 + d2
LoS − (dNLoS − d1)

2

2d1dLoS
, (A1)

cos(θ± Δθ) =
d2

1 + d2
LoS − (dNLoS ± dΔ − d1)

2

2d1dLoS
. (A2)

Then we can get

θ± Δθ = arccos

⎛⎜⎜⎜⎜⎜⎝d2
1 + d2

LoS − (dNLoS − d1)
2 − d2

Δ ∓ 2dΔ(dNLoS − d1)

2d1dLoS

⎞⎟⎟⎟⎟⎟⎠. (A3)

Since d2
Δ is very small compared with d1 and dLoS, by the first-order approximation we have

θ± Δθ ≈ arccos
(

d2
1+d2

LoS−(dNLoS−d1)
2∓2dΔ(dNLoS−d1)

2d1dLoS

)
≈ arc cos(

d2
1+d2

LoS−(dNLoS−d1)
2

2d1dLoS
) ± 2dΔ(dNLoS−d1)

2d1dLoS
1√

1−cos2 θ

= θ± 2dΔ(dNLoS−d1)
2d1dLoS

1√
1−cos2 θ

. (A4)

Then we have

Δθ ≈ 2dΔ(dNLoS − d1)

2d1dLoS

1√
1− cos2 θ

. (A5)

�

Appendix B

Proof of Proposition 1.

Let z �
{
h, σ

}
, the we have

Ez

{
(z− ẑ)(z− ẑ)T

}
≥ J−1. (A6)

Since h, σ are independent, the Fisher information matrix J is block diagonal, and can be presented as

J =

⎡⎢⎢⎢⎢⎣ J
h,h 0
0 Jσ,σ

⎤⎥⎥⎥⎥⎦. (A7)

Then the inverse of matrix J is

J−1 =

⎡⎢⎢⎢⎢⎣ J
h,h
−1 0

0 Jσ,σ
−1

⎤⎥⎥⎥⎥⎦. (A8)
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Because p(y, z) = p
(
y
∣∣∣z)p(h∣∣∣∣α)p(α∣∣∣∣b)p(b)p(σ) , we have

J = Ez

{
−∂2 log p(y,z)

∂zi∂zj

}
= Ez

{
− ∂2 log p(y|z)

∂zi∂zj

}
+Ez

{
− ∂2 log p(h

∣∣∣α)

∂zi∂zj

}
+Ez

{
− ∂2 log p(α|b)

∂zi∂zj

}
+

Ez

{
−∂2 log p(b)

∂zi∂zj

}
+Ez

{
−∂2 log p(σ)

∂zi∂zj

} (A9)

Since we mainly focus on the MSE of h, we only need to analyze J
h,h. We discuss the above

formula part by part as follows:

1) Let J
h,h(y) = Ez

{
− ∂2 log p(y|z)

∂zi∂zj

}
, according to the Bayesian model in Figure 1, we have

p
(
y
∣∣∣z) ∼ Normal(y|Ah,σI)thenJ

h,h(y) = Ez{A
T

A

σ
} = A

T
A

σ
.

2) Let J
h,h(h) = Ez

{
− ∂2 log p(h

∣∣∣α)

∂zi∂zj

}
, and we have P

(
h
∣∣∣α)

=
2N∏
i=1

Normal(hi

∣∣∣∣0,αi) , then we get J
h,h(h) =

Ez

{
1
αi

}
.

3) Because Ez

{
− ∂2 log p(α|b)

∂zi∂zj

}
, Ez

{
−∂2 log p(b)

∂zi∂zj

}
and Ez

{
−∂2 log p(σ)

∂zi∂zj

}
are independent with h, they are

all 0. Then in summary, we get J
h,h = diag(E

(
1
αi

)
) + 1

σ2 A
T

A.

Since the priori support set information is used in our proposed algorithm, a three-layer model is
constructed for the elements belonging to the priori support set, and a two-layer model is used for the
elements not belonging to the priori support set, so EZ

{
1
αi

}
has different expressions for the two cases.

EZ
{

1
αi

}
in the two cases are discussed as follows:

1) When i belongs to the priori support set, according to the three-layer graph model we have

p(α) =
2N∏
i=1

Gamma(αi
∣∣∣a, bi) , (A10)

p(bi) = Gamma(bi

∣∣∣∣c, di) = Γ(c)−1dc
i b

c−1
i e−dibi . (A11)

Then we get
p(αi) =

∫ ∞
0 p(αi

∣∣∣bi)p(bi)dbi

=
∫ ∞

0 Γ(a)−1ba
iα

a−1
i e−biαi Γ(c)−1dc

i b
c−1
i e−dibi dbi

= Γ(a)−1Γ(c)−1αa−1
i dc

i
Γ(a+c)

(ai+di)
a+c

. (A12)

Accordingly, we have

E

{
1
αi

}
=

∫ ∞
0

1
αi

Γ(a)−1Γ(c)−1αa−1
i dc

i
Γ(a+c)

(ai+di)
a+c dαi

=
∫ ∞

0
1
αi

Γ(a+c)
Γ(a)Γ(c)

(
αi
d1

)a−1( αi
d1

+ 1
)−a−c

d αi
d1

, (A13)

where Γ(a+c)
Γ(a)Γ(c)

(
αi
di

)a−1(αi
di
+ 1

)−a−c
satisfies the probability density function of Beta prime

distribution. According to the properties of the Beta prime distribution, when −a < −1 < c,
we have
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E

{(
h− ĥ

)H(
h− ĥ

)}
≥ |S| · 1

|S|
∑
i∈S

1
1+c

a min(d) ++
λi
σ

+ (N − |S|) · 1
(N−|S|)

∑
i�S

1
max(b)

a +
λi
σ

→ |S| amin(d)
1+c

(
1− F(snr1,β)

4βsnr1

)
+ (N − |S|) a

max(b)

(
1− F(snr2,β)

4βsnr2

) . (A14)

2) When i does not belong to the priori support set, according to the high-order moment properties
for the general gamma distribution, we have

E

{
1
αi

}
=

bi
a

. (A15)

Then in summary, we have

E

{
‖h′ − h‖

2
}
≥ tr

⎛⎜⎜⎜⎜⎝(diag(E
(

1
αi

)
) +

1
σ2 A

T
A

)−1⎞⎟⎟⎟⎟⎠ = ∑
i∈S

1
1+c
adi

+ λi
σ

+
∑
i�S

1
bi
a + λi

σ

, (A16)

where S is the diagnosed support set, λi is the eigenvalues of A
T

A,and A
T

A ∈ R2M×2M.

When overcomplete dictionary is as Dd =
{

1√
N

e− j 2π
M kn

}
n,k

, k ∈ {1, · · · , M}, n ∈ {1, · · · , N}, and A is

Gaussian random matrix with each element is mean 0 and variance 1
Td

, then ADd is complex Gaussian

random matrix. Then A is Gaussian random matrix with mean 0 and variance ρd

2Td
.

According to the random matrix theory, for N×K dimensional random matrix H with each element
is independent and is variable with mean 0 and variance 1/N, when K, N→∞ and K

N → β ,then the

empirical distribution of eigenvalues of HTH converges almost surely as fβ(x) =
(
1− 1

β

)+
δ(x) +√

(x−a)+(b−x)+

2πβx , where (x)+ = max(0, x), a =
(
1− √

β
)2

, b =
(
1 +

√
β
)2

.

Since A ∈ R2Td×2M, and its element is Gaussian random variable with mean 0 and variance ρd

2Td
By

applying the above results for the empirical distribution of eigenvalues of HTH, when Td, M→∞ and
Td
M = β, the empirical distribution of eigenvalues λ of A

T
A converges almost surely as

fβ(λ) =
(
1− 1
β

)+
δ(λ) +

√
(λ− a′)+(b′ − λ)+

2πβλ
√
ρd

(A17)

where a′ =
√
ρd

(
1− √

β
)2

, b′ =
√
ρd

(
1 +

√
β
)2

. When s , M→∞ and s
M = μ, we have

E

{(
h− ĥ

)H(
h− ĥ

)}
≥ |S| · 1

|S|
∑
i∈S

1
1+c

a min(d) ++
λi
σ

+ (N − |S|) · 1
(N−|S|)

∑
i�S

1
max(b)

a +
λi
σ

→ |S| amin(d)
1+c

(
1− F(snr1,β)

4βsnr1

)
+ (N − |S|) a

max(b)

(
1− F(snr2,β)

4βsnr2

) , (A18)

where snr1 =
amin(d)
(1+c)σ , snr2 = a

σmax(b) and F(x, z) =
(√

x
(
1 +
√

z
)2
+ 1−

√
x
(
1− √z

)2
+ 1

)2

.

Then the proofs are complete. �
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Abstract: In this paper, we propose a novel multiple-symbol detector based on maximum likelihood
metric for differential quadrature amplitude modulation in massive multiple-input multiple-output
(MIMO) systems. While current research on differential modulation in massive MIMO has focused
on two consecutive symbols, our proposed detector is based on multiple-symbol, which is larger
than or equal to two. Moreover, we derive new distance based on the proposed detector. To encode
and decode data, we apply existing look-up table algorithm using the proposed distance, which is
known as optimum encoding algorithm for differential modulation. Simulation results show the
improvement based on the bit-error-rate performance since the proposed detector and distance vary
according to the channel statistic information.

Keywords: 5G wireless networks; massive MIMO; non-coherent detection; QAM

1. Introduction

Massive multiple-input multiple-output (MIMO) transmission technique has gained a lot of
attention in recent decades [1–13], since it can achieve significant improvement in terms of the energy
and spectral efficiency while using simple signal processing [1–4]. Massive MIMO systems prefer
operating in the time division duplex (TDD) mode in which users must synchronously send mutually
orthogonal pilot signals to the corresponding base station (BS) so that the BS can estimate the channels.
This method uses the estimated channels to perform signal processing [5–13], so that pilot signals
account for a significant part of the total coherent interval, which decreases the spectral efficiency.
In addition, when the number of users is large, the orthogonal pilot set has to be reused in every cell,
which leads to pilot contamination problems; this is considered as a performance bottleneck in massive
MIMO systems.

The authors of [8] investigate the power allocation to improve the spectral efficiency, this require
a large information exchange in backhaul of system between BSs or between BSs and users. Besides,
the algorithm to optimize the power is quite complex. Some semi-blind and blind channel estimation
methods in uplink massive MIMO have been proposed. In [9], the authors proposed an eigenvalue
decomposition-based method to blindly estimate the uplink channel from the data signal. However,
they assumed that the number of antennas was very large such that the channel vectors become
mutually orthogonal. The authors of [10] derived a new channel estimator based on subspace projection.
However, this channel estimation algorithm relies heavily on the eigenvalues of the channel matrix.
Interestingly, the authors of [11] proposed an energy detection scheme in which data symbols could
be detected without relying on estimated channels. The scheme used in [11] requires designing
unique modulated signal constellation for each user in the system. Another promising technique
that does not require estimated channels is differential modulation, but it has not received much
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attention in the massive MIMO research field until now. In [12], differential quadrature amplitude
modulation (DQAM) was proposed for massive MIMO systems. The modulation scheme used in [12]
was based on the asymptotic behavior of the channel when the number of BS antennas goes to
infinity; however, the authors of [12] did not show the detector when the number of BS antennas is
finite. The authors of [13] generalized the QAM detector in [12] and proposed a new detector and
non-coherent distance with better performance when the number of BS antennas is not very large.
The differential encoding part of [13] was done via the look-up table algorithm used in [14,15]; this is
known as the optimum encoding algorithm for differential modulation. Besides, both [12,13] can only
detect two consecutive symbols at a time. Recently, the authors of [16] developed a new differential
detector based on multiple-symbol differential detection (MSDD) and the generalized likelihood ratio
test (GLRT) criterion. However, the authors of [16] only consider the case of M-ary Phase Shift Keying
modulation (M-ary PSK).

In this paper, we propose a novel multiple-symbol detector for DQAM based on the maximum
likelihood metric, which can detect more than two symbols at a time and varies following channel
condition to adapt better with the change in environment. In addition, we propose a novel distance
which can be used to encode and decode data by using the look-up table algorithm in [14,15] for DQAM
encoding. Since the proposed scheme varies following the change in channel statistic information
while the schemes in [12,13] are unchanged, they adapt better to the change of environment and show
significantly better performance when compared to previous works [12,13].

2. System Model and Previous Works

Similar to [12,13], we also consider an uplink massive MIMO system consisting of a single-antenna
user and a base station equipped with a large number of antennas M(M � 1). We consider the
TDD mode and the block fading model which are popular used in research on massive MIMO
system [1,3,5,7,8], in which the channel is unchanged in one coherent interval T. The received signal
vector at the mth BS antenna is modeled as [1]

ym =
√

ρhmx + nm, (1)

where ρ presents the average signal-to-noise ratio (SNR); x = [xt, xt+1, ..., xt+L−1]
T is the transmit signal

vector with length L(L ≤ T) and E[||x||2] = L, where elements of x are taken from the conventional
QAM constellation as shown in Figure 1a, nm is the additive white Gaussian noise vector at the mth BS
antenna whose entries follow CN(0, 1); and hm is the channel coefficient with CN(μh, σ2

h ). An example
of the block fading model and signal vector is illustrated as in Figure 1b.

(a) (b)

Figure 1. Conventional 16-QAM constellation and illustration of block fading. (a) 16-QAM constellation;
(b) an illustration of block fading length T = 7 and signal vector length L = 3.

For simplicity, we normalize the channel so that μ2
h + σ2

h = 1. Since Rayleigh and Rician fading
models are very popular in evaluating system performance on both massive and regular MIMO
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system [17,18], we focus on these two models with μh =
√

Kr
1+Kr

and σh =
√

1
1+Kr

[12]. Thus,
the channel vector from a user to a BS now can be modeled as

h = μhhLOS + σhhNLOS, (2)

where Kr represents the Rician factor; In a special case, when Kr = 0, the channel becomes a Rayleigh
fading channel. Additionally, hLOS = [1, exp−jπ sin(θ), ..., exp−jπ(M−1) sin(θ)]T ∈ CM×1 with the arrival
angle θ; is the light-of-sight (LOS) component when the antenna spacing is a half of wavelength.
hNLOS ∈ CM×1 denotes the non-light-of-sight (NLOS) component whose elements follow i.i.d
Gaussian variables with zero mean and unit variance.

In [12,13], the authors considered two consecutive tth and (t − 1)th instants, with channel vectors
ht; and ht−1, and assumed ht ≈ ht−1. The received signal vector at the tth instant is given as

yt =
√

ρhtxt + nt. (3)

where xt is taken from a 16-DQAM constellation based on [19]. With a very large number of BS
antennas M, they have

lim
M→∞

1
M

hH
t ht−1 = 1, lim

M→∞

1
M

nH
t ht−1 = 0,

lim
M→∞

1
M

hH
t nt−1 = 0, lim

M→∞

1
M

nH
t nt−1 = 0,

(4)

Eventually, the signal symbol at the tth instant can be detected as

rt =
1
M

yT
t y∗

t−1 = ρxtx∗t−1 for very large M, (5)

in which xtx∗t−1 can be mapped back to the information symbol by the encoding rule of [19]. However,
the authors of [12] did not propose a detector for when the number of BS antennas M is finite.
The authors of [13] generalized the detector in [12] as ([13], Equation (6)), which can be applied for any
value of M. After that, they proposed a new two consecutive-symbol detector based on the conditional
probability and a new non-coherent distance as ([13], Equations (9) and (10)). The new distance in [13]
is used for look-up table algorithm in [14,15] for differential encoding.

Particularly, the authors of [14] had already proved that any differential encoding techniques can
be transform equivalently to a differential encoding via a look-up table. Using the algorithm in [14,15]
to create look-up table for encoding and decoding 16-DQAM signal, a brief explanation of a look-up
table is as follows. The readers should refer to [14,15] for the details of the algorithm.

• Sort all possible codeword pair cx and cy in descending order based on their proposed distance.
• Arrange all groups: Take codeword pair one by one from the sorted list L. Put two codewords

of a pair into the same group if possible; Otherwise, put them into two different groups and the
two groups are written into L, which is called the list of near group pairs (near groups means
the distance between members in two groups are small, which means there is a big chance that
these two groups may be wrongly estimated as each other). Two codewords cannot be in the same
group if their first symbols are identical.

• Assign modulated symbol to each group G1, G2. . . , G16 based on list L: Take group pairs one by
one in order from list L. The number of different bits assigned for the considered two groups
taken from L should be as small as possible (since two near groups have big change to be wrongly
estimated as each other, this step’s goal is to minimize the bit error).

Some properties of the look-up table are listed up below.
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• The number of rows in the table are numbers of groups of codewords.
• Codewords belong to the same group will encode for the same information.
• Number of codewords in each group are the same.
• The important metric to generalize the look-up table is the non-coherent distance between any

codewords, which is one of the new propose in this paper.
• General rules of generating the look-up table is that two codewords with small non-coherent distance

should be placed in the same group. Otherwise, they should be putted into different groups.

Moreover, this look-up table can be optimized by using algorithms proposed in [14,15]. In this
paper, we propose new non-coherent detector, new non-coherent distance and apply the algorithm
in [14,15] to generate the look-up table. We compare the performance of the proposed detector and
distance to the existing detectors and distances proposed in [12,13]. Due to the limitation of length,
we would like to skip the detail of the look-up table algorithm and refer interested readers to [14,15].

3. New Differential Detector and Non-Coherent Distance

Consider the received signal at mth BS antenna as in Equation (1), the conditional probability of
the received signal vector ym, given transmitted signal vector x, is calculated as

p(ym|x) = 1
2π det(Ry)

exp
{
− 1

2
(ym − ȳm)

H R−1
y (ym − ȳm)

}
(6)

where ȳm is the mean of ym and is given as

ȳm = E{ym} =
√

ρμhx, (7)

where det(Ry) is the determinant of Ry, and Ry is the covariance matrix of ym, which can be
calculated as

Ry = E
{
(ym − ȳm)(ym − ȳm)

H
}

= E
{

ρ(hm − μh)xxH(hm − μh)
H +

√
ρ(hm − μh)xnH

m

+
√

ρ(hm − μh)
HnmxH + nmnH

m

}
= (ρσ2

h xxH + IN).

(8)

Since the proposed detector aims to maximize the summation of the conditional probability
of received signal vector ym at all BS antennas 1 ≤ m ≤ M, given transmitted signal vector x,
the estimated signal vector x̂ can be calculated as

x̂ = arg max
x∈χ

M

∑
m=1

p(ym|x), (9)

where χ presents the vector space of all possible transmitted signal vectors x. Since the natural
logarithm function is monotonically increasing, maximizing p(ym|x) is equivalent to maximize
ln p(ym|x). Finally, the proposed detector is given as

x̂ = arg max
x∈χ

{ M

∑
m=1

−(ym − ȳm)
H R−1

y (ym − ȳm)− ln(det(Ry))

}
, (10)

Specially, when the channel is Rayleigh fading, we have ȳm = 0, and the proposed
detector becomes

x̂ = arg max
x∈χ,xt∈Q1

{ M

∑
m=1

−yH
m R−1

y ym − ln(det(Ry))

}
, (11)
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where Q1 is the first quadrant. This means the number of decision values that need to be calculated is
reduced by a factor of four, from NL to NL

4 , with N-QAM. The reduction occurs since when ȳm = 0,
for any codeword x = [xt, xt+1, ..., xt+L−1]

T with the first symbol xt belongs to the first quadrant of
the constellation, there are also three other codewords which have the first symbol x′t belong to three
other quadrants, that have the same estimated vector x̂ as x. In other words, we only need to calculate
the decision values of codewords which have the first symbol xt belongs to the first quadrant of the
constellation in case of Rayleigh fading. To calculate the proposed non-coherent distance, we propose
the distance from x1 to x2 and the distance from x2 to x1 as in Equations (12) and (13) based on the
proposed detector, Equation (10), as below:

d(x1 → x2) = ||[−ρ(chx1)
H R−1

x1
(chx1)− ln(det(Rx1))]− [−ρ(chx1)

H R−1
x2

(chx1)− ln(det(Rx2))]||; (12)

d(x2 → x1) = ||[−ρ(chx2)
H R−1

x2
(chx2)− ln(det(Rx2))]− [−ρ(chx2)

H R−1
x1

(chx2)− ln(det(Rx1))]||. (13)

Rx1 , Rx2andch in Equations (12) and (13) are calculated as

Rx1 = ρσ2
h x1xH

1 + IL; Rx2 = ρσ2
h x2xH

2 + IL; ch = σh + μh; (14)

The Equation (12) is the non-coherent distance from x1 to x2, which is based on the assumption
that we did send the codeword x1 but the detector wrongly estimated that x2 was sent. Inversely,
the Equation (13) is the non-coherent distance from x2 to x1 in which, the x2 was actually sent but
the detector wrongly estimated that x1 was sent. In other words, Equations (12) and (13) can be
used by likelihood estimator as a distance between two codewords x1 and x2. The larger the values
of Equations (12) and (13) are, the less chance the detector wrongly estimates between x1 and x2.
Eventually, the proposed non-coherent distance is calculated as

d(x1, x2) = min(d(x1 → x2), d(x2 → x1)). (15)

In the differential encoding part, we apply the look-up table algorithm for DQAM as in [14,15] by
using the proposed non-coherent distance in Equation (15).

The main contribution of these above steps and equations are summed up as follow.

• Equation (10) is our proposed detector which is derived based on the conditional probability
of received signal and contains channel statistical information, so that it adapts better with the
change in environment.

• Equation (11) is a simplified detector when the channel is Rayleigh fading.
• Equations (12) and (13) are derived based on Equation (10), and they are used to evaluate the

distance between two signal vectors (a small distance means that it is easy to wrongly decode
between two signal vectors).

• d(x1 → x2) is distance from x1 to x2 which is used to evaluate how likely it is to wrongly estimate
x1 as x2. Similar explanation is applied to d(x2 → x1).

• Eventually, we use Equation (15) to take the minimum value between d(x1 → x2) and d(x2 → x1)

as the distance between x1 and x2.

4. Numerical Results

In simulations, we use the conventional 16-QAM constellation and apply the look-up table
algorithm in [14,15] to differentially encode the information. Particularly, one 4-bit information symbol
is encoded into two consecutive 16-QAM points; thus, the non-coherent distance as in Equation (15)
calculated with the length of transmitted signal vectors x1, x2 is 2. Finally, the look-up table for
16-DQAM has 16 rows presenting 16 different groups; each group contains 16 different vectors x,
and all transmitted signal vectors in the same group correspond to the same information symbol.
The look-up table for the proposed 16-DQAM scheme with Rician fading channel Kr = 1 and an
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average SNR = −4 dB is given in Table 1 as an example. Notice that, in [14,15] after generating the
look-up table, there is one more step that maps information bit to each group. This step adds a little
more improvement in bit error rate performance since groups with small non-coherent distance are
mapped to information bit symbols with a small difference in the number of bits. However, in this
simulation, we focus on comparing the performance of detector and distance between our proposed
ones and previous ones in [12,13] so that we skip this step and add the information bit symbols
sequentially from first group to last group in the look-up table.

Table 1. Look-up table for 16-DQAM using proposed distance, L = 2.

G1 (0; 0) (1; 1) (2; 2) (3; 0)
G2 (0; 1) (1; 6) (2; 0) (3; 1)
G3 (0; 2) (1; 0) (2; 13) (3; 2)
G4 (0; 3) (1; 3) (2; 3) (3; 3)
G5 (0; 4) (1; 5) (2; 6) (3; 4)
G6 (0; 5) (1; 10) (2; 4) (3; 5)
G7 (0; 6) (1; 4) (2; 1) (3; 6)
G8 (0; 7) (1; 7) (2; 7) (3; 7)
G9 (0; 8) (1; 9) (2; 10) (3; 8)
G10 (0; 9) (1; 14) (2; 8) (3; 9)
G11 (0; 10) (1; 8) (2; 5) (3; 10)
G12 (0; 11) (1; 11) (2; 11) (3; 11)
G13 (0; 12) (1; 13) (2; 14) (3; 12)
G14 (0; 13) (1; 2) (2; 12) (3; 13)
G15 (0; 14) (1; 12) (2; 9) (3; 14)
G16 (0; 15) (1; 15) (2; 15) (3; 15)

Figure 2 illustrates the simulation results of the proposed 16-DQAM scheme with different lengths
of estimated signal vector L = 2 and 3, as well as the 16-DQAM schemes in [12,13] where the number
of BS antennas are M = 128 and 500, and the coherent length T = 7. Since the authors of [12]
did not show the detector when M is finite, we suppose that the 16-DQAM scheme in [12] uses the
generalized detector as in [13], Equation (6), and the corresponding non-coherent distance in [13].
As previously shown in [12,13], the 16-DQAM scheme of [12] shows an error floor when M is not very
large. The proposed scheme significantly outperforms the schemes in [12,13] for both M = 128 and 500.

Figure 2. Performance comparison between the proposed 16-DQAM scheme and the previous works
of References [12,13] under Rayleigh fading.
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Since the schemes in [12,13] can only detect two consecutive symbols at a time, we simulate our
proposed scheme when the length of signal vector is L = 2. We can clearly see that, with the same
channel condition and signal vector’s length, the proposed scheme outperforms the other schemes
for M = 128 with nearly 3 dB when BER = 10−4. With not so large number of BS antenna M = 128,
the significant improvement of the proposed scheme shows a huge potential that it can be deployed in
real system. When M increases to 500, the BER performance increases much more further with nearly
5 dB at BER = 10−4, which also shows the advantages of massive MIMO with very large number of
BS antennas.

Noticeably, the performance of the proposed scheme is improved significantly when the length
of the estimated signal vector L increases, regardless of the value of M. The gain is nearly 1.5 dB at
BER = 10−5 when the length L increases from 2 to 3. When M = 500, the scheme of [13] only performs
better than [12] at low BER (≤ 10−4) while the performance of the proposed scheme is remarkably
better than both [12,13]; the gain is approximately 3 dB at BER = 10−5 in comparison with [13].

Figure 3 shows the simulation results for the aforementioned schemes under Rician fading with
T = 7, L = 2, M = 128 and different values of the Rician factor Kr = 0, 1, and 10. Notice that when
Kr = 0, the Rician channel becomes a Rayleigh channel. The error floor still happens when Kr = 1
in the case of [12]. However, when the LOS component of the Rician channel becomes stronger with
Kr = 10, the error floor seems to disappear and the performance of [12] is improved much more
than [13]; the performance gap is nearly 1 dB at BER = 10−5. The performances of scheme of [13] are
nearly the same with different values of Kr, this is because the detector in [13] cancels out the channel
coefficient between two consecutively received symbols. The performance of the proposed scheme
is the best among three schemes. Even with Kr = 0 (i.e., Rayleigh fading), the performance of the
proposed scheme remains better than the other schemes with Kr = 1 or 10. When Kr is increased from
0 to 1 and 10, the performance of the proposed scheme is improved significantly with gains 5.5 dB
and 9.5 dB, respectively. In summary, we conclude that the proposed scheme shows much better
performance in Rician channels than in Rayleigh channels.

Figure 3. Performance comparison between the proposed 16-DQAM scheme and the previous works
of References [12,13] under Rician fading with different Rician factors.

5. Conclusions

In this paper, we propose a new detector and non-coherent distance for differential QAM
modulation in massive MIMO systems. We also apply the well-known look-up table algorithm
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for DQAM encoding using the proposed non-coherent distance. The proposed detector can detect
multiple symbols (≥ 2) at a time. The proposed scheme varies following the change in channel
information statistics, allowing them to adapt better to the change in environment. Additionally, they
can be applied in a wide class of channels with a not too large number of base station antennas. This
paper focuses on massive MIMO system with single cell. Therefore, as a future work, it will be very
attractive to investigate the performance and how to improve the proposed scheme in the multiple-cell
environment where there is the presence of interference between users in nearby cells.
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Abstract: This paper focuses on the throughput performance enhancement in the single cell multi-user
MIMO (MU-MIMO) downlink system model. For better quality of service, this paper proposes the
scheme that increases system throughput and improves the spectral efficiency. Specifically, the signal
transmission and detection schemes are proposed by using multiple dimensions. At the transmitter
side, two dimensions (power and space) are adopted at the same time. To achieve multiple access
(MA), the space domain is exploited by using a block diagonalization (BD) precoding technique,
and the power domain is exploited to transmit more data symbols. At the receiver, the signal detection
structure corresponding to a transmitter is also proposed. In the simulation results, comparisons
of throughput performance are presented in various aspects. As a result, the proposed scheme
outperforms the conventional schemes using only one dimension in terms of throughput. This paper
shows strong performance in MU-MIMO senarios by adopting multiple dimensions.

Keywords: multi-user MIMO; space division multiple access (SDMA); block diagonalization (BD);
non-orthogonal multiple access (NOMA); broadcast channel

1. Introduction

In the future, in order to handle explosive data traffic, studies will probably aim to increase
channel capacity and data rate in the overall wireless communication system [1]. Multiple-input
multiple-output (MIMO) has been studied in wireless systems since it has dramatic gains in channel
capacity [2]. Also, multiuser MIMO (MU-MIMO) has been studied widely as a potential for improving
the overall throughput [3–5]. In downlink broadcasting (BC) channel, MU-MIMO is accomplished by
multiuser beamforming that eliminates the multiuser interference (MUI) completely [6–9]. A number
of users can be served by one base station (BS) simultaneously and the spectral efficiency can be
increased. Therefore, the use of space-division multiple access (SMDA) in the downlink channel
provides a considerable gain in system capacity. The sum rate of the MU-MIMO broadcast channel
is achieved by dirty paper coding (DPC). However, the critical drawback of DPC is extreme high
complexity to implement in practice [10]. Another promising technique in an MU-MIMO system is
block diagonalization (BD). In this paper, the proposed scheme considers BD as a generalization of the
channel inversion [11,12]. BD supports the multiple data stream with low complexity and approaches
the sum capacity of DPC using user selection algorithms [13].

On the other hand, non-orthogonal multiple access (NOMA) is one of the most promising
techniques for improving the overall spectral efficiency [14,15]. NOMA shares the same resources
with multiple users by exploiting the domains. The well-known NOMA schemes can be divided
into power-domain and code-domain NOMA. Power-domain NOMA multiplexing is achieved by
different allocated power for users according to the channel conditions. Symbols are superposed
to each user and receivers perform successive interference cancellation (SIC) [16]. Furthermore,
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MIMO-NOMA is another popular technique to increase sum capacity. In MIMO-NOMA work,
the signal processing techniques are investigated and two main routes exist: single-cluster and
multi-cluster MIMO-NOMA [17–19]. Using MIMO-NOMA, a full benefit of system capacity and
user fairness is achieved by well-chosen power allocation, user clustering, and beamforming [20,21].
Most of these papers consider the user grouping and clustering. However, the proposed scheme
fundamentally does not consider user grouping and clustering. Due to the fundamental difference,
the proposed scheme has additional advantages. In this paper, the proposed signal transmission and
detection scheme use superposition coding (SC) and SIC in conjunction with MU-MIMO to improve
the system spectral efficiency. With the SDMA scheme, a number of data symbols can be served to
each user by SC and SIC. The power and space domain are fully exploited at the same time and the
overall system throughput can be improved in single cell MU-MIMO scenario. The main contributions
of this paper are summarized as follows:

1. First, the proposed scheme is written in a different view from the existing MU-MIMO papers.
Recently, many researches in MU-MIMO and NOMA have been mainly focused on increasing
spectral efficiency by using user clustering, power allocation, and beamforming. User clustering
means that close and far users are clustered within each beam and result in intra-beam interference.
Intra-beam interference is a major cause of performance degradation. In existing papers,
the resource reuse approach is highly affected by intra-beam interference and is critical to overall
system performance. However, the proposed scheme does not need to consider intra-beam
interference. The proposed scheme makes a single user in each beam and power domain is
exploited in a single user. In conclusion, power and spatial domains are exploited within a
single user.

2. Second, the proposed scheme improves performance through joint design that uses dimensions
appropriately according to wireless communication systems. In a wireless communication system,
it is important to decide which technique to use according to the system requirements and
characteristics along with cost and complexity constraints. While there are various combinations
of techniques that make up the wireless communication system, it is difficult to get a clear
answer as to the best scheme for a complex multiuser system under a range of typical operating
conditions. This paper proposes a technique that can appropriately bring out the merits of various
combinations of techniques.

3. Finally, the proposed idea can be described from a different perspective and provides insights into
other system implementations. The key idea here is to use multiple dimensions appropriately. The
beauty of this approach is that it can even be applied to other multiple access systems. The various
system models can be implemented by using additional dimensions. This paper demonstrates
that the system throughput can be increased by using multiple dimensions. This concept can
be extended further. If the additional dimensions are used without degradation or with a little
tradeoff, the system throughput can be increased. The idea presented in this paper provides a
multitude of interesting avenues for future research.

The remainder of this paper is organized as follows. Section 2 describes the problems of the
existing scheme and explains the solution and the reasonability of the proposed scheme. Section 3
describes the overall system model and the proposed scheme. Also, this section presents the
performance of the proposed scheme. Section 4 presents simulation results and compares with
the conventional scheme under various conditions. Section 5 considers some extensions about the
implementation of the proposed scheme. Finally, conclusion is provided in Section 6.

2. Motivation

The novelty of the proposed scheme is to use multiple dimensions as much as possible.
Figure 1a,b represent examples of resource usage in NOMA and BD schemes using only one dimension,
respectively. Figure 1c represents example of resource usage for the proposed scheme. In Figure 1a,b
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which represent existing techniques, the two techniques cannot be simply combined since all existing
schemes utilize each technique for multiple access. However, in the proposed scheme, the SC is used to
separate each symbol by utilizing the power domain. In conclusion, it is possible to utilize both power
and space domain at the same time and improve performance by changing usage in SC application.
In addition, through proper combination, the proposed scheme compensates the shortcomings of
existing schemes and has advantages. First, overhead of the BS is reduced. A dynamic user scheduling
and grouping strategy needs the feedback information at the BS. The proposed scheme can reduce the
feedback overhead significantly by not considering intra-beam interference. Second, proper fairness
among users is assured. The interference is treated as noise to users and does not guarantee fairness
among users. In the proposed scheme, a certain error probability is ensured for all users. Third,
the complexity is reduced for each user. In the case of the existing NOMA scheme, it is necessary
to decode even if it is not the user’s own signal. However, in the proposed scheme, all the decoded
symbols become the user’s own data. Therefore, it is possible to reduce the complexity of the user in
demodulating unnecessary data. As a result, the proposed scheme allows more flexibility in spreading
user signals over the multiusers.

(a)

(b)

Figure 1. Cont.

125



Electronics 2019, 8, 758

(c)

Figure 1. Examples of resource usage in various dimensions (a) Example of resource usage for
conventional NOMA; (b) Example of resource usage for conventional BD; (c) Example of resource
usage for proposed scheme.

By adopting the multiple dimensions, the same resources can be shared at each domain. In this
paper, both the power and space domain are exploited. Figure 2 shows an example of additional
dimension usage. Four dimensions (frequency, time, power, space) are used and the same resources
can be appropriately shared. Therefore, the more data symbols can be transmitted to more users.

Figure 2. The spectral efficiency using multiple dimensions.

This paper considers a downlink single-cell MU-MIMO system as shown in Figure 3. In the
proposed scheme, multiple access is accomplished by SDMA and the power domain is exploited to
transmit more data symbols to each user. As a result, the proposed scheme has significant potential
to improve spectral efficiency and provide better wireless services to many users. Also, this paper
offers advantages in various design issues to meet the requirements and characteristics of the system
by using multiple dimensions.
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Figure 3. The downlink single-cell MU-MIMO system.

3. Proposed Scheme

This section describes the proposed scheme from data transmission to signal detection. Using the
proposed system, more data symbols can be transmitted and more users can be served simultaneously.
First, the transmission model explains how two additional domains can be used to improve spectral
efficiency. Second, the signal detection model explains how each signal is detected and reliability can
be satisfied. Additionally, in the received SINR, some considerations for the proposed scheme are
presented. Finally, the sum throughput between the proposed scheme and conventional schemes is
compared. As a result, the throughput performance of the proposed scheme is superior to that of the
conventional scheme.

3.1. System Model

This paper considers a downlink MU-MIMO broadcast system which consists of one BS and
K users as shown in Figure 4. BS is equipped with Nt transmitting antennas and each user has Nr

receiving antennas. The MIMO channel of each user is assumed to be flat fading, since frequency
selective fading channel can be easily overcome by using orthogonal frequency division multiplexing
(OFDM) modulation. The system model can be further extended to frequency selective fading MIMO
channel considering all subcarriers. In this system model, the transmit signal for the k-th user can be
denoted as follows,

xk = Wksk. (1)

The received signal at the k-th user is given by

yk = HkWksk︸ ︷︷ ︸
desired signal

+
K

∑
j=1,j 
=k

HkWjsj︸ ︷︷ ︸
undesired signals

+nk, k = 1, · · · , K, (2)

where k and j are user indices, Wk is Nt × Nr precoding matrix for user k, sk is a Nr × 1 data symbol
vector, xk is a Nt × 1 precoded signal vector for the k-th user. yk is a received signal vector for the
k-th user and nk is Nr × 1 zero-mean additive white Gaussian noise (AWGN) vector with variance σ2.
In the Equation (2), the first term denotes signal in the intended direction (desired user sk) and the
second term denotes multi-user interference caused due to undesired signals (undesired users sj)
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Figure 4. The downlink MU-MIMO broadcasting model.

3.2. Data Transmission Model

To exploit both the power and space domain, BD and SC scheme are used. The overall
transmission model is shown in Figure 5. First, SC is used for exploiting power domain. The transmit
symbols are superposed with different powers in one signal. Therefore, the transmitter can transmit
more data stream at the same time. In the existing NOMA scheme, SC and SIC are used to suppress
the MUI by allocating the different powers to different users. However, the proposed scheme uses
SC for separating the symbols in one superposed signal on the same user which BS transmits. In the
proposed scheme, the transmit signals for the i-th receiving antenna can be written as follows,

si =
√

P1 s̃i,1 +
√

P2 s̃i,2 + · · ·+
√

PNs̃i,N , (3)

where i is a receiving antenna index, N is the number of symbols in one superposed signal. s̃ are
the symbols in one superposed signal. The proposed scheme allocates optional power to symbols to
detect each symbol, leading P1 < P2 < · · · < PN . Then, transmit signals for the k-th user are defined
as follows,

sk =

⎡⎢⎢⎢⎢⎣
s1 (k)
s2 (k)

...
sNr (k)

⎤⎥⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎣
√

P1 s̃1,1 (k) +
√

P2 s̃1,2 (k) + · · ·+√
PNs̃1,N (k)√

P1 s̃2,1 (k) +
√

P2 s̃2,2 (k) + · · ·+√
PNs̃2,N (k)

...√
P1 s̃Nr ,1 (k) +

√
P2 s̃Nr ,2 (k) + · · ·+√

PNs̃Nr ,N (k)

⎤⎥⎥⎥⎥⎦ . (4)

Figure 5. The proposed signal transmission model.
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For exploiting space domain, the precoding matrix W should be designed in SDMA. In the scheme,
BD beamforming is adopted to suppress the MUI since BD method shows a strong performance in
terms of capacity and has a good flexibility. The objective of the BD method is to completely elminate
the MUI by employing the precoding matrix W. Then, the precoding matrix design for MUI elimination
can be defined as follows,

H̃kWk = 0, k = 1, · · · , K. (5)

where H̃k is represented as the channel matrix for all users except for user k,

H̃k = [HT
1 · · ·HT

k−1 HT
k+1 · · ·HT

K]
T . (6)

With the help of singular value decomposition (SVD), the precoding matrix for eliminating the
MUI is designed. SVD is used to decompose a matrix into matrices representing rotation and scaling.
By applying the SVD, the H̃k is defined as follows

H̃k = UkΛk[V
(1)
k V

(0)
k ]H , (7)

where Λk is the diagonal matrix of which the diagonal elements are singular value of H̃k. V
(0)
k contains

vectors of the zero singular values, V
(1)
k and contains vectors of the non-zero singular values. V

(0)
k is

an orthogonal basis for the null space of H̃k and the required precoding matrix. As a result, intended
user’s channel is projected on the null space in order to have the transmission under the constraint of
zero-interference (i.e.,H̃kṼ

(0)
k = 0 , k = 1, · · · , K.)

The received signal of the k-th user after eliminating MUI is defined as follows,

yk = HkWksk + nk = He f f ,ksk + nk

= He f f ,k

⎡⎢⎢⎢⎢⎣
s1 (k)
s2 (k)

...
sNr (k)

⎤⎥⎥⎥⎥⎦+

⎡⎢⎢⎢⎢⎣
n1 (k)
n2 (k)

...
nNr (k)

⎤⎥⎥⎥⎥⎦

= He f f ,k

⎡⎢⎢⎢⎢⎣
√

P1 s̃1,1 (k) +
√

P2 s̃1,2 (k) + · · ·+√
PNs̃1,N (k)√

P1 s̃2,1 (k) +
√

P2 s̃2,2 (k) + · · ·+√
PNs̃2,N (k)

...√
P1 s̃Nr ,1 (k) +

√
P2 s̃Nr ,2 (k) + · · ·+√

PNs̃Nr ,N (k)

⎤⎥⎥⎥⎥⎦+

⎡⎢⎢⎢⎢⎣
n1 (k)
n2 (k)

...
nNr (k)

⎤⎥⎥⎥⎥⎦ .

(8)

where He f f ,k denotes the effective channel of the k-th user. According to the Equation (8), the MUI is
perfectly eliminated and the k-th user receives its own data. Finally, the users can be considered as
point-to-point MIMO.

As a result, by exploiting both the spatial and power domains additionally, more data symbols
can be transmitted in the same resource (frequency/time). In the proposed scheme, as the number of
symbols at each superposed signal is increased, sum throughput at each user is linearly improved.
Although the allocated power to each symbol is reduced, the total throughput is improved since the
number of transmit symbols is increased. Unlike other techniques that use only one dimension, such
as space or power domains, the proposed scheme can achieve significant gains in overall system
throughput by using additional domains.

3.3. Signal Detection Model

The MUI is perfectly eliminated by using the precoding matrix. Since the k-th user receives its
own data without MUI, the appropriate receiver structure for each user is similar to the point-to-point
MIMO. In Equation (8), MIMO detection is performed. In MIMO detection algorithm, there exist linear
and non-linear algorithms. In the proposed scheme, linear detection algorithms such as zero-forcing
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(ZF) and minimum mean squared error (MMSE) can be applied simply. If the ZF detection scheme is
used, the filter matrix for the k-th user is as follows,

Gk = HH
e f f ,k(He f f ,kHH

e f f ,k)
−1. (9)

The detected superposed signals of the k-th user using ZF MIMO detection can be represented
as follows,

ŝk = Gkyk = HH
e f f ,k(He f f ,kHH

e f f ,k)
−1(He f f ,ksk + nk)

= HH
e f f ,k

(
HH

e f f ,k

)−1(
He f f ,k

)−1
He f f ,ksk + HH

e f f ,k(He f f ,kHH
e f f ,k)

−1nk = sk + Gknk.
(10)

In the Equation (10), sk can be detected since it satisfies GkHe f f ,k = I. However, if the linear
detection algorithms are used, the bit error rate (BER) performance is too poor since the power of
symbols in one superposed signal is low. Low performance detection techniques in terms of BER
can cause a negative effect on performing SIC. Therefore, the non-linear detection algorithms can
be applied such as maximum likelihood (ML), ordered successive interference cancellation (OSIC),
decision feedback equalizer (DFE), QRD-M.

From Equation (10), the estimated superposed signals of the k-th user after performing MIMO
detection can be reconstructed as follows,

ŝk =

⎡⎢⎢⎢⎢⎣
ŝ1 (k)
ŝ2 (k)

...
ŝNr (k)

⎤⎥⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎣
√

P1̂̃s1,1 (k) +
√

P2̂̃s1,2 (k) + · · ·+√
PNˆ̃s1,N (k)√

P1̂̃s2,1 (k) +
√

P2̂̃s2,2 (k) + · · ·+√
PNˆ̃s2,N (k)

...√
P1̂̃sNr ,1 (k) +

√
P2̂̃sNr ,2 (k) + · · ·+√

PNˆ̃sNr ,N (k)

⎤⎥⎥⎥⎥⎦ , (11)

whereˆ̃s are the symbols at each estimated superposed signal. In Equation (11), the superposed signal
can be decoded by conducting SIC. Therefore, SIC is performed at each receiving antenna. In estimated
superposed signal, the strong symbol, i.e.,

√
pNs̃Nr,N is first decoded. The first decoded symbol can be

represented as follows,

ˆ̃s
d
k =

⎡⎢⎢⎢⎢⎣
ˆ̃sd

1,N (k)
ˆ̃sd

2,N (k)
...

ˆ̃sd
Nr ,N (k)

⎤⎥⎥⎥⎥⎦ . (12)

The decoded symbol is then subtracted from the superposed signal.

ŝk −ˆ̃s
d
k =

⎡⎢⎢⎢⎢⎣
√

P1̂̃s1,1 (k) +
√

P2̂̃s1,2 (k) + · · ·+√
PNˆ̃s1,N (k)√

P2̂̃s2,1 (k) +
√

P2̂̃s2,2 (k) + · · ·+√
PNˆ̃s2,N (k)

...√
P1̂̃sNr ,1 (k) +

√
P2̂̃sNr ,2 (k) + · · ·+√

PNˆ̃sNr ,N (k)

⎤⎥⎥⎥⎥⎦−

⎡⎢⎢⎢⎢⎣
ˆ̃sd

1,N (k)
ˆ̃sd

2,N (k)
...

ˆ̃sd
Nr ,N (k)

⎤⎥⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎣
ˆ̃sd

1,N−1 (k)
ˆ̃sd

2,N−1 (k)
...

ˆ̃sd
Nr ,N−1 (k)

⎤⎥⎥⎥⎥⎦ . (13)

Finally, all the symbols in the superposed signal can be decoded by performing SIC. The receiver
model is described in Figure 6.
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Figure 6. The proposed signal detection model.

3.4. Received SINR

In this subsection, signal to interference plus noise ratio (SINR) for the symbols in a superposed
signal is represented to consider the performance of proposed scheme. If it is assumed that the two
symbols are superposed in one superposed signal, i.e., si =

√
P1 s̃i,1 +

√
P2 s̃i,1, the received signal at

the i-th receiving antenna for each user after eliminating MUI can be defined as follows,

yi = λi(
√

P1 s̃i,1 +
√

P2 s̃i,2), (14)

where i is received antenna index, λi is a channel gain in one MIMO parallel channel. In this case,
P1 < P2 subject to total power constraint. Therefore, s̃i,1 is a weak symbol and s̃i,2 is a strong symbol.
Then the received SINR for the strong symbol is defined as follows,

SINRs̃2 =
λiP2

σ2 + λiP1
. (15)

The weak symbol can be decoded by employing SIC. If it assumed that perfect SIC decoding is
conducted, the received SINR for weak symbol is defined as follows,

SINRs̃1 =
λiP1

σ2 . (16)

In the proposed scheme, SINR shows two negative effects in terms of system throughput. First,
the weak symbol acts as an interference for received SINR of the strong symbol. As shown in Equation
(15), λiP2 term is considered as noise. Second, strong symbols is likely be decoded incorrectly.If a strong
symbol is not properly decoded, it can adversely affect the decoding of weak symbol. The negative
effects for the system throughput are restated in the simulation result. Although there are some
degradations in terms of throughput on exploiting the power domain, the system throughput is
increased since the number of transmit symbols is linearly increased at high SNR.

4. Simulation Results

This section shows simulation results to demonstrate the throughput gain of the proposed scheme
and compares the results with other conventional schemes. Simulation results also provide some
considerations for the proposed scheme. The simulations are performed in seven multi-path Rayleigh
fading and time-invariant channel model. OFDM overcomes the frequency selectivity of the wideband
channel and multiple carriers enable the high rate data transmission [22,23]. The OFDM symbol is
composed of 128 FFT size, four pilots and the 108 data subcarriers based on specification for IEEE
802.11n. The remaining 16 subcarriers are zero padding and OFDM symbol duration is 4 microseconds.
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All the simulation are simulated with quadrature phase-shift keying (QPSK) modulation (data bits per
subcarrier is 2).

Figure 7a,b compare the sum throughput between the proposed schemes and the conventional
schemes for the case of two users as a function of SNR. The throughput T is calculated as follows,

T = Nb × (1 − E)L × K ÷ Ts

Nb = Ns × O × Nr × s,
L = Ns × O,

(17)

where Nb is the number of transmit data bits and L is the number of data bits in one OFDM symbol. E
is the BER for each user and Ns is the number of data subcarriers. O is the number of data bits per
subcarrier and s is the number of symbols in one superposed signal. Ts is the OFDM symbol duration.
In the simulation, proposed scheme and conventional BD are the MIMO system that BS and each user
have multiple antennas. On the other hand, the conventional NOMA has one antenna at the BS and
each user since multiple access is accomplished by the power domain. The proposed scheme and
BD scheme are simulated in the case of Nt = 4, Nr = 2, K = 2 (4, 2, 2) and NOMA scheme is Nt = 1,
Nr = 1 K = 2 (1, 1, 2). And in the proposed scheme, the number of symbols at each superposed signal
is two (N = 2). Therefore, the total number of transmit symbols to each user is 8. The power of each
symbol is allocated at a ratio of 8:2 from the total power Pt = 1. In MIMO system, the ML MIMO
detection is applied before conducting SIC. The summary of the simulation parameters is shown in the
Table 1.

Table 1. Simulation Parameters.

Scheme Ns O Nr s K

Conventional BD 108 2 2 1 2
Conventional NOMA 108 2 1 1 2

Proposed Scheme 108 2 2 2 2

In the simulations, there are two types of simulation results: with and without SIC error.
Figure 7a,b show the simulation result with SIC error and Figure 7c,d show the simulation result
without SIC error. Both cases of the proposed scheme outperform the conventional schemes in terms
of maximum throughput since the proposed scheme exploits both the spatial and power dimensions.
The conventional BD shows better performance than the proposed scheme in terms of BER. However,
the proposed scheme has higher throughput since the proposed scheme transmits more symbols.
In Figure 7b, the BER performance of the proposed scheme is better than that of NOMA since the
effect of MIMO detection and SIC decoding is improved at high SNR. Figure 7c,d show the impact of
SIC error on the proposed scheme. Without SIC error, throughput and BER performance are better
than when there is SIC error. If the strong symbol is wrongly decoded at low SNR, the weak signal is
also wrongly decoded. As a result, the error propagation occurs. Therefore, the system needs to be
designed to avoid error propagation and reduce SIC error. As the proposed scheme minimizes the
impact of SIC error, the performance of the proposed scheme approaches the case where there is no
SIC error.
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(a) (b)

(c) (d)

Figure 7. Throughput and BER performance of conventional and proposed schemes: (a) Throughput
performance with SIC error; (b) BER performance with SIC error; (c) Throughput performance without
SIC error; (d) BER performance without SIC error.

Figure 8a, b show the performance difference of the proposed scheme according to the number
of users and antennas (Nt, Nr, K). The cases of (6, 3, 2) and (6, 2, 3) have the higher throughput
performance than (4, 2, 2) case since (6, 3, 2) and (6, 2, 3) transmit more symbols by exploiting both
space and power dimension. (6, 2, 3) case has lower throughput performance in low SNR than (6, 3, 2)
case since (6, 3, 2) case allocates more symbols to each user. On the other hand, in case of (6, 2, 3), one
more user can be serviced. In terms of BER, (6, 3, 2) has better BER performance than (6, 2, 3) since
(6, 3, 2) transmits more symbols to each user than (6, 2, 3). (4, 2, 2) has better BER performance than
(6, 2, 3) since more power is allocated to each symbol. However, (6, 2, 3) has higher throughput than
(4, 2, 2) since (6, 2, 3) transmits more symbols.
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(a) (b)

Figure 8. Throughput and BER performance of proposed scheme according to the number of users and
antennas: (a) Throughput performance; (b) BER performance.

Figure 9a, b show the difference of the performance between the cases of linear MIMO detection
and non-linear MIMO detection. The method with ML detection outperforms the method with ZF
detection. The ML technique has better detection performance than the ZF technique before performing
SIC on each antenna. Additionally, the ML detection technique mitigates the error propagation
compared to the ZF detection scheme.

As a result, the overall simulation results show better performance compared to conventional
schemes by using two dimensions simultaneously. In the proposed scheme, by exploiting both power
and space domains at the same time, the transmitted symbol is increased. The results show that the
superiority of the proposed scheme, and the proposed scheme uses the dimensions appropriately.

(a) (b)

Figure 9. Throughput and BER performance of ML detection and ZF detection: (a) Throughput
performance; (b) BER performance.
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5. Implementation Issue

This section presents some additional considerations for system application and limitation under
practical constraints. In addition, this section gives some ideas for additional performance gain and
presents some methods to reduce some negative effects in the proposed scheme.

5.1. Complexity

In the proposed scheme, the additional implementation complexity in typical NOMA is not
needed since SIC is performed for the own user’s data. However, even though the superposed signals
are the user’s own data, the symbols with small allocation power in superposed signal have poor
BER performance. To solve this problem, a detection scheme with better performance should be
used. However, a non-linear algorithm has high complexity. For this problem, a complexity-reduced
detection algorithm can be considered. The main consideration is achieving higher throughput with
lower complexity.

5.2. SIC-Error Propagation

SIC is often assumed to be successful with perfect decoding. However, for systems with actual
modulation and coding, decoding error inevitably occurs, causing error propagation and remarkable
performance degradation. As shown in the simulation results, there are performance differences with
and without SIC errors. Ultimately, well-designed system for the proposed scheme which avoids error
propagation and decoding error should be considered for optimum performance.

5.3. Power Allocation

The achievable throughput is affected by the transmit power allocation. If it is assumed that two
symbols are superposed in one signal, we should consider how much power should be allocated for
each symbol. Basically, allocating more power to strong symbols can reduce the error propagation.
However, allocating more power to strong symbols increases the error probability of weak symbols
since the power of a weak symbol is too low. As a result, power allocation to each symbol should be
considered according to the number of the symbols at the superposed signal subject to total power
constraint.

5.4. Optimal Parameters

In the proposed scheme, if the number of the symbols in a superposed signal is increased, the sum
throughput can be increased linearly. However, the sum throughput cannot be increased without limit
since there is a limitation that a receiver can detect the symbols. As more symbols are transmitted,
the power allocated to the symbols is reduced. Therefore, if too many symbols are transmitted,
the receiver can not detect each symbol. Furthermore, there is also the degradation of sum throughput
because of the interference in performing SIC. Therefore, the important issue is to find a near-optimal
parameter between the number of users and the number of symbols in a superposed signal in the
overall system.

6. Conclusions

This paper suggests multi-dimensionality and a methodology to improve the throughput in an
MU-MIMO system. This paper also presents the transceiver structure of the proposed scheme. As a
result, the multiple dimensions (space and power) are exploited at the same time, and the overasll
system spectral efficiency is improved. If more dimensions are used without degradation or with a
little tradeoff in performance, the system throughput can be increased. Also, various system models
can be implemented by using additional dimensions.
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Abstract: In general frequency-selective Ricean fading environments with doubly-ended spatial
correlation, this paper investigates the spectral efficiency of a broadband massive multiple-input
multiple-output (MIMO) system. In particular, in order to reduce overhead of channel estimation
effectively, it proposes a scheme of equal gain transmission and combining, which is only based on
line- of-sight (LOS) component and has low hardware complexity. With the scheme, several interesting
transmit power scaling properties without and with spatial correlation are derived when the number
of antennas at the transmitter or the number of antennas at the receiver grows in an unlimited way.
Furthermore, the asymptotical rate analysis is extended to the cooperative relaying scenarios with
decode-and-forward and amplify-and-forward protocols, respectively, and then two novel power
scaling laws are given.

Keywords: massive MIMO; beamforming; line-of-sight; Ricean fading; frequency-selective; power scaling

1. Introduction

Recently, massive multiple-input multiple-output (MIMO) has attracted great interest in both
academia and industry, and has been a promising solution to meet the demanding spectral efficiency
requirement of 5G systems [1]. Its promising benefits includes significant increase of both spectral
and energy efficiencies [2–4]. Interestingly, the two benefits of massive MIMO can be achieved
by maximum-ration transmission/maximum-ration combining (MRT/MRC) or zero-forcing (ZF)
precoding/detection [3,5].

With MRT/MRC and ZF linear processing, many scholars have given various asymptotic
performance analyses. In particular, the power scaling law in the limit of the large number of antennas
has been widely studied in order to quantify the power savings. For Rayleigh and Ricean fading
environments, with MRC and ZF detectors, authors in [3,6] analyzed uplink massive MIMO system
performance. If perfect channel state information (CSI) is available, they showed that, when the
number of base station (BS) antennas grows large and the transmit power of each user is scaled down
proportionally to it, the ergodic achievable rate can asymptotically be equal to a positive constant.

In order to obtain the needed CSI, channel estimation must be obviously carried on [7]. However,
the channel estimation will result in not only heavy overhead but also pilot contamination in multi-cells,
which will become a serious problem [2,8]. For a point to point massive MIMO system in Ricean
fading, to reduce the heavy overhead to estimate the CSI, we investigated a scheme with equal gain
transmission /equal gain combining (EGT/EGC), which is only based on the line-of-sight (LOS)
component (or say specular component) and has low hardware complexity [9]. It was showed that,
with this scheme, the ergodic achievable rate can converge to that of the corresponding MRT/MRC
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based on the perfect CSI as the two numbers of antennas at the transmitter and receiver go to infinity.
After that, we further considered the novel linear processing scheme for a downlink or uplink multiuser
massive MIMO system [10,11] and showed that each user in the downlink or uplink system can
have asymptotically the same rate as in the single-user case when the number of BS antennas goes
without bound.

It should be pointed out that the above-mentioned results with the novel scheme have only
considered uncorrelated Ricean frequency-flat fading channels without a relay [12]. Recently, we tried
to develop our analysis to frequency-selective Ricean fading channels [13], but only for a very simple
and special scenario [14]. The EGT/EGC linear transmission scheme is very attractive for massive
MIMO systems since it enables low-complexity and inexpensive hardware [15–18]. Motivated by
these facts, in this paper, we make use of a comparatively complicated and general frequency-selective
Ricean fading channel model [14,19,20] to investigate further the LOS-based EGT/EGC scheme.
We firstly derive several interesting power scaling properties for broadband massive MIMO systems
with and without spatial correlation. In particular, it is shown that the ergodic achievable rate of
LOS-based EGT/EGC scheme can have the same asymptotic value as the ergodic achievable rate of
the whole CSI-based MRT/MRC scheme if the two numbers of transmit and receive antennas go
without bound and with a fixed ratio. Then, we extend our asymptotical performance analysis to the
cooperative relaying scenarios with decode-and-forward (DF) protocol and with amplify-and-forward
(AF) protocol, respectively, and obtain two novel power scaling laws for the two scenarios. In particular,
it is also shown that the ergodic achievable rate of LOS-based scheme can have the same asymptotic
value as the ergodic achievable rate of the CSI-based scheme if the number of source antennas and
the two numbers of transmit and receive relay antennas go without bound and with two fixed
ratios, respectively.

The manuscript is organized as follows: in Section 2, the system model is introduced. In Section 3,
the proposed LOS-based transmission scheme is presented and its power scaling law without
correlation and with correlation is derived, respectively. Extension of our analysis to a cooperative
relaying system is given in Section 4. In Section 5, the analysis results are verified by simulation.
Finally, in Section 6, some concluding remarks are given.

Notation: boldface lower and upper case letters denote column vectors and matrices, respectively.
The superscripts (·)† and (·)T stand for conjugate-transpose and transpose operations, respectively.
The expectation operator is denoted by E{·}. α ∼ CN(0, δ2) stands for a circularly symmetric complex
Gaussian variable α which has zero mean and variance δ2.

2. System Model

Since a set of parallel independent frequency flat MIMO channels can be used to describe a
frequency selective MIMO channel, we start with introducing the frequency flat channels [14,19].

For a point-to-point MIMO system over frequency-flat channels, we assume that it has N transmit
antennas and M receive antennas. Then, we can represent a M × 1 received signal vector as

y =
√

pH0x + z, (1)

where z denotes the additive white Gaussian noise (AWGN) vector that has zero-mean and covariance
matrix σ2IM with IM being the M × M identity matrix, x denotes the transmitted signal vector,
H0 = [hmn]

M,N
m,n=1 stands for the M × N channel matrix whose element hmn denotes the channel gain

between the m-th antenna at the receiver and the n-th antenna at the transmitter, and p is the average
transmitted power. The channel matrix H0 under Ricean fading consists of a LOS matrix and a scattered
matrix, i.e.,
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H0 =
√

κ̄0H0 +
√

κ̃0H̃0, (2)

where κ̄0 = κ0
1+κ0

, κ̃0 = 1
1+κ0

. Note that κ0 > 0 represents the Ricean K-factor. The LOS matrix H0 can
be written as

H0 = r0tT0 . (3)

Here, r0 denotes the specular array response at the receiver and can be expressed as

r0 = [1, ej2πdr sin(θ), . . . , ej2π(M−1)dr ,sin(θ)]T, (4)

where θ is the angle of arrival of the LOS component and dr is the antenna spacing normalized by
wavelength at the receiver. Similarly, t0 denotes the specular array response at the transmitter and can
be given by

t0 = [1, ej2πdt sin(φ), . . . , ej2π(N−1)dt sin(φ)]T (5)

where φ is the angle of departure of the LOS component and dt is the antenna spacing normalized by
wavelength at the transmitter. The entries in the scattering matrix H̃0, [H̃0]mn ∼ CN(0, 1), i.e., they are
circular complex Gaussian random variables with zero mean and unit variance. Furthermore,
we assume that they are independent and identically distributed (i.i.d).

Now, we are concerned with a broadband orthogonal frequency-division multiplexing
(OFDM)-MIMO system with K subcarriers, where ideal OFDM transmission with proper cyclic prefix
extension is assumed. For the k-th subcarrier, the input–output relationship is expressed as

y =
√

pHx + z, (6)

where x is just the normalized signal vector, z is the AWGN vector, and H is the channel matrix.
The channel matrix can be given by as

H =
L−1

∑
�=0

ρ�H� exp(−j2π
k
K
�), (7)

where L represents the channel delay spread, {ρ2
�} is the power delay profile satisfying ∑L−1

�=0 ρ2
� = 1,

and H� stands for the channel matrix at time delay �. Furthermore, H�, � = 0, 1, · · · , L− 1 are mutually
uncorrelated, Ricean distributed, and can be expressed as in Label (2)

H� =
√

κ̄�H� +
√

κ̃�H̃�. (8)

In particular, H� = r�t
T
� is just as in Label (3) and H̃� is also modeled as a random matrix consisting

of i.i.d. elements.

3. LOS-Based EGT/EGC and Power Scaling Laws

3.1. The Scenario without Correlation

The scattered component of k-th subcarrier’s channel matrix can be described as

H̃ =
L−1

∑
�=0

ρ�
√

κ̃�H̃� exp(−j2π
k
K
�). (9)

Now, it is assumed that H̃ is not available, but the LOS component
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H =
L−1

∑
�=0

ρ�
√

κ̄�H� exp(−j2π
k
K
�) (10)

can be available. In what follows, by employing only H, we will present a linear processing scheme
with EGT/EGC and then compare it with the MRT/MRC scheme based on the perfect CSI.

Since H̃ is not available, a couple of the normalized weighting vectors wt and wr can be chosen in
such a way that the effective output signal-to-noise ratio (SNR) can become maximum. The largest
eigenvalue of matrix H

†
H is now denoted by λmax(H

†
H) . Due to the fact that w†

r zk ∼ CN(0, σ2),
the effective output signal-to-interference-plus-noise ratio (SINR) can be described as

γ
(k)
S =

p|w†
r HwT†

t |2
p|w†

r H̃wT†
t |2 + σ2

=
pλmax(H

†
H)

p|w†
r H̃wT†

t |2 + σ2
. (11)

We denote by RS the ergodic achievable rate of the LOS-based scheme. Then,

RS = E{ 1
K

K−1

∑
k=0

log2(1 + γ
(k)
S )} =

1
K

K−1

∑
k=0

R(k)
S , (12)

where R(k)
S = E{log2(1 + γ

(k)
S )}. We have the following results through the derivation.

Lemma 1. Define λ
(k)
max = λmax(H

†
H) and κ̃S = ∑L−1

�=0 ρ2
� κ̃�. Then,

log2(1 +
pλ

(k)
max

pκ̃S + σ2 ) ≤ R(k)
S ≤ log2(1 +

pλ
(k)
max

σ2 ). (13)

Proof of Lemma 1. Regarding the ergodic achievable rate of the k-th subcarrier, it is easy for us to
derive its following lower bound with the help of the well-known Jensen’s inequality:

R(k)
S ≥ log2(1 +

1

E(1/γ
(k)
S )

) = log2(1 +
pλ

(k)
max

p ∑L−1
�=0 ρ2

�E� + σ2
), (14)

where E� = E|w†
r H̃�w

T†
t |2 = κ̃� for 0 ≤ � ≤ L − 1. Thus,

Rk
C ≥ log2(1 +

pλ
(k)
max

pκ̃S + σ2 ). (15)

Moreover, we can obtain from Label (11) that

R(k)
S = E log2(1 +

pλ
(k)
max

p|w†
r H̃wT†

t |2 + σ2
) ≤ log2(1 +

pλ
(k)
max

σ2 ). (16)

Thus, Lemma 1 holds.

Lemma 2. Let κ̄U = ∑L−1
�=0 ρ2

� κ̄�. and κ̄L = max{ρ2
� κ̄�, 0 ≤ � ≤ L − 1}. Then,

κ̄L ≤ lim
MN→∞

λ
(k)
max

MN
≤ κ̄U . (17)

Proof of Lemma 2. For 0 ≤ � ≤ L − 1 and 0 ≤ b ≤ L − 1, we define ϕ�b = 2πdr(sin(θb)− sin(θ�)),
and then have that
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H̄†
�H̄b

MN
= ��bU�b, (18)

where

��b =
r†
� rb

M
=

{
1, for l = b;

1−ejMϕ�b

M(1−ejϕ�b )
, for � 
= b (19)

and

U�b =
tT†
� tTb
N

= [uan]
N,N
a,n=1 (20)

with uan = 1
N e2πdt((a−1) sin(θb)−(n−1) sin(θ�)). Now, suppose that M ≥ N. Noting that limM→∞ ��b = 0

for � 
= b and tr(U��) = 1, we can obtain that

lim
MN→∞

λmax(H
†
H)

MN
≤

L−1

∑
�=0

ρ2
� κ̄� lim

MN→∞
λmax(

H
†
�H�

MN
) = κ̄U . (21)

Moreover, we also have

lim
MN→∞

λmax(H
†
H)

MN
≥ κ̄L (22)

since, for any �, we can get when wt =
t�√
N

and wr =
r�√
M

lim
MN→∞

λmax(H
†
H)

MN
≥ lim

MN→∞

|w†
r H̃wT†

t |2
MN

= κ̄�. (23)

Therefore, Lemma 2 holds when M ≥ N. When N ≥ M, we can also similarly prove that Lemma 2
holds, based on the fact that λmax(H

†
H) = λmax(HH

†
).

Proposition 1. If E = MNp be fixed as MN → ∞, then we have

log2(1 +
Eκ̄L

σ2 ) ≤ lim
MN→∞

RS ≤ log2(1 +
Eκ̄U

σ2 ). (24)

Proof of Proposition 1. If E = MNp is fixed when MN → ∞, we readily show that Proposition 1
holds by using Lemmas 1 and 2.

Remark 1. This proposition gives the lower and upper bounds of the ergodic achievable rate of the LOS-based
scheme. In the following special cases, we can obtain further the exact expressions of the ergodic achievable rate.

Corollary 1. When N = 1, we have, if E = Mp be fixed as M → ∞,

lim
M→∞

RS = log2(1 +
Eκ̄U

σ2 ). (25)

Similarly, when M = 1, we also have if E = Np be fixed as N → ∞

lim
N→∞

RS = log2(1 +
Eκ̄U

σ2 ). (26)

Proof of Corollary 1. When M = 1 or N = 1, due to the fact that limMN→∞
λmax(H

†
H)

MN = κ̄U , it easily
follows that limMN→∞ RS = log2(1 +

Eκ̄U
σ2 ).
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Corollary 2. If E = MNp be fixed as M → ∞ and N → ∞, then we have

lim
M,N→∞

RS = log2(1 +
Eκ̄L

σ2 ). (27)

Proof of Corollary 2. Without loss of generality, H can be rewritten as

H =
L−1

∑
�=0

ρ�
√

κ̄�r�t
T
� exp(−j2π

k
K
�), (28)

where ρ0
√

κ̄0 ≥ ρ1
√

κ̄1 ≥ · · · ≥ ρL−1
√

κ̄L−1. We can rewrite H in a matrix form as

H = ArDAT
t , (29)

where D is a L × L diagonal matrix, [D]ll = ρ�
√

MNκ̄�, and Ar and At are defined as follows:

Ar =
1√
M

[r0, r1, . . . , rL−1] (30)

and
At =

1√
N
[t0, t1 exp(−j2π

k
K
), . . . , tL−1 exp(−j2π

k
K
(L − 1))]. (31)

Since both {r0, r1, . . . , rL−1} and {t0, t1, . . . , tL−1} are orthogonal vector sets when M → ∞ and
N → ∞ [21], Ar and At are asymptotically unitary matrices. For matrix H, thus we can form a singular
value decomposition (SVD) as follows

H = UΣV† = [Ar|A⊥
r ]Σ[At|A⊥

t ]
T, (32)

where Σ is a diagonal matrix including all singular values on its diagonal, i.e.,

[Σ]ll =

{
ρ�
√

MNκ̄�, for 0 ≤ l ≤ L − 1,
0, for l > L − 1.

(33)

Then,

lim
M,N→∞

λ
(k)
max

MN
= ρ2

0κ̄0 = κ̄L. (34)

Thus, we finally obtain the desired result.

On the other hand, suppose that the perfect CSI is known, i.e., both of the LOS and scattered
components are available at the transmitter and the receiver. Then, the weighting vectors wt and wr

should be chosen in such a way that the exact output SNR is maximized. Thus, the resulting output
SNR can be written as [11]

γ
(k)
P =

p
σ2 λmax(H

†H), (35)

where λmax(H†H) stands for the largest eigenvalue of H†H. For the MRT/MRC scheme based on
the perfect CSI, let RP represent its ergodic achievable rate, i.e., RP = E{ 1

K ∑K−1
k=0 log2(1 + γ

(k)
P )}.

Now, we obtain the following power scaling law.

Proposition 2. When M → ∞ and N → ∞, suppose that E = MNp is fixed and N/M → μ . We have that

lim
M,N→∞

RP = lim
M,N→∞

RS. (36)
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Proof of Proposition 2. Due to the fact H = H + H̃, we can have

1
M

[H†H] =
1
M

[(H + H̃)†(H + H̃)]

=
H

†
H

M
+

H
†
H̃

M
+

H̃†H

M
+

H̃†H̃

M
. (37)

If we let

G =
H

†
H̃

M
= [guv]

N,N
u,v=1, (38)

it follows that

guv =
1
M

M

∑
k=1

[H
†
]uk[H̃]kv. (39)

With the aid of (9) and (10), we can have that |[H†
]uk|2 ≤ κ̄S ≤ 1, and [H̃]kv ∼ CN(0, δ2) with

δ2 = κ̃S ≤ 1. As [H̃]kv , 1 ≤ k ≤ M are independent each other, we know that

guv ∼ CN(0, σ2
uv), σ2

uv ≤ 1
M

. (40)

Thus, it can follow that, when M → ∞, G → Q, where Q denotes a matrix with all zero elements.
Similarly, we can have that, if M → ∞,

G† =
H̃†H

M
→ Q. (41)

Now, M is assumed to be large enough. Then, we certainly have that

λmax(
H†H

M
) = λmax(

H
†
H

M
+

H̃†H̃

M
)

≤ λmax(
H

†
H

M
) + λmax(

H̃†H̃

M
). (42)

When M → ∞, suppose that N/M → μ. Then, we easily derive from ([22], Theorem 2.37),
only noting that [H̃]mn ∼ CN(0, κ̃S)

λmax(
1
M

H̃†H̃) → κ̃S(1 +
√

μ)2. (43)

Thus, we further get

λmax(
1

MN
H†H) ≤ λmax(

1
MN

H
†
H) + κ̃S(1 +

√
μ)2/N. (44)

In addition, we can obtain

λmax(
1

MN
H†H) ≥ λmax(

1
MN

H
†
H). (45)

When M → ∞ and N → ∞, we can get, by combining (44) with (45),

λmax(
1

MN
H†H) → lim

M,N→∞

λ
(k)
max

MN
. (46)

It should be noticed that
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RP =
1
K

K

∑
k=1

E log2(1 +
p

σ2 λmax(H
†(k)H(k)))

=
1
K

K

∑
k=1

E log2(1 +
pMN

σ2 λmax(
H†(k)H(k)

MN
)). (47)

Therefore, when M → ∞ and N → ∞, if E = pMN is fixed, we can have finally

lim
M,N→∞

RP = lim
M,N→∞

RS. (48)

Thus, Proposition 2 holds.

Remark 2. This proposition implies that, when the two numbers of antennas at the transmitter and the receiver
grow large with a fixed ratio, the ergodic achievable rate of the LOS-based scheme has the same asymptotic value
as the ergodic achievable rate of the whole CSI-based scheme.

3.2. The Scenario with Correlation

Now, we consider extending the proposed LOS-based ECT/EGC without spatial correlation to the
scenario in which there exists doubly-ended spatial correlation. The MIMO system model presented
in Section 2 is necessarily modified. H̃�, � = 0, 1, 2, · · · , L − 1 is now modeled as doubly-correlated
Rayleigh fading, with transmit and receive correlation matrices Ψ� and Φ�, i.e., [12],

H̃� = [Φ�]
1/2H̃ω

� [Ψ�]
1/2, (49)

where H̃ω
� is an i.i.d. matrix with each entry ∼ CN(0, 1). Since the scattered component of the channel

matrix remains unchanged, the needed weighting vectors wt and wr should also remain unchanged.
The ergodic achievable rate of the scenario with spatial correlation is denoted by

RC =
1
K

K−1

∑
k=0

R(k)
C , R(k)

C = E{log2(1 + γ
(k)
C )}. (50)

With respect to RC, we have the following results by a similar derivation.

Lemma 3.

log2(1 +
pλ

(k)
max

pκ̃C + σ2 ) ≤ R(k)
C ≤ log2(1 +

pλ
(k)
max

σ2 ), (51)

where κ̃C = ∑L−1
�=0 ρ2

� κ̃�‖w†
r [Φ�]

1
2 ‖2‖[Ψ�]

1
2 wT†

t ‖2.

Proposition 3. If E = MNp is fixed as MN → ∞, then

lim
MN→∞

RC = lim
MN→∞

RS. (52)

Remark 3. This proposition implies that the two ergodic achievable rates with and without spatial correlation
have the same asymptotic value when MN goes without bound.

4. Cooperative Relaying Systems

4.1. The Scenario with Decode-and-Forward Protocol

Ricean fading often happens in cooperative MIMO systems [23]. Therefore, we can use a
Ricean MIMO channel model to describe both the source-relay and relay-destination links. Still in

146



Electronics 2019, 8, 79

frequency-selective Ricean fading environments, we especially study a classical cooperative relay
system with a source node, a destination node and a relay node. The relay node can be equipped
with a large-scale antenna array while both the source node and the destination node can be also
equipped with a large-scale antenna array. The cooperative system with the three nodes is assumed
to operate in a half-duplex mode, and the replay node employs the DF protocol for transmission.
Each transmission for the system can be completed through two stages. Obviously, the cooperative
system is a composite of two massive MIMO subsystems: one subsystem working at the first stage
and the other subsystem at the second stage. Therefore, the rate analysis results mentioned above can
be applied to the cooperative relay system.

We suppose that the relay makes use of M antennas to receive and transmit data and also
suppose that the source has N1 antennas and the destination has N2 antennas. We denote the average
transmitted power at the source and the relay by p1 and p2, respectively. In addition, we still let RP
and RS represent the ergodic achievable rates for the whole CSI-based MRT/MRC scheme and the
LOS-based EGT/EGC scheme, respectively. Then, we can obtain the following power scaling property
for the cooperative system.

Proposition 4. When M → ∞ and N1 → ∞, let E1 = MN1 p1 be fixed and N1/M → μ1 for the source-relay
link. When M → ∞ and N2 → ∞, let E2 = MN2 p2 be fixed and N2/M → μ2 for the relay-destination
link. Then,

lim
M,N1,N2→∞

RP = lim
M,N1,N2→∞

RS. (53)

Proof of Proposition 4. From [24], it follows that the ergodic achievable rate with the perfect SCI-based
MRT/MRC is written as

RP = min{R(1)
P /2, R(2)

P /2}, (54)

where R(1)
P and R(2)

P are the corresponding ergodic achievable rates of the source-relay and
relay-destination transmission links, respectively. Similarly, we also have that the ergodic achievable
rate with the only LOS-based EGT/EGC can be given by

RS = min{R(1)
S /2, R(2)

S /2}, (55)

where R(1)
S and R(2)

S are the corresponding ergodic achievable rates of the source-relay and
relay-destination transmission links, respectively. Under the condition of Proposition 4, we get
by Proposition 2

lim
M,N1→∞

R(1)
P = lim

M,N1→∞
R(1)

S (56)

and
lim

M,N2→∞
R(2)

P = lim
M,N2→∞

R(2)
S . (57)

Thus, it is easy to obtain the desired result (53).

Remark 4. This proposition implies that, when the number of source antennas and the two numbers of relay
antennas at the transmitter and the receiver grow large with fixed ratios, the ergodic achievable rate of the
LOS-based scheme also has the same asymptotic value as the ergodic achievable rate of the whole CSI-based scheme.

4.2. The Scenario with Amplify-and-Forward Protocol

The DF is a regenerative relaying transmission strategy. Now, we consider employing a
nonregenerative strategy involving AF to replace the DF. Then, we can have a power scaling law
as follows.
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Proposition 5. Suppose that N1 = N2 = 1. When M → ∞, let E1 = Mp1 and E2 = MN2 p2 be fixed. Then,

lim
M→∞

RS = log2(1 + (
E1κ̄U1

σ2
1

· E2κ̄U2

σ2
2

)/(
E1κ̄U1

σ2
1

+
E2κ̄U2

σ2
2

+ 1)). (58)

Proof of Proposition 5. We denote by γ
(k)
S1 and γ

(k)
S2 the output instantaneous SNR of the source-relay

and relay-destination links, respectively. From [25], we obtain that

RS =
1
K

K−1

∑
k=0

E{log2(1 + γ
(k)
S )}

=
1
K

K−1

∑
k=0

E{log2(1 + (γ
(k)
S1 · γ

(k)
S2 )/(γ

(k)
S1 + γ

(k)
S2 + 1))}. (59)

Based on the proof of Lemma 2, we can have the following asymptotical SNR expressions

lim
M→∞

γ
(k)
S1 =

E1κ̄U1

σ2
1

(60)

and
lim

M→∞
γ
(k)
S2 =

E1κ̄U2

σ2
2

(61)

Thus, the power scaling law (58) holds.

5. Simulation Results

For OFDM-MIMO systems in frequency-selective Ricean fading channels, we in this section
provide our analytical results and simulation results. In all simulations, we assume that all of these
spacings between adjacent antennas at the transmitter and the receiver are 0.5. We set the number of
subcarriers K = 256, the channel delay spread L = 3, and the noise variance as σ2 = 1. In addition,
we let ρ2

0 = ρ2
1 = ρ2

2 = 1/3, θ0 = φ0 = π/6, θ1 = φ1 = π/4, and θ2 = φ2 = π/3. In Figures 1 and 2,
the Ricean K-factor κ is fixed and is equal to 5 dB.

In order to verify Propositions 1 and 3, we consider firstly the scenario with spatial correlation
when N = 3 and E = 20 dB. The spatial correlation among antennas is assumed to follow the
exponential model, i.e., the correlation magnitude between antenna p and q can be determined by
c(p, q) = g|p−q|, where g denotes the correlation coefficient [12]. Therefore, we represent the correlation
matrices (i, j)-th of Φ� by [Φ�]ij = (g�r )|i−j| and (i, j)-th of Ψ� by [Ψ�]ij = (g�t )

|i−j|, respectively,
� = 0, 1, 2. Moreover, we set g0

r = g1
r = g2

r = gr and g0
t = g1

t = g2
t = gt. For the correlation coefficients

gt = gr = g = 0, 0.3, 0.6, 0.9, as M increases from 6 to 60, Figure 1 provides a curve of the exact average
rate RC and two curves of the upper and lower bounds of RS. It can be observed that the exact ergodic
rate RC increases as the number of receive antenna M grows large, and is always between the two
bounds of RS. As both of the correlation coefficients (gt, gr) increase, RC is closer to the upper bound,
and becomes higher and higher than RS. This indicates that, compared to the uncorrelated scenario,
the presence of spatial correlation results in improving the rate performance under the LOS-based
EGT/EGC scheme. Therefore, if the LOS-based scheme can be employed, we can achieve performance
benefits from the spatial correlation, which is obviously different from the traditional point of view.
This implies that it would be practical if a large-scale antenna array is compactly arranged.
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Figure 1. The ergodic achievable rate versus the number of receive antennas for comparing the case
with correlation and the case without correlation.
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Figure 2. The ergodic achievable rate versus the number of receive antennas for comparing the
LOS-based scheme with the whole CSI-based scheme.
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Next, we consider validating Proposition 2. For that, we need to compare the ergodic achievable
rate of the proposed LOS-based EGT/EGC scheme with that of the perfect CSI-based MRT/MRC
scheme. We set μ = 1/2 when the numbers of antennas at the transmitter and receiver grow large.
For the parameter E = 10, 20, 30 dB, as M increases from 6 to 60, Figure 2 plots the two ergodic
achievable rates, RS and RP. It can be found from Figure 2 that both of the ergodic achievable rates can
tend to the same limit results for the given values of E. However, with an increase of E, the speed of
rate convergence appears to be slower and slower.

Finally, we pay our attention to the classical DF cooperative relay system consisting of the
source-relay and relay-destination links and set the identical parameters mentioned above in the two
links. When N1 = N2 = 6, as M increases from 6 to 60, Figure 3 plots the two average rates RS
and RP for κ = 5, 15 dB. It can be found from Figure 3 that, with an increasing κ, both RS and RP
improve and RS is closer to RP. It should be noticed that RP denotes the average rate for the traditional
linear processing scheme based on the whole CSI as considered in [6]. For obtaining a comprehensive
comparison with the scheme based on the whole CSI in Rayleigh fading discussed in [24], Figure 3 also
includes a rate curve which corresponds to κ = −∞ dB. Interestingly, with κ = 5 dB, the LOS-based
scheme always obviously outperforms the scheme based on the whole CSI in Rayleigh fading.
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Figure 3. The ergodic achievable rate versus the number of relay antennas for comparing the case with
Ricean fading and the case with Rayleigh fading.

6. Conclusions

In this paper, we have developed the transmission scheme of LOS-based EGT/EGC for
point-to-point massive-MIMO systems in frequency-selective Ricean fading channels without and
with spatial correlation. In particular, we have derived expressions of the system achievable rate and
determined several power scaling laws. In addition, we have also generalized our analysis to the
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cooperative relaying scenarios with DF and AF protocols, respectively. It is shown by our simulation
results that the spatial correlation can improve the system performance and thus is an advantage,
which is contrary to the traditional point of view. Compared to the Rayleigh fading environments,
deployment of large scale antenna arrays in Ricean fading environments would be more suitable.
For instance, massive MIMO can be applied in microwave backhaul links [26].
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Abstract: Heterogeneous networks (HetNets) employing massive multiple-input multiple-output
(MIMO) and millimeter-wave (mmWave) technologies have emerged as a promising solution to
enhance the network capacity and coverage of next-generation 5G cellular networks. However,
the use of traditional fully-digital MIMO beamforming methods, which require one radio frequency
(RF) chain per antenna element, is not practical for large-scale antenna arrays, due to the high
cost and high power consumption. To reduce the number of RF chains, hybrid analog and digital
beamforming has been proposed as an alternative structure. In this paper, therefore, we consider
a HetNet formed with one macro-cell base station (MBS) and multiple small-cell base stations (SBSs)
equipped with large-scale antenna arrays that employ hybrid analog and digital beamforming.
The analog beamforming weight vectors of the MBS and the SBSs correspond to the the best-fixed
multi-beams obtained by eigendecomposition schemes. On the other hand, digital beamforming
weights are optimized to maximize the receive signal-to-interference-plus-noise ratio (SINR) of the
effective channels consisting of the cascade of the analog beamforming weights and the actual channel.
The performance is evaluated in terms of the beampatterns and the ergodic channel capacity and
shows that the proposed hybrid beamforming scheme achieves near-optimal performance with only
four RF chains while requiring considerably less computational complexity.

Keywords: hybrid beamforming; massive MIMO; HetNets; mmWaves

1. Introduction

Recently, heterogeneous networks (HetNets) that use massive multiple-input multiple-output
(MIMO) and millimeter-wave (mmWave) technologies has emerged as a promising solution to
enhance the network capacity and coverage of next-generation 5G cellular networks [1–6]. Small cell
deployment in HetNets can achieve high signal to interference plus noise ratio (SINR) and dense
spectrum reuse, mmWave can address the current challenge of bandwidth shortage, and the large
number of antenna arrays [7–10] are essential for mmWaves to compensate for channel attenuation.
In Reference [11] we applied the concept of massive multiuser (MU)-MIMO to enhance both the access
and the backhaul links in HetNets, and it was shown that such a concept could significantly improve
the system performance in terms of link reliability, spectral efficiency, and energy efficiency. Traditional
MIMO-beamforming systems require a dedicated radio frequency (RF) chain for each antenna element,
which becomes impractical with massive MIMO systems due to either cost or power consumption.
To reduce the number of RF chains, hybrid beamforming (HBF), which combines RF analog and
baseband digital beamformers, has been proposed as a promising solution [12–17]. Figure 1 shows
a general hybrid configuration that connects Na antenna elements to Nd RF chains, where Nd < Na,
using an analog RF beamforming matrix built from only phase-shifters. Two widely-used analog
beamformer architectures for hybrid beamforming are shown in Figure 2. The fully-connected hybrid
beamforming structure of Figure 2a provides a full beamforming gain per transceiver—but with
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high complexity—by connecting each RF chain to all antennas through a network of Nd × Na phase
shifters [12–15]. Figure 2b, on the other hand, shows a partially-connected structure, where each RF
chain is connected to Na/Nd number of sub-arrays. Such a structure has a lower hardware complexity
at the price of reduced beamforming gain.

 
Figure 1. Hybrid beamforming.

 
(a) 

 
(b) 

Figure 2. The architecture of analog beamformers: (a) Fully-connected structure; (b) partially-
connected structure.

Previous studies on massive hybrid MIMO mainly focused on single-user systems [12–14]. On the
other hand, MU-MIMO cases were studied in References [15–17]. In Reference [15] a scheme called Joint
Spatial Division Multiplexing (JSDM) was proposed to create multiple virtual sectors which reduce the
overhead and computational complexity of downlink training and uplink feedback. In References [16,17]
it was shown that the required number of RF chains only needs to be twice the number of data
streams to achieve the same performance of any fully-digital beamforming scheme. These studies,
however, did not consider HBF in the context of HetNets and focused primarily on macro-cellular
systems. In this paper, we consider a HetNet where both the macro-cell base stations (MBSs) and
small-cell base stations (SBSs) are equipped with fully-connected massive hybrid antenna arrays,
while all mobile users have a single antenna. We propose a low-complexity HBF that is fully-based on
eigenbeamforming. The MBSs and the SBSs select the best-fixed multi-beams by eigendecomposition
of the access and backhaul channels. The selected beams are then used by the digital beamformers,
which are based on the maximization of the receive SINR of the effective channels consisting of the
cascade of the analog beamforming weights and the actual channel [18,19].

2. System Model

We consider the access and backhaul uplinks in the HetNet of Figure 3, where K cognitive small
cells and their Ls small-cell users (SUs) are concurrently sharing the same frequency band with one
MBS and their Lp macro-cell primary users (PUs). It is assumed that both the MBS and SBSs are
equipped with massive hybrid antenna arrays while the SUs and PUs are equipped with a single
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antenna. The SBSs are acting as smart relays between the SUs and the MBS with Na− element
transmitting/receiving antenna arrays and Nd RF chains. The MBS is equipped with Ma− element
antenna arrays and Md RF chains. It is also assumed that both the SBS and the MBS perform
an OFDM-based transmission and that the analog beamformers are identical for all subcarriers while
adapting digital beamformers in each subcarrier.

Let xs[ fn] =
{

xs
1, xs

2, · · · , xs
Ls

}
and xp[ fn] =

{
xp

1 , xp
2 , · · · , xp

Lp

}
denote, respectively, the set of Ls

SUs signals and Lp PUs signals transmitted on each subcarrier, and fn, n = 1, · · · , Nc, where Nc

denotes the number of subcarriers per OFDM symbol in the system. The analysis is done separately
on each subcarrier. For brevity therefore, we drop the frequency index fn.

Figure 3. System model: hybrid beamforming-based HetNet with one macro-cell and K small-cells.

2.1. Access Link

The Na × 1 received signal vector yk,SBS at the kth SBS is given by

yk,SBS = Gk,SUxs + Gk,PUxp + nk,SBS, (1)

where Gk,SU ∈ CNa×Ls is the channel matrix between the kth SBS and its Ls users, Gk,PU ∈ C
Na×Lp is

the channel matrix between the kth SBS and the Lp PUs, xs ∈ CLs ×1 is the transmitted signal vector of
Ls users in the kth small-cell, xp ∈ C

Lp ×1 is the transmitted signal vector of Lp users in the HetNet,
and nk,SBS ∈ CNa×1 is the received complex additive white Gaussian noise (AWGN) vector at the
kth SBS.

It should be noted that in Equation (1), the interference between small-cells was neglected.
This was justified by the fact that small-cell base stations are using a large number of antennas,
which enables sharp beamforming towards their users without harming neighboring small-cells.

The kth SBS received signal, yk,SBS, is first applied to an Na × Nd receive analog beamforming
weight matrix, ASBS

R,k,ls , whose output is directed to an Nd × Nd receive digital beamforming weight
vector DSBS

R,k,ls . If we denote the combined digital-analog receive beamformer for the lth
s user as

wR,k,ls = ASBS
R,k,ls D

SBS
R,k,ls , then the detection of the lth

s user signal by its kth SBS can be expressed as

rk,ls = wH
R,k,ls yk,SBS = wH

R,k,ls Gk,SUxs + wH
R,k,ls Gk,PUxp + wH

R,k,ls nk,SBS

= wH
R,k,ls gk,ls xs

ls + wH
R,k,ls

Ls
∑

i=1,i 
=ls
gk,ixs

i
+ wH

R,k,ls + Gk,PUxp + wH
R,k,ls nk,SBS

(2)
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where gk,ls is the lth
s column of Gk,SU that represents the channel between the kth SBS and its lth

s user.

If we denote HAL,k,ls =
(

ASBS
R,k,ls

)H
gk,ls as the effective access channel between the kth SBS and its

lth
s user, then for a set of selected beams, i.e. known

(
ASBS

R,k,ls

)H
, the SINR can be expressed in terms of

the digital beamformer, DSBS
R,k,ls , as

γSBS
k,ls =

(
DSBS

R,k,ls

)H
HAL,k,ls xs

ls

(
xs

ls

)H
HH

AL,k,ls D
SBS
R,k,ls(

DSBS
R,k,ls

)H
BALDSBS

R,k,ls

, (3)

where BAL is the covariance matrix of the interference-plus-noise given by

BAL =
Ls

∑
i=1,i 
=ls

(ASBS
R,k,i)

H

gk,ix
s
i (xs

i )
HgH

k,iA
SBS
R,k,i︸ ︷︷ ︸

Interference from Ls−1 SUs

+ (ASBS
R,k,ls)

H
Gk,PUxpxH

p GH
k,PUASBS

R,k,ls︸ ︷︷ ︸
Interference from Lp PUs

+ σ2
n(A

SBS
R,k,ls)A

SBS
R,k,ls , (4)

2.2. Backhaul Link

The hybrid beamforming weights at the backhaul link are obtained based on orthogonal pilot
signals transmitted from each SBS to the MBS. The kth SBS applies its pilot signal sp

k ∈ CNd ×1 to
an Nd × Nd transmit digital beamforming weight vector DSBS

T,k followed by an Na × Nd transmit analog
beamforming matrix ASBS

T,k . If we denote the combined digital-analog transmit beamformer for the kth

SBS as wT,k = ASBS
T,k DSBS

T,k , then the array output of the MBS can be written as

yp
MBS =

K

∑
k=1

Hk,MBSwT,ksp
k + HPU,MBSxp + nMBS , (5)

where yp
MBS is the Ma × 1 vector containing the outputs of the Ma− element antenna array of the

MBS, Hk,MBS is the Na × Ma channel matrix representing the transfer functions from the Na− element
antenna array of the kth SBS to the Ma− element antenna array of the MBS, HPU,MBS is the Ma × Lp

channel matrix from the Lp PUs to the MBS’s Ma− element antenna array, and nMBS is the received
Ma × 1 complex AWGN vector at the MBS.

The MBS detects the kth SBS signal by applying the output of the array yp
MBS to the Ma × Md receive

analog weight matrix AMBS
R,k followed by the Md × Md receive digital beamforming weight vector DMBS

k,R .
If we denote the combined digital-analog receive beamformer for the kth SBS as ck = AMBS

k,R DMBS
k,R ,

then the detection of the kth SBS signal by the MBS can be expressed as

x̂k = cH
k yp

MBS = Sp
k + SIk

+ SIp + cH
k nMBS , (6)

where Sp
k = cH

k Hk,MBSwT,ksp
k is the kth SBS signal, SIk

= cH
k ∑K

i=1,i 
=k Hk,MBSwT,ksp
k is the interference

from K − 1 other SBSs, and SIp = cH
k HPU,MBSxp is the interference from Lp PUs.

Assuming that sp
k are complex-valued random variables with unit power, i.e., E

[
‖sp

k‖2
]
= 1,

and denoting HBL,k =
(

AMBS
R,k

)H
Hk,MBS

(
ASBS

T,k

)H
as the effective channel between the kth SBS and the

MBS, the SINR at the MBS for the kth SBS can be expressed as

γMBS
k =

(
DMBS

R,k

)H
HBL,k

(
DSBS

T,k

)H
DSBS

T,k HH
BL,kDMBS

R,k

cH
k BBLck

, (7)

156



Electronics 2019, 8, 133

where BBL = ∑K
i=1,i 
=k Hi,MBSwT,iw

H
T,iH

H
i,MBS + HPU,MBSxpxH

p HH
PU,MBS + σ2

nIMa is the covariance
matrix of the interference-plus-noise at the backhaul link.

2.3. End-to-End SINR and Channel Capacity

Once the hybrid beamforming weights of the backhaul link are obtained, they can be used to
forward the SUs signals to the MBS. The kth SBS applies the received lth

s user signal, wH
R,k,ls gk,ls xs

ls , to the
hybrid beamformer, wT,k. The NT,a × 1 transmitted signal sk,ls at the output of the antenna array can
then be expressed as

sk,ls = wT,kwH
R,k,ls gk,ls xs

ls , (8)

and the expression for the array output of the MBS can be written as

yMBS = HPU,MBSxp + yk,MBS +
K

∑
i=1, i 
=k

yi,MBS + nMBS , (9)

where yk,MBS = Hk,MBSwT,kwH
R,k,ls yk is the array output of the MBS from the kth SBS.

Using Equation (2), yk,MBS can be expressed in terms of the lth
s user signal, xs

ls , as follows:

yk,MBS = Hk,MBSwT,kwH
R,k,ls gk,ls xs

ls
+ Hk,MBSwT,kwH

R,k,ls ∑Ls
i=1,i 
=ls

gk,ix
s
i

+ Hk,MBSwT,kwH
R,k,ls Gk,PUxp

+ Hk,MBSwT,kwH
R,k,ls nk,SBS,

(10)

When the MBS applies the output of the array, yMBS, to the hybrid weight, cH
k , the detection of

the lth
s user signal of the kth SBS by the MBS can be expressed as

x̂k,ls = cH
k yMBS = cH

k

(
Sk,ls + SSBSs

I + SSU
k,I + SPU

I + NMBS

)
, (11)

where

Sk,ls = Hk,MBSwT,kwH
R,k,ls gk,ls xs

ls is the lth
s user signal of the kth SBS,

SSU
k,I = Hk,MBSwT,kwH

R,k,ls ∑Ls
i=1,i 
=ls

gk,ix
s
i is the interference from the Ls − 1 other SUs of kth SBS,

SSBS
I = ∑K

i=1, i 
=k

(
Hi,MBSwT,iw

H
R,i,ls yi,SBS

)
is the interference from the K − 1 other SBSs.

SPU
I = Hk,MBSwT,kwH

R,k,ls Gk,PUxp + cH
k HPU,MBSxp

NMBS =
(

Hk,MBSwT,kwH
R,k,ls nk,SBS + nMBS

)
The end-to-end SINR at the MBS for the lth

s user of the kth SBS can be expressed as

γMBS
k,ls =

cH
k Hk,MBSwT,kwH

R,k,ls gk,ls xs
ls

(
xs

ls

)H
gH

k,ls wR,k,ls w
H
T,kHH

k,MBSck

cH
k BAL−BLck

, (12)

where BAL−BL = SSU
k,I

(
SSU

k,I

)H
+ SSBS

I

(
SSBS

I

)H
+ SPU

I

(
SPU

I

)H
+ NMBS(NMBS)

H is the covariance

matrix of the interference-plus-noise for the lth
s user end-to-end link.

The ergodic channel capacity for each user, ls, is given by [19]

C = E

(
log2

{
1 +

cH
k Hk,MBSwT,kwH

R,k,ls gk,ls xsxH
s gH

k,ls wR,k,ls w
H
T,kHH

k,MBSck

cH
k BAL−BLck

})
, (13)

where E(.) denotes the expectation operator.
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2.4. Channel Model

For the access and backhaul links, we consider mmWave propagation channels with limited
scattering which can be modelled at each subcarrier by the clustered channel representation [13].
We assume a scattering environment with Ncl scattering clusters randomly distributed in space and
within each cluster, there are Nray closely located scatterers.

For the backhaul link, the channel matrix at subcarrier fn between the kth SBS and the MBS can be
expressed as

Hk,MBS, fn =

√
Na Ma

Ncl Nray
∑Ncl

i ∑Nray
l=1 αil, fn aMBS, fn

(
∅

r
i,l , θr

i,l

)
a∗

k,SBS, fn

(
∅

t
i,l , θt

i,l

)
, (14)

where αil, fn = α̃il e−j2πi fn/Nc are the complex gains of the jth ray in the ith scattering cluster and α̃il are
assumed i.i.d CN(0, σ2

α̃,i). With σ2
α̃,i representing the average power of the ith cluster, ∅r

i,l and ∅t
i,l are

the azimuth angles of arrival and departure, respectively, θr
i,j and θt

i,j are the elevation angles of arrival

and departure, respectively, and aMBS, fn

(
∅r

i,l , θr
i,l

)
and ak,SBS, fn

(
∅t

i,l , θt
i,l

)
represent, respectively,

the normalized receive and transmit array response vectors of the MBS and the kth SBS.
For the access link, the channel matrix at subcarrier fn between the kth SBS and its Ls users can be

written as

Gk,SU, fn =

√
Ls Ma

Ncl Nray
∑Ncl

i ∑Nray
l=1 αil, fn aSBS, fn

(
∅

r
i,l , θr

i,l

)
a∗

k,SU, fn

(
∅

t
i,l , θt

i,l

)
, (15)

where ak,SU, fn

(
∅t

i,l , θt
i,l

)
represents the spatial signature vector of the Ls single antenna users.

The Nray azimuth and elevation angles, ∅r,t
i,l and θr,t

i,l , within the cluster i are assumed to be

randomly distributed with a uniformly-random mean cluster angle of ∅
r,t
i and θr,t

i , respectively,
and a constant angular spread of σ∅r,t and σθr,t , respectively.

For simplicity, the access links between the MBS and its Lp users (HPU,MBS) and between PUs and
the kth SBS (Gk,PU) are modeled by convetional i.i.d MIMO channels.

Note that in this per-subcarrrier representation, it is assumed that for each subcarrier fn , the carrier
frequency fc is much larger than fc ± fn and that aMBS, fn

(
∅r

i,l , θr
i,l

)
and ak,SBS, fn

(
∅t

i,l , θt
i,l

)
can

approximately be considered equal for all subcarriers. Consequently, the channel covariance
matrices are approximately similar with the same set of eigenvectors for all subcarriers and can be
replaced by the average of the covariance matrices, i.e., HH

AL,k,ls HAL,k,ls =
1

Nc
∑Nc

n=1 HH
AL,k,ls , fn

HAL,k,ls , fn ,

HH
BL,kHBL,k =

1
Nc

∑Nc
n=1 HH

BL,k, fn
HBL,k, fn , and HH

PU,MBSHPU,MBS = 1
Nc

∑Nc
n=1 HH

PU,MBS, fn
HPU,MBS, fn .

3. Proposed Hybrid Beamforming

3.1. Access Link

The kth SBS communicates with each SU through a set of selected beams that corresponds to a set
of weight vectors. These weight vectors are obtained using the eigenbeamforming scheme and can be
expressed as

ASBS
R,k,ls =

[
aSBS

R,k,ls ,1, aSBS
R,k,ls ,2, · · · , aSBS

R,k,ls ,Nd

]
subject to

∣∣∣ASBS
R,k,ls(i, j)

∣∣∣2 = 1
, (16)

where aSBS
R,k,ls ,i denote the ith selected Ma × 1 eigenvector corresponding to the ith maximum eigen

value of gH
k,ls gk,ls .
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Since the analog beamforming matrix ASBS
R,k,ls is realized using phase shifters only, its elements,

ASBS
R,k,ls(i, j), satisfy

∣∣∣ASBS
R,k,ls(i, j)

∣∣∣2 = 1. It should be noted that each SBS is using a different analog matrix

for each user and that the system model shown in Figure 1 focuses on the detection of the lth
s user of the

kth SBS and shows the analog beamformer and the RF chains for one user only. The analog beamformer
can be implemented using the Butler matrix as shown in Figure 4, where four users (Ls = 4) and
four RF chains per user (Nd = 4) are assumed. Depending upon which 4 ports are activated, 4 beams
are produced in specified directions. Since we are assuming 4 different channels, we should expect
4 different ports for each user.

 
Figure 4. Hybrid beamforming based on Butler matrix for the access link.

Once the analog beams are selected, the received optimal digital weights, DSBS
R,k,ls , are obtained

based on the maximization of the access link receive SINR, γSBS
k,ls

, given by Equation (3):

DSBS
R,k,ls = B−1

AL,k,ls
VAL,k,ls , (17)

where VAL,k,ls denote the eigen vector corresponding to the maximum eigenvalue of the effective access
channel, HH

AL,k,ls HAL,k,ls .

3.2. Backhaul Link

The transmit analog weights of the kth SBS are based on the eigenbeamforming scheme and are
given by

ASBS
T,k =

[
aSBS

T,k,1, aSBS
T,k,2, · · · , aSBS

T,k,Nd

]
subject to

∣∣∣ASBS
T,k (i, j)

∣∣∣2 = 1
, (18)

where aSBS
T,k,i denote the ith selected Na × 1 eigenvector corresponding to the ith maximum eigenvalue

of HH
k,MBSHk,MBS.
Assuming channel reciprocity with Na = Ma, the receive analog weight vectors of the MBS are

given by AMBS
R,k = ASBS

T,k . It should also be noted that the MBS is using a different analog matrix for each
SBS, which can be implemented using the Butler matrix of Figure 4, where mobile users are replaced
by SBSs.
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For fixed analog beamforming weights, ASBS
T,k and AMBS

R,k , the transmit optimal digital weight vector
of the kth SBS, DSBS

T,k , and the receive optimal digital weight vector of the MBS, DMBS
R,k , are obtained base

on the maximization of the backhaul link receive SINR and are given by

DSBS
T,k = DMBS

R,k = B−1
BL,kHBL,kVBL , (19)

where VBL is the eigenvector corresponding to the maximum eigenvalue of HH
BL,kHBL,k, with HBL,k

representing the effective channel given by HBL,k =
(

AMBS
R

)H

k
Hk,MBS

(
ASBS

T

)H

k
.

4. Simulation Results

In our simulation setups, we considered a HetNet organized into four SBSs (K = 4) and one
macro-cell. The SBSs and the MBS used the same number of antennas, Na = Ma = 64, and the same
number of RF chains, Nd = Md = 2 or 4. Each SBS is serving Ls = 4 users and the macro-cell is
serving 4 users, each transmitting with a single antenna. We assumed QPSK modulation. For the
OFDM configurations, we assumed the 256-OFDM system (Nc = 256), which is widely deployed in
broadband wireless access services.

Figure 5 shows the beampattern of the proposed HBF with four RF chains and the optimal
fully-digital one for the access link. It is noted that the optimal beamformer has about five dominant
beams, three of which are similar to the selected beams of the proposed HBF. This beampattern means
that the data streams can be successfully transmitted through those three beams using the proposed
HBF and that near optimal performance could be achieved if we were to bring the number of RF chains
close to the number of dominant beams of the optimal beamformer. For the backhaul link, Figure 6
shows very similar beampatterns with more dominant beams.

 
(a) (b) 

Figure 5. Beampattern of the access link: (a) Proposed HBF, 4 RF chains; (b) fully-digital
beamforming (optimal).

 
(a) (b) 

Figure 6. Beampattern of the backhaul link: (a) Proposed HBF, 4 RF chains; (b) fully-digital
beamforming (optimal).
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Figure 7, on the other hand, compares the ergodic channel capacity of the proposed HBF and the
optimal fully-digital one. It is observed that for both cases the optimal beamformer is outperforming
the proposed HBF. However, as we increase the number of RF chains, the performance gap between
the two schemes was reduced, and a near-optimal solution was achieved by the proposed HBF using
four RF chains. On the other hand, for the single cell MU-MIMO case presented in References [12–14],
near optimal performance was achieved with only five RF chains, and for the MU-MIMO case in [16,17],
it was shown that the required number RF chains could be reduced to two to achieve fully digital
beamforming performance. However, unlike our case, where we have assumed a HetNet with a macro
cell and multiple small cognitive cells, these studies focused primarily on macro-cellular systems and
did not consider HBF in the context of HetNets.

Figure 7. Ergodic channel capacity of the proposed HBF for different number of RF chains.

5. Conclusions

In this paper, we employed hybrid beamforming at the access and backhaul links of a mmWave
HetNet system. We proposed a low-complexity HBF that was fully-based on MRT/MRC Eigen-
beamforming schemes. The performance evaluation in terms of the beam patterns and the ergodic
channel capacity showed that the proposed HBF scheme achieved near-optimal performance with
only four RF chains and required considerably less computational complexity.
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Abstract: In this paper, a joint spatio–radio frequency resource allocation and hybrid beamforming
scheme for the massive multiple-input multiple-output (MIMO) systems is proposed. We consider
limited feedback two-stage hybrid beamformimg for decomposing the precoding matrix at the
base-station. To reduce the channel state information (CSI) feedback of massive MIMO, we utilize the
channel covariance-based RF precoding and beam selection. This beam selection process minimizes
the inter-group interference. The regularized block diagonalization can mitigate the inter-group
interference, but requires substantial overhead feedback. We use channel covariance-based
eigenmodes and discrete Fourier transforms (DFT) to reduce the feedback overhead and design
a simplified analog precoder. The columns of the analog beamforming matrix are selected based on
the users’ grouping performed by the K-mean unsupervised machine learning algorithm. The digital
precoder is designed with joint optimization of intra-group user utility function. It has been shown
that more than 50% feedback overhead is reduced by the eigenmodes-based analog precoder design.
The joint beams, users scheduling and limited feedbacK-based hybrid precoding increases the
sum-rate by 27.6% compared to the sum-rate of one-group case, and reduce the feedback overhead
by 62.5% compared to the full CSI feedback.

Keywords: hybrid beamforming; massive MIMO; resource allocation

1. Introduction

The scarcity of available frequency band for wireless communications has led to the inclusion
of millimeter Wave (mmWave) frequencies in cellular communications. This has opened the doors
for massive multiple-input multiple-output (MIMO) systems. Due to high transmission frequencies,
fabrication of large number of antennas with small form factor has become possible. MmWave band
has inherent hindrances, like, high path-loss and absorption-loss. It has been known that MIMO
systems advantages (spatial multiplexing or diversity gain) are scaled-up with the number of antennas.
In summary, one can enjoy the benefits of the large bandwidth available at mmWave frequencies by
combating high path and absorption losses with massive MIMO directional beamforming. Future
mmWave massive MIMO-based cellular networks will be as shown in Figure 1. Due to the high
pathloss on one hand and high directional gain on the other hand, the inter-cell interference and cell
boundaries will become meaningless. The fixed area size cell boundaries of traditional cellular will
probably no longer exist in the future mmWave massive MIMO systems. Narrow beams can serve
distant user equipment (UE) without interfering other UEs provided that there is no obstacle between
BS and intended UE, whereas a closely located UE may deprive of connection due to the obstacles.

Electronics 2019, 8, 1061; doi:10.3390/electronics8101061 www.mdpi.com/journal/electronics163
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Figure 1. MmWave massive MIMO based cellular system.

The cost of massive MIMO is in terms of excessive feedback overhead for channel estimation
along with the hardware complexity of RF chains (increased number of radio-frequency (RF) chains).
The feedback overhead has been tackled separately for frequency division duplex (FDD) and time
division duplex (TDD) systems. In FDD systems, the uplink channel estimation consists of fewer
overheads compared to the downlink channel estimation, because generally, the number of transmit
antennas Nt is larger than the number of users K, and the number of receive antennas per user nk
(Nt � K and Nt � nk). The most common technique to reduce the downlink channel estimation
overhead is joint spatial division multiplexing (JSDM) [1]. The JSDM uses two-stage precoding:
second order channel statistics (covariance)-based user grouping and the traditional MU-MIMO
linear precoding (zero-forcing) for the inter-user interference mitigation based on the low-dimensional
effective channel. In TDD, only uplink channel estimation is done and the downlink channel estimates
are obtained by the transpose of the uplink channel using the channel reciprocity principle. The TDD
massive MIMO systems suffer from pilot contamination when the BS receives non-orthogonal pilot
signals from the neighboring cells. This pilot contamination degrades the channel estimation and
hence, affects both uplink combining and downlink precoding.

In traditional MIMO systems, a separate RF chain (analog-to-digital converter/digital-to-analog
converter, serial-to-parallel/parralel-to-serial converter, up/down converter etc) is required for each
antenna, but the high power consumption makes it infeasible for the case of massive MIMO systems.
Hybrid beamforming technique resolves this problem by dividing the precoding/combining into
baseband digital processing and RF analog processing. The hybrid precoding and combining
offer extra degrees of freedom in space domain with a large number of antennas and analog
beamforming [2]. The hybrid beamforming can be realized by using MU-MIMO precoding as
baseband digital precoding and the statistical channel state information-based pre-beamforming as RF
analog precoding. This limited feedback (due to average CSI) configuration is particularly suited for
massive MIMO mmWave systems with a large number of antennas but relatively small number of RF
chains [3]. It has been shown [4], that the covariance-based limited feedback works well for mmWave
massive MIMO systems, where the number of users is small with respect to the number of BS antennas
and the channels are formed by a few multi path components (MPCs) with small angular spread.
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Limited work has been done on the joint multiuser massive MIMO resource allocation and
hybrid beamforming design. Although mmWave massive MIMO system has a potential of tremendous
increase of spectral efficiency. However, the cost and power consumption of power-hungry radio
frequency chains (analog-to-digital converter (ADC)/digital-to-analog converter (DAC), parallel to
serial converter, serial to parallel converter, up converter/down converter) make it impractical to build
a complete RF chain for each antenna. A promising solution to this problem is hybrid beamforming,
where the precoder at the transmitter is divided into two parts: analog precoder and digital precoder.
The analog precoder (usually a network of phase shifters) at the RF stage reduces the number of
RF chains required for the digital precoder. In order to configure these precoders, the transmitter
requires channel state information in the form of uplink feedback from users, but in the presence
of massive antennas, this feedback becomes a huge load on the wireless uplink, especially in FDD
mode. JSDM [4] is a technique used to reduce the feedback overhead. It uses slowly varying average
channel statistics to implement the analog precoder; then, the digital precoder is realized by using a
low-dimensional effective channel. Till now, different variants of the JSDM have been proposed. Li et
al. [5] generalize the JSDM scheme to support non-orthogonal virtual sectorization and with multiple
RF chains at both link ends. It uses the Kronecker channel model to decouple the transmit and
receive beamforming. Under this channel, the analog beamformer is obtained by stacking strongest
eigenbeams of the channel covariance matrix and then the digital beamformer is based on a weighted
minimum mean squared error (MMSE) with effective channel. However, the Kronecker model does
not characterize the mmWave channel where transmitter and receiver have coupling effects due to
highly directional transmission. In [6], the authors apply JSDM using a geometrical channel model and
find hybrid precoder and combiner at transmitter and receivers, respectively. Hybrid beamforming
with switches (HBwS) has been introduced in [7], where, L × Nt analog beamformer is controlled by
NRF × L instantaneous CSI based switches. Nt is the number of transmit antennas, NRF is the number
of RF chains, and NRF < L < Nt. Another switch-based analog beamforming is proposed in [8] but it
requires instantaneous CSI for both switching network and the phase shifter network. Also it contains
L = Nt. The JSDM implementation also requires the training in the downlink to estimate the channel
covariance matrix. Most of the work assumes that the CSI is known at both ends. In [9], authors
consider the joint optimization of the training resource allocation and channel-statistics-based analog
beamformer design by using user centric virtual sectorization. There are different structures for the
phase shifter-based analog beamformer, namely, fully connected, sub-connected, and dynamically
connected [10]. Park [11] investigate JSDM with these analog beamformer architectures. The dynamic
architecture gives better result at the cost of added complexity. In [12], authors propose a hybrid
beamforming method with unified analog beamformer by Subspace Construction (SC) based on
partial CSI in massive MIMO OFDM system. In [13], statistical CSI based analog beamformer uses
regularized block diagonalization to mitigate the inter-group interference and instantaneous CSI based
digital beamformer utilizes the weighted MMSE to suppress intra-group interference. Jiang et al. [14]
jointly optimize the user selection and beam selection during analog beamforming design. They use
Lyapunov-drift optimization framework to obtain the optimal solution. Their work only focuses on the
design of statistical CSI based analog precoder and user/beam selection. Our previous work [15] on
resource allocation for transmit beamforming develops digital and analog precoders which maximize
the sum rate with total power and desired number of RF chains constraints. The provided solutions
require full instantaneous CSI at the transmitter and receiver, which, in case of the massive MIMO,
consists of large number of pilot transmission in downlink and channel information feedback in
the uplink. In this work we exploit the channel similarities by grouping (K-Mean machine learning)
the users based on the location information. Low complexity DFT matrix based analog precoder is
derived using statistical CSI. This greatly reduces the feedback overhead for the design of zero-forcing
digital precoder.

Machine learning (ML) applications for the physical layer of wireless communication systems
have been widely reported in [16]. Most of the conventional transmitter and receiver blocks can be
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replaced by an ML-based auto encoder as suggested by the authors. The large number of antennas
in massive MIMO leads to the challenging issue of channel estimation in mmWave communications.
A common practice in TDD massive MIMO systems is to utilize the channel reciprocity to get the
downlink CSI from uplink channel information estimates. However, in FDD, the channel reciprocity is
not applicable and the downlink CSI estimation is very difficult. The downlink channel estimation is
known to be hampered by the pilot contamination effect (user to base-station). The quality of channel
estimates is deteriorated by the mutual interference caused by the non-orthogonal pilots in a cell. In
[17], a supervised learning-based pilot decontamination scheme for massive MIMO uplink is reported.
In the proposed ML-based solution, the users’ locations in all cells and the pilot assignments stand
for the input features and output labels, respectively. In [18], a deep learning network CsiNet is
used to learn the CSI-to-codeword transformation (codebook approach is usually adopted to reduce
the feedback overhead) at users’ terminals and inverse CsiNet at base-station. The authors of [19],
suggest a learning-based antenna selection for massive MIMO systems. It uses a multiclass K-NN and
support vector machine (SVM) for data-driven optimal antenna selection. Wang et al. [20] employs
K-nearest neighbor (K − NN) supervised learning for the N beams allocation among K users. In [21],
a reinforcement learning based framework for radio resource management in radio access networks
has been proposed. In our previous work [22], we used neural networks to reduce the execution time
of the computationally intensive resource allocation part of the joint resource allocation and hybrid
beamforming design in [15]. However, in this work, we use K-mean based unsupervised machine
learning scheme to group the users based on their spatial locations. To the best of our knowledge,
there is no research work that jointly consider the spatio–radio resource management and the hybrid
beamforming in massive MIMO systems.

In this work, we use spatial channel covariance matrices for the analog beamforming design.
We also consider the users to RF beam mapping. This mapping requires channel state information
and a search over all possible beam combinations at the base-station. This search is exponential in the
number of users [23]. Due to this exponential increase in complexity, we use DFT-based eigenmode
beams with RF switches.

Contribution: In this paper, we develop joint spatio–radio resource and hybrid precoding
algorithms for limited feedback wideband massive MIMO systems. The contributions of this paper are
summarized as follow.

• First, we consider the problem of joint hybrid precoder design with limited feedback and
user-beam selection to maximize the sum proportional rate under the total power constraint.
The formulated mixed integer programming problem is then transformed to the relaxed-convex
optimization problem.

• Second, a low complexity suboptimal solution is provided for the optimization problem.
The algorithm generates the analog beamforming matrix, digital beamforming matrix, and the set
of users in each group. The DFT/eigenmodes-based analog beamforming is formed using limited
statistical CSI feedback from the users. Then, the digital precoder design with users selection is
done iteratively.

• Finally, we develop a K-Mean algorithm based unsupervised machine learning scheme for users
grouping. These users groups are used to form the limited feedback (statistical channel state
information) based analog beamforming matrix. The proposed machine learning based analog
beamforming along with the zero-forcing digital precoding and user scheduling gives better
performance than the DFT/eigenmodes-based solution.

The rest of the paper is organized as follows. System, signal, and channel model along with the
problem formulation are described in Section 2. Section 3 introduce the relaxed-convex transformation
of the formulated mixed integer optimization problem. Suboptimal solution to the joint resource
allocation and hybrid beamforming based on eigenmodes and discrete Fourier transform is given
in Section 4. Section 5 proposes machine learning based users grouping and beam selection for
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joint optimization problem. Simulation results are given in Section 6, followed by the conclusions
in Section 7.

Notations: Bold upper and lower case letters denote vectors and matrices, respectively.
The notations X−1, X†, XT , XH , and tr(X) denote the inverse, pseudo-inverse, transpose, Hermitian
transpose, and trace of a matrix X. vec{·} is a vector operator, diag{x1, ..., xn} is diagonal matrix,
and ⊗ is the Kronecker product. ‖ · ‖F denotes the Frobenius norm. The n × n identity matrix is
denoted by In. E{·} represents the expectation with respect to the random variable within the brackets.

2. System Model

Consider a FDD MU-MIMO downlink system where a base station (BS) with Nt antennas is
located at the cell center and transmits to K single antenna users as shown in Figure 2. There are G
groups of users such that the group g ∈ G = {1, ..., G}. Each group contains Kg users.

Figure 2. System Model.

Assume that the BS and users have the knowledge of the channel. We consider multi-carrier
OFDM transmission with narrow-band blocK-fading channel. The BS is equipped with Nt antennas in
linear antenna array (ULA) configuration. The information signal block S ∈ C

K×Nf at the input of the
BS transceiver for the user k is given as

sk = [s1, s2, . . . , sNf ], ∀k, (1)

and for the subchannel n,
sn = [s1, s2, . . . , sK]

T , ∀n, (2)

where Nf and Ns are the number of subchannels and the number of symbols per subchannel,
respectively. In a subchannel n, the information symbol vector is s ∈ CNs×1. We assume Ns = K,
such that the transmit signal per subchannel n satisfying E{snsH

n } = Pn
K IK, where Pn = PT/Nf is the

transmit power per subchannel and PT is the total transmit power of the BS. The transmit signal vector
X is obtained from FBS, where FB ∈ CNt×Ns is the precoding matrix. The hybrid beamforming divides
the precoding matrix into baseband digital precoding matrix FDB ∈ CNRF×Ns and RF analog precoding
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matrix FAB ∈ CNt×NRF , where NRF is the number of RF chains as shown in Figure 3. The transmit
signal X ∈ C

Nt×Nf is given by

X = FBS

= FABFDBS (3)

Also, the precoding matrix must satisfy

E{tr(XXH)} ≤ PT

E{tr(FABFDBSSHFDB H
FAB H

)} ≤ PT

tr(FABFDB
E{SSH}FDB H

FAB H
) ≤ PT (4)

since E{SSH} = PT
Nf K IKNf , therefore,

tr(FABFDBFDB H
FAB H

) ≤ Nf K (5)

The transmit signal in subchannel n is xn ∈ CNt×1. Thus, the received signal vector yn ∈ CK×1 at
K users in subchannel n is given by

yn = HH
n xn + wn

= HH
n FABFDB

n sn + wn (6)

where Hn � [h1,n, ..., hK,n] ∈ CNt×K is the channel matrix with hk,n = [h1,k, ..., hNt ,k]
H being the channel

vector from BS to user k in subchannel n, xn = FDB
n FABsn, and wn ∼ CN (0, σ2IK) be the additive white

Gaussian noise (AWGN) in subchannel n at the users. The RF beamforming FRF is performed in time
domain and the same beamforming is applied on all subchannels, whereas, the digital beamforming
FDB

n is performed in frequency domain on the per subchannel basis [11]. In the nth subchannel,
the jth UE receives the sum of all transmitted signals for K UEs over its MIMO channel Hj,i as

yj,n =
K

∑
k=1

hH
j,nxk,n + wj,n (7)

where hj,n is the Nt × 1 channel vector. We denote the rank of the channel matrix Hj,n by rj,n, where
0 ≤ rj,n ≤ min(K, Nt), ∀n. In matrix form, the above equation is given as

yj,n = hH
j,nxn + wj,n (8)

The 1 × Nf received signal at the kth UE is given by

yk = [hH
k,1FABFDB

1 s1, ..., hH
k,Nf

FABFDB
Nf

sNf ] + wk, (9)

Combining the signals for all UEs in a K dimensional received signal vector y = [y1, ..., yK]
H ,

we get the system equation as
Y = HHFABFDBS + W, (10)

where Y, W ∈ C
K×Nf .
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Figure 3. Block diagram of mmWave massive MIMO BS and UEs.

2.1. Channel Model

Generally, massive MIMO channel models are categorized in two types (i) analytical models and
(ii) physical models [4]. Analytical models are commonly used for the theoretical analysis of wireless
communication systems. The most commonly used analytical model is Kronecker channel model.
It is a correlation-based model and characterizes the MIMO channel matrix in terms of the separate
transmit and receive side spatial correlation matrices [24],

RH = E{vec{H}vec{HH}}
= Rtx ⊗ Rrx (11)

under the above assumptions, the channel model H is simplified to Kronecker model,

H = R1/2
rx KR1/2

tx (12)

where K ∼ CN (0, 1) is an i.i.d. unit variance MIMO channel matrix, Rtx and Rrx are the transmit
and receive corrrelation matrices, respectively. The transmit and receive correlation matrices are
given as [24],

Rtx = E{HHH}, Rrx = E{HHH} (13)

The physical models explicitly model wave propagation parameters like the complex amplitude,
DoD, DoA, and delay of an MPC [24,25]. MmWave propagation leads to limited spatial scattering
due to the high free-space pathloss. In addition, the large tightly packed antenna arrays lead to high
levels of antenna correlation. The sparse scattering and antennas spatial correlation makes many of the
commonly used statistical fading distributions inaccurate for mmWave channel modeling. Therefore,
we use extended Saleh-Valenzuela model, which accurately describes the mathematical structure
present in mmWave channels [26,27]. For simplicity, we assume that each scattering cluster around the
transmitter and receiver contributes a single propagation path [28].

In general, the mmWave MIMO channel matrix between the BS with Nt transmit antennas and
a user k with nr receive antennas in subchannel n, can be modeled as double directional channel,

Hk,n =

√
Ntnr

ρk,nL

L

∑
l=0

αk,n,la(φk,n,l)b
H(θk,n,l), (14)

where L is the total number of multipaths, αk,n,l is the complex gain of the lth path with i.i.d. CN (0, 1),
and ρk,n is the distance dependent pathloss between the BS and user k [29]. The LOS path is included
with l = 0. Moreover, a and b are the receive and transmit steering vectors, respectively. The variables
φk,n,l ∈ [0, 2π) and θk,n,l ∈ [0, 2π) are the lth path’s azimuth angles (boresight angles in the receive
array and transmit array) of arrival and departure, respectively. The steering vectors are given by

a(φk,n,l) =
1√
Nr

[a1(φl), ..., anr (φk,n,l)]
T (15)
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b(θk,n,l) =
1√
Nt

[b1(θl), ..., bNt(θk,n,l)]
T (16)

The elements of transmit and receive steering vectors are given by

bi(θk,n,l) = e−jωτi,l = e−j2π(i−1) dt
λ sin(θk,n,l), i = 1, 2, ..., Nt (17)

ai(φk,n,l) = e−jωτi,l = e−j2π(i−1) dr
λ sin(φk,n,l), i = 1, 2, ..., nr (18)

where λ is the wavelength, ω = 2π
λ , τi is the beamforming delay, and dt and dr are the antenna spacing

at the transmitter and receiver, respectively.
The channel matrix in (14) can also be written in more compact form as

Hk,n =
√

νAk,nDk,nBH
k,n (19)

where ν = Ntnr
ρL and, Ak,n and Bk,n consist of stacked steering vectors of AoA and AoD, respectively,

i.e., Ak,n = [a(φk,n,1), a(φk,n,2), . . . , a(φk,n,L)] and Bk,n = [b(θk,n,1), b(θk,n,2), . . . , b(θk,n,L)]. The matrix
Dk,n is a diagonal matrix, given as Dk,n = diag{αk,n,1, αk,n,2, . . . , αk,n,L}. The small scale fading at user
k in subchannel n in multipath component (MPC) is given by αk,n,l with zero mean and variance σ2

k,n,l .
Assume that each MPC is i.i.d. such that ∑L

l=1 σ2
k,n,l = 1. We can express the channel model in (19) as

Hk,n =
√

νAk,nΣk,nD̄k,nBH
k,n, (20)

where Σk,n = diag{σ2
k,n,1, σ2

k,n,2 . . . , σ2
k,n,L} and D̄k,n = diag{ᾱk,n,1, ᾱk,n,2 . . . , ᾱk,n,L} with ᾱk,n,l =

αk,n,l
σk,n,l

such that E{ᾱk,n,l} = 0 and E{ᾱ2
k,n,l} = 1.

Substituting (20) in (13) and averaging over small scale fading, we get the transmit and receive
correlation matrices for user k in the subchannel n as

Rtx,k,n = νBk,nΣ2BH
k,n, (21)

Rrx,k,n = νAk,nΣ2AH
k,n, (22)

For mmWave massive MIMO systems with large number of antennas, the steering vectors are
asymptotically orthogonal to each other [6]:

aH(φk,n)a(φk,n′) ≈ 0,

bH(θk,n)b(θk,n′) ≈ 0. (23)

Moreover, in mmWave massive MIMO, acquisition of the instantaneous full CSI is not practical.
Instead, an average CSI in terms of [Ak,n], [Bk,n], and [Σk,n] is a practical solution for the beamforming
design because the coherence time of the channel statistics based CSI is of the order of few seconds or
more as compared to the small scale of the order of milli-second [6].

2.2. Problem Formulation

The hybrid beamforming divides the beamforming matrix into two parts: covariance-based
pre-beamforming matrix FAB realized by analog beamformers and the reduced dimension MU-MIMO
digital precoding based on the effective channel HHFAB (omitting the subchannel subscript for
simplicity). We assume that K users are divided into G groups, such that, the group g contains
Kg number of users. Since users are near the ground level and surrounded by the scatterers compared
to the scatterer-free elevated base-station, we assume one-ring model [1] and all users in group g
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experience the same azimuth center angle (θg) and angular spread (Δg). In this case, Rrx = I in (12),
therefore, the channel covariance matrix of each user in group g is given by [30]

Rg = E{hgk hH
gk
} (24)

for which the eigenvalue decomposition gives

Rg = UgΛgUH
g (25)

where Ug ∈ C
Nt×rg is a tall unitary matrix (UgUH

g = I) comprises the eigenvectors of Rg and Λg ∈
R

rg×rg is diagonal matrix with rg nonzeros positive eigenvalues along the diagonal. The i, j − th
element of covariance matrix Rg represents the correlation between the channel coefficients antenna
element i and j as

[Rg]i,j =
1

2Δg

∫ θg+Δg

θg−Δg
e−j2π d

λ (i−j) sin θdθ, (26)

where d is the distance between antenna elements of ULA and λ is the wavelength of carrier frequency.
Using the Karhunen-Loeve representation, the channel vector of user k in group g is given as

hgk = UgΛ1/2
g zg = Ugh̃gk (27)

where zg ∈ CNt×1 ∼ CN (0, Irg) and h̃gk is beam domain channel. For large Nt, Ug tends to discrete
Fourier transform (DFT) matrix ΔNt ∈ CNt×Nt [31]. Each column of Ug represents one direction of
angle-of-departure (AoD), i.e., a beam.

Alternatively, for the case, when dominant eigenvalues r̂g ≤ rg, then, the channel matrix can be
written as ([13], Equation (5))

hgk = N1/2
t R1/2

g zgk (28)

The limited feedback-based hybrid beamforming consists of analog pre-beamforming matrix
FAB

g ∈ C
Nt×NRF,g responsible for spatial group formation and inter-group interference mitigation;

and the digital multi-users precoding matrix FDB
g ∈ C

NRF,g×Sg for spatial multiplexing inside the group
and inter-user interference mitigation. Here, NRF,g is the number of RF chains for group g such that
Sg < NRF,g < r̂g and Sg is the number of multi-carrier information symbols vectors for group g with
NRF = ∑G

g=1 NRF,g and S = ∑G
g=1 Sg. The overall analog pre-beamforming matrix FAB ∈ CNt×NRF is

given by
FAB = [FAB

1 , ..., FAB
G ], (29)

and the overall digital beamforming matrix FDB ∈ CNRF×Ns is given by

FDB = diag[FDB
1 , ..., FDB

G ] (30)

and the overall channel matrix
H = [H1, ..., HG], (31)

where the channel matrix of group g is defined as Hg � [hg1 , ..., hgKg
].

The analog pre-beamforming FAB
g is based on the slowly varying channel covariance matrix Rg

and can be implemented by the DFT matrix (when Nt is large), whereas, the digital beamformer FDB
g is

based on the instantaneous channel information of the reduced dimension effective channel HH
g FAB

g .
The overall effective channel is given by
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HH
e f f = HHFAB =

⎡⎢⎢⎢⎢⎣
HH

1 FAB
1 HH

1 FAB
2 · · · HH

1 FAB
G

HH
2 FAB

1 HH
2 FAB

2 · · · HH
2 FAB

G
...

...
. . .

...
HH

G FAB
1 HH

G FAB
2 · · · HH

G FAB
G

⎤⎥⎥⎥⎥⎦ (32)

The excessive pilot transmission in downlink and feedback in uplink of FDD system can be
reduced by only sending the group-wise average CSI based channel estimates in uplink. This is
accomplished by using the diagonal elements HH

g FAB
g as feedback information with the size of

Kg × NRF,g for g = 1, ...G. The analog pre-beamforming is designed in such a way that the other
elements of matrix (32) HH

g FAB
g′ ≈ 0 for all g′ 
= g. This group-wise division creates virtual sectors,

each group corresponds to a virtual sector [30].
The second order channel statistics-based RF beamformer FAB remains the same across multiple

coherence blocks which gives the effective instantaneous channel between BS and user k as

hH
n,gk ,e f f � hH

n,gk
FAB

g , (33)

with hn,gk ,e f f ∈ C
NRF,g×1. Therefore, channel statistics-based CSI sufficiently reduces the feedback

overhead on each user, otherwise, for instantaneous CSI, each user have to send the Nt × 1 size
of channel estimate on the uplink channel. The covariance of effective channel hH

n,gk ,e f f is given by
using (13) as,

E{hn,gk ,e f f hH
n,gk ,e f f } = E{FAB

g
H

hn,gk hH
n,gk

FAB
g }

= νFAB
g

H
Bk,nΣ2BH

k,nFAB
g (34)

The analog beamformer consists of columns of the DFT matrix, which can be easily implemented
by phase shifter network. Therefore, FAB

n,g can be obtained by eigenvalue decomposition of channel
covariance matrix. With the group-wise hybrid beamforming, the received signal yg,n for group g in
subchannel n becomes

yg,n = HH
g,nFAB

g FDB
g,n sg,n + HH

g,n ∑
g′ 
=g

FAB
g′ FDB

g′ ,nsg′ ,n + wg,n (35)

and the received signal of user k in group g in subchannel n is given by

ygk ,n = hH
gk ,nFAB

g fDB
gk ,nsgk ,n + hH

gk ,n ∑
k′ 
=k

FAB
g fDB

gk′ ,nsgk′ ,n︸ ︷︷ ︸
Inter-user interference

+ hH
gk ,n ∑

g′ 
=g
∑

j
FAB

g′ fDB
g′j ,n

sg′j ,n︸ ︷︷ ︸
Inter-group interference

+wgk ,n (36)

The received signal to interference and noise ratio (SINR) at the user k in group g and subchannel
n is given by

SINRgk ,n =
|hH

gk ,nFAB
g fDB

gk ,n|2

|hH
gk ,n|2

(
∑k′ 
=k |FAB

g fDB
gk′ ,n|2 + ∑g′ 
=g ∑j |FAB

g′ fDB
g′j ,n

|2
)
+ σ2

(37)

The spectral efficiency of user k in group g and subchannel n is expressed as

Rgk ,n = Ψgk ,n log2(1 + SINRgk ,n), (38)
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where Ψgk ,n is the binary variable such that it is equal to 1 if user k is selected in group g in the
subchannel n. In order to achieve balance tradeoff between throughput and fairness [32], we use
proportional fairness (PF) based throughput maximization. We define per user proportional fairness
metric as

U(FAB
g , fDB

gk ,n) =
Rgk ,n(t)
R̄gk ,n(t)

, ∀n, gk, (39)

where R̄gk ,n(t) is average throughput (moving average) over a past window of length Tw = 1/α [33], as

R̄gk ,n(t) = αRgk ,n(t − 1) + (1 − α)R̄gk ,n(t − 1), (40)

The large number of antennas in massive MIMO systems enable the use of the eigenmodes of the
channel covariance matrix, i.e., Bk,n comprises of the columns of the DFT matrix [6]. DFT-based beams
with Nt = 16 and Nt = 64 are shown in Figure 4a,b, respectively.

(a) (b)
Figure 4. DFT-based beams in a 120 sector. (a) DFT-based beams in a 120 sector with Nt = 16;
(b) DFT-based beams in a 120 sector with Nt = 64.

The beam steering matrix Bk,n consists of selected columns of Nt × Nt DFT matrix ΔNt such that

FAB
g = Bk,n = ΔNt Υn (41)

where ΔNt = [b1, b2, ..., bNt ] consisting of all eigenmodes and Υn is an Nt × rR binary beam selection
matrix, with rR is the rank of the channel covariance matrix. The selection matrix Υn ∈ CNt×rR

with only a single one on each row and column such that ∑i[Υn]i,j = 1 ∀j. Now we formulate our
optimization problem for joint spatio–radio resource allocation and precoders design with the objective
to maximize the utility function as

max
FAB

g ,fDB
gk ,n

G

∑
g=1

Nf

∑
n=1

Kg

∑
k=1

U
(

FAB
g , fDB

gk ,n

)
(42)

subject to

C1 : tr(FDB
n

H
FAB H

FABFDB
n ) ≤ Pn, ∀n

C2 : rank(FABFDB) ≤ NRF,

C3 :
Kg

∑
k=1

Ψk,n ≤ Kg, ∀g, n,

C4 : tr(Υn) ≤ G, ∀n,

C5 : [Ψk,n], [Υn] ∈ {0, 1}.
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The above optimization problem is a mixed integer programming (MIP) problem with coupling
between the digital and RF precoders in the power constraint. This MIP problem is NP-hard [14].

3. Relaxed-Convex Transformation

Though the above MIP optimization problem is NP-hard, it can be transformed to a relaxed
convex optimization problem by (i) relaxing the binary integer constraints to real number between 0
and 1 [14], and (ii) decoupling the digital and analog precoders. For decoupling purpose, we make
use of change of variables FDB

n = (FAB H
FAB)− 1

2 F̃DB
n , where F̃DB

n is the equivalent digital precoder [34].
Thus, the problem in (42) can be written as

max
FAB

g ,f̃DB
gk ,n

G

∑
g=1

Nf

∑
n=1

Kg

∑
k=1

Ũgk ,n

(
FAB

g , fDB
gk ,n

)
(43)

subject to

C1 : tr(F̃DB
n

H
F̃DB

n ) ≤ Pn, ∀n

C2 : rank(F̃DB) ≤ NRF,

C3 :
Kg

∑
k=1

Ψk,n ≤ Kg, ∀g, n,

C4 : tr(Υn) ≤ G, ∀n,

C5 : 0 ≤ [Ψk,n] ≤ 1, 0 ≤ [Υn] ≤ 1,

For a given RF precoder FAB and the knowledge of perfect CSI at the base-station, the digital
precoder can be obtained by conventional MU-MIMO techniques, e.g., the zero-forcing and block
diagonalization [15].

For the digital precoder, we adopt the ZF precoder for no multiuser interference among the
users in each groups. The beamforming vector of user k is chosen to be orthogonal to the effective
channel vectors of all the other users in the group. Zero-forcing is a suboptimal but low complexity
approach within the linear precoders’ class. ZF precoder is asymptotically optimal among all downlink
beamforming techniques in high SNR region. It guarantees high spectral efficiency for large-scale
antennas with low-complexity linear processing [35]. For Nt � Nr, it has shown that zero-forcing
beamforming can achieve up to 98% of the non-linear dirty paper coding (DPC) capacity [36].
In order to make this paper self-contained, we describe the block diagonalization briefly. Since digital
precoder is used to mitigate the multiuser interference within a groups and all groups are independent,
we omit the subscript g. First we consider the downlink transmission over one subchannel n with
the general case of BS with Nt antennas and Kn users with nk antennas each, such that ∑K

k=1 nk = Nr.
The downlink channel on the subchannel n is expressed as Nr × Nt matrix,

Hn,e f f = [HT
1,n,e f f , ..., HT

Kn ,n,e f f ]
T (44)

For user k, we define the following (Nr − nk)× Nt channel matrix

H′
k,n,e f f = [HT

1,n,e f f , ..., HT
K−1,n,e f f , HT

k+1,n,e f f , ..., HT
Kn ,n,e f f ]

T (45)

Let the rank of H′
k,n,e f f be denoted by r′k,n, then the nullspace of H′

k,n,e f f has dimension
Nt − r′k,n ≥ nk. Performing the SVD of each user’s channel matrix in subchannel n leads to the following

H′
k,n,e f f = U′

k,nΣ′
k,nV

′H
k,n = U′

k,nΣ′
k,n[V

′(1)
k,n V

′(0)
k,n ]H , (46)

where U′
k,n and V′

k,n are the unitary matrices. The columns of U′
k,n are the left singular vectors of

H′
k,n,e f f , the columns of V′

k,n are the right singular vectors of H′
k,n,e f f , and Σ′

k,n is a diagonal matrix in
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which the diagonal entries are the singular values of H′
k,n,e f f . In the last equality of (46), V

′(1)
k,n holds the

first r
′
k,n right singular vectors of H′

k,n,e f f and V
′(0)
k,n contains the Nt − r

′
k,n singular vectors of H′

k,n,e f f

which are in the nullspace of H′
k,n,e f f . The columns of V

′(0)
k,n are best suited for user k beamforming

matrix FDB
k,n , because they will provide zero interference at other UEs. Usually V

′(0)
k,n contains more

number of columns than the nk, therefore we use some linear combinations of the columns of V
′(0)
k,n to

make at most nk columns.

Hk,n,e f f V
′(0)
k,n = Uk,n

[
Σk,n 0

0 0

] [
V

(1)
k,n V

(0)
k,n

]H
, (47)

where Hk,n,e f f V
′(0)
k,n gives the matrix with columns as the linear combinations of the columns of V

′(0)
k,n .

The right hand side of the equation is the SVD of Hk,n,e f f V
′(0)
k,n , where Σk,n is rk,n × rk,n diagonal

matrix and V
(1)
k,n represents the rk,n singular vectors with nonzero singular values of Hk,n,e f f V

′(0)
k,n .

The Equation (47) can also be written as,

Hk,n,e f f V
′(0)
k,n = Uk,nΣk,nV

(1)
k,n

H

Hk,n,e f f = Uk,nΣk,nV
(1)
k,n

H
V

′(0)
k,n

H
(48)

The transmit beamforming matrix that maximizes the user k throughput without any inter-user
interference is obtained as,

FDB
k,n = V

′(0)
k,n V

(1)
k,n (49)

The transmit digital beamforming matrix for subchannel n is defined as

FDB
n = [FDB

1,n , ..., FDB
Kn ,n]P

1/2
n , (50)

where FB
k,n

H
FB

k,n = I, 1 ≤ k ≤ Kn and Pn is a block diagonal matrix whose elements scale the power
allocated to each interference-free virtual subchannel for all UEs. The receive combining matrix for this
user is Uk,n [37].

In the case of single antenna users, complete diagonalization is achieved entirely at the BS by
channel inversion, i.e., FDB

n = (HH
n,e f f )

†, where (HH
n,e f f )

† is the pseudo-inverse of HH
n,e f f [38].

FDB
n =βn

(
HH

n,e f f

)†

[fDB
1,n , ..., fDB

K,n] =βn

[
[h1,n, ..., hK,n]

HFAB
]†

(51)

where βn is a normalization factor chosen to satisfy the power constraint and is given by

β2
n =

K
‖FABFDB

n ‖2
F

(52)

Using the definition of the pseudo-inverse, we get,

FDB
n = βn

(
Hn,e f f HH

n,e f f + NRF�INRF

)−1
Hn,e f f (53)
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where � is the regularization parameter, � = 0 for ZF precoding and � = Ns
NRFη for regularized ZF,

with η = PT,n/σ2. Lastly, introducing the group subscript again, the SINR of user gk is given by

SINRgk ,n =

PT,n
Kg

β2|hH
gk ,nFAB

g FDB
g,n FDB

g,n
H

FAB
g

H
hgk ,n|2

|hH
gk ,n|2

(
∑k′ 
=k |FAB

g fDB
gk′ ,n|2 + ∑g′ 
=g ∑j |FAB

g′ fDB
g′j ,n

|2
)
+ σ2

(54)

and the PF sum rate is calculated as

Û =
G

∑
g=1

Nf

∑
n=1

Kg

∑
k=1

Ũgk ,n. (55)

4. Suboptimal Solution

Joint optimization of analog and digital beamformers is challenging because they use different
channel information for the design of analog and digital beamformers. Hybrid beamforming methods
consider decoupled designs of analog and digital beamforming to reduce the complexity of joint
optimization, but the main challenge remains the use of different channel information. To approximate
the optimal solution to this mixed integer programming problem, we summarize our proposed
algorithm below:

The analog precoder is formed by selecting Kg columns of DFT matrix of eigenvectors of channel
covariance matrix Rg of users’ group g in (41) to minimize the inter-group interference Ig,

min
Υ

Ig(Υ) (56)

subject to

tr(Υn) ≤ G, ∀n,

where Ig = ∑G
i=1 ∑G

j=1
j 
=i

|HH
i FAB

j |2. To solve the MIP problem, we divide the solution into two parts.

In the first part, we get the analog precoder using the selected columns of the DFT matrix which
maximize the PF sum-rate. The inherent benefit of the DFT matrix is its constant modulus which enables
the use of analog phase shifters and RF switches to realize the analog beamforming. In the second part,
for the given analog precoder, intra-group users scheduling is performed and a ZF digital precoder is
designed to maximize the sum-rate utility function. The decoupling of the analog and digital precoders
design makes the solution suboptimal but tractable [34]. The joint hybrid beamforming and user
scheduling Algorithm 1 takes Kg, Nf , NRF, Nt, and K. It generates the analog beamforming matrix FAB,
digital beamforming matrix FDB, and the set of users in each group. The first part of the algorithm
(line 9 to line 19) forms DFT/eigenmodes-based analog beamforming using limited statistical CSI
feedback from the users. Beam and users pairing within each group is taken place in this part of the
algorithm. The while loop at line 12 executes till all the binary combinations in Nt × Nt are exhausted
with the condition that each column contain exactly one binary 1 and total number of 1s are equal to
the number of streams (or number of RF chains). The second part (starts from line 39) assigns the radio
resources to users to maximize the utility function.
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Algorithm 1 Joint Resource Allocation and Hybrid Beamforming Design Algorithm.
1: Inputs

2: Kg: Number of users per group

3: Nf : Number of subchannels

4: Kn: Number of UEs to be scheduled in subchannel n

5: NRF : Number of RF chains

6: Nt: Number of transmit antennas

7: Initialization

8: Kg = {1, ..., Kg}, U(FDB
n )last = 0, Υlast

g = 0, Kn = {}, ∀n

{Average CSI-based Beam Selection and RF Precoder Design}

9: Evaluate channel covariance matrix Rg from CSI at users: Rg = E{hgk hH
gk
}

10: Find transmit steering Bk,n by Eigenvector based unitary matrix Ug of Rg or DFT matrix ΔNt .

11: while g ≤ G do

12: while tr(Υg) ≤ NRF,g, set {[Υg]i,i , ..., [Υg]Nt ,Nt} = {0, 1} do

13: Calculate U(Υg) , employing zero forcing FDB
n,g

14: if U(Υg) ≥ U(Υlast
g ) then

15: Υlast
g ← Υg

16: end if

17: end while

18: end while

19: Get FAB
g = ΔNt Υlast

g

{Instantaneous CSI-based Users Selection and Digital Precoder Design}

20: while n ≤ Nf do

21: while b ≤ NRF,g do

22: while k ≤ Kg do

23: Compute U(FDB
n ) = U(FDB

n ) + U(fDB
k′ ,n), ∀ k′ ∈ Kg

24: k′∗ = arg max
k′

{U(FDB
n )}

25: Ψk′∗ ,n = 1

26: Update FDB
n and U(FDB

n )update with user k′∗

27: if U(FDB
n )updated ≥ U(FDB

n )last then

28: Kn = Kn ∪ {k′∗}
29: Kg = Kg − {k′∗}
30: U(FDB

n )last = U(FDB
n )updated

31: k ++

32: else

33: break

34: end if

35: end while

36: b ++

37: end while

38: n ++

39: end while

40: Stack the beamforming matrices FDB = [FDB
1 , ..., FDB

Nf
]

41: Output

42: FAB = [FAB
1 , ..., FAB

G ]

43: FDB = [FDB
1 , ..., FDB

Nf
]

44: [K1, ...,KNf ]
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The Algorithm 1 is illustrated in flowchart Figure 5.

Initialization

Rg at users

FAB=Bk,n

while g≤G

while tr(Υ )≤NRF,g

If U(Υg)≥ U(Υg)last

U(Υg)

 U(Υg)last  ← U(Υg) 

Fg
AB=ΔNtΥg

(Last)

Yes

Yes

Yes

No

No

No

while n≤Nf

while b≤NRF,g

while k≤Kg

Compute U(Fn
DB)

k*’=arg maxk’  {U(Fn
DB)}

Ψk*’,n=1
Update U(Fn

DB)update with user k*’

If U(Fn
DB)update 

≥U(Fn
DB)last 

Кn=КnU{k*’}
Кg=Кg-{k*’}

U(Fn
DB)last=U(Fn

DB)update

k++

Output:
FAB={F1

AB,…,FG
AB}

FDB={F1
DB,…,FNf

DB}
К={К1,…,КNf}

b++

n++

FDB={F1
DB,…,FNf

DB}

Yes

Yes

Yes

Yes

No

No

No

No

Figure 5. Flowchart illustration of Algorithm 1.

5. Machine Learning: K-Means Based Optimal Users Grouping for Analog Beamforming

In this section, we use machine learning technique to group the users. Then, the DFT based fixed
switched-beams are used to realize the analog beamforming matrix. The joint users scheduling and
hybrid beamforming architecture with ML-based users grouping is shown in Figure 6.
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Figure 6. Joint users scheduling and hybrid beamforming architecture with ML-based users grouping.

Machine learning algorithms can broadly be divided into two main categories, namely supervised
learning and unsupervised learning algorithms. The former class of algorithms learn by training on
the input labeled examples, called training dataset, {(x(1), y(1)), (x(2), y(2)), (x(3), y(3)), ..., (x(m), y(m))},
where the ith example (x(i), y(i)) consists of the ith instance of feature vector x(i) and the corresponding
label y(i). Given a labeled training dataset, these algorithms try to find the decision boundary that
separates the positive and negative labeled examples by fitting a hypothesis to the input dataset.
Unsupervised machine learning algorithms, on the other hand, are given an unlabeled input dataset.
These algorithms are used for extracting information or features from the dataset. These features might
be related, but not confined, to the underlying structures or patterns in the input data, relationships in
data items, grouping/clustering of data items, etc. Discovered features are meant to provide a deeper
insight into the input dataset that can subsequently be exploited for achieving specific goals. Clustering
algorithms make an important part of unsupervised learning where the input examples are grouped
into two or more separate clusters based on some features. The K-Means (KM) algorithm, is probably
the most popular clustering algorithm. It is an iterative algorithm that starts with a set of initial
centroids given to it as input. During each iteration, it performs the following two steps.

1. Assign Cluster: For every user, the algorithm computes the distance between the user and every
centroid. The user is then associated to the cluster with the closest centroid. During this step,
a user might change its association from one cluster to another one.

2. Recompute centroids: Once all users have been associated to their respective cluster,
the new position of centroid for every cluster is then calculated.

Figure 7a depicts how the cluster centroids keep moving across iterations until the system
stabilizes for an example network consisting of thirty users being grouped in five clusters. The system
becomes stable in only five iterations and the final cluster layout is shown in Figure 7b.

Let us define the following notations to be used later in this section.

K = Total number of clusters being formed.

x(i) = Location coordinates of user u(i). In our case, x(i) ∈ IR2

c(i) = Cluster to which the user u(i) is currently associated.

μk = Centroid of kth cluster, μk ∈ IR2

μc(i) = Centroid of the cluster to which the user u(i) is currently associated.

179



Electronics 2019, 8, 1061

Now the cost function J can be defined as

J(c(1), c(2), ..., c(m), μ1, μ2, . . . , μK) =
1
m

m

∑
i=1

||x(i) − u(ci)||2 (57)

with the following optimization objective function.

min
c(1) ,,...,c(m) ,μ1,...,μK

J(c(1), c(2), ..., c(m), μ1, μ2, . . . , μK)

It may be pointed out that Equation (57) allows us to compare multiple clustering layouts based
on their cost and select the one with the lowest cost. The above optimization objective function
constitutes a non-convex and NP-hard problem because it has many possible local minima and
integer optimization variable c(i). The KM algorithm heuristically optimize this function by alternate
minimization method. It iterates between two steps (Assign cluster and Recompute centroids) as
described above.

(a) (b)

Figure 7. Change in position of centroids as K-Means clustering algorithm progresses. (a) shows
the transition of cluster centroids (shown as crosses) up to iteration 5, whereas, (b) shows only
the final stable state after iteration 5. In the figures, cross-sign represents cluster centroids and the
colored-circle-sign represents the user associated with the same group or cluster.

In this section, we use the KM algorithm for optimal clustering of m users competing for resources
in a particular cell. The clustering is performed based on their geographic location, thus our input
dataset {u(1), u(2), u(3), ..., u(m)} has m vectors u(i), 1 ≤ i ≤ m, consisting of location coordinates,
of ith user. For the sake of simplicity, we assume these users are deployed in a two dimensional
area, i.e., a plane and so u(i) = (x(i)1 , x(i)2 ), i.e., an ordered pair of location coordinates. Our clustering
algorithm is summarized in Algorithm 2.

The proposed algorithm takes the location coordinates of m users as input. It also takes
two numbers mink and maxk as additional input. The algorithm outputs the best number of clusters,
k, such that mink ≤ k ≤ maxk, and corresponding members of each cluster. It starts with k = mink
and randomly selects k user locations as the initial centroids (line 6). It assigns the closest centroid
to each user (line 8) and then computes new centroids by calculating the center/average location of
all nodes in each cluster (line 11). So, in effect, the location of centroids keeps moving in successive
iterations. It repeats the above two steps until the change in centroid positions is zero or negligible. We
repeat the test maxt times with a new set of randomly chosen initial centroids every time. During every
test, the discovered centroids, corresponding centroid assignment to users, and the cost are saved
(lines 14–16) for later comparison. After running the loop for maxt times, we select and store the best
k centroids resulting from the test with the lowest cost while discarding the remaining (lines 19–21).
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The same is repeated for the next value of k, i.e., k = k + 1, until k > maxk. At the end we have
cnt = maxk − maxk vectors μk, one for each value of k, the corresponding assignment vector ak and
cost ck. Finally, we choose the vector μ having the lowest cost and corresponding assignment vector
a among cnt stored cases. That is the best number of clusters and corresponding centroids that the
algorithm found.

Algorithm 2 K-Means based users grouping algorithm.

1: cnt = 0

2: for k = minkmaxk do

3: cnt = cnt + 1

4: for t = 1 : maxt do

5: repeat

6: Randomly choose initial k centroids μ1, μ2, μ3, ..., μk

7: for i = 1 : m do

8: a(i) = j, 1 ≤ j ≤ k, such that μj is the centroid closest to u(i)

9: end for

10: for l = 1 : k do

11: μl = mean of all users/points u(i) assigned to lth centroid

12: end for

13: until converges

14: μ(t) = (μ1, μ2, μ3, . . . , μk)

15: a(t) = (a(1), a(2), a(3), . . . , a(m))

16: c(t) = cost(μ1, μ2, μ3, . . . , μk)

17: end for

18: idx = argmin{c(t), 1 ≤ t ≤ maxt}
19: μk

(k) = μ(idx), 1 ≤ idx ≤ maxt

20: ak
(k) = a(idx),1 ≤ idx ≤ maxt

21: c(k)k = c(idx), 1 ≤ idx ≤ maxt

22: end for

23: index = argmin{c(k)k , 1 ≤ k ≤ cnt}
24: μ = μk

(index), 1 ≤ index ≤ cnt
25: a = ak

(index), 1 ≤ index ≤ cnt
26: n = index

After the groups formation, BS sends this information to all users, where users use this information
to form reduced average statistical CSI. For example, a user in a group of 5, needs to send the average
statistical CSI only after 1/5 of regular feedback interval time.

6. Simulation Results

Consider the downlink of a multiuser massive MIMO single cell with three 120 degree sectors.
We neglect inter-sector interference and focus on a single 120 degree sector served by a ULA of Nt = 64
isotropic antennas at BS. The users grouping forms virtual sectors inside 120 physical sector.
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In simulation, the results are obtained by averaging over 100 drops. In each drop we randomly
generate spatial correlation matrices Rg. For each realization of spatial correlation matrix Rg,
we simulate 1000 realizations of instantaneous channel H.

The joint spatio–radio scheduling and hybrid precoder scheme first forms the users groups and
then selects the beams that maximizes the sum-rate through downlink training process. Secondly,
it calculates the ZF based digital precoder using low dimensional effective channel feedback from
the users.

Figure 8 shows the CDF of the non-zero eigenvalues of channel covariance matrix. Notice that
approximately 50% of the non-zero eigenvalues are close to zero. The sum-rate increases as the number
of groups increases at the cost of increased feedback overhead as shown in Figure 9. Using machine
learning technique in Section 5 we can get optimal number of groups from channel covariance feedback.
This results in increased sum-rate with substantial reduced feedback. The optimal G = 3 gives 27.6%
increase in sum-rate compared to when G = 1 and 62.5% decrease in feedback overhead compared
to G = 8. The comparison of performance of ML-based users grouping with previous work cannot
be provided because there is no previous work that uses ML-based technique to reduce the CSI
feedback overhead in massive MIMO systems. Many papers use users grouping in massive MIMO
hybrid beamforming [3,5,39,40], but they do not utilize ML-based users grouping. Therefore, we have
compared our proposed solution with two benchmarks of full-CSI (G = K) and coarse-CSI (G = 1).
Figure 10 shows sum-rate with number of users at 10dB SNR. For a fixed number of groups G = 3,
the increase in number of users, increases number of users per group. Due to the fixed number of
groups, the feedback overhead remains the constant. Sum-rate is increasing with users because we
assumed NRF = Ns = K. If we fix the number of RF chains to some hardware limit, then the sum-rate
will saturate at specific number of users. It can be seen in Figure 10, that increasing number of users
per group decreases the slop of the sum-rate for limited CSI schemes. This decrease is due the increase
in intra-group interference.

Sum-rate also depends on the number of RF chains but this dependence is not linear as shown in
Figure 11. This figure shows sum-rate variation with number of RF chains NRF when Ns = 8, K = 8,
Nt = 64, and SNR = 10 dB. Sum rate increases with number of RF chains because it yields better
conditioned effective channel matrix. It can be seen that the spectral efficiency does not increase
monotonically with NRF and saturates at NRF = Nt where hybrid precoding is turned to the pure
digital precoding. The increase in spectral efficiency with the number of RF chains comes at the cost of
higher dimensional effective channel feedback overhead and power consumption in RF chains.

The spectral efficiency of the proposed scheme also varies with number of transmit antennas as
shown in Figure 12. In the figure, NRF = Ns = K = 8, SNR = 10 dB, and BS has 16, 64, 128 or 256 ULA
antennas. The performance gain increases with the increase in number of transmit antennas because
large antennas array increases the resolution of the transmit beams (also depicts in figure 4) and, hence,
decreases the potential of inter-beams interference.

In general, the spectral efficiency is a function of SNR and for the SNR = 10 dB, our ML-based
users grouping and hybrid beamforming scheme gives 27.6% increased sum-rate at the cost of 33.3%
extra feedback overhead as compared to the coarse-CSI case (G = 1). Our proposed scheme incurs 62.5%
reduced feedback at the cost of 25.2% reduction in sum-rate as compared to the full-CSI case (G = K).
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Figure 8. CDF of non-zero eigenvalues of channel covariance matrix Rg for Nt = 64.

Figure 9. Sum-rate Vs SNR with different number of groups, K = 8.

Figure 10. Sum-rate Vs number of users with different number of groups and CSI, SNR = 10 dB.
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Figure 11. Sum-rate Vs number of RF chains. Number of users K = 8, number of transmit antennas
Nt = 64, and SNR = 10 dB.

Figure 12. Sum-rate Vs number of transmit antennas. The number of RF chains at BS is fixed at 8,
number of users is 8 and the results are obtained for SNR = 10 dB and SNR = 20 dB.

7. Conclusions

This paper studied the limited feedback two-stage hybrid beamformimg for decomposing the
precoding matrix at the base-station. The huge channel state information feedback of massive MIMO
has been reduced by the channel covariance-based RF precoding and beam selection. The well-known
regularized block diagonalization can mitigate the inter-group interference, but requires substantial
feedback. We used K-mean algorithm based unsupervised machine learning technique for users
grouping and channel covariance-based eigenmodes/discrete Fourier transforms to reduce the
feedback overhead and designed a simplified analog precoder. The digital precoder is designed with
joint optimization of intra-group user utility function. It has been shown that more than 50% feedback
overhead is reduced by the eigenmodes-based analog precoder design. The spatio–radio resources
scheduling and limited feedback-based hybrid precoding increases the sum-rate by 27.6% compared to
the sum-rate of one-group case at the cost of 33.3% extra feedback overhead, and reduces the feedback
overhead by 62.5% at the cost of 25.2% reduction in sum-rate, compared to the full CSI feedback.
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Abbreviations

The following abbreviations are used in this manuscript:

ADC Analog-to-digital converter
AWGN Additive white Gaussian noise
BS Base station
CDF Cumulative distribution function
CSI Channel state information
DAC Digital-to-analog converter
DFT Discrete Fourier transforms
DoA Direction of arrival
DoD Direction of departure
DPC Dirty paper coding
FDD Frequency division duplex
HBwS Hybrid beamforming with switches
LOS Line-of-sight
MIMO Multiple-input multiple-output
MIP Mixed integer programming
ML Machine learning
MMSE Minimum mean squared error
MPCs Multi path components
MRT/MRC Maximum ratio transmission/Maximum ratio combining
MU-MIMO Multi-User MIMO
OFDM Orthogonal frequency division multiplexing
RBD Regularized block diagonalization
RF Radio frequency
SC Subspace construction
SINR Signal-to-interference-plus-noise ratio
SVD Singular value decomposition
SVM Support vector machine
TDD Time division duplex
UE User equipment
ULA Uniform linear array
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Abstract: Massive multiple-input multiple-output (MIMO) transmission has attracted attention as
a key technology for use in fifth-generation mobile communication systems. Multi-beam massive
MIMO systems that apply beam selection in analog components and blind algorithms in digital
components to eliminate the requirement for channel state information have been proposed as
a method for reducing overhead. In this study, we developed an adaptive modulation scheme
for implementing multi-beam massive MIMO and used computer simulation to compare it with
digital and analog–digital hybrid beam-forming methods. The effectiveness of the proposed system
was verified in a medium access control layer based on the IEEE802.11ac and frequency division
duplex-LTE representative wireless communication standards.

Keywords: massive MIMO; analog multi-beam; hybrid beam-forming; PHY layer; MAC layer

1. Introduction

Cellular network data traffic volumes have increased significantly with the advent of smart
devices. This trend will continue to grow as Internet of Things (IoT) equipment and big-data services
become more common. To meet this demand, recent research and development have focused on
achieving a 20-Gbps or more standard for future wireless communication [1,2].

Multiple-input multiple-output (MIMO) systems can be used to improve the transmission rate
within a limited frequency band [3]. To this end, multi-user MIMO (MU-MIMO) has been developed
to enable MIMO transmission to multiple users [4]. MU-MIMO technologies have been standardized
for LTE-advanced and IEEE802.11ac [5,6]. Accordingly, massive MIMO is viewed as a fifth-generation
(5G) technology, and it is expected to play an important role in achieving 5G targets [1,7].

In a MIMO system, a base station (BS) acquires channel state information (CSI) between itself and
a user terminal (UT) [8]. As CSI acquisition under massive MIMO involves numerous UT–BS antenna
pair channels, one of the most important challenges in implementing it is the acquisition of large
amounts of CSI with a small overhead. To achieve this, it is necessary to evaluate not only the physical
(PHY) layer but also the medium access control (MAC) layer. The MAC layer is a communication
protocol of a part of the data link layer corresponding to the second layer of the OSI reference model in
IEEE802, and it is located in a layer that is one layer above the physical layer.

Implicit beamforming (BF) has been proposed as an approach for eliminating CSI feedback in
MU-MIMO systems [9]. However, the communication efficiency of short-packet communication
decreases even if implicit BF is applied in a massive MIMO system [10].
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CSI estimation and initial UT tracking, which require a significant amount of overhead,
are necessary in hybrid BF massive MIMO systems [1]. A hybrid BF approach referred to as multi-beam
massive MIMO transmission has been proposed to solve this problem. CSI estimation is unnecessary
in this approach. The effectiveness of multi-beam massive MIMO has been demonstrated through
computer simulation [11–13]. In multi-beam massive MIMO systems, a number of analog multi-beams
are created for initial UT tracking and a subset of these beams with high received power are selected
for use. As multi-beams have narrow beam widths, interference signals can be mitigated and residual
interference can be cancelled by applying a blind array algorithm to digital beam components using
only the information pertaining to a received signal [14–16]. This paper proposes a multi-beam
massive MIMO approach that achieves high transmission efficiency and flexible communication using
asynchronous UT transmission. As the proposed system does not require timing synchronization
among UTs, all UTs can freely transmit signals while avoiding collision between their signals.
The diminished signal transmission time resulting from this configuration reduces the total power
consumption by the UTs.

In our previous studies, we proposed multi-beam massive MIMO beam-selection methods [13]
that utilized received-signal information such as the power difference and amplitude correlation
between beams. This approach was capable of appropriately performing beam-selection at a high
signal-to-interference noise ratio (SINR). Furthermore, this method could be performed through
signal processing using a simple configuration and was highly suitable for hybrid analog-digital
massive MIMO.

Channel quality indicator (CQI) values, which can serve as an index of modulation scheme
determination, cannot be obtained under multi-beam massive MIMO because it does not perform
CSI estimation. In this paper, we propose a simple adaptive modulation scheme for multi-beam
massive MIMO transmission based on amplitude correlation and received power. Under this method,
an appropriate modulation scheme can be simply determined based on the relationship between
amplitude correlation and the SINR. We assessed the proposed method by evaluating the transmission
rates it achieved using the IEEE802.11ac and frequency division duplex (FDD)-LTE standards.
In addition, we evaluated the throughput of the method under the MAC layer of each standard
to consider overhead.

The rest of this paper is organized as follows: The general massive MIMO transmission approach
is described in Section 2. In Section 3, we describe the use of amplitude correlation for modulation and
propose a simple adaptive modulation scheme for multi-beam massive MIMO. In Section 4, we present
our simulation model and describe its application in evaluating simple adaptive modulation schemes.
Then, we describe the results of the performance evaluation of the proposed multi-beam massive MIMO
method through the computer simulation of the IEEE802.11ac and FDD-LTE standard environments.

2. Massive MIMO Transmission and Proposed System

The bandwidth required by 5G systems is achieved using frequencies of 20 GHz or higher.
Massive MIMO utilizes BF technology to resolve propagation loss, which is one of the more serious
problems encountered under high-frequency bands. Typically, a technique known as digital BF (DBF)
is adopted, as shown on the right-hand side of Figure 1. In this technique, weight values are calculated
through digital signal processing. However, the massive MIMO systems that apply DBF experience
problems with respect to power consumption and implementation cost [1,17,18].

The left-hand side of Figure 1 shows the configuration of a typical hybrid BF massive MIMO
with sub-arrays [19]. In the figure, NL and NK indicate the number of elements and receivers in a
sub-array, respectively. This configuration produces a hybrid analog-digital BF that tracks a desired
signal through analog control while removing interference using digital signal processing, and it has
attracted significant interest [20–22]. Massive MIMO is known to be highly effective in addressing
the power consumption and implementation cost problems owing to its hybridization of analog and
digital approaches.
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Multi-beam massive MIMO eliminates the requirement for CSI estimation by forming
numerous narrow directional beams and spatially separating the signals of each UT. As a result,
the synchronization between a BS and a UT, which is required for CSI estimation, becomes unnecessary.
Under standard MU-MIMO, UTs must transmit signals to a BS simultaneously to employ CSI feedback
prior to communication. As multi-beam massive MIMO does not require CSI feedback, a UT can
communicate with a BS at any time.

Figure 2 shows the configuration of analog multi-beam massive MIMO under uplink
communication, along with its 16 multi-beam pattern. The proposed system generates N orthogonal
multiple beams in the analog component and uses a butler matrix circuit to achieve multi-beam
formation [23,24]. The butler matrix circuit, which was introduced in [24], forms an orthogonal beam
using a Fast Fourier Transform (FFT) on a spatially arranged array. This system is also effective from
the viewpoint of the pilot contamination problem in the multi-cell scenario because of the signals by
multiple UTs can be received without the CSI estimation by the multi-beam circuit.

Figure 1. Uplink configurations of typical analog–digital hybrid (left) and full-digital (right)
beamforming (BF) massive multiple-input multiple-output (MIMO) systems.

Figure 2. Uplink configuration of multi-beam massive MIMO in uplink and 16 multi-beam pattern.
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The proposed method performs beam selection using an amplitude detector and a processor.
Through beam selection, it is possible to spatially separate a specific UT using beam directivity. However,
interference signals from the other UTs, which are also received by side lobes, cannot be rejected
through only the multi-beam forming network. A method that uses only amplitude information, such as
amplitude correlation, must be used to achieve beam selection with low interference power.

The system developed in this study applies robust independent component analysis (ICA) using
a blind adaptive algorithm [16,25]. ICA is a blind signal processing technique that is commonly used
in image processing and medicine. In this technique, an observed random vector is decomposed into
statistically independent variables [16]. ICA does not require CSI because it utilizes only received
signals. The use of ICA allows for a hybrid configuration for efficient transmission in massive MIMO
systems in which multi-beams are applied to analog components and a blind algorithm is applied to
digital components.

3. Adaptive Modulation for Multi-Beam Massive MIMO

As discussed in the previous section, multi-beam massive MIMO does not require CSI estimation,
thereby eliminating the requirement for a process to obtain channel information at the BS side. As a
result, it is not possible to use a modulation and coding scheme (MCS) index to combine the modulation
scheme and coding rate from the CQI value, as is done under current wireless communication
standards [5,6]. Therefore, we developed an adaptive modulation scheme based on the received power
and amplitude correlation obtained from performing beam selection during uplink.

Here, we explain the beam-selection method and amplitude correlation in multi-beam massive
MIMO. Beam-selection is one of the major challenges in multi-beam massive MIMO. As a directivity
peak cannot be directed to a given UT, it is possible for one beam to receive signals from multiple
UTs. It has been confirmed that in such situations, signal separation cannot be perfectly performed in
digital components, even by a blind algorithm. To address this, the authors previously proposed a
beam-selection method that utilizes the power differences between the multi-beams and correlation
values obtained from amplitude information [13]. By employing this method, it is possible to achieve
beam selection with a high SINR by setting thresholds.

Under the proposed beam-selection method, amplitude correlation is calculated based on the
covariance between the amplitudes of received and adjacent beams. The amplitude of a received
signal is defined as a vector, x, whose number of elements is equivalent to the lengths of all
transmission-signal symbols. The correlation coefficient, ρ(x, y), with respect to the signal amplitudes,
x and y, is denoted as

ρ(x, y) =

N
∑

i=1
(xi − x)(yi − y)√

N
∑

i=1
(xi − x)2

√
N
∑

i=1
(yi − y)2

, (1)

where x is the mean of all elements in x.
Figure 3 shows the relationship between amplitude correlation and the SINR. The SINR of

the received signal tends to be high when the amplitude correlation is high. Based on this finding,
we examined a method of determining a simple adaptive modulation approach on the downlink using
the amplitude correlation and received power obtained on the uplink.
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Figure 3. Relationship between amplitude correlation and signal-to-interference noise ratio (SINR).

4. Computer Simulation

The results of the computer simulation of the proposed system were verified in terms of the
Rayleigh fading and angular spread of quadrature amplitude modulation (QAM) signals [26,27].
The simulation conditions are listed in Table 1. Figure 4 shows the simulation model, which is a
scattering ring model [27] with a specific angular spread. The model applies 101 paths per UT with an
angular spread of 1.0 degree. We assume flat fading in narrowband signals and do not consider delay
spread. Sixty-four elements are arranged in the horizontal direction at intervals of 0.5 wavelengths,
and beam width is approximately 1.60 degrees. As the assumed transmission method involves a
single carrier for narrowband signals, delay waves have no influence on signal separation. The signals
for each sub-carrier are regarded as narrowband signals to apply them as actual broadband signals
through orthogonal frequency division multiplexing. In the UT distribution, the center direction of
the BS is set as 0 degrees and individual UTs are placed at random angles within a range of −60 to
60 degrees. A constant distance is set between the BS and all UTs so that a signal-to-noise ratio (SNR)
of 20 [dB] per UT is received at the BS.

Figure 4. Simulation model.
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Table 1. Simulation conditions.

Number of receiving antennas 64

Number of UTs 20

Number of demodulated UTs 8

SNR per UT, before array gain acquisition 20 [dB]

Modulation scheme 4QAM (QPSK) – 1024QAM

Trial number 3000

Data length 3000

Data smoothing size 3000

Number of iterations 30

First, the processing of the uplink was simulated transmitting QPSK signals from all 20 UTs to the
BS, which recorded the amplitude correlation and received power for each beam. On the downlink,
the BS transmitted QPSK 1024-QAM signals to eight users with high reception power. Then, the UTs
received signals from the BS calculated bit error rate (BER). We assumed that a modulation scheme
yielding a BER of less than 10−2 could be applied [28,29]. We evaluated the applicable modulation
schemes in terms of the SINR and received power recorded on the uplink to simulate an adaptive
modulation scheme.

4.1. Adaptive Modulation

The results produced by the simulation procedure described in Section 4 are shown in Figure 5,
in which the left-hand and right-hand figures show the relationship between the applicable modulation
method and amplitude correlation and received power, respectively. Even though amplitude
correlation increases with the modulation order, it is not appropriate to select a modulation method
using only amplitude correlation because the standard deviation of the results is large. Therefore,
the received power relationship shown in the right-hand figure was used to develop an indicator for
determining the modulation method (Table 2). In the table, ρ and P represent amplitude correlation
and received power, respectively.
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Figure 5. Relationships between applicable modulation scheme and amplitude correlation (left) and
received power (right).
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Table 2. Adaptive modulation scheme for eight user terminals (UTs).

Modulation Scheme Conditions

None ρ < 0.4
16-QAM ρ ≥ 0.4 and P < 20 [dB]
32-QAM ρ ≥ 0.4 and 20 ≤ P < 24 [dB]
64-QAM ρ ≥ 0.4 and 24 ≤ P < 28 [dB]
128-QAM ρ ≥ 0.4 and P ≥ 28 [dB]

4.2. IEEE802.11ac

We evaluated the indicator shown in Table 2 and the downlink effectiveness of multi-beam
massive MIMO transmission based on the IEEE802.11ac procedures [5,30]. The simulation conditions
and model were the same as those used in Section 4. Equation (2) was used as an index of evaluation
based on the BER calculated on the UTs.

R =

{
M (1 − BER) (BER ≤ 10−2)

0 (otherwise)
[bit/symbol], (2)

where M denotes the number of bits per symbol and R denotes the number of bits per symbol obtained
independently of the coding rate.

The assessment was divided into parts, i.e., the evaluation of the PHY layer without considering
the overhead arising from the control signal and the evaluation of the MAC layer considering
overhead. Table 3 shows the relationship between the MCS index and the transmission rate under the
IEEE802.11ac 20-[MHz] operation [5]. The values of R′ are obtained by multiplying the modulation
order by the coding rate, and they are equivalent to R, which is the number of bits per symbol.
Accordingly, it was assumed that an MCS index that satisfies R ≥ R′ could be applied to the R
obtained on the UTs. Based on this, we could evaluate the transmission rate corresponding to the
MCS index.

Table 3. Relationship between MCS index and transmission rate under IEEE802.11ac at 20 MHz.

IMCS Modulation Coding Rate R′ [bits/symbol] Transmission Rate [Mbps]

0 BPSK 1/2 0.5 7.2
1 QPSK 1/2 1.0 14.4
...

...
...

...
...

9 256QAM 3/4 6.0 86.7

In the MAC layer, throughput is calculated according to the downlink MU-MIMO procedure
shown in Figure 6 [5]. As seen in the figure, the BS first transmits request signals to all UTs to obtain
channel information. Once the BS has obtained channel feedback from each UT data transmission
signal, data reception processing is performed for all UTs. Throughput is obtained by dividing the
data size of frame aggregation, which was set as 63,000 bytes in this evaluation, by the time required
by the processes. As multi-beam massive MIMO does not require procedures such as CSI estimation
or feedback, we assumed that no time other than that necessary for data transmission was required.
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Figure 6. Downlink multi-user (MU)-MIMO procedure under IEEE802.11ac.

We evaluated the performance of a typical hybrid BF massive MIMO and compared it with
those of the sub-array and full-digital BF configurations discussed in Section 2. Table 4 shows the
precoding and decoding methods used under each configuration in the downlink. For the hybrid
BF, we assumed that maximum ratio combining (MRC) was performed in the analog component
using a phase shifter [31]. In the digital component, the minimum mean square error (MMSE) weight
calculated in the uplink was used as a precoder [31]. Eight sub-arrays (NK = 8) and eight sub-array
elements (NL = 8) were utilized, resulting in 64 elements. In the full-digital BF, transmission precoding
was performed using a block diagonalization (BD) method with 64 elements [32].

Table 4. Precoding and decoding on downlink.

Massive MIMO Configuration Precoding Decoding

Multi-beam massive MIMO (Figure 2) Analog multi-beam Robust ICA
Hybrid BF massive MIMO (Figure 1) MRC and MMSE MMSE

Full-digital BF massive MIMO (Figure 1) BD method MMSE

Figure 7 shows the cumulative distribution function (CDF) characteristics of transmission rate
and throughput. The adaptive modulation results show the characteristics obtained for each trial
when the highest modulation order is selected in the modulation scheme in which the BER is 10−2

or less. The proposed modulation results are obtained using the characteristics based on Table 2.
At the assumed transmission rate, the full-digital BF configuration achieves 86.7 [Mbps], which is
the maximum transmission rate obtainable under IEEE802.11ac, because it scans a sharp beam width
using 64 elements. The median value of multi-beam massive MIMO is approximately 70 [Mbps], and it
is asymptotic to the ideal characteristic obtained by utilizing the proposed simple adaptive modulation.
The hybrid BF configuration characteristic achieves a low modulation order because beam width
is widened when there are eight elements per sub-array. The full-digital configuration can achieve
a throughput of only approximately 40 [Mbps] because of the overhead of channel estimation and
feedback obtained when there are 64 antenna elements. In hybrid BF, overhead occurs owing to eight
elements, which is the number of sub-arrays. As shown in Figure 6, throughput decreases when the
transmission rate of even one UT is slow because IEEE802.11ac requires the synchronization of all UTs,
as shown in Figure 6. This reduces the throughput characteristic of the hybrid BF. The multi-beam
massive MIMO characteristic is the best among the three configurations because it does not require
synchronization and overhead and can effectively utilize the transmission rate obtained in the
PHY layer.
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Figure 7. Characteristics of transmission rate and throughput under IEEE802.11ac.

4.3. FDD-LTE

We evaluated the proposed method under FDD-LTE (Release 15) [6].We assumed a bandwidth
of 20 [MHz] per UT and 100 resource blocks (RBs). Table 5 shows the relationship between the MCS
index and the transmission rate in LTE when there is one antenna. The transport block size (TBS) is
based on [6], and the transmission rate is calculated based on the efficiency per bandwidth. The TBS
corresponds to an actual data component divided into RBs and transmitted, while user data indicate
the resource size for a given control signal. As in the IEEE802.11ac simulation, we compared the
values of R and R′ produced by the respective approaches and evaluated the results in terms of the
corresponding transmission rates.

Table 5. Relationship between MCS index and transmission rate under frequency division duplex
(FDD)-LTE (100 RBs, 20 MHz).

IMCS Modulation TBS User Data Coding Rate R′ [bits/symbol] Transmission Rate [Mbps]

0 QPSK 2792 30000 0.094 0.188 7.22
1 QPSK 4548 30000 0.154 0.308 9.61
2 QPSK 7224 30000 0.242 0.484 21.7

...
...

...
...

...
...

27 256QAM 84760 120000 0.707 5.656 127.0

The throughput in LTE, which is denoted here by T, can be calculated as follows: [6,33].

T = TBS × Nstr

� Nsubc × Nslot × Nsym × M × Nstr × CR [bps],

where Nsubc is the number of sub-carriers, Nslot is the number of slots per second, Nsym is the number
of symbols per slot, Nstr is the number of streams, and CR is the coding rate.

We apply Equation (3) to consider control signals because Equation (3) cannot express the number
of control signals that can be eliminated under multi-beam massive MIMO.

T = TBS × Userdata′

Userdata
× Nsubf × Nstr [bps], (3)

where Nsubf is the number of sub-frames per second. The value of Userdata′ is obtained by increasing or
decreasing the number of control signals from secured Userdata, which is defined in [6]. For example,
when IMCS = 27 in Table 1, Userdata is obtained as 120,000 [bits]. This corresponds to a Userdata′ of
128,000 [bits] in the multi-beam massive MIMO, which is obtained by removing the control signal from
Userdata. As there is no complete definition of a control signal in the case of 64 elements, we assumed
that one antenna port would be added to handle the additional control signal required each time the
number of antennas was doubled. Therefore, Userdata′ was 83,200 [bits] for 64 antennas under the
full-digital configuration.
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Figure 8 shows the relationship between the transmission rate and throughput based on
Equation (3). We used this figure to evaluate throughput based on overhead for each configuration.
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Figure 8. Transmission rate versus throughput from Equation (3).

Figure 9 shows the CDF characteristics of the transmission rate and throughput under FDD-LTE.
The modulation scheme for each characteristic is determined in the same manner as that used in
the evaluation under IEEE802.11ac. The transmission rate follows the same trend as that under
IEEE802.11ac. However, unlike IEEE 802.11ac, a high transmission rate can be achieved even with
a low modulation order. This suggests that the performance of the hybrid BF approaches that of
multi-beam massive MIMO. An evaluation of throughput based on Figure 8 reveals that it increases
linearly with transmission rate under all configurations. Given that multi-beam massive MIMO has
the lowest number of control signals of all configurations, it achieves the highest throughput at a given
transmission rate. This verifies the effectiveness of multi-beam massive MIMO, which can effectively
utilize the transmission rate in the PHY layer.
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Figure 9. Characteristics of transmission rate and throughput under FDD-LTE.

5. Conclusions

In this paper, we proposed a simple adaptive modulation method for multi-beam massive
MIMO and evaluated its performance when implemented in a MAC layer. The effectiveness of the
proposed transmission method was validated through computer simulation. The performance of the
method asymptotically approached the ideal characteristic because of the implementation of simple
adaptive modulation using amplitude correlation and received power. The proposed method was also
shown to achieve higher throughput characteristics compared to a hybrid approach with sub-arrays
and a full-digital beam-forming configuration under the IEEE802.11ac and FDD-LTE environments.
Future works include the further theoretical analysis and experimental evaluation using the analog
multi-beam by Butler matrix circuit.
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Abstract: Traditional channel estimation algorithms such as minimum mean square error (MMSE)
are widely used in massive multiple-input multiple-output (MIMO) systems, but require a matrix
inversion operation and an enormous amount of computations, which result in high computational
complexity and make them impractical to implement. To overcome the matrix inversion problem,
we propose a computationally efficient hybrid steepest descent Gauss–Seidel (SDGS) joint detection,
which directly estimates the user’s transmitted symbol vector, and can quickly converge to obtain
an ideal estimation value with a few simple iterations. Moreover, signal detection performance was
further improved by utilizing the bit log-likelihood ratio (LLR) for soft channel decoding. Simulation
results showed that the proposed algorithm had better channel estimation performance, which
improved the signal detection by 31.68% while the complexity was reduced by 45.72%, compared
with the existing algorithms.

Keywords: 5G; massive MIMO; computational efficiency; precoding algorithms; channel estimation

1. Introduction

Multiple-input multiple-output (MIMO) technology is becoming more and more mature,
especially when combined with orthogonal frequency division multiplexing (OFDM) [1–5], which has
been successfully applied in multiple wireless communications fields such as Long-Term Evolution
(LTE) and LTE-Advanced. However, traditional MIMO technology can only achieve a 4 × 4 or
8 × 8 scale system [6], which makes it difficult to meet the explosive growth in mobile data services.
Therefore, in recent years, massive MIMO has been proposed based on traditional MIMO technology [7].
Massive MIMO systems configure up to hundreds of antenna arrays at the base station to serve multiple
single-antenna end-users simultaneously [8], which can improve spectrum utilization and power
utilization in wireless communications systems by two to three orders of magnitude [9–11]. This has
become one of the most promising enabling technologies and one of the hottest research directions in
5G [12]. The maximum likelihood (ML) algorithm is the optimal algorithm in massive MIMO detection
algorithms, but its computational complexity increases exponentially with the number of system
antennas and the modulation order of baseband signals. It is difficult for it to be fast, effective, and
realized in practical applications. Linear detection methods, such as the zero-forcing (ZF) algorithm
and minimum mean square error (MMSE) algorithm, can achieve near-optimal detection performance
in massive MIMO systems. The complexity in this kind of detection algorithm is greatly reduced,
compared with the complexity of the ML algorithm, but introduces a complex high-dimensional
matrix inversion operation, so a low-cost and efficient engineering implementation is still a problem
to be solved. Aimed at this problem, many simplified algorithms based on the MMSE detection
scheme have been proposed in recent years, and can be roughly divided into three types: The series
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expansion class-approximation method [13,14], the iterative class-approximation method [15,16] and a
gradient-based search for an approximate solution [17–20]. The authors in [13] proposed a method of
using Neumann series expansion to approximate the inverse MMSE filter matrix, but when the number
of expansion stages was gradually increased (i > 2), the computational complexity was still high,
even equal to or exceeding the exact MMSE. The complexity of the filter matrix inversion algorithm
also loses a large degree of detection performance. The authors in [14] applied the Newton algorithm
derived from the first-order Taylor series expansion (similar to Neumann series expansion) to massive
MIMO signal detection, and used the iterative method to improve the estimation accuracy of the
MMSE filter matrix inversion. However, from the aspects of detection performance and computational
complexity, the algorithm based on the Newton iteration was not dominant. Different from the two
series expansion-based algorithms above, it is necessary to estimate the signal vector sent by the user
by inverting the approximate matrix. Some iterative algorithms based on solving linear equations, such
as the Richardson iterative (RI) algorithm [15] and the successive over-relaxation (SOR) algorithm [16],
use the special properties of the MMSE filter’s symmetric positive definite matrix. Through the method
of solving linear equations, they directly estimate the transmission vector, thus avoiding the inversion
of high-dimensional matrices.

The RI and SOR algorithms mentioned above have lower computational complexity at a fixed
number of iterations, but RI convergence is slower and requires a higher number of iterations to
achieve certain detection performance requirements. In SOR, although the detection performance
is close to excellent, its internal iterative structure means the algorithm cannot be implemented in
parallel in practical applications. The third type of algorithm is mainly designed and implemented
based on the idea of a matrix gradient, including the conjugate-gradient (CG) method [17] and the
steepest descent (SD) method [18]. This type of algorithm uses the matrix gradient search method and
avoids the high-dimensional matrix inversion problem. However, compared to the method of series
expansion, the CG and SD algorithms bring about great improvement in detection performance, but
calculation of the matrix gradient after each iteration also causes higher complexity.

In this paper, a low-complexity joint detection algorithm was proposed. The SD algorithm had a
good convergence direction at the beginning of the iteration, and the Gauss–Seidel (GS) algorithm with
low complexity mentioned in [19] was combined with the SD method (called SDGS), which provided
an effective search direction for GS iterations, speeding up convergence and improving the detection
performance. Furthermore, applying it to soft output detection gave an approximate calculation
method for the bit log-likelihood ratio (LLR) of the channel decoder input. A good compromise
between detection performance and computational complexity was achieved.

The rest of this paper is organized as follows: Section 2 discusses the system model and analytical
derivations, Section 3 explains signal detection, while Section 4 explains the mixed iterative algorithm
and the proposed algorithm. Section 5 provides the simulation results, while Section 6 concludes
the paper.

2. System Model

The research object considered in this paper was the uplink for a massive MIMO system consisting
of a base station equipped with N antennas and K single-antenna users where N � K, as shown
in Figure 1. Let sc = [s1, s2, . . . , sK]

T denote the K × 1 dimensional symbol vector sent by all users
simultaneously, where sk ∈ ε was the transmitted symbol from the kth user, and ε was the modulation
symbol set.

Let Hc ∈ CN×K represent the Rayleigh fading channel matrix; then, the N × 1 dimensional signal
vector received by the base station could be recorded as:

yc = Hcsc + nc (1)
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where nc represented an additive white Gaussian noise (AWGN) vector with an N × 1 dimensional
mean of 0 and a covariance matrix of σ2IN. Converting the complex model of Equation (1) into an
equivalent real model gave:

y = Hs + n (2)

Among these terms, s ∈ R2K, H ∈ R2N×2K, y ∈ R2N, and n ∈ R2N, which were:

H =

[
�(Hc)

�(Hc)

−�(Hc)

�(Hc)

]
, y =

[
�(yc)

�(yc)

]

s =

[
�(sc)

�(sc)

]
, n =

[
�(nc)

�(nc)

] (3)

Among those, �(·) and �(·) indicated the real part and imaginary part, respectively.

.
.

.

.
.

.

.
.

.

 

Figure 1. Massive multiple-input multiple-output system model.

2.1. Minimum Mean Square Error Signal Detection

The main task of signal detection was to accurately determine user transmission vector s at the
base station through received signal vector y. The transmitted signal vector ŝ detected by the MMSE
algorithm could be expressed as:

ŝ =
(

HH H + σ2 I2K

)−1
HHy = W−1ŷ (4)

where ŷ = HHy. The filter matrix W of the MMSE detector could be expressed as:

W = G + σ2 I2K (5)
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where G = HH H was the Gram matrix. In massive MIMO systems, the computational complexity of
W−1 is O

(
K3), which makes the implementation of the MMSE algorithm very complex.

2.2. Log Likelihood Ratio Calculation

Various channel coding techniques are commonly employed in wireless communication systems
to improve their error performance, since channel reliability can be used to improve system stability.
Conventional MIMO system signal detection generally uses a hard decision method to directly execute
symbol decisions on the estimated value of the user-transmitted signal vector, i.e., ŝ in Equation (4).
In order to output the soft detection information to the back end of the detector, after the MMSE
detector estimates ŝ, the LLR soft information used for channel decoding could be calculated with the
following method. First, we needed to restore the estimated ŝ and the calculated W−1 to the equivalent
complex field to get ŝc and W−1

c . Let U = W−1
c Gc = W−1

c HH
c Hc denote the equalized channel matrix.

The equalized signals obtained by the MMSE filter matrix could be obtained from Equations (2) and (4)
as follows:

ŝc = W−1
c Gcsc + W−1

c HH
c nc

= Usc + W−1
c HH

c nc
(6)

Then, the estimated value of the symbol transmitted by the ith user is ŝc,i = μisc,i + ei, where
μi = [U]ii = Uii represented the effective channel gain after equalization, and ei represented the noise
plus interference (NPI) term contained in the ŝc,i. The noise variance was v2

i = ∑K
j 
=i
∣∣Uji

∣∣2 + Eiiσ
2,

where Uji and Eii represented the (j, i)th element of the matrix U and the ith diagonal of the matrix

E, respectively, where E = W−1
c HH

c
(
W−1

c HH
c
)H

= W−1
c GcW−1

c . Using the max-log approximation
representation given in [11], the LLR Li,b corresponding to the bth bit transmitted by the ith user was
expressed as:

Li,b = Υi

(
min

a ∈ O0
b

∣∣∣∣ ŝc,i

μi
a
∣∣∣∣2 − min

a′ ∈ O1
b

∣∣∣∣ ŝc,i

μi
a
∣∣∣∣2
)

(7)

where Υi = μ2
i /v2

i represented the signal-to-interference plus noise ratio (SINR), and O0
b and O1

b
represented the modulation symbol set with the bth bit being 0 and 1, respectively.

3. Low Complexity Signal Detection

3.1. Neumann Series Expansion

In a massive MIMO system, the MMSE signal detection algorithm involves a high-dimensional
matrix inversion, W−1, with a computational complexity of O

(
K3). In order to reduce the

computational complexity of W−1, the authors in [11] proposed using Neumann series expansion to
approximate matrix inversion results. When W approximates the invertible matrix X and satisfies

lim
n→∞

(I − WX)n = 0 (8)

then, the Neumann series can be expressed as

W−1 = Σ∞
n=0

(
X−1(X − W)

)n
X (9)

The decomposition matrix is W = D + E, where D is the diagonal matrix of W, and E is the
hollow matrix corresponding to W. Since the number of antennas equipped at the base station was
much larger than the number of single-antenna users (N � K), matrix W has a diagonal dominant
characteristic [3]; that is, W ≈ D. Substituting D for X in Equation (9) gives:

W−1 = Σ∞
n=0

(
−D−1E

)n
D−1 (10)
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when lim
n→∞

(−D−1E
)n

= 0, the progression of Equation (10) converges. If we only expand the first i
term of the Neumann series, we can get:

W−1
i = Σi−1

n=0

(
−D−1E

)n
D−1 (11)

when the value of i is small, the Neumann series expansion can approximate W−1 with lower
complexity. For example, when i = 2, W−1

2 = D−1 − D−1ED−1, which is computationally complex,
and the complexity is O

(
K2).

3.2. Gauss–Seidel Algorithm

In the Neumann series expansion algorithm, when the number of expansion terms i ≥ 3, the
computational complexity is still O

(
K3), which is equal to or even exceeds the complexity of the

exact inverse calculation of the MMSE filter matrix. Unlike the Neumann series expansion, which
approximates W, the GS algorithm [19] can solve N-dimensional linear equations of the form Ax = b
without inverting the matrix, where matrix A is an N × N dimensional symmetric positive definite
matrix, x is the N × 1 dimensional solution vector, and b is the N × 1 dimensional measurement vector.
Decomposing matrix A into a diagonal element matrix, DA, a strict lower triangular element matrix,
LA, and a strict upper triangular element matrix, LH

A , the GS algorithm can estimate x by the following
iterative method:

x̂ (i) = (DA + LA)
−1
(

b − LH
A x̂(i−1)

)
(12)

where i = 1, 2, . . . represents the number of iterations of the GS algorithm. In a massive MIMO system,
as the number of base station antennas increases substantially, when it is much larger than the number
of single-antenna users (N � K), the individual column vectors of the uplink channel matrix H are
progressively orthogonal [20], and W = G + σ2 I2K is a symmetric positive definite matrix. Similarly,
W can be decomposed into:

W =
(

D + L + LH
)

(13)

Among those terms, D, L, and LH , respectively, is the diagonal element matrix of W, the strict
lower triangular element matrix, and the strict upper triangular matrix. The GS algorithm can be
used to avoid inverting the high-dimensional matrix, which directly estimates the transmitted signal
vector ŝ:

ŝ(i) = (D + L)−1
(

ŷ − LHŝ(i−1)
)

(14)

where ŝ(0) represents the initial solution and is usually set to a zero vector.

4. Proposed Algorithm

4.1. Hybrid Iterative Algorithm Structure

The SD algorithm based on matrix gradient search can have a good convergence direction at the
beginning of the iteration [18], while the GS iterative algorithm has lower complexity. Therefore, using
the above characteristics, this paper proposed a hybrid iteration of the joint SD and GS algorithm.
The joint algorithm (called the SDGS algorithm) speeds up convergence of the iterative effect of the
algorithm without increasing the complexity, and achieves error performance close to the MMSE ideal
matrix inversion detection method. The steps are in SDGS Algorithm.

SDGS Algorithm

• Step 1: For the diagonal approximation’s initial value setting, Equation (4) can be converted to
Wŝ = ŷ; W is a symmetric positive definite matrix and a diagonally dominant matrix, so W−1 is
also a diagonally dominant matrix.

• Step 2: Determine the initial solution using D−1 instead of W−1:
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s(0) = D−1 ŷ (15)

Since D is a diagonal matrix, it is obvious that calculating D−1 requires only low complexity, and
the initial value, s(0), is set to the initial value of the SD algorithm according to Equation (15).

• Step 3: The iterative results of the first two GS algorithms are represented by the SD algorithm,
and the second GS iteration result can be expressed as:

s(2) = (D + L)−1
(

ŷ − LHs(1)
)
= (D + L)−1

[
((D + L)− W)s(1) + ŷ

]
= s(1) + (D + L)−1

(
ŷ − Ws(1)

)
= s(1) + (D + L)−1r(1)

(16)

where r(1) = ŷ − W
(

s(0) + ur(0)
)
= ŷ − Ws(0) − uWr(0) = r(0) − up(0); u =

(
r(0)

)H
r(0)(

p(0)
)Hr(0)

(17)

• Step 4: Combine single SD and GS iterations into one hybrid iteration by substituting
Equation (17) and

s(1) = s(0) + ur(0) → s(2) = s(0) + ur(0) + (D + L)−1
(

r(0) − up(0)
)

(18)

This represents the first two GS iterations as Equation (18); update the mixed iteration value
ŝ(1) = s(2), and then perform the next GS iteration.

• Step 5: Using the (i − 1)th GS iteration using Equation (14), ideal estimated value ŝ(i) of the
transmitted signal vector s can be obtained by setting the appropriate number of iterations, i:

ŝ(i) = (D + L)−1
(

ŷ − LHŝ(i−1)
)

(19)

Then, ŝ(i) is related to the complex domain for the next soft decision, so the hybrid iterative
algorithm can converge very quickly after a small number of iteration.

4.2. Approximate Log-Likelihood Ratio Calculation

The low-complexity MMSE signal detection algorithm described in [13–16] directly estimates the
transmitted signal vector ŝ without calculating W−1. The exact calculation of the LLR for the channel
decoder input is described in Section 1 (i.e., using the exact W−1 matrix inversion information), which
is not difficult to find with Equation (7). When the LLR of the first bit transmitted by the ith user is Li,b,
the inverse W−1 of the MMSE detector filter matrix W needs to be used again to calculate the SINR
of the ith user. Consider using the W approximation of the diagonal property to replace W−1 and
D−1, that is, W̃

−1 ≈ D−1, and then convert it to the complex domain to get W̃
−1
c , in order to obtain the

approximate channel gain and NPI variance, expressed as:

μ̃i = Ũii (20)

ṽ2
i =

K

∑
j 
=i

∣∣∣Ũji

∣∣∣2 + Ẽiiσ
2 (21)

where Ũ ≈ W̃
−1
c Gc = D−1

c Gc, and Ẽ ≈ W̃
−1
c GcW̃

−1
c = ŨW̃

−1
c = ŨD−1

c , so we can calculate Yi = μ̃2
i /ṽ2

i .
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4.3. Complexity Analysis

According to the number of real multiplications required in the algorithm, the computational
complexity of the SDGS detection algorithm proposed in this paper was analyzed. Since all linear
MMSE detection algorithms and the proposed algorithm must calculate the filter matrix, W = G + I2k,
and the matched filter signal, ŷ = HHy, then only the other parts were analyzed for complexity, mainly
using the following three parts of the composition.

4.3.1. Initial Value and First Iteration Calculation

Equation (15) requires 2K multiplications. The first iteration is mainly to calculate r(0) = ŷ−Ws(0),
p(0) = Wr(0), and scalar. Obviously, the respective 4K2, 4K2, and 4K sub-multiplications are required.
Combining the first iteration of Equation (18), a total of

(
2K2 + 10K

)
multiplications are required.

4.3.2. GS iteration

Equation (19) can be expressed as (D + L)ŝ(i) = ŷ−LHŝ(i−1) = c. After i iterations, the calculation
of ŝ(i) mainly comes from the following two steps: First, c is a 2K× 2K strictly lower triangular element
matrix; 2K × 2K and the 2K × 1 vector ŝ(i−1) are multiplied, and c must be multiplied

(
2K2 − K

)
times.

Second, in Equation (19), the mth element, ŝ(i)m , can be expressed as:

s(i)m =

⎧⎨⎩
c1

L11
, m = 1

cm−∑m−1
k=1 s(i)k Lmk
Lmm

, m = 2, . . . , 2K
(22)

where cm represents the mth element of c, and Lmk represents the mth row and kth column element of
the lower triangular matrix (D + L). When m = 1, it is obvious that ŝ(i)1 requires 2K multiplications,

and all ŝ(i)m (m = 2, . . . , 2K) require
(
2K2 − K

)
multiplications, so a total of 2K2 multiplications are

required for each iteration.

4.3.3. LLR calculation

The computational complexity of this part mainly came from the calculation of the effective
channel gain and the NPI variance after equalization. It can be known from Equations (20) and (21)
that all the elements of the matrix Ũ and the pair of matrices Ẽ need to be calculated. Obviously, the
former requires 2K2 multiplications, while the latter only requires 2K multiplications. Therefore, a
total of

(
2K2 + 2K

)
multiplications were required for this step.

In summary, the total complexity required for the joint iterations to be applied to the soft decision
was 2K2(i + 2) + 12Ki, which reduced the computational complexity by an order of magnitude,
compared to the traditional MMSE algorithm. The complexity of the number of iterations was kept at
O
(
K2
)
. In addition, considering the application scenarios of hard decision detection, Table 1 also gave

a comparison of the computational complexity in the four detection algorithms.

Table 1. Complexity comparison of four kinds of detection algorithms for hard decision calculation.

Algorithm Real Multiplications Performance

NS [11]
(
8K3 − 8K2 + 2K

)
(i + 2) +

(
4K2 − 4K

)
(i > 1) General

CG [15] 4K2(i + 1) + 10Ki Better
GS [17] 4K2i + 2K Better
SDGS 2K2(i + 2) + 12Ki Optimal

5. Simulation Results

We deployed Matlab (R2017a, Mathworks, Natick, MA, USA) for performing analysis and
experimentation. In order to verify the soft and hard detection performance of the SDGS algorithm

207



Electronics 2018, 7, 382

proposed in this paper, this section presents Monte Carlo simulation results based on Matlab. The main
simulation parameters configured are in Table 2.

Table 2. Simulation parameters.

Parameter Value

Number of transmitter antennas (N) 64–128
Number of receiver antennas (K) 16

Baseband modulation mode 16 QAM
Signal-to-noise ratio (SNR) 10–12 dB

Code rate 1/2

Channel characteristics Uncorrelated Rayleigh fading
Number of iterations (i) 1000

Figure 2 compares the bit error rate (BER) based on Neumann series (NS) expansion, the conjugate
gradient (CG) detection algorithm, the Gauss–Seidel iterative detection algorithm, the MMSE exact
inversion detection algorithm, and the proposed SDGS joint algorithm under different antenna
configurations. The decision mode is a hard decision; that is, estimated signal vector ŝ is directly judged.
The simulation results showed that the detection performance of the various algorithm increased
with the number of iterations or the number of items expanded by the Neumann series. For example,
when the number of iterations i = 2, the BER performance of the SDGS algorithm was much better
than the BER when the number of items expanded by the Neumann series was 2. By comparing the
performance in Figure 2a,b, it can be seen that with the increase in the ratio of the number of base
station antennas to the number of users (N/K), the BER performance of the various algorithms was
greatly improved. For example, if the BER was to reach 10−3, the MMSE algorithm and the proposed
algorithm require an SNR of about 13 dB when the antenna configuration is 64 × 16, and only 8 dB
when the configuration is 128 × 16.

(a) 

(b) 

Figure 2. Hard decision bit error rate (BER) performance comparison. (a) Analysis at 64 × 16 antenna
configuration; (b) Analysis at 128 × 16 antenna configuration.
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Figure 3 shows the soft decision simulation results for the two antenna configurations. With BER
based on the NS, CG, and GS iterative detection algorithms, the MMSE exact inversion detection
algorithm and the SDGS joint algorithm were compared. We set the system’s convolutional code rate
to 1/2, and the LLR calculation used the approximate calculation method described in this paper.
Simulation results showed that no matter what kind of MMSE receiver was used, the soft decision
was checked. The measured performance was much better than the hard decision. For example, when
the BER reached 10−4, when the antenna was configured, the MMSE algorithm and the proposed
algorithm required an SNR of 10 dB for hard decisions and only 5 dB for soft decisions. In addition, for
the same number of iterations, the BER performance of the SDGS algorithm proposed in this paper was
better than the other three simplified algorithms, and after a few iterations, the detection performance
could quickly approach the detection performance of the ideal MMSE filter matrix inversion.

(a) 

 
(b) 

Figure 3. Soft decision bit error rate (BER) performance comparison. (a) Analysis at 64 × 16 antenna
configuration; (b) Analysis at 128 × 16 antenna configuration.

Figure 4 shows the hard decision BER comparison of the proposed SDGS algorithm with NS, CG,
GS and MMSE under a high fading scenario with 128 × 16 antenna configuration. As can be seen from
Figure 4 the BER of the proposed SDGS algorithm was better and followed the MMSE performance
with increasing SNR and number of iterations. Moreover, due to high fading impact on the SNR, there
was a gap between the proposed SDGS algorithm and MMSE algorithm at a high SNR level.

Figure 5 shows the BER comparison of the proposed SDGS algorithm with NS, CG, GS and MMSE
under a low fading level and 128 × 16 antenna configuration. It can be seen from Figure 5 that all
the algorithms showed lower BER and better performance as compared with the hard decision BER
performance in Figures 2 and 4. Therefore, to keep the system performance in a suitable level, the
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fading level and number of iterations should be considered, which has an obvious impact on the
system’s overall performance. Furthermore, the proposed SDGS algorithm in Figure 5 had a close BER
performance with MMSE which indicated that the SDGS algorithm showed better performance in the
low fading level.

Figure 4. Hard decision bit error rate (BER) performance comparison with high fading level at 128 × 16
antenna configuration.

Figure 5. Soft decision bit error rate (BER) performance comparison with slow fading level at 128 × 16
antenna configuration.

6. Conclusions

Signal detection methods based on MMSE filtering in massive MIMO systems are widely used,
but matrix inversion with higher complexity makes it more difficult to implement them in practical
applications. Some methods of approximate inversion, such as Neumann series expansion, has reduced
the detection complexity, but due to a large degree of detection performance loss; others avoid the
complex matrix inversion and directly estimate the signal vector. Although, computational complexity
is reduced by orders of magnitude, detection performance needs to be improved. Based on the MMSE
criterion, this paper proposes a low-complexity, hybrid, iterative SDGS joint detection algorithm,
which directly estimates the user’s transmitted symbol vector and can quickly converge to obtain an
ideal estimation value with a few simple iterations. The matrix inversion operation is avoided, and
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algorithm complexity is kept at O
(
K2). In addition, in order to make full use of soft information, the

algorithm is applied to the soft decision, and an approximate calculation method of the LLR for channel
decoding is given, which further improves the signal detection performance. Theoretical derivation
and simulation results show that the SDGS algorithm can be used as one of the most effective solutions
for signal detection in massive MIMO systems.
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Abstract: In this paper, a novel iterative discrete estimation (IDE) algorithm, which is called the
modified IDE (MIDE), is proposed to reduce the computational complexity in MIMO detection in
uplink massive MIMO systems. MIDE is a revision of the alternating direction method of multipliers
(ADMM)-based algorithm, in which a self-updating method is designed with the damping factor
estimated and updated at each iteration based on the Euclidean distance between the iterative
solutions of the IDE-based algorithm in order to accelerate the algorithm’s convergence. Compared to
the existing ADMM-based detection algorithm, the overall computational complexity of the proposed
MIDE algorithm is reduced from O

(
N3

t
)
+ O

(
Nr N2

t
)

to O
(

N2
t
)
+ O (Nr Nt) in terms of the number

of complex-valued multiplications, where Ntand Nr are the number of users and the number of
receiving antennas at the base station (BS), respectively. Simulation results show that the proposed
MIDE algorithm performs better in terms of the bit error rate (BER) than some recently-proposed
approximation algorithms in MIMO detection of uplink massive MIMO systems.

Keywords: massive MIMO systems; MIDE algorithm; low computational complexity; BER

1. Introduction

With the development of the mobile Internet and the Internet of Things, much high data rate
communication is required in the new generation of cellular networks like 5G [1]. By equipping
hundreds of antennas at the base station (BS) serving tens of users, the massive multiple-input
multiple-output (MIMO) is deemed one key technology for meeting the 5G requirements due to its
improvements in data throughput, link reliability, higher spectral efficiency, and better communication
quality compared with the traditional MIMO usage [2–4].

However, when applying the massive MIMO, a major computational challenge is the data
detection in uplink MIMO systems due to the large increase in the system dimensions [5].
The maximum likelihood (ML) is the optimal detection approach on data detection, but its
computational complexity grows exponentially with the number of user equipment (UE) and
the modulation order [6,7]. Some suboptimal detection alternatives are proposed to reduce the
computational complexity while obtaining a good bit error rate (BER) performance. For example,
the linear minimum mean squared error (LMMSE) algorithm is one of the widely-used suboptimal
detection algorithms with near-optimal BER performance and reduced computational complexity [8].
However, the LMMSE algorithm still involves the computation of the Gram matrix, as well as matrix
inversion, where their corresponding computational complexity is O

(
Nr N2

t
)

and O
(

N3
t
)
, respectively,

with Nt denoting the number of single-antenna UE and Nr denoting the number of antennas at the BS.
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It is worth noting that some approaches for approximating the matrix inversion have been
proposed to reduce the computational complexity [9–19], among which, for example, the Neumann
series (NS) approximation is used to approximate the matrix inversion by a series of truncated
NS expansions [9,10]. However, only marginal reduction in the computational complexity can
be reached with the increased terms of the NS expansion. Hence, various classical iterative
algorithms have been provided to approximate the inverse matrix in LMMSE detection to achieve
low computational complexity, which include the Richardson (RI) algorithm [11], the Jacobi
algorithm [12–15], the successive over relaxation (SOR) algorithm [16], the symmetric successive
over relaxation (SSOR) algorithm [17], and the Gauss–Seidel (GS) algorithm [18,19]. The computational
complexity of the matrix inverse is reduced by these approximation-based detection algorithms from
O
(

N3
t
)

to O
(

N2
t
)
. It is noted that these algorithms involving the inverse-matrix approximation in

LMMSE detection (also known as the approximated LMMSE) achieve a near-LMMSE performance,
but with lower computational complexity.

It is well known that the approximated LMMSE detection algorithms achieve a substantial
performance loss when Nr > Nt in multiuser massive MIMO systems. Various algorithms have been
proposed to obtain a better BER performance than that of LMMSE detection in multiuser massive
MIMO systems, which include the non-convex and the convex optimization algorithms [20–22].

For example, the alternating minimization (AltMin) algorithm is one of the non-convex
optimization algorithms, which is applied to the data detection in a multiuser massive MIMO
system [20]. Specifically, the AltMin algorithm converts the ML detection problem into a sum of convex
functions by decomposing the received vector into multiple sub-vectors. Hence, the non-convex
problem is transformed into the convex problem in the AltMin algorithm. The AltMin algorithm
shows better BER performance than that of the LMMSE detector in overloaded network scenarios
with relatively low computational complexity. However, it shows near-LMMSE performance with
even higher computational complexity when the ratio of the number of BS antennas to the number of
single-antenna users is larger.

Similarly, some convex optimization algorithms are used to solve the non-convex optimization
problems, which include, for example, the alternating direction method of multipliers (ADMM)
detection algorithm [21,22]. In the multiuser massive MIMO system, ADMM demonstrates better BER
performance than the LMMSE detection algorithm with the relatively low computational complexity
of the iterative procedure. However, the computational complexity of the preprocessing in the ADMM
algorithm includes the calculation complexity of the Gram matrix and LDLdecomposition [23,24],
which results in very high computational complexity for massive MIMO systems.

To make a tradeoff between the performance and the computational complexity with different
antenna configurations, the iterative discrete estimation (IDE) algorithm is integrated into the ADMM
algorithm [25], which presents low computational complexity due to the avoidance of the calculation
of the Gram matrix and LDL decomposition. Motivated by the aforementioned algorithms, we propose
a modified IDE (MIDE) algorithm to present a better BER performance and lower computational
complexity than the ADMM algorithms. To summarize, the main contributions of this work are listed
as follows.

• A novel iterative data detection algorithm for uplink multiuser massive MIMO systems is
designed by exploiting the IDE-based algorithmic framework. The proposed MIDE algorithm refactors
the detection algorithm as a series of simpler subproblems with closed-form solutions.

• A heuristic damping factor is defined based on the Euclidean distance instead of a fixed factor.
Compared with the fixed damping factor, this self-updated damping factor contributes to a faster
convergence in the proposed MIDE algorithm.

• The computational complexity analysis indicates that the proposed algorithm has a lower
computational complexity than the traditional approximated detection approximation algorithms
(LMMSE, AltMin, and ADMM), under the same BER performance. Specifically, the complexity of the
novel MIDE detection algorithm is only O

(
N2

t
)
+ O (Nr Nt).
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• Simulation results reveal that for the typical independent and identically distributed (i.i.d.)
frequency flat Rayleigh fading channel in massive MIMO systems, the proposed MIDE detection
algorithm performs better than the ADMM and AltMin-based detection algorithms and the LMMSE
detection algorithm in terms of BER performance with various system configurations.

The rest of the paper is organized as follows. In Section 2, we briefly introduce the system
model. Section 3 specifies the proposed low-complexity signal detection based on the IDE algorithm
and performs the computational complexity analysis of the algorithms. In Section 4, the numerical
simulation results of the BER performance are presented. Finally, Section 5 concludes the paper.

Notation: Throughout the paper, the lowercase and uppercase boldface type is used for vectors
(e.g., a) and matrices (e.g., A). The superscripts (·)−1 and (·)H denote the matrix inversion and the
conjugate transpose, respectively. The L2 norms of the vectors are represented by ‖·‖2. � and � denote
the real part and the imaginary part of the complex-valued signal, respectively.

The typical uplink massive MIMO system is considered in this work, as shown in Figure 1,
where there are Nt single-transmitting antenna UE devices and Nr receiving antennas at the BS [26].
In general, Nr is larger than Nt for an uplink massive MIMO communication system [27].

... ...

...

Figure 1. MIMO system signal detection structure diagram.

2. System Model

At the transmitter side, the source information s = [s1, · · · , si, · · · sNt ]
T where each symbol s

is mapped to constellation symbols by taking symbols from a set of the constellation alphabet Ω.
The transmitted signal x = [x1, · · · , xi, · · · xNt ]

T is constructed by the modulated symbol s, where xi
denotes a signal transmitted by the ith UE device. The vector y = [y1, · · · , yi, · · · yNr ]

T represents the
receiving signal at the BS, where yi denotes a signal received by the ith receive antenna, and:

y = Hx + w (1)

where w is the Nr-by-one additive white Gaussian noise (AWGN) vector following CN
(
0, σ2) with σ2

representing the average power of the noise. In Equation (1), the matrix H denotes the Nr-by-Nt flat
fading channel gain, and H can be expressed as:

H =

⎡⎢⎢⎢⎢⎣
h11 h12 · · · h1Nt

h21 h22 · · · h2Nt
...

...
. . .

...
hNr1 hNr2 · · · hNr Nt

⎤⎥⎥⎥⎥⎦ (2)

where the element hi,j, i = {1, 2, · · · , Nr},j = {1, 2, · · · , Nt} denotes the channel impulse response
between the receiving antenna j and the user i. It is noted that hij follows an i.i.d. Gaussian distribution
with zero mean and unit variance. In addition, the channel matrix H is assumed to be known perfectly
at the BS [28,29].
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3. Proposed MIDE Algorithm

We first propose a low-complexity signal detection algorithm, which converts the ML problem
into the constrained non-convex problem and utilizes the IDE-based algorithm to solve the problem
iteratively. Then, a self-updating method is proposed to update the damping factor based on the
Euclidean distance, which accelerates the convergence in the proposed MIDE algorithm. Finally,
the computational complexity analysis of the proposed algorithm is provided with the comparison to
the conventional algorithms.

3.1. ML Problem Formulation and IDE-Based Algorithm

Detecting the transmitted symbol vector x at the BS can be done by minimizing the squared
Euclidean distance between the received signal vector y and the hypothesized received signal Hx with
the vector x constrained to the modulation constellation ΩNt , which can be represented as:

x̂ = arg min
x∈ΩNt

‖y − Hx‖2
2 (3)

It is noted that in Equation (3), the finite-alphabet constraint x ∈ ΩNt can be converted into the
indicator function IΩ (x̂), which is given by:

IΩ (x̂) =

{
0, ifx̂ ∈ ΩNt

∞, otherwise
(4)

By combining Equation (3) and (4), the signal detection problem can be converted into the
constrained optimization problem, which is given by:

minimize
z,x̂

‖y − Hz‖2
2 + IΩ (x̂)

s.t. z − x̂ = 0
(5)

where z is the least-squares solution of the least-squares and x̂ is the estimated transmitted symbol.
Since the optimization problem is defined over complex-valued variables, the Lagrangian objective
function for the optimization problem in Equation (5) can be remodeled as:

Lγ (z, x̂, u) = ‖y − Hz‖2
2 + IΩ (x̂) + γ ‖z − x̂‖+ uH (z − x̂) (6)

where γ > 0 is the penalty parameter and u is the dual vector. In order to solve this problem efficiently,
we decompose it into three sub-problems. First, we solve z while holding x̂ and u fixed; then, we solve
x̂ while holding z and u fixed; finally, we solve u while holding x̂ and z fixed. Specifically, the following
procedure is repeated with iterations.

zk = arg min
z

Lγ

(
z, x̂k−1, uk−1

)
(7)

x̂k = arg min
x̂

Lγ

(
zk, x̂k, uk−1

)
(8)

uk = uk−1 + γ
(

zk − x̂k
)

(9)

Note that the z-minimization procedure is convex, but the x̂-update is projected onto a convex set
ΩNt . To make the iterative procedure converge, the IDE-based algorithm is applied to remove the dual
vector u at each iterative and turn the z-update and x̂-update to reach a consensus. After manipulation,
the x̂-update involves solving a linearly-constrained minimum Euclidean-norm problem, and the
z-update in IDE is given by:
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zk = x̂k−1 +
[
diag

(
HHH

)]−1
HH

(
y − Hx̂k−1

)
(10)

Hence, the x̂-update step can be represented as:

x̂k+1=ΠΩ

(
zk+1

)
(11)

where ΠΩ (·) is the projection onto ΩNt , i.e., the elements of zk+1 can be implemented through simple
rounding of each component to the closest element in Ω.

Additionally, to make the iteration converge, a fixed damping factor α is employed in the
IDE-based algorithm to update the iterative solution x̂, i.e.,

x̂k+1
d =

(
1 − αk

)
x̂k

d + αkx̂k+1 (12)

where x̂k+1
d denotes the solution after updating. By applying x̂d to the z-update, the IDE-based

algorithm for detection can be expressed as:

zk = x̂k−1
d +

[
diag

(
HHH

)]−1
HH

(
y − Hx̂k−1

d

)
(13)

x̂k = ΠΩ

(
zk
)

(14)

x̂k
d =

(
1 − αk

)
x̂k−1

d + αkx̂k (15)

3.2. Modified IDE-Based Detection Algorithm with Self-Update Damping

The performance of the IDE-based detection algorithm is influenced by the choice of the damping
factor. In early studies, this parameter was fixed, e.g., 0.05 in [25]. However, a fixed damping factor is
not applicable for all cases, and an optimal damping factor is not easy to obtain. We propose an MIDE
herein to decide a proper damping factor α, by which the x̂d-update step is analyzed as follows.

x̂1
d =

(
1 − α0

)
x̂0

d + α0x̂1,

x̂2
d =

(
1 − α1

)
x̂1

d + α1x̂2

=
(

1 − α1
) ((

1 − α0
)

x̂0
d + α0x̂1

)
+ α1x̂2

=
(

1 − α1
) (

1 − α0
)

x̂0
d +

(
1 − α1

)
α0x̂1 + α1x̂2

...

x̂k+1
d =

(
1 − αk

)
x̂k

d + αkx̂k+1

=
(

1 − αk−1
)
· · ·
(

1 − α0
)

x̂0
d +

(
1 − αk−1

)
· · ·
(

1 − α1
)

α0x̂1 + · · ·+ αk−1x̂k+1

(16)

Since there is no prior information of the final result x̂d, the initial value of x̂0
d can be set as a

zero vector. Hence, the expression for x̂d in Equation (16) is composed of the solution of x̂ with
different values of the damping factor. Based on the expression in Equation (16), the convergence of the
iterations can be measured by the difference between x̂k

d and x̂k+1. Specifically, the Euclidean distance,
which is one of the widely-used approaches for measuring the distance between two vectors [30],
is defined as:

dk
(

x̂k
d, x̂k+1

)
=

√√√√ Nt

∑
i=1

(
x̂k

d (i, 1)− x̂k+1 (i, 1)
)2 (17)
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We can notice from Equation (17) that the smaller the distance d, the closer the two vectors,
implying the convergence of the IDE iterations. Based on this discussion, the following heuristic
damping factor at the kth iteration is defined as:

αk =
dk

dk + q
(18)

where q is a positive constant. Obviously, a higher value of d leads to a higher α, and vice versa.
In other words, when dk → 0, αk → 0, and when dk → 1, αk → 1. We utilize the first iteration result d1

to obtain the value of p. According to Equation (16), d1 can be calculated as:

d1 =

√√√√ Nt

∑
i=1

(
x̂0

d (i, 1)− x̂1 (i, 1)
)2

=

√√√√ Nt

∑
i=1

(x̂1 (i, 1))2

=

√√√√ Nt

∑
i=1

(� (x̂1 (i, 1)))2
+ (� (x̂1 (i, 1)))2

(19)

It is noticed that the value of d1 is varying and decided based on several factors such as the
modulation method, the noise in the system, etc. For the ease of calculation, the expectation of d1

is computed instead of the direct calculation of d1. Since the real part and the imaginary part of the
vector x̂1 have the same uniform distribution, the expectation for d1 is obtained as:

E
(

d1
)
= 2E

⎛⎝
√√√√ Nt

∑
i=1

(� (x̂1 (i, 1)))2

⎞⎠ (20)

The expectation of d1 is based on the constellation points of the modulation scheme. With 16-QAM,
for example, � (x̂1 (i, 1)

)
can be {−3,−1,+1,+3}, and the probability p of each possible value of the

point is the same without the prior information, i.e., p = 0.25 in this case. Hence, Equation (19) can be
rewritten as:

E
(

d1
)
= 2E

⎛⎝
√√√√ Nt

∑
i=1

(� (x̂1 (i, 1)))2

⎞⎠ = 2Nt

√
∑ cand2
√

M
(21)

where cand represents the candidate value set of � (x̂1 (i, 1)
)

and M represents the modulation
cardinality. For the ease of description, we still take the 16-QAM as an example. Then, cand is denoted
as the candidate values {−3,−1,+1,+3} and ∑ cand2 = (−3)2 + (−1)2 + 12 + 32. M represents the
modulation cardinality. Based on experience, the value of α1 = 0.8 is set as 0.8. Then, substituting
Equation (22) into Equation (18) yields the estimation of q as:

q =
E
(
d1)
4

=
Nt

2

√
∑ cand2
√

M
(22)

The simulation results in Section 4 show that the proposed MIDE algorithm can improve the BER
performance significantly compared to the IDE-based algorithm, which employs the fixed damping
factor. The procedure of the proposed MIDE detection algorithm is illustrated in Algorithm 1.
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Algorithm 1: The pseudocode of the MIDE detection algorithm.

1 Input: 1) H, the channel matrix
2 2) y, the received signal matrix
3 3) K, the number of iterations

4 Output: the detected signal x̃ ← x̂K

5 Preprocessing

1: D ← [
diag

(
HHH

)]−1;

2: W ← DHH ;

3: q ← Nt
2

√
∑ cand2√

M
;

6 Initialization

4: x̂0
d = 0;

Iterative process (repeat K times)
5: for k = 1–K (iteration times) do

6: zk ← x̂k−1
d + W

(
y − Hx̂k−1

d

)
7: x̂k←ΠΩ

(
zk
)

8: rk ← x̂k−1
d − x̂k

9: dk ←
√

Nt
∑

i=1

(� (rk (i, 1)
))2

+
(� (rk (i, 1)

))2

10: αk ← dk

dk+q ;

11: x̂k
d ←

(
1 − αk

)
x̂k−1

d + αkx̂k;

12: end for

3.3. Analysis of the Complexity of the Algorithm

In this subsection, we analyze the computational complexity of the proposed MIDE algorithm,
which is dominated by the multiplications operations. Hence, we compute the number of
complex-valued multiplications as the measurement of the computational complexity of the
algorithm [31].

It can be found in Algorithm 1 that the computational complexity is composed of three parts
including (1) preprocess, (2) the x-update procedure, and (3) the xd-update procedure.

(1) Preprocess: The first part comes from the related computation before the iterative process.
The main factors affecting the computational complexity of the preprocess are the computation
of D and the multiplication of the Nt × Nt diagonal matrix and the Nt × Nr matrix. Let hi be
the ith column of the complex-valued channel matrix H. Then, the diagonal calculation can be
presented as:

Dij=

{ 1
hH

i hj
, i = j

0, i 
= j
(23)

Therefore, the complexity of the preprocessing is counted as N2
t + Nr Nt.

(2) x-update procedure: The second part comes from the x-update procedure, which involves the
computation of two multiplications of the Nt × Nt matrix and the Nt × 1 vector. Thus, the
complexity is counted as 2Nr Nt.

(3) xd-update procedure: The third part originates from updating the value of xd. As can be seen in
the expression of xk

d, the computation of this part includes the update of the Euclidean distance dk
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and two scalar multiplications with Nt × 1 vectors. Then, the complexity in this part is counted
as 3Nt.

Therefore, the overall required number of complex multiplications by the MIDE algorithm is
NtNr + N2

t +K (2Nr Nt + 3Nt). For comparison, the similar calculations of the complexity of the typical
detection algorithms (e.g., LMMSE with full matrix inversion, AltMin, ADMM) are given, as well as
the one of the proposed MIDE in Table 1.

Table 1. Complexity comparison in terms of complex multiplication operations. LMMSE, linear
minimum mean squared error; AltMin, alternating minimization; ADMM, alternating direction method
of multipliers; MIDE, modified iterative discrete estimation.

Algorithm Complexity

LMMSE [8] 5
6 N3

t + 3
4 N2

t + 4
3 Nt + Nr N2

t + Nr Nt
AltMin [18] (4K + 2) Nr Nt
ADMM [20] 1

2 N3
t +N2

t +Nr N2
t + Nr Nt + K

(
N2

t + Nr Nt
)

MIDE Nt Nr + N2
t + K (2Nr Nt + 3Nt)

Note that all these algorithms utilize the approximation approaches to solve the ML problem.
It is obvious that the proposed MIDE algorithm and AltMin algorithm have lower computational
complexity at each iteration among the compared iterative approaches. The numerical analysis will
be provided for further analysis of the computational complexity, which depends on the number of
iterations K and is presented in Section 4.

4. Simulation Results

4.1. BER Performance Evaluation

The BER performance of the proposed algorithm was evaluated and compared with the ones of
other detection algorithms by numerical simulations. The simulation parameters are listed in Table 2.
Several typical detection algorithms were selected for comparison, which were introduced in Section 1
and listed as LMMSE, AltMin, and ADMM.

We first considered the number of iterations for the antenna configurations of Nt × Nr = 16× 128,
32 × 128 and 64 × 128. Figure 2 illustrates the BER performance of the proposed MIDE detection
algorithm against the number of iterations, where the SNR was set as 3 dB. It is observed that with
the increase of Nr/Nt, the convergence number of the iterations required by the proposed MIDE was
almost the same and a very small one, e.g., 10 in all simulations. This demonstrated a reliable BER
performance and a fast detection convergence in our proposed MIDE algorithm. Moreover, with the
increase of the transmitting antennas, the diversity gain of the MIMO system decreased, leading to a
degradation of the BER performance of the proposed algorithm and the compared MIMO detectors.

Table 2. Simulation parameters.

Channel Model Uncorrelated Rayleigh Flat Fading

Modulation scheme 16-QAM
Number of transmitting antennas (Nt) 16, 32, 64

Number of receiving antennas (Nr) 128
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Figure 2. BER performance versus proposed iterations with SNR = 3 dB.

Figure 3 depicts the BER performance comparison of the IDE-based detection algorithm with the
fixed damping factor α = 0.05 and the proposed MIDE detection with the self-updated damping factor.
It is clear that the proposed MIDE-based detection with the self-updated damping factor showed better
BER performance than the conventional IDE-based detection algorithm with all antenna configurations.

Figure 3. BER performance of the conventional damping factor and the proposed damping factor.

Moreover, Figure 4 compares the BER performances of the proposed MIDE algorithm and the
conventional ADMM algorithm. From the figure, it is clear that the BER performance of both algorithms
degraded when the number of users increased. However, it is observed that the proposed MIDE-based
detection performed better than the conventional ADMM detection in terms of BER performance with
all antenna configurations. Furthermore, we can observe from Figure 4 that when the target of BER
was set as 10−3, the SNR required by the proposed algorithm was at least 0.5 dB less than the one of
the conventional ADMM algorithm.
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Figure 4. BER performance comparison of the conventional ADMM and the proposed algorithm.

Finally, we show the BER performance comparison of the conventional AltMin algorithm,
the LMMSE algorithm, and the proposed MIDE algorithm in Figure 5.

Figure 5. BER performance comparison of the AltMin algorithm, the LMMSE algorithm, and the
proposed algorithm.

It is clear that with any ratio of Nr/Nt, the proposed MIDE algorithm performed better than all
the compared algorithms in terms of BER performance.

4.2. Computational Complexity Comparison

The computational complexity of ADMM, AltMin, and the proposed MIDE algorithms depends
on the number of iterations K. The compared algorithms had a different number of iterations to reach
convergence with different antenna configurations. We fixed the number of receiving antennas to
Nr = 128, and the number of transmitting antennas Nt was increased from 16 to 84. Further, we set
K = 5, 14, and 10 for the conventional ADMM algorithm, the AltMin algorithm [20], and the proposed
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MIDE algorithm, respectively, based on the convergence simulations. Figure 6 illustrates the total
number of multiplications vs. the number of transmitting antennas, which was based on the analysis
of the computational complexity of the algorithms in Section 3.3.

Figure 6. Computational complexity comparison against the number of users.

From Figure 6, we can see that the computational complexity increased with the number of
users in all compared algorithms. However, the proposed MIDE algorithm achieved the lowest
computational complexity among all compared algorithms under various antenna configurations.
Specifically, the MIDE algorithm showed a relatively lower computational complexity than the AltMin
algorithm, which was proven to have a low complexity detection for uplink massive systems in [20].
In addition, from Figure 6, the proposed MIDE algorithm achieved much lower computational
complexity than the LMMSE and ADMM detection algorithms when the dimension of the MIMO
system became larger. As a consequence, the proposed MIDE detection is much more applicable for
massive MIMO systems with its low computational complexity.

5. Conclusions

In this paper, we proposed a low-complexity, IDE-based detection algorithm in uplink massive
MIMO systems. The proposed MIDE algorithm avoided the calculation of the Gram matrix,
the matrix inversion, and LDL decomposition to reach a low computational complexity. In addition,
a self-updating damping method was provided with the damping factor estimated and updated at
each iteration based on the Euclidean distance between the latest two detection solutions, which
accelerated the convergence of the IDE-based detection algorithms. Simulation results showed that
the proposed MIDE algorithm performed better than the conventional LMMSE, AltMin, and ADMM
detection algorithms in terms of the BER performance and the computational complexity.
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Abstract: We study the energy efficiency (EE) optimization problem in non-orthogonal unicast and
multicast transmission for massive multiple-input multiple-output (MIMO) systems with statistical
channel state information of all receivers available at the transmitter. Firstly, we formulate the
EE maximization problem. We reduce the number of variables to be solved and simplify this
large-dimensional-matrix-valued problem into a real-vector-valued problem. Next, we lower the
computational complexity significantly by replacing the objective with its deterministic equivalent
to avoid the high-complex expectation operation. With guaranteed convergence, we propose an
iterative algorithm on beam domain power allocation using the minorize maximize algorithm and
Dinkelbach’s transform and derive the locally optimal power allocation strategy to achieve the optimal
EE. Finally, we illustrate the significant EE performance gain of our EE maximization algorithm
compared with the conventional approach through conducting numerical simulations.

Keywords: energy efficiency; non-orthogonal unicast and multicast transmission; statistical channel
state information; massive MIMO; beam domain

1. Introduction

As mobile data expands rapidly, it is expected that global wireless data traffic will surpass
100 exabytes per month by 2023 [1]. A considerable proportion of the data traffic, such as massive
software updating and sports broadcasting, is of common interest, which stimulates the demand for
services that can deliver the same data to a group of user terminals (UTs) efficiently. Since physical
layer multicasting can provide efficient point-to-multipoint wireless transmission, it has great potential
for future mobile communication systems [2–4].

Recently, non-orthogonal unicast and multicast (NOUM) transmission has been gaining increasing
interest [5–7]. At the transmitter, the unicast and multicast signals are precoded and then sent out to the
receivers simultaneously, sharing the same time-frequency resources. Compared with the conventional
orthogonal unicast and multicast (OUM) transmission, NOUM transmission is more spectrum-efficient,
and more suitable for scenarios where both multicast and unicast signals are needed by a UT. Massive
multiple-input multiple-output (MIMO) has become one of the core technologies of the fifth generation
wireless system for its significant performance in energy efficiency (EE) and spectral efficiency [8,9].
Therefore, there has been considerable research on the combination of multicast transmission and
massive MIMO systems [6,10,11]. Please note that mutual coupling is a major concern in massive
MIMO because it can weaken the system performance [12–16]. We assume perfect isolation between
the antennas without loss of generality.

EE has become a significant design criterion for wireless communication systems [17–19].
The broad-scale antenna arrays equipped at the base station (BS) cause the power consumption
to increase in massive MIMO systems, and the energy consumed by wireless communications is
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responsible for greenhouse gas emissions [20], which motivates the need to design energy-efficient
systems [8,21,22]. EE of a massive MIMO system was considered in [8]. However, it ignores the power
consumed by the BS circuit, while in [21], research on maximizing the EE and power transfer efficiency
for wireless-powered systems was analyzed, taking the circuit power consumption into account.
In [22], how the system parameters (number of antennas, transmitted power and number of UTs) affect
the EE of a multi-user MIMO system was investigated.

There are also previous works that studied energy-efficient NOUM transmission in massive
MIMO systems [23–25]. In [23], energy-efficient NOUM beamforming in multi-cell multi-user MIMO
scenario was studied. An optimization beamforming algorithm was proposed in [24] to optimize the EE
in the multi-cell multicast system. The extension of the problem was investigated in [25], which takes
antenna selection into consideration.

Please note that most of the previous works made the assumption that the UTs’ instantaneous
channel state information (CSI) is available at the BS. However, in realistic systems, obtaining good
estimates of instantaneous CSI is a challenging job [26–28]. Compared with obtaining instantaneous
CSI, the acquisition of statistical CSI is easier and more precise. In [11], rate maximization problem
for NOUM massive MIMO transmission was considered, and the EE maximization problem for
physical-layer multicast transmission was investigated in [29], both assumed that the BS only has
access to the UTs’ statistical CSI.

To our knowledge, the research on EE optimization of NOUM transmission for massive MIMO
systems with statistical CSI at the transmitter has not been studied yet. We investigate this problem in
our work, and the major contributions we provide in this paper are listed as follows:

• With statistical CSI, we formulate the EE maximization problem for NOUM transmission in the
massive MIMO scenario.

• We determine the optimal transmit directions of the multicast and unicast transmission in
closed-form, respectively, and then simplify the large-scale complex-matrix-valued precoding
design problem into a real-vector-valued power allocation problem in the beam domain.

• We reduce the computational complexity of the EE optimization problem significantly by replacing
the objective function with its deterministic equivalent (DE).

• With guaranteed convergence, we propose an algorithm on beam domain power allocation
using the minorize maximize (MM) algorithm and Dinkelbach’s transform. We deal with the EE
optimization problem by iteratively solving a series of related convex optimization problems.

The remainder of the paper is constructed as follows. The channel model is introduced in Section 2.
The EE maximization problem is formulated and investigated in Section 3. Numerical simulations are
conducted in Section 4. Section 5 summarizes the paper.

Column vectors and matrices are represented by lower and upper case boldface letters,
respectively, whereas italic letters stand for scalars, and the following are other notations used in
this paper.

• We adopt RM×N to represent M × N real-valued vector space and CM×N to denote M × N
complex-valued vector space.

• IM represents the identity matrix of size M × M.
• X � 0 indicates that matrix X is positive semidefinite.
• E {.} represents the expectation operation.
• � denotes the Hadamard product.
• Denote tr {.} as the trace operation, (.)T as the transpose operation, (.)∗ as the conjugate operation,

(.)H as the conjugate-transpose operation, and det {.} as the determinant operation.
• ∼ stands for “be distributed as”, and � stands for “be defined as”.
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2. System Model

Consider a single cell massive MIMO system with an M-antenna BS, jointly serves K UTs.
Denote by K � {1, 2, . . . , K} the UT set, where the kth UT is equipped with Nk antennas. The multicast
and unicast services are carried out with the same time-frequency resources. The BS sends a multicast
signal that is of common interest to all the UTs in the cell while delivering unique messages to UTs
according to each UT’s demand during the downlink transmission, as shown in Figure 1.

Figure 1. System model of NOUM.

Assume the downlink signal sent by the BS is denoted by

x = xm + ∑
k∈K

xu
k ∈ C

M×1, (1)

where xm ∈ CM×1 represents the multicast signal and xu
k ∈ CM×1 denotes the unicast signal sent to the

kth UT. Assume that xm and xu
k are mutually uncorrelated, zero-mean, and their covariance matrices

are Qm and Qu
k , respectively. Define tr {Qm} as the multicast transmission power and tr

{
Qu

k
}

as the
unicast transmission power. At the kth UT, the received signal is denoted by

yk = Hkx + nk ∈ C
Nk×1, (2)

where Hk is the downlink channel matrix of size Nk × M, and nk ∼ CN (
0, σ2INk

)
represents the

additive circularly symmetric complex-valued Gaussian noise with the variance being σ2.
We adopt Weichselberger’s channel model [30,31] in our work because the correlation properties

between the transmit and receive ends of Weichselberger’s channel model are jointly considered rather
than separately characterized in the Kronecker model. Then, we can write the downlink channel
matrix in (2) as

Hk = UkGkVH
k ∈ C

Nk×M, (3)

where Uk ∈ CNk×Nk and Vk ∈ CM×M are deterministic unitary matrices. Gk ∈ CNk×M represents the
downlink channel matrix in the beam domain [26,27,32], and the elements of Gk are independently
distributed random variables with zero-mean. Denote Ωk as the beam domain channel power matrix

Ωk = E {Gk � G∗
k} ∈ R

Nk×M, (4)

where the average power of [Gk]i,j is represented by [Ωk]i,j. As Ωk has the property of remaining
approximately constant while the frequency changes widely, the statistical CSI can be obtained
accurately and efficiently [32].

The vast number of antenna arrays employed at the BS brings about new channel properties for
massive MIMO systems. For example, as the BS antenna number M tends to infinity, the eigenvector
matrices of the transmit correlation matrices between the BS and all UTs tend to be the same and are
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only affected by the BS array topology [32,33]. Denote the corresponding deterministic unitary matrix
as V, and then in the massive MIMO scenario, the downlink channel matrix becomes

Hk
M→∞
= UkGkVH . (5)

Please note that many of the previous works on massive MIMO adopted the channel model
mentioned in (5) such as [26,29,34], and it can achieve quite accurate performance [34].

3. NOUM Transmission in Massive MIMO

3.1. Problem Formulation

Consider a NOUM massive MIMO system. We assume that there is only one multicast group
without loss of generality. Consider the case when the kth (∀k) UT knows its own instantaneous CSI
with proper pilot design [33], while the BS only has access to the statistic CSI of all UTs.

Rewrite the received signal at the kth UT by inserting (1) into (2) as follows

yk = Hkxm + Hkxu
k + ∑

k′ 
=k
Hkxu

k′ + nk. (6)

Each UT will decode the common multicast signal and its desired unicast signal in order by
applying successive interference cancellation (SIC) method.

During the process of multicast decoding, the kth UT regards the term Hkxm in (6) as the desired
message while treating the others as interference. For the covariance matrix of the interference and
noise, we have

Km
k = σ2INk︸ ︷︷ ︸

noise

+ ∑
k′∈K

E
{

HkQu
k′H

H
k

}
︸ ︷︷ ︸

interference

∈ C
Nk×Nk . (7)

Since UT k has the knowledge of its own instantaneous CSI and the covariance matrix Km
k ,

during the multicast transmission, we denote by Rm
k the ergodic rate of the kth UT

Rm
k = E

{
log det

{
Km

k + HkQmHH
k

}}
− log det {Km

k } . (8)

Denote multicast ergodic rate as min
k

Rm
k . By inserting the massive system model in (5) and

det {I + MN} = det {I + NM}, the Sylvester’s determinant identity, into (8), the multicast rate Rm
k

in (8) becomes
Rm

k = E
{

log det
{

K
m
k + GkVHQmVGH

k

}}
− log det

{
K

m
k

}
, (9)

where K
m
k is defined as

K
m
k � UH

k Km
k Uk

= σ2INk + ∑
k′∈K

E
{

GkVHQu
k′VGH

k

}
∈ C

Nk×Nk . (10)

Define a matrix-valued function Ak (X) by Ak (X) � E
{

GkXGH
k
}

. Since all the elements of Gk are
zero-mean and independently distributed, the off-diagonal elements of Ak (X) are zero, so Ak (X) is
a diagonal matrix-valued function of size Nk × Nk, and its ith diagonal element is

[Ak]i,i = tr
{
diag

{(
[Ωk]i,:

)T
}

X

}
. (11)

Then the terms E
{

GkVHQu
k′VGH

k
}

in (10) can be rewritten as Ak
(
VHQu

k′V
)
.
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For the unicast signal decoding, with SCI, the multicast signal is removed, so the interference only
contains the unicast signal meant for other UTs. For the covariance matrix of the interference and noise
at the kth UT, we have

Ku
k = σ2INk︸ ︷︷ ︸

noise

+ ∑
k′ 
=k

E
{

HkQu
k′H

H
k

}
︸ ︷︷ ︸

interference

∈ C
Nk×Nk . (12)

Then we denote by Ru
k the ergodic rate of the kth UT during the unicast transmission

Ru
k = E

{
log det

{
Ku

k + HkQu
k HH

k

}}
− log det {Ku

k } . (13)

By inserting the massive system model in (5) and the Sylvester’s determinant identity into (13),
the unicast rate Ru

k at the kth UT becomes

Ru
k = E

{
log det

{
K

u
k + GkVHQu

k VGH
k

}}
− log det

{
K

u
k

}
, (14)

where K
u
k is defined as

K
u
k � σ2INk + ∑

k′ 
=k
Ak

(
VHQu

k′V
)
∈ C

Nk×Nk , (15)

and the definition of Ak (X) is given in (11).
Next, we consider the system power consumption. Apply the power consumption model the

same as the one used in [29,35] as follows

P = μ

(
tr {Qm}+ ∑

k∈K
tr {Qu

k }
)
+ MPc + Ps, (16)

where the constant-coefficient μ ≥ 1 accounts for the reciprocal of the transmit amplifier drain efficiency.
tr {Qm} means the multicast transmit power, and ∑k∈K tr

{
Qu

k
}

denotes the total unicast transmit
power. Pc stands for the constant circuit power consumption per antenna and is unaffected by the
actual transmit power. Ps represents the BS static power consumption and is irrelevant to the number
of antennas.

In the following, we formulate the EE optimization problem for NOUM massive MIMO system.
We aim at identifying the optimal transmit covariance matrices Qm and Qu

k for multicast and
unicast transmission that can maximize the system EE, respectively. We define a weight matrix
u = [u0, u1, . . . , uK] with u0 being the weight of multicast rate and uk being the weight of kth unicast
rate. Then we can denote by R the weighted sum rate as follows:

R � u0K(min
k

Rm
k ) + ∑

k∈K
ukRu

k , (17)

and the EE of the considered system with bandwidth W is given by

EE =
WR

P
=

W
(

u0K(min
k

Rm
k ) + ∑

k∈K
ukRu

k

)
μ

(
tr {Qm}+ ∑

k∈K
tr
{

Qu
k
})

+ MPc + Ps

. (18)

Therefore, the EE maximization problem is stated as
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max
Qm,Qu

k ,∀k∈K

W
(

u0K(min
k

Rm
k ) + ∑

k∈K
ukRu

k

)
μ

(
tr {Qm}+ ∑

k∈K
tr
{

Qu
k
})

+ MPc + Ps

,

s.t. tr {Qm}+ ∑
k∈K

tr {Qu
k } ≤ Pmax,

Qm � 0, Qu
k � 0 (∀k ∈ K) ,

(19)

where Pmax is the power budget at the BS.

3.2. Optimal Transmit Directions

The problem in (19) aims at designing large-dimensional complex matrices Qm and Qu
k (∀k),

and the computational complexity can be very high. To simplify this problem, first, we decompose the
transmit covariance matrices as Qm = ΦmΛm (Φm)H and Qu

k = Φu
k Λu

k
(
Φu

k
)H , respectively. Φm and

Φu
k are constituted by the eigenvectors of Qm and Qu

k , respectively, which represent the directions of
the transmitted signals. Meanwhile, Λm and Λu

k are diagonal matrices with their diagonal elements
constituted by the eigenvalues of Qm and Qu

k , respectively, which denote the allocated power over the
corresponding directions.

The following theorem determines the values of the eigenvectors of Qm and Qu
k .

Theorem 1. The optimal multicast and unicast transmit covariance matrices of problem (19) is

Qm,opt = VΛmVH , Q
u,opt
k = VΛu

k VH , ∀k, (20)

where Λm and Λu
k (∀k) are both diagonal matrices, and the matrix V equals to the eigenvector matrices of the

correlation matrices between the BS and all UTs and only depends on the BS array topology. The eigenvectors of
Qm and Qu

k are given by the columns of the matrix V,

Proof. Please refer to the Appendix A.

Theorem 1 above indicates that when solving problem (19), since the eigenvectors
are deterministic, we only have to determine the power allocation matrix denoted by
Λ �

{
Λm, Λu

1 , Λu
2 , . . . , Λu

K
}

, which reduces the number of variables to be optimized and the
computational complexity significantly. Therefore, the large-dimensional complex-matrix-valued
EE maximization problem can be transformed into a real-vector-valued power allocation problem in
the beam domain.

Rewrite K
m
k and K

u
k as follows

K
m
k (Λ) � σ2INk + ∑

k′∈K
Ak
(
Λu

k′
)

, (21)

K
u
k (Λ) � σ2INk + ∑

k′ 
=k
Ak
(
Λu

k′
)

, (22)

and without loss of optimality, we can simplify the problem in (19) into the problem below

max
Λ

W
(

u0K
(

min
k

Rm
k (Λ)

)
+ ∑

k∈K
ukRu

k (Λ)

)
μ

(
tr {Λm}+ ∑

k∈K
tr
{

Λu
k
})

+ MPc + Ps

,

s.t. tr {Λm}+ ∑
k∈K

tr {Λu
k } ≤ Pmax,

Λm � 0, Λm diagonal, Λu
k � 0, Λu

k diagonal (∀k ∈ K) ,

(23)
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with
Rm

k (Λ) = E
{

log det
{

K
m
k (Λ) + GkΛmGH

k

}}
︸ ︷︷ ︸

�s+k (Λ)

− log det
{

K
m
k (Λ)

}
︸ ︷︷ ︸

�s−k (Λ)

, (24)

Ru
k (Λ) = E

{
log det

{
K

u
k (Λ) + GkΛu

k GH
k

}}
︸ ︷︷ ︸

�t+k (Λ)

− log det
{

K
u
k (Λ)

}
︸ ︷︷ ︸

�t−k (Λ)

. (25)

Denote the lower bound of Rm
k (Λ) (∀k) as an auxiliary variable η, the problem in (23) can be

equivalently expressed as

max
Λ

W
(

u0Kη + ∑
k∈K

ukRu
k (Λ)

)
μ

(
tr {Λm}+ ∑

k∈K
tr
{

Λu
k
})

+ MPc + Ps

,

s.t. Rm
k (Λ) ≥ η (∀k ∈ K) ,

tr {Λm}+ ∑
k∈K

tr {Λu
k } ≤ Pmax,

Λm � 0, Λm diagonal, Λu
k � 0, Λu

k diagonal (∀k ∈ K) .

(26)

3.3. Energy-Efficient Power Allocation for NOUM Transmission

By observing problem (26), we can conclude that the numerator of the objective function is
a difference of concave functions. We adopt the MM algorithm to deal with the problem. It is an iteration
optimization process, where during each iteration, we replace the objective function with its lower
bound function.

In this problem, we substitute s−k (Λ) in (24) and t−k (Λ) in (25) with their first-order Taylor
expansions, respectively, to transfer the numerator of the objective function into a concave function,
which leads to a concave-linear fractional program. We can solve problem (26) by solving a series of
substitution problems iteratively. Then at the pth iteration, Λ(p) =

{
Λm

(p), Λu
1,(p), . . . , Λu

K,(p)

}
, and the

sub-problem is

Λ(p+1) =

arg max
Λ

W

(
u0Kη + ∑

k∈K
uk

(
t+k (Λ)− t−k

(
Λ(p)

)
− ∑

a 
=k
tr

{(
∂t−k (Λ(p))

∂Λu
a

)T (
Λu

a − Λu
a,(p)

)}))

μ

(
tr {Λm}+ ∑

k∈K
tr
{

Λu
k
})

+ MPc + Ps

,

s.t. s+k (Λ)− s−k
(

Λ(p)

)
− ∑

a∈K
tr

⎧⎪⎨⎪⎩
⎛⎝∂s−k

(
Λ(p)

)
∂Λu

a

⎞⎠T (
Λu

a − Λu
a,(p)

)⎫⎪⎬⎪⎭− η ≥ 0 (∀k ∈ K) ,

tr {Λm}+ ∑
k∈K

tr {Λu
k } ≤ Pmax,

Λm � 0, Λm diagonal, Λu
k � 0, Λu

k diagonal (∀k ∈ K) ,

(27)

where the gradients of s−k
(

Λ(p)

)
and t−k

(
Λ(p)

)
with respect to Λu

a are defined by Δs(p)
k and Δt(p)

k ,
respectively, with their diagonal elements being

[
Δs(p)

k

]
i,i
=

⎡⎣∂s−k
(

Λ(p)

)
∂Λu

a

⎤⎦
i,i

=
Nk

∑
n=1

[Ωk]n,i

σ2 + ∑
k′∈K

M
∑

m=1
[Ωk]n,m

[
Λu

k′ ,(p)

]
m,m

, (28)
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[
Δt(p)

k

]
i,i
=

⎡⎣∂t−k
(

Λ(p)

)
∂Λu

a

⎤⎦
i,i

=

⎧⎪⎪⎨⎪⎪⎩
Nk
∑

n=1

[Ωk ]n,i

σ2+ ∑
k′ 
=k

M
∑

m=1
[Ωk ]n,m

[
Λu

k′ ,(p)

]
m,m

, a 
= k,

0, a = k,

(29)

respectively.
Since t−k

(
Λ(p)

)
and Λu

a,(p) in (27) are constant in each iteration, we can ignore them and obtain
an equivalent optimization problem as

Λ(p+1) =

arg max
Λ

W

(
u0Kη + ∑

k∈K
uk

(
t+k (Λ)− ∑

a 
=k
tr

{(
∂t−k (Λ(p))

∂Λu
a

)T
Λu

a

}))

μ

(
tr {Λm}+ ∑

k∈K
tr
{

Λu
k
})

+ MPc + Ps

,

s.t. s+k (Λ)− s−k
(

Λ(p)

)
− ∑

a∈K
tr

⎧⎪⎨⎪⎩
⎛⎝∂s−k

(
Λ(p)

)
∂Λu

a

⎞⎠T (
Λu

a − Λu
a,(p)

)⎫⎪⎬⎪⎭− η ≥ 0 (∀k ∈ K) ,

tr {Λm}+ ∑
k∈K

tr {Λu
k } ≤ Pmax,

Λm � 0, Λm diagonal, Λu
k � 0, Λu

k diagonal (∀k ∈ K) .

(30)

Although the numerator of the objective function and constraint of the transformed
sub-problem (30) are concave, the computational complexity can still be quite high if the expectation
operation is manipulated using Monte-Carlo methods. Via applying the large-dimensional random
matrix theory in [36,37], we further reduce the optimization complexity by substituting the minuends
of Rm

k (Λ) and Ru
k (Λ) with their DEs, respectively.

First, we define a diagonal matrix-valued function Yk (X) of size M × M, and its ith diagonal
element is

[Yk (X)]i,i = tr
{
diag

{
[Ωk]:,i

}
X
}

. (31)

Then, we can write the DE of s+k (Λ) as

S+
k (Λ) = log det {IM + Γm

k Λm}
+ log det

{
Γ̃m

k + K
m
k (Λ)

}
− tr

{
INk −

(
Φ̃m

k

)−1
}

,
(32)

where Γm
k , Γ̃m

k and Φ̃m
k are given by

Γm
k = Yk

((
Φ̃m

k K
m
k (Λ)

)−1
)
∈ C

M×M,

Γ̃m
k = Ak

(
Λm (IM + ΛmΓm

k )−1
)
∈ C

Nk×Nk ,

Φ̃m
k = INk + Γ̃m

k

(
K

m
k (Λ)

)−1 ∈ C
Nk×Nk ,

(33)

and the definition of Ak (X) is given in (11).
Likewise, we have the DE of t+k (Λ) as

T+
k (Λ) = log det {IM + Γu

k Λu
k }

+ log det
{

Γ̃u
k + K

u
k (Λ)

}
− tr

{
INk −

(
Φ̃u

k

)−1
}

,
(34)
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where Γu
k , Γ̃u

k and Φ̃u
k are given by

Γu
k = Yk

((
Φ̃u

k K
u
k (Λ)

)−1
)
∈ C

M×M,

Γ̃u
k = Ak

(
Λu

k (IM + Λu
k Γu

k )
−1
)
∈ C

Nk×Nk ,

Φ̃u
k = INk + Γ̃u

k

(
K

u
k (Λ)

)−1 ∈ C
Nk×Nk .

(35)

With the DEs of s+k (Λ) and t+k (Λ) defined above, the optimization problem in (30) becomes

Λ(p+1) =

arg max
Λ

W

(
u0Kη + ∑

k∈K
uk

(
T+

k (Λ)− ∑
a 
=k

tr

{(
∂t−k (Λ(p))

∂Λu
a

)T
Λu

a

}))

μ

(
tr {Λm}+ ∑

k∈K
tr
{

Λu
k
})

+ MPc + Ps

,

s.t. S+
k (Λ)− s−k

(
Λ(p)

)
− ∑

a∈K
tr

⎧⎪⎨⎪⎩
⎛⎝∂s−k

(
Λ(p)

)
∂Λu

a

⎞⎠T (
Λu

a − Λu
a,(p)

)⎫⎪⎬⎪⎭− η ≥ 0 (∀k ∈ K) ,

tr {Λm}+ ∑
k∈K

tr {Λu
k } ≤ Pmax,

Λm � 0, Λm diagonal, Λu
k � 0, Λu

k diagonal (∀k ∈ K) .

(36)

We can observe from the optimization problem in (36) that the denominator and numerator of
the objective function are linear and concave functions of Λ, respectively. We invoke Dinkelbach’s
transform [38] to deal with this concave-linear program. We can obtain the solution to (36) via solving
a series of problems below{

Λ
(q+1)
(p) , η(q+1)

}
=

arg max
Λ

W

⎛⎜⎝u0Kη + ∑
k∈K

uk

⎛⎜⎝T+
k (Λ)− ∑

a 
=k
tr

⎧⎪⎨⎪⎩
⎛⎝∂t−k

(
Λ(p)

)
∂Λu

a

⎞⎠T

Λu
a

⎫⎪⎬⎪⎭
⎞⎟⎠
⎞⎟⎠− χ

(q)
(p)P (Λ) ,

s.t. S+
k (Λ)− s−k

(
Λ(p)

)
− ∑

a∈K
tr

⎧⎪⎨⎪⎩
⎛⎝∂s−k

(
Λ(p)

)
∂Λu

a

⎞⎠T (
Λu

a − Λu
a,(p)

)⎫⎪⎬⎪⎭− η ≥ 0 (∀k ∈ K) ,

tr {Λm}+ ∑
k∈K

tr {Λu
k } ≤ Pmax,

Λm � 0, Λm diagonal, Λu
k � 0, Λu

k diagonal (∀k ∈ K) ,

(37)

where P (Λ) = μ

(
tr {Λm}+ ∑

k∈K
tr
{

Λu
k
})

+ MPc + Ps, q is the iteration index, and χ
(q)
(p) is the auxiliary

variable. During each iteration, we update χ
(q)
(p) using the following equation

χ
(q)
(p) =

W

(
u0Kη(q) + ∑

k∈K
uk

(
T+

k

(
Λ

(q)
(p)

)
− ∑

a 
=k
tr

{(
∂t−k (Λ(p))

∂Λu
a

)T
Λ

u,(q)
a,(p)

}))
P
(

Λ
(q)
(p)

) . (38)

From the analysis above, we can observe that the proposed EE optimization algorithm involves
two-layer iterations. During the outer iteration, via invoking the MM algorithm, we replace the
numerator of the objective function in (26) with its lower bound function, thus making the numerator
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concave. The MM-based algorithm is guaranteed to converge to the locally optimal solution [39–41];
in the inner iteration, we transform the fractional problem in (36) into solvable convex optimization
problems in (37) via Dinkelbach’s transform, which can derive the global optimum solution to (36)
with guaranteed convergence [42]. After several iterations, we can obtain the optimal beam domain
power allocation matrix Λ. Please note that Λ is locally optimal due to the local optimality of MM
algorithm. We present our algorithm in Algorithm 1.

Algorithm 1 Energy-Efficient Power Allocation Algorithm in the Beam Domain for Massive MIMO
NOUM Transmission
Input: Beam domain channel statistics Ωk, initial power allocation matrix Λ(0), outer iteration

threshold ε1 and inner iteration threshold ε2

Output: Power allocation matrix Λ in the beam domain

1: Initialization: EE(−1) = 0, p = 0

2: Calculate

EE(p) =

W
(

u0K
(

min
k

{
S+

k

(
Λ(p)

)
− s−k

(
Λ(p)

)})
+ ∑

k∈K
uk

(
T+

k

(
Λ(p)

)
− t−k

(
Λ(p)

)))
P
(

Λ(p)

) (39)

3: while
∣∣∣EE(p) − EE(p−1)

∣∣∣ ≥ ε1 do

4: Initialization: q = 0, let Λ
(q)
(p) = Λ(p), calculate χ

(q)
(p) with (38)

5: while
∣∣∣χ(q)

(p) − χ
(q−1)
(p)

∣∣∣ ≥ ε2 do

6: Let q = q + 1

7: Calculate Λ
(q)
(p) via solving problem (37) with χ

(q−1)
(p)

8: Calculate χ
(q)
(p) using (38)

9: end while

10: Let p = p + 1

11: Let Λ(p) = Λ
(q)
(p−1)

12: Calculate EE(p) with (39)

13: end while

14: return Λ = Λ(p)

4. Numerical Results

We provide numerical simulation results to demonstrate the performance of the EE optimization
algorithm proposed above for NOUM transmission massive MIMO scenario with statistical CSI.
Table 1 illustrates how the numerical simulation parameters are set.

First of all, in Figure 2, we illustrate the convergence performance by showing the iteration
process of our EE optimization algorithm under different transmit power budgets Pmax. The horizontal
ordinate is the outer iteration index. As we can see, the EE converges after only a few iterations. Also,
we can observe that in the lower power budget regime, the EE performance convergences faster than
that in the higher power budget regime.
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Table 1. Simulation parameters.

Parameter Value

Scenario Suburban macro
Channel model 3GPP SCM

Pathloss −120 dB (∀k)
Array topology ULA with antenna spacing half wavelength
Noise variance σ2 = −131 dBm
Number of UTs K = 8

Number of BS antennas M = 128
Number of UT antennas Nk = 4 (∀k)
Transmission bandwidth W= 10 MHz
Amplifier drain efficiency μ = 5

Circuit power consumption per antenna Pc = 30 dBm
Static power consumption Ps = 40 dBm

Weights u0 = 0.7, uk = 0.3 (∀k)

Figure 2. The convergence performance of the proposed EE optimization algorithm for different power
budgets Pmax.

Then, we evaluate the EE of the NOUM transmission versus the power budget Pmax under
different numbers the antennas M at the BS in Figure 3. As we can see, the EE performance decreases
when the BS antenna number M increases for the reason that in the power consumption model we
adopted in (16), the total circuit power consumption grows linearly with M, the BS antenna number.

Next, the comparison of the EE performance of the power allocation algorithm proposed above
with the rate maximization approach [11] is shown in Figure 4. We notice that the EE performance of
the two approaches are similar at low transmit power budget regime. However, when the transmit
power budget gets high, the EE performance of the rate maximization approach decreases, while that
of our EE maximization approach remains high. This indicates that the rate maximization approach can
achieve almost EE optimal when Pmax is low. However, our EE maximization approach outperforms
the rate maximization one at high transmit power budget regime.
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Figure 3. The EE performance of the NOUM transmission versus the power budget Pmax for different
numbers of BS antennas M.

Figure 4. The EE performance of the proposed beam domain power allocation algorithm compared
with the rate maximization approach.

Finally, in Figure 5, the EE performance of our power allocation approach and that of full CSI
approach, which assumes instantaneous CSI is known at the BS, is compared. Since full CSI is an ideal
case, it can achieve better EE performance than other imperfect CSI situation. However, the full CSI
case suffers from pilot overhead. As Figure 5 illustrates, our proposed algorithm surpasses the full CSI
approach with 3/7 pilot overhead [43] in the EE performance.
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Figure 5. The comparison on the EE performance of proposed algorithm, full CSI case and full CSI
with 3/7 overhead.

5. Conclusions

To conclude, we considered the EE optimization problem in NOUM transmission systems
with statistical CSI available at the BS. We first formulated the EE maximization problem, and then
determined the closed-form optimal eigenvectors of the multicast and unicast transmit covariance
matrices for optimal EE, respectively. Next, with guaranteed convergence, we proposed a beam domain
power allocation algorithm adopting the MM algorithm, DE and Dinkelbach’s transform and derived
the locally optimal power allocation strategy to achieve the EE optimization. Finally, with numerical
results, we presented the performance gain of our EE maximization algorithm compared with the
conventional approach.
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Appendix A. Proof of Theorem 1

Firstly, we can tell from (11) that the value of Ak (X) is only affected by the diagonal elements
of X, so K

m
k in (10) and K

u
k in (15) are irrelevant to the off-diagonal elements of VHQu

k′V. Then,
the power consumption in (16) has no relationship with the off-diagonal elements of VΛmVH or
VΛu

k VH . Moreover, applying the proof method similar to [44], we can conclude that VΛmVH and
VΛu

k VH should be diagonal to maximize Rm
k and Ru

k , respectively. Therefore, to maximize the objective
function in (19), Qm and Qu

k should be both diagonal matrices. This concludes the proof.

239



Electronics 2019, 8, 857

References

1. Lecompte, D.; Gabin, F. Evolved multimedia broadcast/multicast service (eMBMS) in LTE-advanced:
Overview and Rel-11 enhancements. IEEE Commun. Mag. 2012, 50, 68–74. [CrossRef]

2. Wang, W.; Liu, A.; Zhang, Q.; You, L.; Gao, X.; Zheng, G. Robust multigroup multicast transmission for
frame-based multi-beam satellite systems. IEEE Access 2018, 6, 46074–46083. [CrossRef]

3. You, L.; Liu, A.; Wang, W.; Gao, X. Outage constrained robust multigroup multicast beamforming for
multi-beam satellite communication systems. IEEE Wirel. Commun. Lett. 2019, 8, 352–355. [CrossRef]

4. You, L.; Wang, J.; Wang, W.; Gao, X. Secure multicast transmission for massive MIMO with statistical channel
state information. IEEE Signal Process. Lett. 2019, 26, 803–807. [CrossRef]

5. Chen, E.; Tao, M.; Liu, Y. Joint base station clustering and beamforming for non-orthogonal multicast and
unicast transmission with backhaul constraints. IEEE Trans. Wirel. Commun. 2018, 17, 6265–6279. [CrossRef]

6. Sadeghi, M.; Björnson, E.; Larsson, E.G.; Yuen, C.; Marzetta, T. Joint unicast and multi-group multicast
transmission in massive MIMO systems. IEEE Trans. Wirel. Commun. 2018, 17, 6375–6388. [CrossRef]

7. Wang, J.; Xu, H.; Zhu, B.; Fan, L.; Zhou, A. Hybrid beamforming design for mmWave joint unicast and
multicast transmission. IEEE Commun. Lett. 2018, 22, 2012–2015. [CrossRef]

8. Ngo, H.Q.; Larsson, E.G.; Marzetta, T.L. Energy and spectral efficiency of very large multiuser MIMO
systems. IEEE Trans. Commun. 2013, 61, 1436–1449.

9. Hoydis, J.; ten Brink, S.; Debbah, M. Massive MIMO in the UL/DL of cellular networks: How many antennas
do we need? IEEE J. Sel. Areas Commun. 2013, 31, 160–171. [CrossRef]

10. Sadeghi, M.; Björnson, E.; Larsson, E.G.; Yuen, C.; Marzetta, T.L. Max–min fair transmit precoding for
multi-group multicasting in massive MIMO. IEEE Trans. Wirel. Commun. 2018, 17, 1358–1373. [CrossRef]

11. You, L.; Xiong, J.; Li, K.; Wang, W.; Gao, X. Non-orthogonal unicast and multicast transmission for massive
MIMO with statistical channel state information. IEEE Access 2018, 6, 66841–66849. [CrossRef]

12. Alibakhshikenari, M.; Virdee, B.S.; See, C.H.; Abd-Alhameed, R.A.; Falcone, F.; Limiti, E. High-isolation
leaky-wave array antenna based on CRLH-metamaterial implemented on SIW with 30o frequency
beam-scanning capability at millimetre-waves. Electronics 2019, 8, 642. [CrossRef]

13. Song, Y.J.; Sarabandi, K. Equivalent circuit model for metamaterial-based electromagnetic band-gap isolator.
IEEE Antennas Wirel. Propag. Lett. 2012, 11, 1366–1369. [CrossRef]

14. Alibakhshikenari, M.; Khalily, M.; Virdee, B.S.; See, C.H.; Abd-Alhameed, R.A.; Limiti, E. Mutual-coupling
isolation using embedded metamaterial EM bandgap decoupling slab for densely packed array antennas.
IEEE Access 2019, 7, 51827–51840. [CrossRef]

15. Farsi, S.; Aliakbarian, H.; Schreurs, D.; Nauwelaers, B.; Vandenbosch, G.A.E. Mutual coupling reduction
between planar antennas by using a simple microstrip U-section. IEEE Antennas Wirel. Propag. Lett. 2012,
11, 1501–1503. [CrossRef]

16. Alibakhshikenari, M.; Khalily, M.; Virdee, B.S.; See, C.H.; Abd-Alhameed, R.A.; Limiti, E. Mutual coupling
suppression between two closely placed microstrip patches using EM-bandgap metamaterial fractal loading.
IEEE Access 2019, 7, 23606–23614. [CrossRef]

17. Singh, K.; Gupta, A.; Ratnarajah, T. QoS-driven energy-efficient resource allocation in multiuser
amplify-and-forward relay networks. IEEE Trans. Signal Inf. Process. Over Netw. 2017, 3, 771–786. [CrossRef]

18. Singh, K.; Gupta, A.; Ratnarajah, T. QoS-driven resource allocation and EE-balancing for multiuser two-way
amplify-and-forward relay networks. IEEE Trans. Wirel. Commun. 2017, 16, 3189–3204. [CrossRef]

19. Singh, K.; Gupta, A.; Ratnarajah, T. A utility-based joint subcarrier and power allocation for green
communications in multi-user two-way regenerative relay networks. IEEE Trans. Commun. 2017, 65, 3705–3722.
[CrossRef]

20. Li, G.Y.; Xu, Z.; Xiong, C.; Yang, C.; Zhang, S.; Chen, Y.; Xu, S. Energy-efficient wireless communications:
tutorial, survey, and open issues. IEEE Wirel. Commun. 2011, 18, 28–35. [CrossRef]

21. Khan, T.A.; Yazdan, A.; Heath, R.W. Optimization of power transfer efficiency and energy efficiency for
wireless-powered systems with massive MIMO. IEEE Trans. Wirel. Commun. 2018, 17, 7159–7172. [CrossRef]

22. Björnson, E.; Sanguinetti, L.; Hoydis, J.; Debbah, M. Optimal design of energy-efficient multi-user MIMO
systems: Is massive MIMO the answer? IEEE Trans. Wirel. Commun. 2015, 14, 3059–3075. [CrossRef]

240



Electronics 2019, 8, 857

23. Tervo, O.; Tran, L.; Chatzinotas, S.; Juntti, M.; Ottersten, B. Energy-efficient joint unicast and multicast
beamforming with multi-antenna user terminals. In Proceedings of the 2017 IEEE 18th International
Workshop on Signal Processing Advances in Wireless Communications (SPAWC), Sapporo, Japan,
3–6 July 2017; pp. 1–5.

24. He, S.; Huang, Y.; Jin, S.; Yang, L. Energy efficient coordinated beamforming design in multi-cell multicast
networks. IEEE Commun. Lett. 2015, 19, 985–988. [CrossRef]

25. Tervo, O.; Tran, L.; Pennanen, H.; Chatzinotas, S.; Ottersten, B.; Juntti, M. Energy-efficient multicell
multigroup multicasting with joint beamforming and antenna selection. IEEE Trans. Signal Process.
2018, 66, 4904–4919. [CrossRef]

26. You, L.; Gao, X.; Xia, X.; Ma, N.; Peng, Y. Pilot reuse for massive MIMO transmission over spatially correlated
rayleigh fading channels. IEEE Trans. Wirel. Commun. 2015, 14, 3352–3366. [CrossRef]

27. You, L.; Gao, X.; Swindlehurst, A.L.; Zhong, W. Channel acquisition for massive MIMO-OFDM with
adjustable phase shift pilots. IEEE Trans. Signal Process. 2016, 64, 1461–1476. [CrossRef]

28. You, L.; Chen, X.; Wang, W.; Gao, X. Coordinated multicast precoding for multi-cell massive MIMO
transmission exploiting statistical channel state information. Electronics 2018, 7, 338. [CrossRef]

29. You, L.; Wang, W.; Gao, X. Energy-efficient multicast precoding for massive MIMO transmission with
statistical CSI. Energies 2018, 11, 3175. [CrossRef]

30. Weichselberger, W.; Herdin, M.; Ozcelik, H.; Bonek, E. A stochastic MIMO channel model with joint
correlation of both link ends. IEEE Trans. Wirel. Commun. 2006, 5, 90–100. [CrossRef]

31. Gao, X.; Jiang, B.; Li, X.; Gershman, A.B.; McKay, M.R. Statistical eigenmode transmission over jointly
correlated MIMO channels. IEEE Trans. Inf. Theory 2009, 55, 3735–3750. [CrossRef]

32. You, L.; Gao, X.; Li, G.Y.; Xia, X.; Ma, N. BDMA for millimeter-wave/terahertz massive MIMO transmission
with per-beam synchronization. IEEE J. Sel. Areas Commun. 2017, 35, 1550–1563. [CrossRef]

33. Sun, C.; Gao, X.; Jin, S.; Matthaiou, M.; Ding, Z.; Xiao, C. Beam division multiple access transmission for
massive MIMO communications. IEEE Trans. Commun. 2015, 63, 2170–2184. [CrossRef]

34. Wen, C.; Jin, S.; Wong, K.; Chen, J.; Ting, P. Channel estimation for massive MIMO using Gaussian-mixture
Bayesian learning. IEEE Trans. Wirel. Commun. 2015, 14, 1356–1368. [CrossRef]

35. Ng, D.W.K.; Lo, E.S.; Schober, R. Energy-efficient resource allocation in OFDMA systems with large numbers
of base station antennas. IEEE Trans. Wirel. Commun. 2012, 11, 3292–3304. [CrossRef]

36. Lu, A.; Gao, X.; Xiao, C. Free deterministic equivalents for the analysis of MIMO multiple access channel.
IEEE Trans. Inf. Theory 2016, 62, 4604–4629. [CrossRef]

37. Couillet, R.; Debbah, M. Random Matrix Methods for Wireless Communications; Cambridge University Press:
Cambridge, UK, 2011. [CrossRef]

38. Dinkelbach, W. On nonlinear fractional programming. Manag. Sci. 1967, 13, 492–498. [CrossRef]
39. Lipp, T.; Boyd, S. Variations and extension of the convex-concave procedure. Optim. Eng. 2016, 17, 263–287.

[CrossRef]
40. Yuille, A.L.; Rangarajan, A. The concave-convex procedure. Neural Comput. 2003, 15, 915–936. [CrossRef]
41. Hunter, D.R.; Lange, K. A tutorial on MM algorithms. Am. Stat. 2004, 58, 30–37. [CrossRef]
42. Zappone, A.; Jorswieck, E. Energy efficiency in wireless networks via fractional programming theory.

Found. Trends R© Commun. Inf. Theory 2015, 11, 185–396. [CrossRef]
43. Marzetta, T.L. Noncooperative Cellular Wireless with Unlimited Numbers of Base Station Antennas.

IEEE Trans. Wirel. Commun. 2010, 9, 3590–3600. [CrossRef]
44. Tulino, A.M.; Lozano, A.; Verdú, S. Capacity-achieving input covariance for single-user multi-antenna

channels. IEEE Trans. Wirel. Commun. 2006, 5, 662–671. [CrossRef]

c© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

241





electronics

Article

Artificial Intelligence-Based Discontinuous Reception
for Energy Saving in 5G Networks

Mudasar Latif Memon 1, Mukesh Kumar Maheshwari 2, Navrati Saxena 3,*, Abhishek Roy 4 and

Dong Ryeol Shin 3,*

1 College of Information and Communication Engineering, Sungkyunkwan University, Suwon 16419, Korea
2 Department of Electrical Engineering, Bahria University, Karachi 75260, Pakistan
3 College of Software, Sungkyunkwan University, Suwon 16419, Korea
4 Advanced Communication Technology, Wireless System Design, MediaTek USA Inc.,

San Jose, CA 95134, USA
* Correspondence: navrati@skku.edu (N.S.); drshin@skku.edu (D.R.S.); Tel.: +82-31-299-4676 (N.S.)

Received: 17 June 2019; Accepted: 9 July 2019; Published: 11 July 2019

Abstract: 5G is expected to deal with high data rates for different types of wireless traffic. To enable
high data rates, 5G employs beam searching operation to align the best beam pairs. Beam searching
operation along with high order modulation techniques in 5G, exhausts the battery power of user
equipment (UE). LTE network uses discontinuous reception (DRX) with fixed sleep cycles to save UE
energy. LTE-DRX in current form cannot work in 5G network, as it does not consider multiple beam
communication and the length of sleep cycle is fixed. On the other hand, artificial intelligence (AI) has
a tendency to learn and predict the packet arrival-time values from real wireless traffic traces. In this
paper, we present AI based DRX (AI-DRX) mechanism for energy efficiency in 5G enabled devices.
We propose AI-DRX algorithm for multiple beam communications, to enable dynamic short and long
sleep cycles in DRX. AI-DRX saves the energy of UE while considering delay requirements of different
services. We train a recurrent neural network (RNN) on two real wireless traces with minimum root
mean square error (RMSE) of 5 ms for trace 1 and 6 ms for trace 2. Then, we utilize the trained RNN
model in AI-DRX algorithm to make dynamic short or long sleep cycles. As compared to LTE-DRX,
AI-DRX achieves 69% higher energy efficiency on trace 1 and 55% more energy efficiency on trace 2,
respectively. The AI-DRX attains 70% improvement in energy efficiency for trace 2 compared with
Poisson packet arrival model for λ = 1/20.

Keywords: discontinuous deception; multiple beam communications; artificial intelligence; energy
efficiency; 5G; wireless communications

1. Introduction

The use of cellular gadgets, like smartphones, notebooks, and tablets has comforted our life.
The Ericsson mobility report predicts the rise of cellular traffic to 8.8 billion by 2024 [1]. These extensive
growing cellular users require improved data rates with heterogeneous services in next generation
networks. 5G expects to deal with various types of traffics including periodic and delay tolerant traffic
for IoT devices or burst type of traffic for delay intolerant services [2,3]. 3rd Generation Partnership
Project (3GPP) planned the standardization of GHz spectrum (mm-wave) to address the users’ demand
of high bandwidth. However, communication over high-frequency bands of the mm-wave requires
directional air interface and narrower beams to reduce the path loss. In directional air interface, UE has
to search for best beam pairs and make adequate beam alignment with the next generation nodeB (gNB)
[4]. In addition to beam searching process in 5G networks, massive MIMO, higher order modulation
schemes and advanced coding techniques also increase UE energy expenses.
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Long term evolution (LTE) networks utilize DRX mechanism to reduce the energy consumption
of the UE [2,5]. DRX enables a UE to save energy by switching off the radio circuitry part, in case of no
incoming data. LTE-DRX turns off radio part during long and short sleep cycles in order to reduce the
energy consumption of UE. The sleep cycles in LTE-DRX are of the fixed time period. If any new packet
arrives during the fixed time sleep cycle, the packets will be buffered at evolved NodeB (eNB). The eNB
serves the stored packets after the completion of each sleep cycle in LTE-DRX. Hence, the LTE-DRX
saves the UE energy at the cost of delay [6,7]. LTE-DRX in its current form is not suitable for energy
savings in 5G enabled cellular devices [8,9], due to two main reasons.

• The communications in LTE do not consider beamforming, whereas in 5G networks UE has to
align the best beam pair before the start of communications.

• The LTE-DRX mechanism has a fixed length of sleep duration, which increases the energy
consumption and delay. Hence, LTE-DRX is not suitable for low latency communications in
5G networks.

Authors in [3] propose DRX for 5G network, which requires UE to search for best beam pairs
after completion of each sleep cycle in order to serve the packets. The additional beam searching
operation after each sleep cycle enhances the energy consumption of UE. The work in [10] suggests
beam aware DRX approach for 5G enabled machine to machine communications, in which UE has
prior information about best beam pairs. Similarly, beam aware DRX mechanism for energy saving
in the 5G network is proposed in [11]. The beam aware mechanism may not perform well in case
of UE mobility and beam misalignment [12]. Kwon et al. [12] show that the probability of beam
misalignment increases with an increase in UE velocity. The probability of misalignment is 0.1 and
0.38 if a UE moves with the velocity of 30 Km/h and 60 Km/h, respectively.

The DRX with built-in state of beamforming is proposed by Liu et al. [13]. Authors present the
concept of DRX for multiple beam communications and utilize the semi-Markov model to design
eleven-states of DRX. Their approach considers the beam training process only in case of beam
misalignment and after completion of long sleep duration. Hence, authors save the energy of UE while
minimizing the delay for 5G services. However, the fixed duration of sleep cycles in their approach
may cause more energy consumption.

On the other hand, Recurrent Neural Network (RNN) in AI has shown incredible results to predict
the upcoming value of a given sequence [14]. Long Short-Term Memory (LSTM) is a popular type
of RNN that is specially designed to learn long-term dependencies of a sequence for predicting the
upcoming value of a sequence [15]. The term long-term dependency refers to the sequence, whose
desired/current output values (prediction results) depend on long-sequence of previous input values
rather than the only single previous input value.

Motivated by the success of RNN to learn and predict long-term dependent sequence values in
various applications [11,14,16], we use RNN to extract the pattern of packet arrival time from real
wireless traffic traces and to predict the values of the next packet arrival time. Based on the prediction
results, we propose an AI-DRX algorithm that works on a ten-state DRX model to enable energy saving.
AI-DRX for multiple beam communications in 5G network saves the UE energy by enabling dynamic
short and long sleep cycles, respectively. To be more specific, the following are our key contributions
to save UE energy in multiple beam communications scenario of 5G networks.

• We perform the training of the LSTM neural network on wireless traffic. During training, LSTM
network extracts the packet arrival time pattern from the wireless traffic trace. The prediction
results show that the trained model predicts with minimum RMSE of 5 ms on random test set
from trace 1 and 6 ms on random test set from trace 2, respectively.

• We devise DRX as a ten-state model.
• We propose an artificial intelligence based DRX mechanism for multiple beam communications in

5G networks. We suggest AI-DRX algorithm using ten state model to enable dynamic short or
long sleep cycles, depending on the prediction results.
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• We evaluate the performance of AI-DRX in terms of energy efficiency and mean delay. AI-DRX
achieves the energy efficiency of 59% on trace 1 and 95% on trace 2, respectively; while considering
the mean delay requirements of different services.

The remaining paper is organized as follows. In Section 2 we present an overview of existing DRX
mechanism and introduce the RNN with focus on LSTM neural network. Section 3 proposes AI-DRX
algorithm with a ten-state DRX model, to enable dynamic short or long sleep cycles in multiple beams
communications of the 5G network. Section 4 presents the performance analysis of AI-DRX in terms of
energy efficiency and mean delay. Finally, we conclude our work in Section 5.

2. Related Work

2.1. DRX in LTE

LTE networks use DRX mechanism to minimize the power consumption of UE. The energy
expenditure of UE can be reduced by switching off radio components during the unavailability of
incoming data packets [17]. LTE-DRX is configured and controlled by evolved node B (eNB). The eNB
informs the UE to turn off its radio components in case of no data in the buffer. The LTE-DRX can be
regulated by radio resource control (RRC) layer at eNB. RRC sends the packets’ information to UE
via a physical downlink control channel (PDCCH). RRC operates in two modes: (1) RRC_connected
mode; (2) RRC_idle mode, after a UE is turned on [18]. The RRC_idle mode is only responsible
for paging operations, UE neither receives nor transmits the data, but only monitors the paging
signals during the paging occasion. Whereas, all the data exchange between UE and eNB takes place
during RRC_connected mode. Since all transmissions take place during the RRC_connected mode
and this mode is responsible for more energy consumption of UE, our work focuses on the DRX in
RRC_connected mode. Figure 1 shows the LTE-DRX in RRC_connected mode that works on two types
of states. These states are:

• Active State
• Sleep State

DRX Sleep State

DRX Active State

RRC Inactivity 
Timer

Packet Activity

RRC_ 
connected RRC_ idle

Active

Short 
Sleep Long 

Sleep

RRC_connected Mode

DRX 
Inactivity 

Timer

RRC_idle Mode

Figure 1. LTE-DRX in RRC_connected mode.

Based on the above two states, different DRX parameters are configured in RRC_connected mode
while considering various services’ delay requirements.
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2.1.1. Active State

A UE sends or receives the data packets during DRX active state. This state does not allow UE to
save the energy because UE has to receive the data packets during this state. Moreover, a UE has to
turn on the radio circuitry throughout the active state. The active state of DRX can be controlled by
two parameters.

• Inactivity timer
• Active time

All the data packets are transmitted/received during the active time. The inactivity timer is a
countdown timer in DRX active state. This timer re-starts every time a new data packet arrives at eNB
and then eNB serves the received packets to UE. In case of no new packet arrival, the inactivity timer
gets expired and the UE switches to sleep state for a certain time period.

2.1.2. Sleep State

A UE turns off the radio components during sleep state in order to save power. UE cannot receive
or send the data packets during DRX sleep state but can only monitor the PDCCH for any incoming
data. DRX in a sleep state is controlled by the following parameters:

• ON time
• Short sleep cycle
• Short sleep timer
• Long sleep cycle
• Long sleep timer

During ON time, a UE monitors the PDCCH. ON time always starts after completion of each
sleep cycle. A short sleep cycle is a small duration of time that saves the UE energy by switching off
the transceiver part. A short sleep cycle is repeated up to Nsc number of short sleep cycles. After
the expiry of Nsc, a UE transits to the long sleep cycle. The long sleep cycle and long sleep timer are
similar to short sleep cycle and short sleep timer but have a longer time period than the counterpart,
respectively.

Figure 2 delineates the timing diagram of LTE-DRX. As shown in Figure 2, all the data transmission
and reception take place during the active state. After reception of each new packet, inactivity timer
restarts. In the case that no new packet reaches and inactivity timer finishes the countdown timer, then
UE switches to short sleep cycle. After every short sleep cycle, a UE monitors the PDCCH for any
incoming packet during the ON time. If no new packet arrives before the completion of short sleep
timer, the UE switches to the long sleep cycle and remains there until intimation of the new packet
is received. UE transits from a long sleep to idle state if no new packets arrive and the long sleep
timer expires.
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Figure 2. LTE-DRX timing diagram.

2.2. Non-Compatibility of LTE-DRX for 5G Networks

The LTE-DRX mechanism in its existing form is not suitable for 5G networks. The main reason
for non-suitability is the directional communications in 5G networks, which require beamforming
operation prior to data transmission [4]. Whereas, LTE-DRX mechanism does not include beam
searching operation [19,20]. Figure 3 shows the concept of directional communication with multiple
beams in 5G network. The gNB transmits K number of beams and a UE has L number of beams.
A UE needs to search and align the best beam pair form K × L beam pairs, prior to the start of
communications [4]. The process of beam searching and beam alignment in 5G is not included in
LTE-DRX. Moreover, the process of beam searching in 5G network causes a UE to remain in the
active state more than that of the LTE-DRX, which also increases the power consumption of UE [21].
Furthermore, the beamforming process in 5G requires additional time for beam searching and aligning
best beam pairs [22]. The additional beam searching and beam alignment time cause more delay
than the delay in LTE-DRX. Hence, directional communications in 5G is one of the reasons, which
makes LTE-DRX mechanism in its existing form, not a suitable solution for power saving in 5G
networks [21,22].

The second main reason for non-compatibility of existing LTE-DRX mechanism with 5G networks
is the fixed length of sleep cycles in LTE-DRX [11]. LTE-DRX uses fixed length short and long sleep
cycles to economize the power consumption of UE. Whereas, 5G network is expected to deal with
different types of services, simultaneously [4]. These services may have different size of packet lengths,
variable packet arrival time and variable transmission time interval (TTI) [23]. The fixed length of sleep
cycles in LTE-DRX mechanism may not be suitable for 5G services as these cycles may under-utilize or
over-utilize TTI. Moreover, fixed length sleep cycles in 5G may be responsible for least power savings
in 5G enabled devices [23]. However, DRX design can still be used for 5G [9,24,25].
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Figure 3. Directional communication with multiple beams in 5G network.

2.3. Recurrent Neural Network for Predicting Sequential Data

Recurrent Neural Network (RNN) is a part of AI that is widely used for predictions over sequential
data [26]. Long short-term memory (LSTM) network is one of the popular kinds of RNN that performs
well while predicting the long-term dependent time sequences [15]. LSTM is different from other
kinds of RNN due to its gated structure and internal cell state in every single unit, as shown in
Figure 4. LSTM neural network utilizes various previous inputs to decide the values of internal gates
(forget gate, input gate, input modulation gate, output modulation gate), which contributes to cell
state. Cell state helps the LSTM to remember or forget the impact of past inputs while deciding the
prediction results. This is the main reason LSTM has better performance for predicting the long-term
dependent sequences [14,15]. Table 1 shows the notations used in our work.

LSTM unit includes forget gate FT that can be mathematically shown by Equation (1). The output
of forget gate varies from 0 to 1, due to sigmoid Sig = 1

1+e−T function. The letters wx and wh in
the Equation (1) represent the weights associated with the current input xT and previous output
hT−1, respectively. The term bF is the bias for the forget gate. Similarly, the input gate (IT) and
input modulation gate (GT) can be calculated by Equations (2) and (3), respectively. The hyperbolic
tangent function in input and output modulation gates can be mathematically written as tanh(T) =
2Sig(2T)− 1 and ranges from −1 to +1. Moreover, bI and bC are biases for input gate and cell state,
respectively.

FT = Sig(wxxT + whhT−1 + bF) (1)

IT = Sig(wxxT + whhT−1 + bI) (2)

GT = tanh (wxxT + whhT−1 + bC) (3)
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Figure 4. Gated structure of single long short-term memor (LSTM) unit.

Table 1. List of abbreviations.

Abbreviation Notation Abbreviation Notation

Forget gate FT DRX active time TAc

Input modulation gate GT DRX ON time TON

Input gate IT DRX Inactivity timer TIN

Output layer OT Packet inter-arrival time λκ

Cell state CT DRX Dynamic sleep time TDY

Output modulation gate hT Weight corresponding to each gate wi

Cell state CT and the output layer OT can be calculated by Equations (4) and (5), respectively.
The final prediction results can be observed by output modulation gate (hT) using Equation (6).

CT = FT ⊗ CT−1 + IT ⊗ GT (4)

OT = Sig(wxxT + whhT−1 + bO) (5)

hT = OT ⊗ tanh(CT) (6)

During the training process, LSTM learns to extract the relationship between the input and desired
output (upcoming value of sequence) by adjusting various weight values in Equations (1)–(3) and (5).
Once the model is trained with the least error, the learned weight values can be used in Equations (1)–(6)
to calculate the output values of a sequence (prediction). The error between prediction result and
observed (actual) value can be computed by the root mean square error (RMSE) and is given as:

RMSE =

√
∑N

T=1(PredictedT − ObservedT)2

N
(7)

where the notation T represents the number of samples and N shows the maximum number of samples.
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3. AI-DRX for Multiple Beam Communications

3.1. System Model

In 5G directional air interface, beam information is a very crucial operation as a UE wakes
up to receive data or control packet [3]. Hence, our work considers DRX for multiple beam
communications [13], having dynamic long and short sleep cycles instead of fixed length sleep cycles.
Dynamic sleep cycles have different values of sleep time in each cycle rather than one static time value
in each sleep cycle. The random values of dynamic sleep time can be predicted based on previous
values of packet arrival time.

We model DRX as a ten-state model. These states range from S0 to S9 and are shown in Figure 5.
Let us elaborate on the states below.

• S0 is the active time. A UE sends and receives the data during S0 state. UE predicts the dynamic
time TDY during S0 state.

• S1 state is threshold comparison state. S1 compares TDY with both threshold values (ThMin and
ThMax) to decide whether to remain in the active time or switch to the dynamic sleep cycle.

• S2 state is dynamic short sleep cycle. It saves the UE power for a short period of time up to
TDY. The predicted value of TDY in the dynamic sleep cycle is always lower than that of value in
S3 state.

• S3 state highlights the dynamic long sleep cycle. It is similar to S2 state but has a larger sleep
period than S2. The predicted value of TDY always has larger value of dynamic long sleep cycle
than that of the dynamic short sleep cycle.

• S4 state shows beam training during active time. This state allows UE to train and search for best
available beam pairs between gNB and UE.

• S5 state represents feedback after beam training operation in active time.
• S6 state shows active time after best beam pairs are aligned. S6 is different from S0 as S6 always

occurs after beam training and feedback process. Moreover, S6 enables UE to search beam pairs in
active time until best beam pairs are found.

• S7 state delineates beam training process after the execution of dynamic long or short sleep cycle.
• S8 state is feedback operation that occurs after beam training and after the execution of dynamic

long or short sleep cycle, respectively.
• S9 state is the ON period, a UE only monitors PDCCH for an incoming packet. UE could not send

or receive data packets during ON time.

3.2. Proposed AI-DRX Algorithm

We propose artificial intelligence based DRX (AI-DRX) algorithm for multiple beams
communications in 5G network. Our proposed algorithm enables DRX to achieve dynamic long
or short sleep cycles and to reduce the power consumption of UE. AI-DRX algorithm works on
ten-state model of DRX as shown in Figure 5. Algorithm 1 demonstrates AI-DRX mechanism and is
elaborated below:

• AI-DRX algorithm takes ON timer TON , minimum threshold value ThMin and maximum threshold
value ThMax as input (Line 1).

• AI-DRX examines the buffer for any incoming data packets (Line 2).
• If any packet is received in the buffer, the packets will be served and the value of dynamic sleep

time TDY will be predicted, simultaneously (Line 4).
• During the active time, if no beam misalignment occurs between UE and gNB, AI-DRX compares

the predicted value of dynamic sleep time TDY with threshold values ThMin and ThMax.
• If the predicted value of dynamic sleep time TDY is less than the minimum threshold value ThMin

(Line 8), UE continues to remain in the active time (Line 9).
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• If the predicted value of dynamic sleep time TDY is greater than or equal to the minimum threshold
value ThMin and less than maximum threshold value ThMax (Line 11). UE observes dynamic short
sleep cycle (Line 12).

• In case of any beam misalignment after UE wakes up from dynamic short sleep cycle (Line 13), UE
starts the beam training process (Line 14) and Feedback (Line 15) followed by ON time (Line 16).

• During ON time, if beam pairs are still misaligned (Line 17), UE searches beam pairs again
(Line 18).

• During ON time, if a new packet arrives (Line 21), UE switches to active mode and start receiving
data packets (Line 22).

• After completion of ON time, if no new packet arrives, UE continues to sleep for previous
predicted time value TDY of the long sleep cycle or short sleep cycle. respectively (Line 24).

• If TDY is greater than ThMax (Line 28) the UE will go to dynamic long sleep cycle (Line 29).
• UE will perform beam training and feedback after completion of each dynamic long sleep cycle

(Line 30).
• In the case of beam misalignment during an active time (Line 35), UE performs beam training

(Line 36) and feedback (Line 37) and then re-enter active time (Line 38).
• During the active time (Line 38), if UE still find beam misalignment (Line 39), AI-DRX executes

beam training process again (Line 40).
• After the alignment of beam pairs, the UE transits to active time (Line 42).
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Figure 5. State diagram for AI-DRX.
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Algorithm 1 AI based DRX for Multiple Beam Communications.
1: Input TON , ThMin, ThMax

2: Examine buffer for incoming packets
3: if Packets in buffer > 0 then

4: Serve the packets and Predict TDY (S1)
5: else

6: if No Beam Misalignment then

7: Check TDY (S1)
8: if TDY < ThMin then

9: Go to Step 4 (S0)
10: else

11: if ThMin ≤ TDY < ThMax then

12: Go to Dynamic Short Sleep up to TDY (S2)
13: if Beam Misalignment then

14: Execute Beam Training (S7)
15: Feedback (S8)
16: ON (S9)
17: if No Beam Aligned then

18: Go to Step 14 (S7)
19: end if

20: else

21: if New packet arrives before completion of ON Time TDY then

22: Go to Step 4 (S9 to S0)
23: else

24: Go to Dynamic sleep for previous predicted time TDY (S2/S3)
25: end if

26: end if

27: else

28: if TDY > ThMax then

29: Go to Dynamic Long sleep (S3)
30: Go to Step 14 (S7)
31: end if

32: end if

33: end if

34: else

35: if Beam Misalignment then

36: Execute Beam Training (S4)
37: Feedback (S5)
38: Active after Beam Training (S6)
39: if No Beam Aligned then

40: Go to Step 36 (S4)
41: else

42: Go to Step 4 (S0)
43: end if

44: end if

45: end if

46: end if

3.3. AI-DRX for Enabling Dynamic Long and Short Sleep Cycles

Algorithm 1 (AI-DRX) demonstrates the use of artificial intelligence in the implementation of
DRX for 5G networks. AI-DRX makes dynamic short and long sleep cycles in DRX. AI-DRX utilizes
trained LSTM model to predict the upcoming value of packet arrival time and subsequently to enable
dynamic sleep cycles in DRX. The training process is conducted offline on two traces of real wireless
traffic acquired from the University of Massachusetts (UMass) trace repository [27] and Crawdad
data set repository [28]. Training process learns the packet arrival time pattern of increasing sequence
values from both traces. Once the LSTM network is trained offline with least prediction error, the
trained model predicts the upcoming packet time of real wireless traffic. AI-DRX algorithm calculates
the dynamic sleep cycles by using prediction results of upcoming packet arrival time value.
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AI-DRX enables a UE to reduce power consumption in multiple beam communications scenario
of 5G networks. AI-DRX saves energy by enabling dynamic short and long sleep cycles, respectively.
AI-DRX enables dynamic short sleep cycles or dynamic long sleep cycles based on two threshold values
ThMin and ThMax. The values of ThMin and ThMax can be varied according to delay requirements of
various services. We discuss three cases of AI-DRX: (1) dynamic short sleep cycles; (2) dynamic long
sleep cycles; (3) dynamic inactivity timer.

During an active time of AI-DRX, the packets are served to UE. The trained LSTM model predicts
the value of upcoming packet arrival time (TDY) while serving the packets. UE checks for new packets
in the buffer via PDCCH during ON state of AI-DRX. If no new packet is observed in the buffer, UE
continues to sleep up to TDY. However, if a new packet is observed in the ON state, UE transits to
active time and receives the packet(s). Meanwhile, inactivity timer in the active mode is restarted on
the reception of every new packet. Furthermore, AI-DRX also considers the case of the active state
having empty buffer, the UE counts down for dynamic inactivity timer (third case below) to complete
and then transits to sleep cycle for predicted sleep time (TDY).

The first case enables dynamic short sleep cycle if the value of TDY is greater than or equal to
ThMin and less than ThMax. The condition of dynamic short sleep cycle gets satisfied and UE sleeps
for the predicted time value of TDY. There are very small chances of beam misalignment after a short
sleep period [12,13]. Hence, AI-DRX considers the beam training process after dynamic short sleep
cycles only if beams are misaligned. Figure 6 shows the timing diagram of dynamic short sleep cycle
using AI-DRX algorithm.
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Figure 6. Timing diagram of AI-DRX based dynamic short sleep cycle.

The second case considers the dynamic long sleep cycle up to the predicted value of TDY, if TDY is
greater than ThMax. The concept of the dynamic long sleep cycle is depicted in Figure 7. The dynamic
long sleep cycle saves more energy than that of short sleep cycle. Moreover, there are more chances of
beam misalignment after the dynamic long sleep cycles. Hence, AI-DRX performs beam training and
feedback after completion of each dynamic long sleep cycle.

The third case deals with dynamic inactivity timer. If the predicted value of TDY is less than
ThMin, the UE will remain active until the period TDY or any new packet arrives. The concept of
dynamic inactivity timer can be seen in Figures 6 and 7. AI-DRX also addresses the problem of beam
misalignment during active time. AI-DRX performs beam training and feedback in case of any beam
misalignment during active time.

It may be noted that AI-DRX utilizes dynamic short and long sleep cycles instead of static fixed
time sleep cycles. Moreover, the inactivity timer value is also dynamic according to the prediction
results (using trained LSTM model). Our proposed algorithm keeps updating the predicted time value
based on most recent received packets and their packet arrival time.
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Figure 7. Timing diagram of AI-DRX based dynamic long sleep cycle.

DRX saves the power of UE at the cost of delay. Hence, we considered two performance
parameters: energy efficiency (EE) and mean delay. The performance parameter; EE of the UE
is the ratio of dynamic short sleep time and dynamic long sleep time to the sum of active time (TAC),
ON time (TON), beam training time, feedback time, dynamic short sleep (TDY) time and dynamic long
sleep time (TDY). EE can be calculated by Equation (8). The beam training and feedback processes are
considered during active time (TAC) and dynamic short and long sleep cycles take place during (TDY).

EE =
TDY

TAC + TON + TDY
(8)

Similarly, for packet inter-arrival time λκ , the mean holding period of active state can be calculated
as [5]:

TAC =
1 − e−λκ TIN

e−λκ TIN (1 − e−λκ )
(9)

Furthermore, the packets arrived during the sleep state and ON duration are stored in the buffer
until next ON period. The packet arrival events are the random observer to the sleep period and ON
state. Therefore, the mean delay is defined as the sum of mean sleep time and ON duration and is
given as:

Mean Delay =
TDY

2
+

TON
2

(10)

4. Performance Analysis

We use MATLAB 2019a for training and testing of RNN on two different traces (data sets).
These traces of burst traffic type are taken from the Crawdad dataset repository (trace 1) [28] and
UMass trace repository (trace 2) [27]. The trace 2 shows the traffic pattern of HTTP and video streaming
applications. The video streaming trace is used as it is expected by 2024 over three-quarters of mobile
data traffic will be video traffic [1]. The trace 1 and trace 2 include seven parameters as shown in [11].
These parameters are: (1) serial number; (2) packet arrival time in seconds; (3) source address of the
packets; (4) destination address of the packet; (5) protocol used; (6) length of packets in bytes; and
(7) additional information. We have utilized the time parameter from both traces to train the LSTM
network. Time parameter contains the information of packet arrival time. Our purpose is to train the
LSTM network until it learns the time interval pattern of packet arrival time from a given sequence.
Data pre-processing makes the training process simple and avoid training from the divergence [11,29].
Hence, we standardize the data with zero value of mean and unit value of the variance of the training
set during the training process. Moreover, we also standardize the test set during the prediction time.

Hyper-parameters in LSTM network are selected manually to make the training process more
efficient. These parameters include the number of hidden units, learning rate drop factor, the maximum
number of epochs, initial learning rate, and the optimizer used. The best selection of hyper-parameters
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may result in the learning with least prediction error. The training process performance can be
measured in terms of RMSE. The less the value of RMSE, the better is the prediction results of the
trained model on unseen data (test set). We have selected 200 and 125 hidden units in LSTM network
during training process over trace 1 and trace 2, respectively. The value of the learning rate drop factor
remains 0.2 for both traces. Maximum number of epochs during the training process of trace 1 are
considered to be 600 while for trace 2 are 1000 epochs. Initial learning rate during the training process
of both traces remains 0.004. Furthermore, the optimizer used during the training process for both
traces is Adam optimizer. The above mentioned hyper-parameters reduce the RMSE during training
and testing processes.

We have considered the total length up to 130,820 sample values (323.886 s) of trace 1, while
trace 2 has 77,470 values of time samples (417.642 s) [11]. We have divided both traces into 10% of
samples as the training set and a number of different test sets randomly selected from the remaining
90% of both traces. Each test set has an equal number of samples. Figure 8a shows the RMSE for the
initial test set of trace 1 that is as small as 12 ms. Whereas, Figure 8b shows the RMSE value for trace 2
is 10 ms for the first random test set.

(a) Trace 1. (b) Trace 2.

Figure 8. Prediction result and root mean square error (RMSE) for first test set.

The RMSE values for random test sets from the remaining 90% samples of trace 1 and trace 2 are
shown in Figure 9. It can be seen from Figure 9a,c that the minimum value of RMSE is least at 6 ms
and 5 ms on random test sets from samples 70,500 to 71,953 and 90,700 to 92,153 of trace 1, respectively.
Whereas, Figure 9b,d show the RMSE value of 6 ms and 8 ms from 10,000 to 10,899 and 65,000 to
65,899 samples of trace 2, respectively.

AI-DRX can be implemented at the gNB of 5G network. During the execution of AI-DRX,
we consider packet generation event, active event, dynamic long sleep event, dynamic short sleep
event, ON duration event, beam searching event and feedback event. Moreover, our approach
enables dynamic sleep cycles in multiple beam communications scenario for 5G networks. The packet
generation event in our simulation scans the time column of both traces and produces the data packets
of the identical length on the same instant in the respective trace. The generated data packets are
collected in the buffer and served to the UE during the active event. UE checks the buffer during ON
period, in case of any packet in buffer, the UE switches to the active event, or else continues to sleep.
During an active event, the buffered packets are served to UE after getting the beam pairs alignment
between UE and gNB. At the same time, packet arrival time is inputted to the trained LSTM model to
predict the upcoming packet arrival time. We can obtain the dynamic sleep duration by subtracting
the previous packet arrival time value from the predicted dynamic time value TDY (upcoming packet
arrival time).
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(a) Test set from trace 1 (samples: 70,500 to 71,953).

(c) Test set from trace 1 (samples: 90,700 to 92,153).

(b) Test set from trace 2 (samples: 10,000 to 10,899).

(d) Test set from trace 2 (samples: 65,000 to 65,899).

Figure 9. Prediction results and RMSE for random test sets.

Figure 10a,b, demonstrate the energy efficiency and mean delay with varying ON Period (TON)
for AI-DRX and LTE-DRX over trace 1 & trace 2, respectively. In Figure 10, TON is varied from 1 ms
to 160 ms while the values for ThMin = 20 & ThMax = 100 are considered. Figure 10a highlights the
decrease in energy efficiency with increase in TON . The reason for the drop in energy efficiency is,
UE waits for longer period in ON state prior switching to active state (to serve packets). It can be
seen from Figure 10b, the mean delay for trace 1 ranges from 150 ms to 194 ms with an increase in
ON period. The reason for rise in mean delay lies in the feet that with an increase in ON duration,
the time spend by UE in ON state will be higher, which results in higher delay. Moreover, by selecting
the optimum value of TON , delay observed by UE can be minimized. From Figure 10a, it is noticed
that the energy efficiency of trace 2 is higher than that of trace 1 due to higher arrival rate of trace 1 as
compared to trace 2.

We have compared the performance of AI-DRX with LTE-DRX. To implement the LTE-DRX, we
select the value of short sleep cycle to ThMin, the value of long sleep cycle to ThMax and fed trained
model with trace 1 and trace 2. It is observed in Figure 10a AI-DRX energy efficiency for trace 1 is 69%
higher than that of LTE-DRX, at the cost of higher delay. The reason arises from the fact that AI-DRX
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calculates sleep time form real wireless traffic trace based on arrival rate, while LTE-DRX uses ThMin
and ThMax to set the short and long sleep time. For AI-DRX, the small value of ThMin and ThMax
achieves higher energy efficiency as UE easily transits to long sleep time, which results in a larger
delay. Whereas, for small values of ThMin and ThMax in LTE-DRX, a UE sleeps for a short period that
results in less energy efficiency and smaller mean delay. AI-DRX achieves 55% higher energy efficiency
as compared to that of LTE-DRX using trace 2.

(a) Energy Efficiency. (b) Mean Delay.

Figure 10. AI-DRX energy efficiency and mean delay with varying TON (ThMin = 20, ThMax = 100).

Figures 11 and 12 present the energy efficiency and mean delay with varying ON period TON for
ThMin = 200 & ThMax = 1000 and ThMin = 300 & ThMax = 1600, respectively. It is observed from
Figures 11 and 12 that the energy efficiency and mean delay of LTE-DRX increase with an increase
in ThMin & ThMax, as UE sleep longer. The energy efficiency of AI-DRX decreases with an increase
in ThMin & ThMax, as UE will not able to transit to sleep state if TDY < ThMin. With a small value of
sleep time TDY or higher value of ThMin & ThMax, UE remains in the active state, which results in less
energy efficiency.

(a) Energy Efficiency. (b) Mean Delay.

Figure 11. AI-DRX energy efficiency and mean delay with varying TON (ThMin = 200, ThMax = 1000).
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(a) Energy Efficiency. (b) Mean Delay.

Figure 12. AI-DRX energy efficiency and mean delay with varying TON (ThMin = 300, ThMax = 1600).

To validate our proposal, we have compared our work to traditional Poisson arrival model.
We generated three data sets considering Poisson arrival rate (λ) with mean value of λ = 1/20,
λ = 1/10, and λ = 1. We have trained model using Poisson arrival rate. The generated traces are
fed to AI-DRX algorithm to analyze the energy efficiency and mean delay. Figure 13a,b shows the
energy efficiency and mean delay for AI-DRX trace 2 and Poisson arrival with varying TON . The energy
efficiency of AI-DRX is 70% higher than Poisson arrival rate (λ = 1/20). The corresponding mean delay
of AI-DRX is 100 ms (on an average) higher as compared to Poisson arrival for λ = 1/20. The gain in
energy efficiency is achieved as AI-DRX considers real traffic arrival rate for selection of sleep cycles
and inactivity timer, while Poisson arrival considers mean arrival rate. The energy efficiency and mean
delay both are zero for higher Poisson arrival rate λ = 1. The reason lies in the fact that for higher
arrival rate, UE could not transit to sleep state to save the power.

(a) Energy Efficiency. (b) Mean Delay.

Figure 13. AI-DRX energy efficiency and mean delay comparison with Poisson Arrival with varying
TON (ThMin = 300, ThMax = 1600).

Various services in a wireless network can tolerate different delay levels while not compromising
quality of service (QoS). QoS class identifier (QCI) is a metric that is used to identify the characteristics
of traffic. QCI measures the QoS with two parameters; (1) packet loss rate (PLR) and (2) packet
delay budget (PDB). PDB can be defined as maximum tolerable waiting time by a packet during
its delivery from eNB to UE. Standardized QCI characteristics are shown in Table 2 [6,30,31]. In
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various kinds of non-real-time services like email, web browsing, after a certain time period, a
UE does not require to monitor PDCCH continuously [6,32]. Hence, these types of services can
tolerate higher delays up to 300 ms [6,30,31]. These types of services require DRX with higher values
of sleep time (TDY > ThMin & TDY > ThMax) and smaller values of ON timer for better energy
efficiency. Whereas, the real-time services like voice and live video streaming cannot tolerate delay
[33]. Therefore, the delay should be a higher priority than energy saving. If we limit the mean
delay to 125 ms, the energy efficiency will be 95.02%. For this energy efficiency we have to select
ThMin = 200 , ThMax = 1000, TON = 6 ms. If we increase the TON the energy efficiency of UE
decreases as UE remains in active state. The mean delay also increases with increase in TON as UE
does not receive the data during ON period but only monitors the Physical Downlink Control Channel
(PDCCH). The mean delay observed by UE increases to 150 ms when TON = 80, with energy efficiency
of 80.2%. The network can maximize the energy efficiency of UE by selecting optimum value of
ThMin, ThMax, TON depending on QCI value of different services.

Table 2. Standardized QoS class identifier (QCI) characteristics in LTE/LTE-A [6,30,31].

Type Qos Class Identifier Packet Loss Rate Packet Delay Budget Examples

GBR 1 10−2 100 ms Voice services

GBR 2 10−3 150 ms Live streaming services

GBR 3 10−3 50 ms Real time gaming services

GBR 4 10−6 300 ms Buffered streaming services

Non-GBR 5 10−6 100 ms IMS Signaling services

Non-GBR 6 10−6 300 ms TCP based application services

Non-GBR 7 10−3 100 ms Interactive gaming services

Non-GBR 8 10−3 300 ms TCP based video services

Non-GBR 9 10−6 300 ms TCP based video services

5. Conclusions

In this work, we have suggested an AI-based DRX mechanism for energy saving in multiple
beams communications scenario. We have modeled DRX as a ten-state model and suggested AI-DRX
algorithm depending on these 10 states. AI-DRX algorithm enables dynamic short and long sleep
cycles for energy efficiency of UE in the 5G network. We have trained LSTM network, a popular type
of RNN, to extract the packet arrival time pattern from real wireless traffic traces. Later, we have
utilized the learned model in AI-DRX algorithm for energy saving in 5G enabled devices. AI-DRX
economizes power consumption of a UE by enabling dynamic short and long sleep cycles. Extensive
training with selected hyper-parameters achieves the least RMSE of 5 ms on a random test set from
trace 1 and 6 ms on a random test set from trace 2, respectively. The energy efficiency obtained with
AI-DRX is approximately 60% and 95% for trace 1 and trace 2, respectively. AI-DRX achieves 69%
higher energy efficiency on trace 1 and 55% more energy efficiency on trace 2 as compared to LTE-DRX,
respectively. We also validated the performance of AI-DRX with traditional Poisson packet arrival
model. AI-DRX attains 70% more energy efficiency on trace 2 as compared to Poisson packet arrival
rate for λ = 1/20.
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Abstract: In this paper, a diagnostic tool or procedure based on Bayesian compressive sensing
(BCS) is proposed for identification of failed element(s) which manifest in millimeter-wave planar
antenna arrays. With adequate a priori knowledge of the reference antenna array radiation pattern,
a diagnostic problem of faulty elements was formulated. Sparse recovery algorithms, including total
variation (TV), mixed �1/�2 norm, and minimization of the �1, are readily available in the literature,
and were used to diagnose the array under test (AUT) from measurement points, consequently
providing faster and better diagnostic schemes than the traditional mechanisms, such as the back
propagation algorithm, matrix method algorithm, etc. However, these approaches exhibit some
drawbacks in terms of effectiveness and reliability in noisy data, and a large number of measurement
data points. To overcome these problems, a methodology based on BCS was adapted in this paper.
From far-field radiation pattern samples, planar array diagnosis was formulated as a sparse signal
recovery problem where BCS was applied to recover the locations of the faults using relevance vector
machine (RVM). The resulted BCS approach was validated through simulations and experiments
to provide suitable guidelines for users, as well as insight into the features and potential of the
proposed procedure. A Ka-band (28.9 GHz) 10 × 10 rectangular microstrip patch antenna array
that emulates failure with zero excitation was designed for far-field measurements in an anechoic
chamber. Both simulated and measured far-field samples were used to test the proposed approach.
The proposed technique is demonstrated to detect diagnostic problems with fewer measurements
provided the prior knowledge of the array radiation pattern is known, and the number of faults is
relatively smaller than the array size. The effectiveness and reliability of the technique is verified
experimentally and via simulation. In addition to a faster diagnosis and better reconstruction
accuracy, the BCS-based technique shows more robustness to additive noisy data compared to
other compressive sensing methods. The proposed procedure can be applied to next-generation
transceivers, aerospace systems, radar systems, and other communication systems.

Keywords: far-field; antenna array; diagnosis procedure; noisy data; BCS; millimeter-wave

1. Introduction

Antenna array is a key technology component in various communication systems such as radar,
radio-astronomy, remote sensing, satellite communications, and next-generation (fifth generation,
5G) wireless communications [1], where a very large number (in the hundreds) of radiating
elements are particularly used to meet the increasing demands of high radiation performance and
reconfigurability [2]. Conversely, the higher the number of radiating elements in the beam-forming
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configuration, the higher the probability of failed element(s) will be. This causes abrupt field variations
across the aperture of the array, and distortion in the radiation features (e.g., beamwidth, peak sidelobe,
and boresight). Therefore, the availability of reliable and effective diagnosis tools for large arrays
remains an asset, because manual dismantling and replacement operations consume excessive time
and cost, and are even unfeasible in satellite-borne installations. Currently, failure identification in
antenna arrays is a theoretical and practical important research domain. Detection of faulty elements in
antenna arrays is of great interest in both military and civilian markets. Upcoming technologies adopt
active or passive antenna arrays with a large number of elements [1–5]. For instance, millimeter-wave
transceivers implement multiple-input multiple-output (MIMO) features and beamforming for future
5G applications, as shown in Figure 1. The block diagram shows the location of the AWMF-0108 in a
5G MIMO system [6]. The integrated circuit (IC) contents in the circle are the gain and phase control
blocks with amplification and RX/TX switching. The first industrial and commercial millimeter-wave
quad-core IC transceiver for 5G applications is the AWMF-0108 [6]. Many compactable antennas
were designed for that purpose. Thus, some communication systems will evolve for 5G technology,
even before full deployment, which is not expected until 2020. The large number of elements in the
planar antenna required by the transceiver must function optimally. Failure in the element(s) causes
far-field degradation of antenna systems. The detection of failed elements from field measurements
taken from a suitable observation point is very important to re-calibrate the feeding network and
to reinstall the needed radiation characteristics by reconfiguring the excitations of the healthy
elements [1,3]. Testing of antennas is then a necessity when a certain number of elements exhibit fault.
Therefore, the fast diagnosis of complex antenna structures is always a fundamental need.

Far-field measurements are a very powerful approach for antenna array testing. The measurement
data are sequentially presented for probable failure identification in the array under test (AUT).
The matrix method algorithm (MMA) and back propagation algorithm (BPA) are the most commonly
used mechanisms to detect the number and corresponding positions of defective elements using
a reference antenna (healthy) and the AUT (defective). BPA [7] was established using the Fourier
relationship between radiated far-field and the field situated on the array aperture, and it is applicable
to planar antenna arrays. A generalized form of BPA is MMA [8,9]. MMA uses linear algebra standard
tools to stabilize the inversion matrix, which relates the array aperture field to radiated far-field.
However, MMA and BPA demand a large number of measurements, thus causing long post-processing
of large arrays. One approach to mitigate the problem is the use of a priori knowledge of the array
without failure; consequently, only the defective array elements are identified. The modeled diagnostic
problem is solved by employing available customs whose computation time is a little longer than
standard methodologies. At this point, it is evident that the total time taken to get the antenna array
diagnosed greatly depends on measurement time, with post-processing times having a higher order
of magnitude. This is why sparse recovery-based methods require fewer measurement numbers and
provide faster antenna array diagnosis.

Recently, compressive sensing emerged rapidly as a potential technique for solving sparse
recovery problems [10–20]. Within this context, the appropriateness of compressive sensing in
addressing the array diagnosis problem was examined in References [3,12,14,16,18,21]. Evidently,
faulty element distribution in array configurations in practice were found to be highly sparse because it
accounts for small non-null entries in the excitation vector of the transmit/receive modules. Beginning
from that hypothesis, �1-norm minimization mechanism was applied successfully to detect failures
in planar arrays using a small number of near-field [9] or far-field [14] measurements. Conversely,
deterministic compressive sparse techniques require a “measurement matrix” to comply with the
restricted isometric property (RIP) condition, for which the estimation of large matrices remains an
open challenge [3,14,21]. An alternative is the probabilistic compressive sensing approach reported
in Reference [21] to diagnose linear arrays from far-field measurements. However, most of these
techniques were not tested experimentally.
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Figure 1. Ka-band active antenna array formation which integrates multiple-input multiple-output
(MIMO) and beamforming.

In this work, the problem of antenna element excitation level was not examined; however,
we estimated field distribution on the array aperture. This helps us identify the modifications
of aperture field distribution as a result of factors that cannot be quantified by simple failure of
elements, such as different reflections of the array and its feed. The problem faced in getting more
information about the AUT is the larger number of unknowns. However, in sparse recovery methods,
the required number of measurements increases slowly and logarithmically with the number of
unknowns [10–13]. Hence, the field reconstruction scheme benefits more in sparse recovery-based
mechanisms. Different sparse recovery algorithms used to conduct antenna array diagnosis were
unveiled [14] and compared to the traditional BPA and MMA. In particular, total variation (TV) norm,
mixed �1/�2 norm, and minimization of the �1 norm were used to proffer solutions to the resulting
inversion issues. From the field reconstructed on the antenna aperture, Fuchs et al. [20] acquired a
good antenna diagnosis. The approach was applied to far-field simulation data generated from a
100-element antenna array. The performance of the diagnosis was evaluated and compared to the two
standard techniques (BPA and MMA) under different conditions. The approaches were also applied
to far-field measurement data of an antenna array with failure to justify the practical applicability
of the proposed schemes. Although there were many more works on sparse recovery methods in
applied electromagnetics and microwaves involving the diagnosis processes of antenna arrays [13,14],
experimental data, which are fundamental for testing any procedure, were reported in few of them.

In References [15–20], differential scenarios with sparse recovery algorithms were employed to
perform antenna diagnosis and retrieve element excitations. Reference [21] proposed a joint scheme
for adaptive diagnosis of antenna arrays using communication signal fusion (radar-communication
scheme) and the echoes of probe signals received at the same antenna. This method equally solved
the antenna diagnosis problem at low signal-to-noise ratios (SNRs) to ensure optimal performance
of smart sensors in wireless sensor networks. Also, Reference [22] attempted array diagnosis in
millimeter waves using compressive sensing. This work considered both full and partial blockage,
which occurs from a plethora of particles (such as ice, water droplets, salt, and dirt) and the technique
jointly computed the locations of the blocked elements, and the induced phase-shifts and induced
attenuation provided the prior knowledge of the angles of departure/arrival. Reference [23] proposed a
deterministic sampling strategy for failure detection in uniform linear arrays via compressed sensing or
a sparse recovery approach. This is an extension of the Weyl formula which is basically used for prime
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numbers. The strategy obtained was good for nonprime number (i.e., valid for any number of array
elements). This sampling approach is good for sparse electromagnetic (EM) problems encompassing
Fourier matrices. Reference [24] gives a review of different capacities of sparse recovery by analyzing
how compressive sensing can be applied to antenna array synthesis, diagnosis, and processing.
Illustrations of a set of applicative examples were given, including direction-of-arrival estimation,
along with present challenges and current trends in compressive sensing applications to the solution
of innovative and traditional antenna array challenges. In general, compressive sensing generates
few unknown numbers; however, it needs a comprehensive array model with exact knowledge of the
radiating element patterns to produce useful results. The technique is sparse with respect to the whole
array structure, and requires a priori information to recast it as the function of minimization of �1 norm.
However, these techniques are applicable only if the relationships between the data and the unknowns
satisfy the restricted isometry property (RIP). To overcome this challenge, the Bayesian compressive
sensing (BCS) approach is adopted. This technique was explored in many electromagnetic problems,
such as antenna design and synthesis [25,26], microwave imaging [27–30], and direction-of-arrival
estimation [31–33]. It is employed in this paper to estimate the number, magnitude, and location of
failures in antenna arrays from far-field measurements. The BCS approach was attempted to diagnose
large linear arrays [11], and more recently, planar array configurations [34]; however, no experimental
validation was reported. Hence, there is a need for a more reliable procedure tested experimentally
and via simulation, because experiments are fundamental tests of any given procedure.

Specifically, this work is an extension of that described in References [15,16]. The BCS method is
applied to both the simulated and measured far-field data of a millimeter-wave 100-element microstrip
patch antenna array in which failures were added intentionally. A new regularization technique
was unveiled and applied to field distribution in order to enhance the efficiency and reliability of
antenna array diagnosis. The proposed BCS-based approach is a better choice due to its fast nature
and robustness under different noise conditions. The key contributions of this paper are summarized
as follows:

1. The BCS technique was applied to diagnose a millimeter-wave planar array, and the result was
compared with other approaches reported in the literature.

2. The procedure shows high effectiveness and reliability with fewer measurement points compared
to the other methods, and is highly robust to additive noisy data. This was validated
experimentally and via simulations.

However, some boundary conditions were observed. The BCS-based approach detects diagnostic
problems with few measurements, provided prior knowledge of the reference array radiation pattern,
and the number of faults is relatively smaller than the array size. The remainder of this paper is
arranged as follows: Section 2 contains the problem formulation of antenna array diagnosis. Section 3
presents compressed sparse recovery methods. Resolution via the BCS-based approach is given in
Section 4. The numerical simulations are presented in Section 5. Diagnoses from experimental data are
presented and discussed in Section 6. Finally, some conclusions are drawn in Section 7.

2. Antenna Array Diagnosis Problem Formulation

Consider an antenna array in space (Figure 2a). The antenna radiated far-field is usually quantified
by phase and amplitude. The AUT is depicted in Figure 2b. All the parameters associated with the
AUT are marked with superscript “u”. Specifically, Eu(x, y) is the tangential field situated on the
antenna aperture, i.e.,

Eu(x, y) = Eu
x (x, y)x̂ + Eu

y (x, y)ŷ, (1)

where Eu
x (x, y)x̂ and Eu

y (x, y)ŷ are the x and y planes of the aperture’s electric field,
respectively. Far-field Fu(r, θ,∅) is the measured field on part of the hemispherical surface
(0 ≤ θ ≤ π/2, 0 ≤ φ ≤ 2π) at radius r from the phase center of the AUT, and r > 2D2/λ, where D is
the diameter. Also, the amplitude and phase of a reference array (RA; array without failures) shown
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in Figure 2b are assumed to be available. Associated quantities are marked with superscript “o”.
Eo(x, y) is the field on the aperture Σ of the reference array (RA) and Fo(r, θ,∅) represents the far-field
radiation. For the differential antenna (DA) shown in Figure 2c, the tangential distribution E(x, y) on
the aperture Σ is equal to the difference between the field distributions of the reference array and the
antenna under test, and the corresponding far-field F(r, θ, φ) is expressed as the difference between the
fields of reference array (RA) and AUT as

E(x, y) = Eu(x, y)− Eo(x, y), (2)

F(r, θ, φ) = Fu(r, θ, φ)− Fo(r, θ, φ). (3)

Figure 2. Antenna array: (a) reference antenna without failures; (b) antenna under test (AUT);
(c) differential antenna (DA). The number of failures is 2 within the total element number N = 21.
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The differential antenna gives a resulting problem in which only the corresponding area to the
field modification radiates as a result of failure. By visually monitoring the field distribution on the
DA, the identification of faulty elements in the AUT can be observed.

2.1. Number of Far-Field Measurement Points Required

BPA and MMA approaches require a large number of measurement points. In the differential
antenna, we assumed the field was localized, i.e., the unknown we wanted to retrieve was very sparse,
as shown in Figure 2c. In practice, there are a fewer number of failures than the overall elements
N. Sparse recovery algorithms estimate x from a number of measurement points smaller than the
number of measurements required by the standard mechanisms. Hence, it is possible to theoretically
get a reduction in the number of measurement points. Fuch et al. [20] demonstrated this using total
variation (TV), mixed �1/�2 norm, and minimization of �1. However, better methods/algorithms that
require fewer numbers of far-field measurement points for faster array diagnosis are still in demand.

2.2. Signal-to-Noise Ratios (SNRs)

Total variation (TV), mixed �1/�2 norm, and minimization of �1 techniques are the leading
compressive techniques, and they exhibit low efficiency and reliability in antenna diagnosis for low
SNRs. This drawback fosters the need for a more robust diagnosis procedure in the presence of
noisy data.

3. Compressed Sparse Recovery Methods

The essence of matrix inversion regularization is to initiate a priori facts within the inversion.
An adequate approach is needed to get this regularization by approximately reducing the selected
norm q of x solution. Then, the optimization to be solved is

min
x

‖X‖q subject to ‖y − AX‖2 ≤ γ, (4)

where ‖ ∗ ‖q represents lq norm, and γ is a function of noise and factors influencing the data. There are
various routines available to effectively solve the convex optimization problem of Equation (4) such
as References [25–27]. The three norms lq, selected based on a priori knowledge of the differential
antenna set-up with the diagnosis problem, can now be described for regularization of the inversion.
We applied them to conduct diagnosis of both the simulated and measured radiating antennas.

3.1. Total Variation (TV) Norm

Based on a priori knowledge that solution X has small discontinuities as a result of failures
present, in addition to the failures, we expect field X to be leveled and almost zero. Hence TV norm is
a smooth function to regularize X [27]. Thus, minimizing TV norm is minimizing its gradient, which is
the effect of smoothing. Consider a two-dimensional complex dataset X ∈ CM×N ; TV norm gives

‖X‖TV = ∑
m,n

|Xm+1,n − Xm,n|+ |Xm,n+1 − Xm,n| (5)

‖vec(∇xX)‖1 + ‖vec
(
X∇y

)‖1.

Vec(X) generates vector N × M which holds the columns of X stacked beneath each other.
Gradient matrices ∇x and ∇y are of M × M and N × N size, respectively, which are expressed as

∇x =

⎡⎢⎣ −1 1 0
. . . . . .

0 −1 1

⎤⎥⎦, and
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∇y =

⎡⎢⎢⎢⎢⎢⎣
−1 0

1
. . .
. . . −1

0 1

⎤⎥⎥⎥⎥⎥⎦.

Then, the optimization problem in Equation (4) transforms to

min
X

‖X‖TV subjects to ‖y − Avec(X)‖2 ≤ ε. (6)

3.2. The �1 Norm

Since there is a sparse solution X; then, a space of search could be drastically reduced by the
introduction of a priori knowledge in inversion. Specifically, the �1-norm (‖X‖1 = ∑k|xk|) is the
leading convex surrogate of an acceptable estimate sparsity of the vector (quasi-norm �0 that calculates
nonzero occurrences of a given vector). As a result, �1 norm is an efficient approach to enhance sparse
solutions [2,5,10,19]. The regularization problem is then

min
X

‖X‖1 subject to ‖y − AX‖2 ≤ ε. (7)

Minimizing �1-norm imposes the pointwise sparsity of solution per sample xk of the field on the
aperture of the DA.

3.3. Mixed �1/�2 Norm

The radiating aperture’s position and dimensions can also be taken. The solution X is grouped into
G groups Xg, which corresponds to the individual radiating element’s aperture g. For a faulty element,
all regions of discretization xg

k in the aperture will be faulty (nonzero). Let vector X of dimension
M × N be divided into G non-overlapping groups depicted Xg of size Ng, such as ∑G

g=1 Ng = MN.
Hence, the mixed �1/�2 norm is given as

‖X‖1,2 =
G

∑
g=1

‖Xg‖2 =
G

∑
g=1

√∣∣∣xg
1

∣∣∣2 + . . . +
∣∣∣xg

Ng

∣∣∣2. (8)

The mixed �1/�2 norm has similar behavior to �1 norm on vector ‖X1‖2, . . . , ‖Xg‖2, . . . , ‖XG‖2;
it, therefore, induces group sparsity at the radiating aperture level. The regularized inversion problem
is then expressed as

min
X

‖X‖1,2 subject to ‖y − AX‖2 ≤ ε. (9)

4. Resolution via Bayesian Compressive Sensing

For a planar antenna configuration of N elements positioned at coordinates (xnyn),
n = 1, . . . , N, with error-free excitations αn, n = 1, . . . , N, beaming a familiar field
E(u, v), (where u = sinθcosϕ and v = sinθsinϕ), referencing a noisy case with element failure,
the estimated far-field radiation pattern of (AUT) is expressed as

Ẽ(ul , vl) =
N

∑
n=1

βnej 2π
λ (xnul+ynvl) + vl , (10)

where (ul , vl) for l = 1, . . . , L is the angular location of the l-th angular sample, and vl is the noise effect
considered as Gaussian-distributed with zero mean and variance σ2. βn, n = 1, . . . , N, is the failed
excitations vector, expressed as
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βn =

{
hαn with probability Φ
αn otherwise

, n = 1, . . . , N. (11)

h ∈ (0, 1) is the failure factor, while Φ is the rate of failure, and αn is the weighting coefficient.
From knowledge of the difference in field pattern, W(ul , vl) = E(ul , vl) − Ẽ(ul , vl), l = 1, . . . , L,
array failures can be estimated by determining the minimum �0 − norm vector

Υ = {Υn = αn − βn ; n = 1, . . . , N}, (12)

which satisfies
W − ΨΥ = v. (13)

The aim is to determine the entries of the “failure” vector
W = {W(ul , vl); l = 1, . . . , L}, v = {vl ; l = 1, . . . , L} from the prior knowledge of the difference
between the field samples in Equation (10) on the AUT and those of the golden antenna with coefficients
αn n = 1, . . . , N. Against the deterministic approaches aimed at retrieving the vector γ with minimum
�0 − norm satisfying the condition of Equation (13), Ψ is the L × N radiation measurement matrix
expressed as

Ψ =

⎡⎢⎣ e[j2π(x1u1+y1v1)] . . . e[j2π(xN u1+yN v1)]

...
. . .

...
e[j2π(x1uL+y1vL)] . . . e[j2π(xN uL+yN vL)]

⎤⎥⎦. (14)

Hence, the BCS technique (summarized in Figure 2) can be employed to determine the sparsest
solution Υ̂ to the problem

Υ̂ = arg
{

max
Υ

[P(Υ|W)]

}
, (15)

which gives

Υ̂ =
1

σNP

[
ΨT Ψ
σNP

+ diag
(

f
NP

)]
, (16)

where T is the transpose operator, and σNP and f
NP

are the figures that are used to maximize the
likelihood function

L
(

σ, f
)
= −1

2

[
Nlog2π + log

∣∣∣C∣∣∣+ WT C−1 W
]
. (17)

Equation (11) is computed using RVM [29], with C = σ + ΨF−1 ΨT , where F = diag( f ).
The implementation of the BCS technique (as shown in Figure 3) is summarized in Algorithm 1.

Algorithm 1. Proposed diagnostic procedure

a. Step 1—Array parameter selection and definition of problem: For each element (n = 1, . . . N), accumulate the
array field at N measurement points (reference antenna) and randomly sample the AUT field.

Appropriate the noise variance and threshold for the maximization of L
(

σ, f
)

.

b. Step 2—Radiation pattern measurement matrix Ψ definition. Input the parameters of Ψ.
c. Step 3—Posterior mode estimation. Maximize Equation (10) iteratively to estimate σ and f using the RVM

procedure [29].
d. Step 4—Source difference reconstruction. Determine W(ul, vl) for l = 1, . . . , L.
e. Step 5—Failed field excitation reconstruction. Determine the vector of failed excitations

βn (n = 1, . . . , N) using Equation (11).
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Figure 3. Flowchart of the proposed Bayesian compressive sensing (BCS) procedure.

5. Simulations and Analysis

Assessing the performance of the BCS algorithm, we consider an RA with N = 316 with Taylor
taper and peak sidelobe level of −25 dB. Assuming a complete failure (h = 0), the given percentage of
failed elements is Φ = 4%. To determine the detection error numerically, the index of detection can be
expressed as

ζ = 100 × ∑N
n=1

∣∣Υn − Υ̂n
∣∣2

∑N
n=1|Υn|2

, (18)

where Υn and Υ̂n, n = 1, . . . , N, are the real and predicted failure entries of vector Υ. The uniformly
sampled (k = 316 samples) far-field radiation pattern is within (u, v) space, with the signal-to-noise ratio
SNR = 30 dB. The configuration of the AUT is presented in Figure 4, while the excitation coefficients
βn of the failed array are equally shown. Figure 5 shows Υ̂n of the failure vector estimated via the
proposed technique. As expected, there is good correlation between the location and the number of
the real and predicted failed elements. Accuracy of the estimation was ascertained by a very small
index of detection figure of ζ = 3.83 × 10−3.
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Figure 4. Normalized array excitation of the array under test (AUT).

Figure 5. Normalized array excitation with estimated failure vector Υ̂ and location and amplitude
of entries.

To analyze the impact on performance metrics of the technique of the noise on far-field patterns,
we ranged the SNR between 0 dB and 100 dB. Figure 6 shows the obtained result. The estimation error
ζ is high for low SNRs irrespective of failed element percentage. Also, for higher SNR, the robustness
of the approach increases, which shows that the best performances are attained at Φ = 3%. The impact
of the percentage of failed elements on the performance of the method proposed was also assessed by
varying the percentage of the failed elements from Φ = 2% to Φ = 20% (see Figure 7). Expectedly,
the performance metrics of the approach reduced for a higher percentage of failed elements, even for
very low noise levels. Conversely, the approach achieved a degree acceptable accuracy until about
10% of damaged elements at any SNR. This result validates the efficiency of the BCS technique in the
diagnosis of sparse failures in arrays.
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Figure 6. Detection index against signal-to-noise ratio (SNR) for different failure percentages.

Figure 7. Detection index against failure rate for various SNRs.

Example Using Full-Wave Simulation Set-Up

A 10 × 10 microstrip patch antenna array with an aperture size of 31 × 31 mm2 operating at
28.9 GHz was designed, as shown in Figure 8. We designed and computed the radiation pattern and
S-parameter (Figure 9) of the antenna using full-wave three-dimensional (3D) EM software Ansys
HFSS v. 17. The elements were uniformly spaced along the x and y directions. Each element had an
excitation port. Practically, measurements are made impure by noise; hence, a Gaussian noise n was
added to the data on both radiation patterns as yq

n = yq + nq, with q = {r, d}. The noise level was
determined by signal-to-noise ratio (SNR) defined from the maximum received field magnitude fitting
the dynamic measurement range. The noise was estimated as

nq =
N (0, 1) + jN (0, 1)√

2
max|yq| × 10−SNRdB/20, (19)
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where N (0, 1) is a Gaussian random vector of mean 0 and standard deviation 1.
The faulty elements cause low gain, high sidelobe level, wider beamwidth, lower front-to-back

ratio, and a boresight pointing error. The effects are shown in Figure 9b. A Rogers 5880 dielectric
substrate with 20 mm thickness and 3.48 dielectric constant was used for the antenna design because it
has low signal loss, low dielectric loss, low outgassing (which is good for space applications), and cheap
circuit fabrication. The total number of elements in the array was 100. The length and width of a single
patch were estimated to be 7.4 mm and 9.5 mm, respectively. Elements were uniformly spaced by 8.947
mm and 6.847 mm along x and y, respectively.

All elements were fed with the same excitation value which equal to one to emulate the array
without failure (reference array). Then K failures (in this case, the estimated percentage of failure rate)
were also initiated intentionally by making the excitation equal to zero in order to model the AUT
effectively. At first, we considered the reference array, i.e., the array without failures. The excitation
coefficients are depicted in Figure 10, and the reconstructed excitation coefficients are presented in
Figure 11. Also, for quantitative knowledge of the error estimated, the computed excitation error in dB
is shown in Figure 12. The result indicates an exact reconstruction in the case of the reference array,
and shows a low probability of a false alarm.

Figure 8. Designed microstrip patch antenna array in Ansys HFSS for diagnosis.

Also, considering an AUT with K = 5 element failures (Φ = 5%) (elements with zero excitation)
because failed elements are usually of small number in practice, the resulted excitation coefficients
are presented in Figure 13, and the estimated excitations by 30 random noisy measurement points are
presented in Figure 14, while the dB excitation error is depicted in Figure 15. The result is an indication
of good estimation of RA excitations and the locations of the faulty elements.
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Figure 9. The antenna array for diagnostic purposes: (a) S-parameter; (b) RA radiation pattern; (c)
AUT radiation pattern.
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Figure 10. Excitation field of reference array.

Figure 11. Reconstructed excitation field of reference array employing 30 random noisy
measurement points.

Figure 12. Reference array reconstructed excitation error in dB by 30 random noisy measurement points.

276



Electronics 2018, 7, 383

Figure 13. Reference excitation field of AUT with Φ = 5%.

Figure 14. AUT with K = 5 failures Φ = 5%: reconstructed excitation error field by 30 random noisy
measurement points.

Figure 15. AUT with K = 5 failures Φ = 5%: reconstructed excitation error in dB by 30 random noisy
measurement points.
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6. Antenna Array Diagnosis from Measured Data

6.1. Measurement Set-Up

The proposed diagnostic technique was subjected to an experimental test, as presented in
Figure 16. Although, this was a controlled environment (anechoic chamber), a more practical condition
(uncontrolled environment) was also possible using the same set-up in Figure 16, without the chamber.
The AUT was a 10 × 10 microstrip patch antenna array (see Figure 17a), reradiating a signal tilted in
the two planes. Figure 17b,c show the measured radiation patterns for an ideal antenna and defected
antenna, respectively. It can be see that the failure causes higher sidelobe level, reduced gain, lower
front-to-back ratio (FBR), wider beamwidth, and a boresight pointing error.

Figure 16. Schematic of experimental set-up.

The antenna was particularly designed and fabricated for this purpose, and each element had its
feeding port which was excited using a power divider. Five radiating elements in the array were not
excited (zero excitation) to successfully emulate the failure of elements. The AUT set-up is depicted in
Figure 18. About 1000 co-polar and cross-polar measurements were taken on the far-field half-sphere
at 28.9 GHz in an anechoic chamber (see Figure 18).

Radiation pattern measurements obtained from the array with five faulty elements were fed into
the proposed algorithm for post-processing. The reconstructed excitation error which identified the
specific faulty elements is depicted in Figure 19, and the corresponding dB equivalence is shown
in Figure 20. Moreover, the performance metrics of the BCS-based approach were experimentally
tested, and are shown in Figure 21. Figure 21a shows the obtained reconstruction error versus
the measurement number at different degrees of failure. The error decreased as the number of
measurement points increased irrespective of failure percentage. The reconstruction error profile
increased with increased failure rate. In Figure 21b, it is demonstrated how the reconstruction error
profile changes with SNR for different failure rates. The reconstruction error degraded exponentially
with increased SNR independent of failure rate. The reconstruction error increased with increased
failure rate. Figure 21c depicts reconstruction error versus different levels of failure for various SNRs.
It can be observed that the error increased with increased failure rate. Also, the reconstruction error
decreased as SNR increased.
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Figure 17. Photograph of (a) the fabricated antenna array, (b) measured radiation pattern without fault,
and (c) measured radiation pattern with emulated failures.
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Figure 18. Measurement set-up of AUT for diagnostic purpose.

The imperfection of the curves (compared to the simulation) could be attributed to measurement
errors, and errors due to experimental set-ups which provide different conditions from those in the
simulations. The experiment was conducted in an anechoic chamber, which is a controlled environment.
Hence, the results presented here may show a little variation if the experiment is conducted in a
more practical environment (i.e., uncontrolled environment). Moreover, the BCS-based procedure
presented here can be trusted to effectively and reliably address sparse recovery problems, particularly
the detection of faulty radiators in planar arrays for next-generation 5G wireless communications.
Once the suitable data are collected, and used to diagnose the array, then the array feeding network
can be recalibrated to restore the needed radiation features via excitation reconfiguration of the healthy
antenna elements. However, prior knowledge of the golden array must be provided, and the failure
rate is relatively smaller than the array size. Therefore, from the simulation results verified by the
experiment, the BCS-based approach is adequate and reliable for noisy data. This technique overcomes
the shortcomings of BPA, MMA, etc., demanding off-line phase training to form accurate mapping
between the response of the AUT and the failure location. Hence, the proposed procedure will be
highly useful for millimeter-wave planar array optimal performance.

Figure 19. Reconstructed excitation error field by 30 random noisy measurement points with
20 dB signal-to-noise-ratio.
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Figure 20. Reconstructed excitation error in dB by 30 random noisy measurement points.

6.2. Antenna Array Diagnosis from Simulated and Measured Far-Field Radiation Patterns

There are differences between the simulated and measured antenna patterns due to measurements
errors, uncontrollable array fabrication errors, and experimental set-ups that give different conditions
from the simulations. For example, in our design, a finite flange was employed to feed the ground
plane. Hence, the induced current on flange rescattered and redistributed somehow against the very
large ground plane which was used for the simulations. Antenna array diagnosis procedures based
on simulated radiation pattern (such as References [3,16–18,27,35]) may not be reliable and accurate,
except when tested with the corresponding measured data. Although, in this work, simulation
and measurement data exhibit little difference in field intensity of the identified faulty elements
(in Figures 14 and 19, respectively) caused by the electromechanical coupling effect. In general,
the proposed BCS-based approach shows good reliability and accuracy against both simulated and
measured far-field radiation patterns.

6.3. Number of Measurement Points versus Noisy Measured Data

Measurement points affect field reconstruction fidelity and, hence, the scheme of diagnosis.
The proposed BCS-based procedure performed well despite significantly reduced measurement data
due to added sparse information. According to the study and experiments performed by Fuch et al. [14],
total variation (TV), mixed �1/�2 norm, and minimization of �1 techniques require 64 measurement
points for accurate reconstruction and diagnostics, compared to the BCS technique that requires 30 or
less measurement points. The proposed method significantly reduces the number of measurements
needed for diagnosis as compared to those three approaches. Since the speed of diagnosis is inversely
related to the required number of measurement points, the BCS approach enables a faster diagnosis of
antenna arrays.

Also, according to the diagnostic procedures proposed by Fuch et al. [14], total variation (TV),
mixed �1/�2 norm, and minimization of �1 techniques can only accommodate measured data with
the lowest SNR of 40 dB. A lower SNR results in bad diagnostics for the three procedures. However,
there are practical measurements that exhibit SNRs lower than 40 dB which require diagnosis. To this
advantage, the proposed BCS approach was theoretically and practically used to diagnose antenna
arrays from measurement data with 20 dB SNR. It can equally adapt to measured data with lower
SNR. The comparison is summarized in Table 1. The BCS approach requires a few seconds more
computational time; however, this is very small with respect to the measurement time cost. Therefore,
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the proposed method shows its robustness to noisy measured data, and a reliable diagnosis was
obtained for low SNRs.

Figure 21. Experimental performance assessment of the proposed BCS-based diagnostic procedure.
(a) Reconstruction error versus number of measurements, (b) Reconstruction error against SNR,
(c) Reconstruction error with different failure rate
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Table 1. Comparison between Bayesian compressive sensing (BCS)-based approach and previous
compressive sensing techniques. SNR—signal-to-noise ratio.

Approach
This Work

(BCS-Based)
Minimization of �1

[14,36]
Total Variation (TV)

[14,37]
Mixed �1/�2 Norm

[14,38]

Required signal characteristics Amplitude Amplitude or Phase Amplitude or Phase Amplitude or Phase
Minimum SNR (dB) 20 40 40 40

Nature More complex Simpler Simple Complex
Required measurement points 30 64 64 64

Post-processing time (s) 7.6 0.4 2.0 4.9

7. Conclusions

A faster and robust antenna array diagnosis procedure from far-field radiation pattern
measurement points using Bayesian compressive sensing (BCS) approach was proposed in this paper.
Previous compressive sensing procedures exhibit shortcomings based on reliability with noisy data,
and require a large number of far-field measurement points. The proposed method solves these
problems by formulating planar array diagnosis within the concept of the BCS framework, resolved
using fast relevance machine (RVM). We are not the first to apply the BCS approach to antenna
array diagnosis. It was applied only to linear configurations in References [15,16] without practical
measurements, which are fundamental for testing any procedure. To the best knowledge of the
authors, this is the first attempt to apply the BCS approach to planar antenna array diagnosis from
far-field measurement points, validated with experimental measurements. Diagnoses from simulated
and measured far-field points from a designed microstrip patch antenna array show the method’s
robustness to additive data noise, as well as its reconstruction accuracy and faster diagnosis speed,
which is desired in practical applications. Hence, the proposed method is a better practical choice
whenever an efficient, faster, and more reliable antenna array diagnosis (testing) is needed.

Also, it is important to comment on the choice of sampling strategy. We considered a random
selection of measurement points from a uniform lattice. The choice of the sampling technique is not
critical because it affects all the techniques in the same manner at the far-field. However, it was pointed
out, from a non-uniform near-field lattice, that proper non-uniform random sampling (NURS) using
a priori information on the problem provides meaningful reduction in the cardinality of the set of
measured data compared to uniform random sampling and random sampling from a λ/2 equispaced
dataset [39]. Moreover, the BCS-based technique was compared to other methods using the data
reported in the literature. In the future, we will compare different techniques using experimental data
from controlled and uncontrolled environments, and the same parameters in order to quantify the
error affecting the result of different techniques. For example, we will determine what happens if we
use 30 measurements instead of 64 measurements in the experimental data using �1 minimization,
i.e., the same number of data used by the BCS, as well as the error compared to BCS. A complete
comparison among the techniques using real data is still absent in the present literature.
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Abstract: A design of mobile-phone antenna array with diamond-ring slot elements is proposed for
fifth generation (5G) massive multiple-input/multiple-output (MIMO) systems. The configuration of
the design consists of four double-fed diamond-ring slot antenna elements placed at different corners
of the mobile-phone printed circuit board (PCB). A low-cost FR-4 dielectric with an overall dimension
of 75 × 150 mm2 is used as the design substrate. The antenna elements are fed by 50-Ohm L-shaped
microstrip-lines. Due to the orthogonal placement of microstrip feed lines, the diamond-ring slot
elements can exhibit the polarization and radiation pattern diversity characteristic. A good impedance
bandwidth (S11 ≤ −10 dB) of 3.2–4 GHz has been achieved for each antenna radiator. However, for
S11 ≤ −6 dB, this value is 3–4.2 GHz. The proposed design provides the required radiation coverage
of 5G smartphones. The performance of the proposed MIMO antenna design is examined using both
simulation and experiment. High isolation, high efficiency and sufficient gain-level characteristics
have been obtained for the proposed MIMO smartphone antenna. In addition, the calculated total
active reflection coefficient (TARC) and envelope correlation coefficient (ECC) of the antenna elements
are very low over the whole band of interest which verify the capability of the proposed multi-antenna
systems for massive MIMO and diversity applications. Furthermore, the properties of the design in
Data-mode/Talk-mode are investigated and presented.

Keywords: 5G; diamond-ring slot; dual-polarized antenna; massive MIMO; mobile-phone antenna;
pattern diversity

1. Introduction

Nowadays, there is an increased interest in research on MIMO systems in wireless
communication [1,2]. It has incomparable advantages in improving the wireless link transmission
capacity and reliability. In MIMO systems, multiple antennas are deployed at both transmitter and
receiver sides [3]. This technology is a key component and probably the most established to truly reach
the promised transfer data rates of fifth generation (5G) communication systems [4,5]. MIMO antennas
are important for increasing channel capacity and link reliability [6,7]. Standard MIMO networks tend
to use two or four antennas in a single physical package. However, massive MIMO is a MIMO system
with an especially high number of antennas [8]. A 2 × 2 MIMO system has been successfully applied
for fourth generation (4G) mobile communications and it is expected that the massive MIMO system
with a large number of MIMO antennas is very promising for 5G wireless communications [9]. The
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greater number of elements in a network will make it more resistant to interference and intentional
jamming [10].

Among the antennas which are used for MIMO applications, printed antennas are more appropriate
due to their low cost, easy fabrication and their capability of easily being integrated to small terminal
devices [11]. However, placing multiple antennas in the limited space of a transceiver poses a significant
challenge in the incorporation of the MIMO technique. According to the requirement of cellular
communications, compact, wideband and high isolation MIMO antenna is an urgent demand in the
future mobile terminal and the portable applications [12–17]. Recently, several techniques have been
introduced to design massive MIMO antennas for 4G and sub-6 GHz 5G mobile terminals [18–27].

We propose here a new design of Eight-port mobile-phone antenna with compact dual-polarized
radiation elements providing wide impedance bandwidths for 5G applications. Eight-element MIMO
smartphone antenna can achieve the channel capacity of 37 bps/Hz which is close to eight times
that of a single antenna for single-input/single-output operation. With such a channel capacity and
a wide frequency spectrum (200 MHz, at least), the data rate can be much higher than 1 Gbps.
The antenna is designed to operate at 3.6 GHz, a candidate frequency band for sub-6-GHz 5G
cellular networks, proposed by Ofcom, UK [28]. The design configuration contains four elements of
double-fed/dual-polarized slot-ring antennas placed at corners of the printed circuit board (PCB). The
antenna elements exhibit wide impedance bandwidth with low mutual coupling function providing
pattern and polarization diversity characteristics at different sides of the mobile-phone PCB. As
a result, the design not only can provide full radiation coverage but also it can support different
polarizations. The computer simulation technology (CST) software was used to investigate antenna
characteristics [29]. Fundamental properties of the single-element and its MIMO design in terms of S
parameters, efficiency, radiation pattern, envelope correlation coefficient (ECC), total active reflection
coefficient (TARC) are investigated. In addition, the performance of the designed mobile-phone
antenna in Data-Mode/Talk-Mode are studied.

2. Single-Element Diamond-Ring Slot Antenna

Figure 1 depicts the configuration of the dual-polarized diamond-ring antenna. The antenna is
designed on an FR-4 substrate (h = 1.6 mm, ε = 4.4, and δ = 0.025).

Its configuration contains a diamond-ring slot radiator with a pair of L-shaped microstrip feed
lines. Parameter values of the designed antenna and its MIMO configuration are specified in Table 1.
The motive behind the presented design is to achieve a dual-polarized wideband antenna with
compact-size and capability of integration onto smartphone PCB. This has been achieved by using
the diamond-ring slot antenna with L-shaped microstrip feed lines. The slot antenna is one type
of printed antenna that has been investigated extensively for different wireless systems for several
decades because of its attractive features including light-weight, compactness and ease of integration
with radio frequency (RF) circuit [30]. The ring-slot antenna can excite two orthogonal polarization if it
is fed differently [31]. This makes the printed-ring-slot antennas attractive. The resonant frequency of
the antenna is mainly determined by the circumference length of the employed diamond-ring slot.
Therefore, the circumference length of the diamond-ring slot needs to satisfy the dielectric wavelength
at the corresponding frequency point, where Wx/2 + g = λ. However, the length of feed-line (Lf + L1)
also has a little effect on the frequency point and impedance-bandwidth of the design.
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( )

 
(a) 

  
(b) (c) 

Figure 1. The antenna schematic, (a) side view, (b) top and (c) bottom layers.

Table 1. Parameter values of the single-element antenna and its MIMO array design.

Parameter
Value
(mm)

Parameter
Value
(mm)

Parameter
Value
(mm)

Parameter
Value
(mm)

WS 75 LS 150 x 1 W 24
L 24 Wf 3 Lf 5.25 W1 2.5
L1 3.9 W2 8.9 L2 9.9 Wx 7.25

Configurations and S parameters of the square-ring slot with rectangular feed line, a diamond-ring
slot with rectangular feed line, and the proposed diamond-ring slot radiator with L-shaped feed line
are illustrated and compared in Figure 2a–c, respectively. It can be observed that by using the proposed
design (Figure 2c), the antenna not only provides wider impedance bandwidth but it also exhibits high
isolation with low mutual coupling characteristic (less than −20 dB) at the desired operation band. As
shown, the operation frequency of the slot radiator with L-shaped feed lines spans from 3.2 to 4 GHz
(800 MHz bandwidth). For S11 ≤ −6 dB, this value is 3–4.2 GHz.

S11 characteristics of varying design parameters including Wx, L1, x and W1 are illustrated in
Figure 3. Figure 3a depicts the effects of diamond-ring size (Wx) on the resonance frequency: when
its size decreases from 8 to 6 mm, the antenna resonance varies from 3.2 to 4.6 GHz. The frequency
resonance of the antenna is also affected by the size of the L-shaped feed line arm (L1). As shown
in Figure 3b, the antenna operation frequency tunes to lower frequencies (without any changes on
its bandwidth or isolation). Figure 3c illustrates the S11 results for various values of x (width of the
diamond-ring slot-line). As shown, it mainly affects the impedance bandwidth of the antenna: when its
size changes from 0.5 to 2 mm, the antenna operation bandwidth varies from 0.3 to 1.2 GHz. Another
important parameter of the dual-polarized diamond-ring slot antenna design is the length of the feed
line arm (L1) which tunes the isolation characteristic. As can be observed from the results shown in
Figure 3d, the antenna reflection coefficient tunes from −18 to less than −40 dB.
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(a) 

(b)

  
(c) 

Figure 2. Various structures and S parameter results of: (a) square-ring slot with rectangular feed line,
(b) diamond-ring slot with rectangular feed line, and (c) the proposed diamond-ring slot radiator with
L-shaped feed line.

  
(a) (b) 

  
(c) (d) 

Figure 3. S11 results of the diamond-ring antenna for various values of (a) Wx, (b) L1, (c) x, and (d) W1.

290



Electronics 2019, 8, 521

Figure 4 shows the surface current distributions in the ground plane of the antenna at 3.6 GHz. As
shown, the surface currents are mainly distributed around the diamond-ring slot radiator. In addition,
for the different feeding ports of the antenna, the currents densities are equal and opposite due to the
polarization diversity function [32–34]. Figure 5 illustrates the 3D radiation patterns of the antenna
when it is fed differently (Port 1 and Port 2). As seen, the antenna exhibits similar radiation patterns
with different orthogonal polarizations and more than 3 dB realized-gain. Radiation characteristics
of the dual-polarized diamond-ring slot antenna in terms of radiation efficiency, total efficiency, and
maximum gain are illustrated in Figure 6. As seen, the antenna provides high efficiencies. More than
80% radiation and total efficiency properties are obtained over the entire operation band (3.2–4 GHz).
It can be observed that the antenna exhibits almost similar radiation and total efficiency. In addition,
the antenna has around 2.5 dBi directivity.

(a) (b) 

Figure 4. Simulated current densities at 3.6 GHz for (a) 1st feeding port and (b) 2nd feeding port.

  
(a) (b) 

Figure 5. 3D views of the dual-polarized radiation patterns from (a) feeding port 1 and (b) feeding
port 2.

A prototype of the design was fabricated and its S parameters were tested. Figure 7 shows a
photograph of the fabricated prototype in the measurement setup. Figure 8 illustrates the measured
and simulated S parameter results of the fabricated antenna. It is observed that the fabricated antenna
works properly at the desired frequency range.
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Figure 6. Radiation, total efficiencies, maximum gain of the diamond-ring slot antenna.

 

Figure 7. Photograph of the fabricated prototype in the measurement setup.

 
Figure 8. Measured and simulated S parameter results of the fabricated antenna.
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3. Mobile-Phone Antenna Design

The simulated design layout of the mobile-phone antenna design is shown in Figure 9. It was
implemented on an FR4 substrate with an overall dimension of 75 × 150 mm2. Four elements of the
dual-polarized diamond-ring slot radiators are employed at the corner of the mobile-phone PCB. As
can be observed, due to the compact size of the employed radiator, there is enough spaces in the
configuration of smartphone antenna PCB to add other antennas covering different frequencies of
3G/4G mobile terminals. Figure 10 illustrates the simulated S parameters (including Snn and Smn) of
the design over its operation band. It is evident that the proposed mobile-phone antenna exhibits good
S parameters with wide bandwidth and low mutual coupling characteristics. As mentioned above, the
dual-polarized radiation elements provide similar performances. 3D radiation patterns of antennas 1
and 2 at 3.6 GHz is represented in Figure 11. As seen, the antenna elements have quasi-omnidirectional
radiation patterns covering the top and bottom portions of the mobile-phone PCB.

 

(a) 

  
(b) (c) 

Figure 9. Designed mobile-phone antenna (a) transparent view, (b) top-layer and (c) bottom layer.
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(a) 

 
(b) 

Figure 10. (a) Snn and (b) Smn results of the mobile-phone antenna.

  
(a) (b) 

Figure 11. 3D transparent views of the radiation patterns for (a) feeding port 1 and (b) feeding port 2.

Top-views of the radiation patterns for the proposed mobile-phone antenna design are displayed
in Figure 12. It can be seen that each side of the mobile-phone PCB has been covered with differently
polarized radiation patterns. Thus, the MIMO antenna exhibited good radiation coverage and
can support different polarizations which make it more suitable to be used in future smartphones.
Furthermore, the antenna provides high radiation and total efficiencies over the operation band, as
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illustrated in Figure 13: more than 70% radiation and total efficiencies were obtained for the radiation
elements at 3.6 GHz.

The proposed mobile-phone antenna was fabricated and its characteristics were tested in the
Antenna Laboratory at the University of Bradford. Top and bottom views of the prototype are shown
in Figure 14a,b, respectively. The mobile-phone antenna is constructed on a cheap FR4 dielectric
with an overall dimension of 75 × 150 × 1.6 mm3. During the measurement process, 50-Ω RF loads
are employed for the elements not under test to avoid their effects, as shown in Figure 14c. The
measured and simulated S parameters (Snn: S11–S88 and Smn: S21–S81) of the fabricated design are
illustrated in Figure 15. As illustrated, the diamond-ring slot resonators achieve good S parameters
with sufficient impedance bandwidth and low mutual coupling characteristic in the desired frequency
range. Some deviations from the measurements arise from the errors in fabrication, feeding and
experiment processes.

 

Figure 12. 3D radiation patterns of the fifth generation (5G) mobile-phone antenna.
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Figure 13. Efficiencies of the antenna elements (Ant. 1–Ant. 8) for the proposed design.

  
(a)     (b) 

 
(c) 

Figure 14. (a) Top, (b) bottom views of the fabricated design and (c) the prototype connected to the
cables and 50-Ohm loads.
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(a) 

 
(b) 

Figure 15. Measured and simulated (a) Snn (S11–S88) and (b) Smn (S21–S81) of the fabricated prototype.

According to the point that the radiation elements with the same placements and polarizations
provide similar radiation patterns, 2D polar radiation patterns of the adjacent resonators (including
Ant. 1 and Ant. 2) were measured at center operating frequency (3.6 GHz) and illustrated in Figure 16.
As shown, the sample prototype exhibits good radiation patterns and provides acceptable agreement
with simulations. In addition, the antenna elements with different polarizations provide sufficient gain
values at the center frequency of the operation band.

  
(a) (b) 

Figure 16. Measured and simulated 2D radiation patterns for (a) Ant.1 and (b) Ant.2.
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In order to ensure that the MIMO antenna can work properly, ECC and TARC characteristics
are two important parameters which should be considered in MIMO antennas [35,36]. The ECC and
TARC of two elements can be calculated from the S parameters using the formula described as:

ECC =

∣∣∣S∗mmSnm + S∗mnSnn
∣∣∣2(

1− |Smm|2 − |Smn|2
)(

1− |Snm|2 − |Snn|2
)∗ , (1)

TARC = −
√

(Smm + Smn)
2 + (Snm + Snn)

2

2
. (2)

Figure 17 shows the calculated ECC and TARC results from simulated and measured S parameters
of the mobile-phone antenna design. As evident from figures, the calculated ECC and TARC results
are very low over the whole band of interest. The design provides less than 0.01 ECC over the
entire operating band and proves that two adjacent antenna elements are irrelevant. In addition,
its TARC value is less than −30 at 3.6 GHz. Table 2 summarizes and compares the fundamental
characteristics of the presented mobile-phone antenna with the recently reported 5G mobile-phone
antenna designs [16–25]. It can be observed that the proposed design can provide better performances
in terms of efficiency, isolation and ECC. In addition, it exhibits wider bandwidth with pattern and
polarization diversity characteristics to cover different sides of the mobile-phone PCB.

 
(a) 

 
(b) 

Figure 17. Calculated (a) envelope correlation coefficient (ECC) and (b) total active reflection coefficient
(TARC) from measured S parameters.
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Table 2. Comparison between the presented and recently reported 5G mobile-phone antennas.

Reference Bandwidth (GHz) Efficiency (%) Size (mm2) Isolation (dB) ECC

[18] 3.4–3.6 55–60 100 × 50 10 -
[19] 3.4–3.6 - 136 × 68 15 -
[20] 3.55–3.65 52–76 150 × 75 11 -
[21] 3.4–3.6 35–50 150 × 75 11 <0.40
[22] 3.4–3.6 30–50 145 × 70 15 <0.2
[23] 3.4–3.6 40–60 136 × 68 14 <0.2
[24] 3.4–3.6 60–75 150 × 80 17 <0.05
[25] 3.4–3.6 50–70 150× 73 17 <0.07
[26] 3.4–3.6 50–80 150 × 75 15 <0.2
[27] 3.4–3.6 60–70 150 × 75 18 <0.015

Proposed 3.3–3.9 60–80 150 × 75 17 <0.01

4. User-Hand/User-Head Impacts on the Mobile-Phone Antenna Performance

The impact of human-hand/human-head on the characteristics of the design in terms of total
efficiency and antenna realized-gain were investigated in this section [37–39]. As illustrated in Figure 18,
different scenarios including right-hand and left-hand modes for top-layer and back-layer of the design
are studied in simulations. According to the obtained results, the mobile-phone antenna design and
its radiators exhibit good performances and provide sufficient total efficiencies in the presence of the
human hand. Due to the symmetric configuration of the proposed design, it performs almost similarly
for different hand scenarios. The maximum reductions of the radiation properties are observed for
the radiation elements partially covered by the user hand which is due to the nature of hand tissue
properties which can highly absorb the radiation power. As can be observed, the antenna elements
provide 25–55% total efficiencies over the operation band of 3.2–4 GHz.

   
(a) (b) 

   
(c) (d) 

Figure 18. Placement and total efficiencies of the design for different user-hand scenarios
(a) right-hand/top-layer, (b) right-hand/back-layer, (c) left-hand/top-layer and (d) left-hand/back-layer.

3D radiation patterns of the mobile-phone antenna in Talk-Mode at 3.6 GHz are illustrated in
Figure 19a. It should be noted that the radiation performance of each antenna element mainly depends
on its locations in the Talk-Mode scenario. As shown, the realized gain characteristic of the design
varies from 3.2 to 4.9 dB. Compared with the radiation patterns in free space (Figure 12), due to the
existence of the user’s head and hand, radiation patterns are a bit distorted and become weaker. One
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can see that antenna elements are touched by different parts of the hand and head phantoms in the
presented Talk-Mode.

 
(a) 

 
(b) 

Figure 19. (a) 3D and (b) 2D linearly-scaled radiation patterns of the mobile-phone antenna in
Talk-Mode scenario.

The maximum reductions of the radiation properties are observed for the elements that are located
near to user-head (Ant. 3 and Ant. 4) [40]. However, the difference is not very significant. The 2D-polar
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(linear-scaling) radiation patterns of the design are illustrated in Figure 19b. As can be observed, the
directivity of the antenna radiation pattern is maximum in the opposite direction of the head, which is
most important part of the body to protect from the radiation. The main lobe of each single-element
directs most of the power while the other lobes should be negligible.

Figure 20 depicts the total efficiencies and reflection coefficient (Snn) of the antenna elements in
the presence of the user-head and user-hand in Talk-Mode scenario. As seen, the diversion of the Snn

characteristic of the design is not significant. In addition, the proposed MIMO design exhibit sufficient
efficiency in its operation bandwidth. Based on the above analysis, we can conclude the MIMO design
provides sufficient efficiency, radiation coverage and gain levels for diamond-ring slot radiators.

  
(a) (b) 

Figure 20. (a) Snn and (b) total efficiencies of the proposed smartphone antenna in Talk-Mode scenario.

5. Conclusions

A mobile-phone antenna design with dual-polarized radiators is proposed for 5G massive MIMO
communications. The antenna configuration contains eight-port/four elements of diamond-rings
slot radiators with L-shaped microstrip feed lines deployed at four corners of the PCB. The antenna
elements exhibit wide bandwidth with the center frequency of 3.6 GHz. S parameters, radiation
patterns, efficiency, ECC and TARC results of the design are studied and sufficient results are achieved.
In addition, a prototype of the mobile-phone antenna was fabricated and measured. Moreover, the
performances of the antenna in Hand-Mode and Talk-Mode scenarios are investigated. The obtained
results demonstrated that the proposed smartphone antenna provides good characteristics and meets
the requirements for use in future mobile handsets.
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Abstract: The paper presents a feasibility study on the design of a new metamaterial leaky-wave
antenna (MTM-LWA) used in the construction of a 1 × 2 array which is implemented using
substrate-integrated waveguide (SIW) technology for millimetre-wave beamforming applications.
The proposed 1 × 2 array antenna consists of two LWAs with metamaterial unit-cells etched on the top
surface of the SIW. The metamaterial unit-cell, which is an E-shaped transverse slot, causes leakage
loss and interrupts current flow over SIW to enhance the array’s performance. The dimensions
of the LWA are 40 × 10 × 0.75 mm3. Mutual-coupling between the array elements is suppressed
by incorporating a metamaterial shield (MTM-shield) between the two antennas in the array. The
LWA operates over a frequency range of 55–65 GHz, which is corresponding to 16.66% fractional
bandwidth. The array is shown to exhibit beam-scanning of ±30◦ over its operating frequency range.
Radiation gain in the backward (−30◦), broadside (0◦), and forward (+30◦) directions are 8.5 dBi,
10.1 dBi, and 9.5 dBi, respectively. The decoupling slab is shown to have minimal effect on the array’s
performance in terms of impedance bandwidth and radiation specifications. The MTM-shield is
shown to suppress the mutual coupling by ~25 dB and to improve the radiation gain and efficiency
by ~1 dBi and ~13% on average, respectively.

Keywords: Metamaterials (MTM); leaky-wave antenna (LWA); antenna arrays; substrate integrated
waveguide (SIW); transverse slots; beam-scanning; mutual coupling isolation; millimetre-wave;
composite right/left-handed transmission line (CRLH-TL)

1. Introduction

Leaky-wave antennas (LWAs) are travelling wave antennas with electrically large radiating
aperture [1,2]. Such antennas can provide high gain directive beam without using a complex feeding
network [3,4]. The advantage of LWA over a conventional array antenna is a simple feed structure
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with low loss [5–7]. Conventional planar LWAs radiate higher order modes in the forward direction [8].
However, the periodic structure-based LWA can radiate in both forward and backward directions. It
has been shown that metamaterial-based LWA designs can achieve a continuous main beam scanning
from the backward to the forward direction as a function of frequency [9]. Various LWA designs based
on metamaterial structures have been considered in the past. Such designs include (1) an LWA with
a composite right/left-hand (CRLH)-folded substrate-integrated waveguide (SIW) structure that is
shown to provide beam scanning from of −58◦ to 65◦ with a gain of 1 dBi [10]; (2) an interdigital-shaped
slotted-SIW-based LWA that is reported to achieve a scanning angle of −60◦ to 70◦ with gain of around
8 dBi [11]; (3) a CRLH LWA based on a rectangular waveguide structure that has been demonstrated
for a continuous main beam scanning range from −70◦ to 70◦ with gain of 8.64 dBi [12]; and (4) a planar
slotted SIW LWA that provides a scanning range of −66◦ to 78◦ with consistent gain [13].

In this paper, a new type of LWA in array configuration is proposed based on SIW with metamaterial
inclusions for millimetre-wave applications. Mutual coupling between the closely-spaced antennas
in the array can undermine the array’s performance. To circumvent this, a metamaterial shield is
embedded between the two LWAs. With this approach, mutual coupling is shown to reduce by an
average of ~25 dB over the array’s operating frequency range. Engraved on the upper layer of the SIW
LWA are several metamaterial unit-cells comprising of transverse E-shaped slots. Dimensions of the
LWAs were modified for optimum array performance.

2. Design Process of The Proposed Mtm-Lwa Array Based On Siw

The proposed 1 × 2 array antenna based on MTM-LWA implemented on SIW technology is
designed on a RO3003 dielectric substrate with εr = 3.0, tangδ = 0.0010 and thickness of 0.75 mm.
Figure 1 displays the layout of the proposed array structure that is constructed with two MTM-LWA
on SIW. Engraved on the top of each SIW antenna are several metamaterial unit-cells consisting of
transverse E-shaped slots. Leakage loss at the slots interrupts the current flow over SIW, which is shown
to enhance the array’s impedance bandwidth and beamwidth that scans as a function of frequency. In
the structure, the transverse slots behave as series left-handed capacitance and the grounded via holes
acts as shunt left-handed inductors.

Figure 1. Cont.

306



Electronics 2019, 8, 642

Figure 1. Proposed 1 × 2 array antenna based on MTM-LWA using SIW technology. (a) Top view; (b)
view to show the Substrate integrated waveguide slots; (c) back side to show the ground plane.

The structural parameters of the MTM-LWA array are summarized in Table 1. Each antenna has
dimensions of 40 × 10 × 0.75 mm3. The overall ground plane dimensions are 50 × 35 × 0.75 mm3. The
S-parameter responses of the proposed array antenna are exhibited in Figure 2, which shows it operates
throughout the frequency range of 55–65 GHz, which corresponds to 16.66% fractional bandwidth.

Table 1. Structural parameters of the array.

Structural Parameters Dimensions (Units in mm)

LALA 40
WAWA 10
LGLG 50

WGWG 35
LSLS 5

WSWS 0.5
DviaDvia 0.5
SviaSvia 0.5

SASA 5
LMLM 5

WMWM 1
hh 0.75
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Figure 2. S-parameter responses of the proposed array antennas. Since the structure is symmetrical,
we have not plotted all curves.

Radiation gain patterns of the proposed array antenna at three spot frequencies within its operating
frequency range are plotted in Figure 3. It is evident that the array antenna is capable of beam-scanning
from −30◦ to +30◦ with backward radiation at −30◦, broadside radiation at 0

◦
, and forward radiation

at +30◦. In backward, broadside, and forward directions, the gain is 8.5, 10.1, and 9.5 dBi, respectively.

Figure 3. Cont.
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Figure 3. Radiation characteristics of the proposed 1 × 2 MTM-LWA array at 55 GHz, 60 GHz, and 65
GHz. (a) Backward-radiation at 55 GHz; (b) broadside-radiation at 60 GHz; (c) forward-radiation at
65 GHz.

3. Suppress the Mutual Coupling Between the Closely Spaced Mtm-Lwa Arrays

Mutual coupling between closely-spaced radiation elements can severely undermine the array’s
radiation performances. Here the isolation between the two MTM-LWAs is increased by introducing
a metamaterial shield which is based on the SIW structure, as indicated in Figure 4. It comprises of
transverse slots that are tapered. The slots have a width of 0.5 mm and essentially play the role of
the series left-handed capacitances (CL), where the metallic via-holes with diameter of 0.25 mm act as
shunt left-handed inductances (LL). The MTM-shield suppresses surface waves created by the LWAs
to increase isolation between the two antennas in the array. The overall dimensions of the shield are
40 × 4 mm2.

Figure 5 shows the S-parameter response before and after applying the MTM-shield. After
applying MTM-shield, the minimum, average and maximum suppression observed are 8 dB, ~25 dB,
and 42.5 dB, respectively. This shows the effectiveness of the proposed isolation technique. The shield
has no influence on the reflection coefficient response which is S11 ≤ −10 dB.

Radiation patterns of the proposed antenna arrays with no and with MTM-shield through its
operational bandwidth at spot frequencies of 55 GHz, 60 GHz & 65 GHz are plotted in Figure 6. It is
clear from this figure that with the shield the cross-polarized radiation over its operating range is
substantially reduced. The average gain of the co-polarized radiation is only marginally affected.
All details are tabulated in Table 2.

In addition, the radiation gain and efficiency curves over frequency bandwidth for both antennas
without and with the proposed shield are shown in Figure 7. Obviously, after realizing the metamaterial
shield based on SIW, the radiation gain and efficiency performances improved by ~1dBi and ~13% on
average, respectively.

Surface current density distributions without and with the MTM-shield are exhibited in Figure 8.
This figure shows that the MTM-shield is an effective EM band-gap structure to remarkably block
surface currents from EM interacting with adjacent radiation elements in the antenna array. Destructive
influences of surface currents in the antenna are dramatically suppressed from effecting the far-field of
the array antennas.
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Figure 4. Proposed SIW-based leaky-wave antenna array with MTM-shield. (a) Proposed MTM-SIW
shield located between the array antennas; (b) top-view of the leaky-wave array antennas; (c) back-side
to show ground plane.

Figure 5. Reflection and transition coefficients of the proposed antenna array before and after applying
the MTM-shield. Since the structure is symmetrical, we have not plotted all curves.
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Figure 6. Co- and cross-polarized radiation gain patterns of the proposed structure without (WO) and
with (W) metamaterial-shield.
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Table 2. Radiation properties.

Radiation Gain

Without MTM With MTM

Minimum 8.69 dBi 9.6 dBi
Maximum 9.11 dBi 10.16 dBi
Average 8.90 dBi 9.86 dBi

Improvement in Average ~1 dBi

Radiation Efficiency

Without MTM With MTM

Minimum 62.53% 73.44%
Maximum 65.21% 78.12%
Average 63.5% 76.38

Improvement in Average ~13%

Figure 7. Radiation gain and efficiency curves over frequency band for both cases with no and with
MTM shield. (a) Radiation-gain; (b) Radiation-efficiency.

Figure 8. Surface current density distributions without and with the metamaterial shield at 60 GHz. (a)
without the metamaterial shield; (b) with the metamaterial shield.

4. Circuit Model of The Proposed MTM-Lwa Array and its Dispersion Phenomenon

One way to explain the metamaterials (MTMs) is the transmission-line theory in terms of the circuit
models. The concept of the composite right/left-handed metamaterial transmission lines (CRLH-MTM
TLs) is investigated and realized based on this approach. This solution has been broadly recognized
and adopted as a powerful analysis tool for the understanding and modelling of MTM devices. By
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considering the right-handed (RH) effects within a purely left-handed (LH) circuit, it demonstrates
a general configuration of a practical MTM-TL. The circuit model of a generic symmetrical CRLH
transmission-line unit-cell has exhibited in Figure 9 where the loss is neglected for simplicity. The
series capacitance (CL) and the shunt inductance (LL), which have been realized by the slots and
via-holes, respectively, contribute to the left-handedness while the series inductance (LR) and the shunt
capacitance (CR), which have been implemented by the unwanted currents flowing on the patches and
the gap space between the patches and ground plane, respectively, actualize its right-handed (RH) dual
counterpart. The one indicated in Figure 9a is called T-type model with the LH capacitance placed
at the two ends. The mushroom unit cell belongs to this type [14]. The circuit exhibited in Figure 9b
is called π-type model with the LH capacitance in the centre. One example is the CRLH-SIW unit
cell [15–17]. Therefore, each unit cell of the proposed leaky wave array antennas is based on the π-type
model, which has been identified in Figure 4b.

Figure 9. Equivalent circuit models for the symmetrical CRLH-metamaterial unit-cells. (a) T-type
circuit model. (b) π-type circuit model.

By using the periodic boundary conditions corresponding to the Bloch–Floquet theorem, these two
CRLH transmission line unit-cells basically become equal and their dispersion relevance is determined
to be [9]:

β(ω) =
1
p

cos−1(1− 1
2
(
ω2

L

ω2 +
ω2

ω2
R

− ω
2
L

ω2
se
− ω

2
L

ω2
sh

)) (1)

where p = 5 mm is the length of the unit-cell and

ωL =
1√

CLLL
(2)

ωR =
1√

CRLR
(3)

ωse =
1√

CLLR
(4)

ωsh =
1√

CRLL
(5)

Seemingly, there are two frequency spots referred to as the infinite-wavelength points (β = 0)
with a bandgap in between. In the balanced case (ωse = ωsh), the bandgap vanishes. Generally, just
one particular zeroth-order resonance will be excited that depends on the boundary conditions and the
circuit values. For the short-ended resonator, it is determined by ωse, while for the open-ended case, it
is represented by ωsh [9]. Multiplex resonances containing the negative-, zeroth-, and positive- order
resonances can be produced by cascading more than one unit-cell. Those resonance frequencies of
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different order modes for an M-stage CRLH-transmission line can be discovered on the dispersion
diagram when the following condition is satisfied [9]:

θM = βpM = βMp = nπ (6)

βp =
nπ
M

{
n = 0, ±1, . . . , ±{M− 1 , f or T type unice cell

n = 0, ±1, . . . , ±M, f or π type unice cell .
(7)

The proposed leaky wave antenna (LWA) array applying the CRLH-SIW unit-cell as shown in
Figures 1 and 4 has an π-type circuit model with the two ends terminated by the LH inductances
(LL) realized by the metallic via-holes. The E-shaped transverse and the tapered transverse slots have
presented within the circuit model as the LH capacitances (CL). RH contribution comes from the
distributed shunt capacitor (CR) and the series inductor (LR). Figure 10 shows the dispersion curves of
the proposed leaky wave array antennas based on the CRLH-SIW unit-cell that has been extracted
by the CST Microwave Studio package and the equivalent circuit model exhibited in Figure 9b. It
has been observed that the results achieved from CST Microwave Studio package and the circuit
elements are in an excellent coherence with each other, and also it illustrates the dispersion relation
of the unit-cell very well. There is one zeroth-order resonance frequency occurring at 61 GHz that
defines the upper and lower edges of the stop-band. This LW antenna array falls into the short-ended
case because it is operated below the original waveguide cutoff-frequency and the metallic via-holes
offer the short-ended condition. According to Equations (6) and (7), there is one resonance that can
be excited comprising the zeroth-order resonance at fse = 61 GHz. Figure 5 shows the reflection
coefficient which has verified the proposed model. Notice that this resonance frequency can be simply
controlled by engineering the dispersion diagram. Magnitudes of the equivalent circuit parameters,
which were determined from full-wave EM simulation using CST Microwave Studio package, are LL =

6.45 nH, CL = 8.69 pF, LR = 1.53 nH, and CR = 4.12 pF. This data was then utilized to determine the
equivalent circuit-model of the antenna, displayed in Figure 9b, which was verified applying ADS
(RF-circuit solver).

Figure 10. Dispersion diagrams for the proposed LWA array based on SIW-MTM extracted by CST
Microwave Studio package and the corresponding equivalent circuit shown in Figure 9b.

The proposed LWA is exhibited as a traveling-wave antenna, where the current propagates along
a guiding structure. Since that, the perturbations are introduced along the structure by implementing
the E-shaped transverse and the traveling-wave leaves the structure and radiates into free-space.
Therefore, in the ideal case, no energy reaches the end of the structure. In a practical scenario, any
energy that reaches the end is absorbed by a matching load. Usually, LWA is designed, in which
at the least 90% of the power at the structures leaks away before the traveling-waves reach the end
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of the antenna. Leaky-wave phenomenon is demonstrated with fast propagating waves only. The
propagating wave number Kp is defined by [18,19]

Kp =
√

K2
0 −K2

z (8)

In this case, Kz = − jα is for surface-wave or slow-wave, or Kz = β is for leaky-wave or fast-wave,
where Kz is the longitudinal wave-number and K0 refers to the free-space propagating wave-number.
The complexity of radiation Kz is given by

Kz = β− jα (9)

where α and β are the attenuation and phase constants respectively. Supposing that there is a standard
free-space wave equation for the above wave, the waves outside the leaking-structure are given by:

Ψ(r) = Ψ0e− j(Kpp+βz)eαz (10)

If β < Kp i.e., if the phase velocity is smaller than the free-space velocity of light, Vp < C, then it is a
slow-wave and Kp is imaginary. The wave decays exponentially in amplitude along the length of the
structure and it is a bounded wave. If, β > Kp i.e., if the phase velocity is greater than the free space
velocity of light, Vp > C, then it is a fast-wave and Kp is purely real; therefore, the real power at an
angle is radiated with respect to the normal defined by [20]:

sin(θ) = sin−1
(
β

K0

)
= sin−1

(
cβ
ω

)
(11)

Since all of the abovementioned terms are functions of the angular frequency, the angle changes with
frequency; hence, this shows frequency scanning behaviour. The main beam-width is

Δθ0 =
0.91(

l
λ

)
cosθ0

(12)

If the above equation is applied for large antenna lengths, high directivity can be specified as

D =
4πAe

λ0
(13)

However, the effect of enhancing directivity is negligible if there is no power left near the end of the
structures. To specify this parameter, the attenuation/leakage constant is determined as [20]:

αz =
e

A2(z)
2

r∫ l
0 A2(z)dz− er

∫ z
0 A2(z)dz

(14)

Thus, if α is sufficiently small so that (1− e−2αl > 0), the improvement of directivity is perceptible as
length l enhances.

5. Comparison between This Work and The Literature

Performance parameters of the proposed 1× 2 MTM-LWA array antenna based on SIW is compared
with the recent works employing various mutual coupling suppression techniques. The comparison
in Table 3 is for array antennas composed of two radiation elements. Most of the arrays listed in
Table 3 exhibit narrow band performance, and to increase isolation between the radiation elements they
employ defected ground structures (DGS) to complement their suppression technique. The proposed
array antenna presented here has the advantage of (i) symmetry; (ii) very wide bandwidth from 55
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GHz to 65 GHz; (iii) simple design; (iv) improved radiation patterns; (v) enhanced radiation gain; (vi)
low cross-polarization levels; and (vii) mutual coupling suppression on average of ~25dB over its
operating band.

Table 3. Performance parameters of the proposed lw array antennas in comparison with the
recent papers.

Ref. Method
Max. Isolation
Improvement

Bandwidth
(FBW)

Rad. Gain Pattern
Deterioration

No. of
Elements

Application of
DGS

Symmetry and
Simplicity

[21] SCSRR 10 dB Narrow Yes 2 Yes No

[22] SCSSRR 14.6 dB Narrow Yes 2 Yes No

[23] Compact EBG 17 dB Narrow Yes 2 Yes No

[24] Fractal MTM-EMBG 37 dB Wide (~15%) No 4 No Yes

[25] Meander Line 10 dB Narrow No 2 Yes No

[26] EBG 8.8 dB Narrow - Yes No

[27] EBG 13 dB Wide (~12%) Yes 2 Yes No

[28]
Substrate Integrated

Waveguide (SIW) with
Transverse Slots

15 dB Wide (22.22%) - 1 No Yes

[29]
Substrate Integrated

Waveguide (SIW) and
Slots

20 dB Wide (16.32%) - 1 No Yes

[30] Periodic Space-Time
Modulation - Wide (58.82%) - 1 No Yes

[31]
Space Time Modulation

(External Linear
Momentum)

- - - 1 No Yes

[32] MTM-DS 57 dB Wide No 2 No Yes

[33] Fractal load + DGS 16 dB Narrow (2.5%) No 2 Yes No

[34] Slotted Meander-Line 16 dB Narrow Yes 2 Yes No

[35] Slots >26 dB Wide No 4 No Yes

[36] I-Shaped Resonator 30dB Narrow Yes 2 Yes No

[37] W/g MTM 18 dB Narrow No 2 Yes No

[38] MSWI 13.5 dB Wide No 2 No Yes

[39] Metamaterial Superstrate 25 Narrow No 2 No Yes

[40]
Slot Combined

Complementary Split
Ring Resonator

19 Narrow Yes 2 No No

[41] Metamaterial 40 Wide (8.8%) No 4 No Yes

[42] Fractal Load 37 Wide No 2 No Yes

This
work

Metamaterials and
Substrate Integrated

Waveguide
42.5 dB Wide (16.66%) No 2 No Yes

6. Conclusion

A feasibility study of a new metamaterial leaky-wave array antenna based on substrate-integrated
waveguide (SIW) technology with transverse slots and metallic via-holes for operation over 55 GHz to
65 GHz was proposed and investigated. The array antenna provides beam-scanning capability of ±30◦
with the gain of 8.5, 10.1, and 9.5 dBi at backward (-30◦), broadside (0

◦
), and forward (+30◦) directions,

respectively. To increase the isolation between the array’s elements, a metamaterial shield based on
SIW was introduced between the antennas, which has reduced the mutual coupling by an average
value of ~25 dB. In addition, the proposed MTM shield has increased the radiation gain and efficiency
by an average value of ~1dBi and ~13%, respectively.
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