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ABSTRACT
Massive multiple-input multiple-output (MIMO) is considered as a key component of the new 
fifth-generation (5 G) communication systems and beyond to meet the rapid explosion of 
global wireless data traffic. However, antenna correlation is well known to have a direct impact 
on the capacity of practical MIMO schemes. Therefore, research and industrial communities are 
still looking for novel techniques to employ a large number of antennas with minimum 
correlation for compact mobile devices and base stations. In this paper, a realistic and general-
ised correlation matrix (GCM) model is developed for the accurate performance evaluation of 
two-dimensional (2D) massive MIMO systems. Based on the proposed GCM model, a closed- 
form expression of the channel capacity is derived for spatially correlated Rayleigh-fading 
MIMO environment to assess the acceptable range of antenna correlation. Over different 2D 
antenna configurations, simulation results validate the accuracy of derived capacity expression 
and demonstrate that the proposed GCM model tends to provide a more realistic performance 
compared with the existing methods. This may help to implement a large number of antennas 
in a constrained-size ground plane with an efficient tradeoff between 2D array designs and 
required system performance.
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1. Introduction

The new fifth-generation (5 G) wireless communication 
systems are developed to counter the rapid explosion of 
global data traffic, driven mainly by the massive use of 
smartphones, tablets, laptops, and other important 
smart devices for modern lifestyle. Mobile Internet, 
online gaming, massive machine-type-communications 
(mMTC), and Internet of things (IoT) is examples of 
the extensively deployed wireless services that poses 
vital requirements for 5 G networks such as massive 
connectivity, ultra-high rates, and wider coverage 
(Parkvall et al. 2017; Al-Hussaibi and Ali 2019). To 
satisfy these critical challenges, massive multiple-input 
multiple-output (MIMO) schemes of about tens to 
hundreds of antennas are considered as the key compo-
nents for 5 G and beyond (Larsson et al. 2018; Huang et 
al. 2018). Currently, LTE–Advanced Pro (4.5 G) stan-
dards support a two-dimensional (2D) antenna array at 
the base station (BS) with up to 32 elements in Release 
14. In addition, 5 G New Radio (NR) specifications 
under Release 15 have significantly enhanced the BS 
with 64 to hundreds of antennas (Parkvall et al. 2017; 
Al-Hussaibi and Ali 2019; Ji et al. 2017). Until now, 
research activities and practical system designs have 
shown the possibility of employing more than 128 
antennas at the BS/access node (Gao, Vinck, and 
Kaiser 2018; Gao et al. 2015). However, for compact 
mobile devices (e.g. smartphones, tablets, and wireless 

sensors), intensive works are still on-going to imple-
ment a large number of miniaturised antennas with a 
minimum spatial correlation over a constrained-size 
ground plane (Mourtzios and Siakavara 2017; Lu et al. 
2018; Haq and Koziel 2018; Ali et al. 2019; Zhai, Chen, 
and Qing 2015; Soltani and Murch 2015; Sipal, 
Abegaonkar, and Koul 2017; Shi et al. 2018; Wong et 
al. 2016).

In MIMO systems, the channel capacity scales linearly 
with the minimum number of transmitting and receive 
antennas assuming independent Rayleigh-fading envir-
onment under fixed bandwidth and power conditions 
(Al-Hussaibi and Ali 2018; Chiani, Win, and Zanella 
2003; Shin and Lee 2003). However, antenna correlation 
rð Þ owing mainly to insufficient spacing can dramatically 

reduce the achievable capacity regardless of existing 
rich scattering environment (Kudathanthirige and 
Baduge 2017; Biswas, Masouros, and Ratnarajah 2016; 
Masouros and Matthaiou 2015; Masouros, Sellathurai, 
and Ratnarajah 2013). This challenging issue motivates 
the necessity for novel and efficient isolation techniques 
to fabricate closely spaced antennas with less than half 
wavelength of the carrier frequency λcð Þ, particularly for 
compact mobile devices. For instance, several isolation 
methods have been proposed to reduce the resulting 
mutual coupling based on fragment structures (Lu et al. 
2018), ground plane alterations (Haq and Koziel 2018), 
metamaterial structures (Ali et al. 2019; Zhai, Chen, and 
Qing 2015), coupling elements (Soltani and Murch 2015), 
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and decoupling constructions (Wong et al. 2016). 
However, with the common belief that antenna correla-
tion of r< 0:5 has a negligible effect on the capacity of 
MIMO schemes (Chiani, Win, and Zanella 2003), 
exploiting a large number of antennas in the modern 
mobile devices and BSs seems to be extremely con-
strained by the size factor and definitely represents a 
significant design challenge. For instance and to the best 
of our knowledge, the most compact MIMO antenna 
design for a mobile device includes 20 elements having 
a total size of 150� 80mm2 at 2.6 GHz, presenting a high 
density of 22 antennas per square wavelength (Soltani 
and Murch 2015).

For wireless systems, the effect of channel correlation 
on the MIMO capacity has been broadly investigated 
considering different impairments of the radio propaga-
tion environment. The main scenarios include spatial 
correlation (Al-Hussaibi and Ali 2018; Chiani, Win, and 
Zanella 2003) and rank deficiency of the channel matrix 
due to the considered number and distribution of scat-
terers (Shin and Lee 2003). To isolate the scattering 
impact, the Kronecker model is typically used to assess 
the performance of MIMO channels with spatial corre-
lation at transmit and/or receive ends (Loyka 2001; 
Levin and Loyka 2011). In this model, constant or 
exponential correlation matrices are widely adopted to 
simulate the correlation among antennas (Chiani, Win, 
and Zanella 2003; Shin and Lee 2003; Loyka 2001; Levin 
and Loyka 2011). However, the basic assumption of 
equal coefficients in the constant correlation matrix 
(CCM) is unrealistic and can be used as a lower bound 
(worst-case analysis) of the system performance. On the 
other hand, the exponential correlation matrix (ECM) 
(Loyka 2001) may tend to exaggerate the performance of 
actual 2D antenna arrays where the realised correlation 
between adjacent elements is not always higher than 
that of the distant antennas (in term of antenna indices). 
In addition, other techniques such as successive colour-
ing (Al-Hussaibi and Ali 2012) and iterative colouring 
(Al-Hussaibi and Ali 2011) channels are limited for the 
applications of 1D (i.e. linear) antenna array designs.

In this paper, we consider the performance evalua-
tion of correlated 2D massive MIMO communication 
systems. The main contributions of this work are sum-
marised as follows:

(1) A generalized correlation matrix (GCM) model 
is developed for the accurate performance eva-
luation of 2D antenna array designs. Based on 
this more realistic model, a closed-form expres-
sion of the upper bound capacity of spatially 
correlated Rayleigh fading MIMO channel is 
derived to assess the acceptable correlation fac-
tor between antenna elements which is a critical 
design objective over constrained-size ground 
planes.

(2) Considering the targets of new LTE releases 
towards massive MIMO systems, analytical 
results validated with numerical simulations 
show that the proposed model tends to predict 
sensible performance compared with the exist-
ing CCM and ECM forms. Most importantly, it 
demonstrates that the basic assumption of 
acceptable correlation range of less than 0:5 is 
not always proper choice under certain condi-
tions of a large number of antennas at the 
correlated side and moderate to high signal- 
to-noise-ratio (SNR) settings.

(3) The achieved findings may help designers to 
accommodate a large number of MIMO anten-
nas in a compact space with valuable tradeoff 
between different 2D array configurations and 
desired system performance. Furthermore, the 
proposed GCM model can be applied effectively 
for the evaluation of 2D array designs in diverse 
wireless applications such as mMTC (Al- 
Hussaibi and Ali 2019), sensors and wearable 
devices (Ali et al. 2019), multi-panel MIMO 
(Huang et al. 2018), Wi-Fi and WiMAX net-
works (Lu et al. 2014), radar systems (Guidi, 
Guerra, and Dardari 2016), unmanned aerial 
vehicular (UAV) communications (Chandhar 
and Larsson 2019), relay systems (Liu et al. 
2017), and wireless power transfer (Kashyap, 
Bjornson, and Larsson 2016).

The rest of this paper is organised as follows. In 
Section 2, an analytical GCM model is presented. 
Section 3 investigates the capacity of correlated 
MIMO channel. Some important results and discus-
sion are shown in Section 4. Finally, Section 5 con-
cludes the paper.

Notations: throughout this paper, bold-face upper-
case and lowercase letters denote matrices and vectors, 
respectively, while plain letters stand for scalars. Cm�n 

denotes complex m� n matrix. The superscripts :½ ��

and :½ �H stand for complex conjugate and conjugate 
transposition, respectively. E :½ � is the expectation 
operator and Im is m�m identity matrix. det A½ � and 
A1=2 denote the determinant and Hermitian square root 
of the matrix A, respectively. A kð Þ denotes k� k princi-
pal submatrix constructed from 1st to kth rows and 
columns of A.

2. A generalised correlation matrix (GCM) 
model

Consider a point-to-point MIMO communication sys-
tem with N transmit and M receive antennas. Based on 
the Kronecker model (Shin and Lee 2003; Levin and 
Loyka 2011), the correlated Rayleigh-fading MIMO 
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channel H 2 CM�N whose entries hmn; m ¼ 1; . . . ;M; 
n ¼ 1; . . . ;N represent the complex gains from nth 

transmit to mth receive antennas can be represented as 

H ¼ R1=2
r G R1=2

t (1) 

where Rr 2 C
M�M and Rt 2 C

N�N denote positive 
definite correlation matrices at transmit and receive 
sides, respectively, and G 2 CM�N is spatially white 
(uncorrelated) channel matrix whose elements are i.i. 
d. complex Gaussian random variables with zero- 
mean and unit variance.

When the ECM model is utilised for a regular 
antenna array of Na elements, the entries of Na � Na 
correlation matrix R are given in (Al-Hussaibi and Ali 
2018; Chiani, Win, and Zanella 2003; Loyka 2001; 
Levin and Loyka 2011) as 

Rij ¼
r j� ij j; i � j
r�ð Þ i� jj j

; i > j

�

; rj j < 1 (2) 

where Rij ; "i; j ¼ 1; . . . ;Na denotes complex correla-
tion coefficient between ith and jth antennas, and the 
factor r is determined by the correlation between any 
pair of nearest antennas. While this model predicts 
good performance results for 1D antenna arrays, it has 
a serious shortcoming when applied for 2D arrange-
ments. For instance, the achieved correlation between 
adjacent antenna pairs is not always higher than that 
of the far elements. Therefore, a generalised correla-
tion matrix (GCM) model is developed in this section 
for any 2D antenna array design to mitigate the afore-
said limitations of CCM and ECM techniques.

To clarify the principles of GCM method, consider a 
2D massive MIMO antenna array configuration of Na 
elements as shown in Figure 1. The antenna elements 
Ai; i ¼ 1; . . . ;Na are placed in the x ¼ 1; 2; . . . ;Uxf g

and y ¼ 1; 2; . . . ;Uy
� �

directions with normalised 
length units based on the minimum centre-to-centre 
spacing of dmin ¼ αλc < λc=2, where Na � UxUy and 
the required size for antenna array ground plane can be 

found as Sa > Ux � 1ð Þ Uy � 1
� �

α2λ2
c . The factor α< 1=2 

is used since the correlation between adjacent antennas is 
theoretically zero for dmin ¼ λc=2. For correlation factor r 
between any pair of nearest antennas in the x-direction or 
y-direction with dmin < λc=2 spacing, the coefficients of 
GCM are given in terms of the Euclidean distance 
d Ai;Aj
� �

between ith and jth antennas as 

Rij ¼
rd Ai;Ajð Þ; i � j

r�ð Þd Ai;Ajð Þ; i > j

(

; rj j < 1 ; Na � UxUy;

d Ai;Aj
� �

¼ xj � xi
� �2

þ yj � yi
� �2

h i1=2
:

(3) 

In this case, we have replaced the simple exponen-
tial terms in ECM model (2) represented by the 
associated antenna indices (i and j) (Loyka 2001) 
by the real distances between antenna elements 
d Ai;Aj
� �

for more precise results. To the best of 
our knowledge, this issue has not been considered 
before and requires critical analysis and validation 
for more insight towards effective 2D antenna 
array designs.

In Figure 2, a representative example of Na ¼ 12 
antennas for MIMO system is shown with two possi-
ble configurations (A and B) over the constrained-size 
ground plane. In configuration (A), Ux ¼ 4 and Uy ¼

3 are utilised to attain UxUy ¼ Na ¼ 12 without any 
empty places on the ground plane. In contrast, con-
figuration (B) has three unoccupied places where 
Ux ¼ 5, Uy ¼ 3, and UxUy ¼ 15>Na.

The above formulations demonstrate that GCM 
model is physically sensible where the spatial correla-
tion always decreases as the distance between any 
pair of antenna increases. Furthermore, owing to its 
flexibility, it can be applied efficiently in diverse 
practical 2D antenna arrays. For a fixed number of 
antennas Na, different design arrangements will pro-
duce different correlation matrices which have a 
direct impact on the system performance.

3. Capacity analysis of correlated MIMO 
channel

For the considered M � N MIMO system of con-
strained transmit power P, equal power allocation 
strategy P=Nð Þ is commonly used for each transmit 
antenna when the channel is perfectly known at the 
receiver. The received signal model is described by 

r ¼ Hv þ n (4) 

where r 2 CM�1 is the received signal vector,v 2 CN�1 

is the transmitted signal vector of zero-mean and 
covariance matrix E vvH½ � ¼ P=Nð ÞIN , and n 2 CM�1 

is i.i.d. additive white Gaussian noise (AWGN) vector 
of elements having zero-mean and variance σ2

n.Figure 1. 2D massive MIMO antenna array configuration of Na 

elements.
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For fixed channel realisation H, the channel capa-
city C is given in bit/s/Hz as (Chiani, Win, and Zanella 
2003) 

C ¼ log2det IL þ
ρ
N

W
� �

¼
XL

l¼1
log2 1þ

ρ
N

λl

� �
(5) 

where ρ ¼ P=σ2
n is the average SNR at each receive 

antenna, L ¼ min N;Mf g is the channel rank, W 2
CL�L is defined as W ¼ HHH ¼ RrGRtGH for M � N 
and W ¼ HHH ¼ GHRrGRt for M >N, and λl; l ¼
1; . . . ; L denote the nonzero eigenvalues of W.

Since the channel H is randomly varying, the perfor-
mance measure of ergodic (mean) capacity �C over many 
channel realisations can be evaluated as (Shin and Lee 
2003) 

�C ¼ E log2det IL þ
ρ
N

W
� �h i

: (6) 

Thus, the upper bound approximation of (6) can be 
found by applying Jensen’s inequality as 

�C � log2 E det IL þ
ρ
N

W
� �n oh i

: (7) 

Besides, the term under expectation in (7) can be 
written in terms of all principal minor determi-
nants as (Horn and Johnson 2013) and [19, 
Theorem II.3] 

det IL þ
ρ
N

W
� �

¼ 1þ
XL

u¼1

Xu

k¼1
det

ρ
N

W kð Þ
� �

(8) 

where W kð Þ; k ¼ 1; . . . ; u � L is k� k principal sub-
matrix constructed from the 1st to kth rows and col-
umns of W. The mean of the above equation can be 
found as 

Figure 2. A representative example of 2D antenna array configurations for MIMO system with Na ¼ 12 antennas over constrained- 
size ground plane. (a): Ux ¼ 4 and Uy ¼ 3, (b) Ux ¼ 5and Uy ¼ 3.
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E det IL þ
ρ
N

W
� �n o

¼ 1þ
XL

u¼1

ρ
N

� �uXu

k¼1
E det W kð Þ

� �n o

¼ 1þ
XL

u¼1

ρ
N

� �u M
u

� �
N
u

� �

u! det R uð Þ
r

� �
det R uð Þ

t

� �� �

(9) 

where R uð Þ
r and R uð Þ

t are u� u principal submatrices of 
Rr and Rt matrices, respectively.

Therefore, a closed-form expression of the upper 
bound capacity (7) can be written as 

�C � log2 1þ
XL

u¼1

ρ
N

� �u M
u

� �
N
u

� �

u! ΦuΨu

� �" #

(10) 

where Φu ¼
Qu

k¼1
ϕk is the product of all eigenvalues 

ϕk; k ¼ 1; . . . ; u of submatrix R uð Þ
r and Ψu ¼

Qu

k¼1
ψk 

denote the product of all eigenvalues ψk; k ¼ 1; . . . ; u 
of R uð Þ

t .
From (10), it is clear that the maximum capacity is 

achieved for the uncorrelated channel with a full 
degree of freedom (DoF) of L where Φu ¼ Ψu ¼ 1 
for all u ¼ 1; . . . ; L. As the correlation increases, the 
values of Φu and Ψu are decreased from 1 towards zero 
for 2 � u � L, and hence, less DoF can be realised and 
the capacity degradation depends mainly on the dis-
tribution of dominant eigenvalues of utilised correla-
tion matrix model.

4. Simulation results and discussion

In this section, numerical results of the upper bound 
capacity (10) and Monte Carlo simulations of (6) over 
spatially correlated Rayleigh-fading channel are shown 
using MATLAB environment to investigate the impact 
of antenna correlation on the performance of M � N 
MIMO system using proposed GCM model compared 

with the existing CCM (Shin and Lee 2003) and ECM 
(2) models. To demonstrate the effectiveness of the 
proposed model from a theoretical perspective, differ-
ent moderate/large scale MIMO configurations are 
investigated. All conducted numerical results are aver-
aged over 104 channel realisations.

In Figure 3, the capacity of 12� 12 MIMO system 
is shown assuming a correlation factor of r ¼ 0:6 at 
the transmitter and r ¼ 0:8 at the receiver side. GCM 
model (3) is utilised for the presented antenna config-
urations (A) and (B) in Figure 2 compared with CCM 
and ECM methods. It can be seen that the upper 
bound results are quite tight with the simulation out-
comes and for all correlation matrix models. 
Moreover, GCM shows a realistic and fair perfor-
mance based on the considered 2D antenna array 
arrangements as anticipated. For example at SNR of 
30dB, the given arrangement in (B) provides extra 5 
bit/s/Hz compared with (A) of 72.3 bit/s/Hz due to the 
unoccupied places on the ground plane (i.e. less cor-
relation impact). In addition, the CCM model of 62.3 
bit/s/Hz shows the worst capacity performance less 
than GCM of design (A) by valuable 10 bit/s/Hz. On 
the other hand, ECM demonstrates a rather exagger-
ated performance of 82.2 bit/s/Hz as expected. Similar 
overall performance of GCM is achieved for 
128� 64MIMO system as shown in Figure 4 where 
Ux ¼ Uy ¼ 8
� �

is used at the transmitter while 
Ux ¼ 16;Uy ¼ 8
� �

and Ux ¼ 32;Uy ¼ 4
� �

are used 
at the receiver for two possible configurations (A) 
and (B), respectively.

In Figures 5 and 6, the capacity of considered 12� 12 
and 128� 64 MIMO systems is investigated at SNR of 
25dB as a function of receive correlation parameter 
0 � r � 0:9ð Þ, respectively. In this scenario, the trans-

mitter correlation parameter is assumed to be zero. 
Summary of the achieved results is presented in Table 1 
where it can be seen that 90% of the maximum capacity of 

Figure 3. Ergodic capacity of 12� 12 MIMO over correlated Rayleigh-fading channel using GCM compared with CCM and ECM 
models where r ¼ 0:6 at the transmitter and r ¼ 0:8 at the receiver.
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Figure 4. Ergodic capacity of 128� 64 MIMO over correlated Rayleigh-fading channel using GCM compared with CCM and ECM 
models where r ¼ 0:6 at the transmitter and r ¼ 0:8 at the receiver.

Figure 5. Ergodic capacity of 12� 12 MIMO over correlated Rayleigh-fading channel as a function of receive correlation r and SNR 
of 25dB. GCM model is employed compared with CCM and ECM.

Figure 6. Ergodic capacity of 128� 64 MIMO over correlated Rayleigh-fading channel as a function of receive correlation r and 
SNR of 25dB. GCM model is employed compared with CCM and ECM.
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12� 12 system (i.e. for r ¼ 0) is achieved at correlation 
factors of 0.53, 0.67, 0.6, and 0.62 using CCM, ECM, 
GCM (config. A), and GCM (config. B), respectively. 
These results clearly indicate negligible correlation effect 
on the capacity for correlation factors beyond the well- 
known limit of r < 0:5, with a noticeable difference 
between the considered models. However, as the number 
of antennas increased, fewer values of antenna correlation 
parameter should be accepted to sustain the capacity of 
massive MIMO systems. For instance, r ¼ 0:37 and r ¼
0:51 are required for 128� 64 system using CCM and 
GCM (config. B), respectively.

In Figure 7, the capacity of different M � N MIMO 
systems is shown at SNR of 10and 25dB as a function of 
receiver correlation parameter (i.e. zero correlation at the 
transmitter). GCM model is employed for the considered 
16, 32, and 64 receive antennas with Ux ¼ Uy ¼ 4

� �
, 

Ux ¼ 8;Uy ¼ 4
� �

and Ux ¼ Uy ¼ 8
� �

, respectively. 
Summary of the obtained correlation factors to achieved 
90% of the maximum capacity is presented in Table 2. It 
can be seen that as the SNR increases, r is increased for all 
schemes as expected. Besides, as the number of antennas 
at the correlated side M is enlarged for a fixed number N, 
the range of acceptable r is increased considerably. For 
example, when N ¼ 16 and M is enlarged from 16 to 64, 
r is enhanced from 0.47 to 0.65 at SNR of 10dB, and 
further increased from 0.59 to 0.78 at SNR of 25dB. Note 
that for M ¼ N, r is slightly decreased for a large increase 
of utilised antennas. For instance, the difference in r is 
just about 0.03 between 16� 16 and 64� 64 MIMO 

systems for both considered SNR values. From the 
above outcomes, it can be concluded that MIMO systems 
may pose different ranges of acceptable antenna correla-
tion under certain conditions such as the use of a large 
number of antennas at the correlated side and moderate 
to high operating SNR levels.

From the conducted capacity simulations of cor-
related MIMO channel, it can be seen clearly that the 
proposed GCM tends to offer more sensible results 
for 2D antenna arrays compared with the existing 
CCM and ECM models. The impact of actual 
antenna designs (e.g. patch antennas) (Sipal, 
Abegaonkar, and Koul 2017; Shi et al. 2018; Wong 
et al. 2016) and isolation techniques to mitigate the 
mutual coupling (Lu et al. 2018; Haq and Koziel 2018; 
Ali et al. 2019; Zhai, Chen, and Qing 2015; Soltani 
and Murch 2015) on the performance of considered 
correlation models are isolated for fair theoretical 
comparisons as in (Loyka 2001). This is very impor-
tant in the research community of communication 
systems to provide the key results for the next steps of 
practical designs, measurements, evaluations, and 
field tests. Note that the comparison between the 
correlation results of 2D antenna arrays using analy-
tical models (GCM (3), CCM, and ECM) and other 
commercial electromagnetic software (e.g. high-fre-
quency structure simulator (HFSS) and computer 
simulation technology (CST)) is very interesting. 
However, it requires careful considerations of the 
aforementioned issues of antenna designs and isola-
tion methods to achieve fair and accurate compari-
sons. This is beyond the scope of this work but will be 
considered in the future work.

Table 1. Correlation factor rð Þ to achieve 90% of the maximum 
capacity of 12� 12 and 128� 64 MIMO systems at SNR of 
25dB assuming only receive correlation using CCM, ECM, and 
GCM models.

Correlation Factor rð Þ

GCM

MIMO System CCM ECM Configuration (A) Configuration (B)

12� 12 0.53 0.67 0.60 0.62
128� 64 0.37 0.59 0.50 0.51

Figure 7. Ergodic capacity of M� N MIMO over correlated Rayleigh-fading channel as a function of correlation factor r and SNR of 
10 and 25dB. GCM model is used.

Table 2. Correlation factor rð Þ to achieve 90% of the maximum 
capacity of M� N MIMO system at SNR of 10 and 25dB 
assuming only receive correlation with GCM model.

M� NMIMO 16� 16 32� 16 64� 16 16� 32 32� 32 64� 64

r 10dBð Þ 0.47 0.55 0.65 0.44 0.45 0.44
r 25dBð Þ 0.59 0.69 0.78 0.59 0.57 0.56
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5. Conclusions

In this paper, a GCM model has been proposed for 2D 
massive MIMO communication systems to achieve pre-
cise performance results for varied antenna array designs. 
An analytical expression of the upper bound capacity of 
correlated Rayleigh-fading MIMO channel has been 
derived based on the GCM model and presented in 
terms of the eigenvalues of correlation matrices at trans-
mit and receive ends. The analytical capacity results are 
shown to be in a good agreement with the simulation 
outcomes of different moderate and large-scale MIMO 
systems over the entire range of correlation parameters 
and SNRs. It has been demonstrated that the proposed 
GCM is very flexible to be used for any 2D antenna array 
design and enables reasonable performance compared 
with the existing CCM and ECM models. Furthermore, 
it has been shown that most of the channel capacity can 
be achieved even for r > 0:5 based on the utilised number 
of antennas and operating SNR. For instance, when N ¼
16 and M is increased from 16 to 64, r is considerably 
enhanced from 0.59 to 0.78 at SNR of 25dB. Therefore, a 
large number of antenna elements can be realised in a 
compact size to capture most of the promised massive 
MIMO gains for 5 G and beyond wireless communica-
tion systems. In the future work, the impact of different 
antenna designs and isolation techniques in 2D antenna 
arrays will be considered for the performance evaluation 
of analytical correlation models (GCM, CCM, and ECM) 
compared with that from electromagnetic software simu-
lators and field measurements.

Disclosure statement

No potential conflict of interest was reported by the author.

Notes on contributor

Walid A. Al-Hussaibi (S’07-M’12-SM’17) received the BSc 
and MSc degrees in Electronics and Communications from 
the University of Basrah, Iraq, in 1991, and from the 
University of Science and Technology (JUST), Jordan, in 
2000, respectively. From 2001 to 2006, he was a lecturer at 
the EE Department, BETC, FTE. In 2007, he joined the CRG 
at Sussex University, UK, as a researcher, where he received 
his Ph.D. in Wireless and Mobile Communications, in 2011. 
In 2012, he joined the Southern Technical University (STU), 
Iraq, as a faculty member, where he is currently an Assist. 
Prof. with the Department of ET, BTI. His research interests 
include massive MIMO, multiuser MIMO-NOMA, chaotic 
communications, channel capacity, performance evaluation, 
and multiple access techniques for future wireless systems. 
He is an Associate Editor of the IEEE Access and IEEE 
TechRxiv moderator.

ORCID

Walid A. Al-Hussaibi http://orcid.org/0000-0002-3509- 
4620

References

Al-Hussaibi, W., and F. Ali. 2011. “Iterative Coloring 
Technique for the Generation of Correlated Rayleigh 
Fading Envelopes for Multi-Antenna and Multicarrier 
Systems.” Proc. 12th PGNet2011, Liverpool, UK, 103– 
108, June.

Al-Hussaibi, W., and F. Ali. 2012. “Generation of Correlated 
Rayleigh Fading Channels for Accurate Simulation of 
Promising Wireless Communication Systems.” SIMPAT 
25 (4): 56–72.

Al-Hussaibi, W., and F. Ali. 2018. “A Closed-form 
Approximation of Correlated Multiuser MIMO Ergodic 
Capacity with Antenna Selection and Imperfect Channel 
Estimation.” IEEE Transactions on Vehicular Technology 
67 (6): 5515–5519. doi:10.1109/TVT.2018.2837041.

Al-Hussaibi, W., and F. Ali. 2019. “Efficient User Clustering, 
Receive Antenna Selection, and Power Allocation 
Algorithms for Massive MIMO-NOMA Systems.” IEEE 
Access 7 (6): 31865–31882. doi:10.1109/ACCESS.2019.29 
02331.

Ali, U., S. Ullah, M. Shafi, S. Shah, I. Shah, and J. Flint. 2019. 
“Design and Comparitive Analysis of Conventional and 
Metamaterial-based Textile Antennas for Wearable 
Applications.” International Journal of Numerical 
Modelling (January): 1–17. e2567. doi:10.1002/jnm.2567.

Biswas, S., C. Masouros, and T. Ratnarajah. 2016. 
“Performance Analysis of Large Multiuser MIMO 
Systems with Space-constrained 2-D Antenna Arrays.” 
IEEE Transactions on Wireless Communications 15 (5): 
3492–3505. doi:10.1109/TWC.2016.2522419.

Chandhar, P., and E. Larsson. 2019. “Massive MIMO for 
Connectivity with Drones: Case Studies and Future 
Directions.” IEEE Access 7 (6): 94676–94691. 
doi:10.1109/ACCESS.2019.2928764.

Chiani, M., M. Z. Win, and A. Zanella. 2003. “On the 
Capacity of Spatially Correlated MIMO Rayleigh-fading 
Channels.” IEEE Transactions on Information Theory 49 
(10): 2363–2371. doi:10.1109/TIT.2003.817437.

Gao, X., O. Edfors, F. Rusek, and F. Tufvesson. 2015. 
“Massive MIMO Performance Evaluation Based on 
Measured Propagation Data.” IEEE Transactions on 
Wireless Communications 14 (7): 3899–3911. 
doi:10.1109/TWC.2015.2414413.

Gao, Y., H. Vinck, and T. Kaiser. 2018. “Massive MIMO 
Antenna Selection: Switching Architectures, Capacity 
Bounds, and Optimal Antenna Selection Algorithms.” 
IEEE Transactions on Signal Processing 66 (5): 1346– 
1360. doi:10.1109/TSP.2017.2786220.

Guidi, F., A. Guerra, and D. Dardari. 2016. “Personal Mobile 
Radars with Millimeter-Wave Massive Arrays for Indoor 
Mapping.” IEEE Transactions on Mobile Computing 15 
(6): 1471–1484. doi:10.1109/TMC.2015.2467373.

Haq, M. U., and S. Koziel. 2018. “Ground Plane Alterations 
for Design of High-isolation Compactwideband MIMO 
Antenna.” IEEE Access 6 (August): 48979–48983.

Horn, R. A., and C. R. Johnson. 2013. Matrix Analysis. 2nd 
ed. New York, USA: Cambridge Univ. Press.

Huang, Y., Y. Li, H. Ren, J. Lu, and W. Zhang. 2018. “Multi- 
panel MIMO in 5G.” IEEE Communications Magazine 56 
(3): 56–61. doi:10.1109/MCOM.2018.1700832.

Ji, H., Y. Kim, J. Lee, E. Onggosanusi, Y. Nam, J. Zhang, B. Lee, 
and B. Shim. 2017. “Overview of Full-dimension MIMO in 
LTE-Advanced Pro.” IEEE Communications Magazine 55 
(2): 176–184. doi:10.1109/MCOM.2016.1500743RP.

Kashyap, S., E. Bjornson, and E. Larsson. 2016. “On the 
Feasibility of Wireless Energy Transfer Using Massive 

276 W. A. AL-HUSSAIBI

https://doi.org/10.1109/TVT.2018.2837041
https://doi.org/10.1109/ACCESS.2019.2902331
https://doi.org/10.1109/ACCESS.2019.2902331
https://doi.org/10.1002/jnm.2567
https://doi.org/10.1109/TWC.2016.2522419
https://doi.org/10.1109/ACCESS.2019.2928764
https://doi.org/10.1109/TIT.2003.817437
https://doi.org/10.1109/TWC.2015.2414413
https://doi.org/10.1109/TSP.2017.2786220
https://doi.org/10.1109/TMC.2015.2467373
https://doi.org/10.1109/MCOM.2018.1700832
https://doi.org/10.1109/MCOM.2016.1500743RP


Antenna Arrays.” IEEE Transactions on Wireless 
Communications 15 (5): 3466–3480. doi:10.1109/TWC. 
2016.2521739.

Kudathanthirige, D. P., and G. A. Baduge. 2017. “Multi-user 
Massive MIMO Relay Networks with Space-constrained 
2D Antenna Arrays.” IEEE Communications Letters 21 
(11): 2540–2543. doi:10.1109/LCOMM.2017.2721949.

Larsson, E., T. Marzetta, H. Q. Ngo, and H. Yang. 2018. 
“Antenna Count for Massive MIMO: 1.9 GHz Vs. 60 
GHz.” IEEE Communications Magazine 56 (9): 132–137. 
doi:10.1109/MCOM.2018.1700526.

Levin, G., and S. Loyka. 2011. “From Multi-keyholes to 
Measure of Correlation and Power Imbalance in MIMO 
Channels: Outage Capacity Analysis.” IEEE Transactions 
on Information Theory 57 (6): 3515–3529. doi:10.1109/ 
TIT.2011.2133010.

Liu, X., Y. Liu, X. Wang, and H. Lin. 2017. “Highly Efficient 
3-D Resource Allocation Techniques in 5G for NOMA- 
Enabled Massive MIMO and Relaying Systems.” IEEE 
Journal on Selected Areas in Communications 35 (12): 
2785–2797. doi:10.1109/JSAC.2017.2726378.

Loyka, S. 2001. “Channel Capacity of MIMO Architecture 
Using the exponential Correlation Matrix.” IEEE 
Communications Letters 5 (9): 369–371. doi:10.1109/ 
4234.951380.

Lu, D., L. Wang, E. Yang, and G. Wang. 2018. “Design of 
High-Isolation Wideband Dual-Polarized Compact 
MIMO Antennas with Multiobjective Optimization.” 
IEEE Transactions on Antennas and Propagation 66 (3): 
1522–1527. doi:10.1109/TAP.2017.2784446.

Lu, L., G. Li, A. Swindlehurst, A. Ashikhmin, and R. Zhang. 
2014. “An Overview of Massive MIMO: Benefits and 
Challenges.” IEEE Journal of Selected Topics in Signal 
Processing 8 (5): 742–758. doi:10.1109/JSTSP.2014.2317671.

Masouros, C., and M. Matthaiou. 2015. “Space-constrained 
Massive MIMO: Hitting the Wall of Favorable 
Propagation.” IEEE Communications Letters 19 (5): 
771–774. doi:10.1109/LCOMM.2015.2409832.

Masouros, C., M. Sellathurai, and T. Ratnarajah. 2013. 
“Large-scale MIMO Transmitters in Fixed Physical 

Spaces: The Effect of Transmit Correlation and Mutual 
Coupling.” IEEE Transactions on Communications 61 (7): 
2794–2804. doi:10.1109/TCOMM.2013.052013.120440.

Mourtzios, C., and K. Siakavara. 2017. “Contribution of 
Non-uniform EBG Antenna Arrays to the Enhancement 
of MIMO Channel Capacity.” AEU - International 
Journal of Electronics and Communications 82 
(December): 334–340. doi:10.1016/j.aeue.2017.09.016.

Parkvall, S., E. Dahlman, A. Furuskar, and M. Frenne. 2017. 
“NR: The New 5G Radio Access Technology.” IEEE 
Communications Standards Magazine 1 (4): 24–30. 
doi:10.1109/MCOMSTD.2017.1700042.

Shi, H., X. Zhang, J. Li, P. Jia, J. Chen, and A. Zhang. 2018. 
“3.6-GHz Eight-antenna MIMO Array for Mobile 
Terminal Applications.” AEU - International Journal of 
Electronics and Communications 95 (October): 342–348. 
doi:10.1016/j.aeue.2018.09.008.

Shin, H., and J. H. Lee. 2003. “Capacity of Multiple-antenna 
Fading Channels: Spatial Fading Correlation, Double 
Scattering, and Keyhole.” IEEE Transactions on 
Information Theory 49 (10): 2636–2647. doi:10.1109/ 
TIT.2003.817439.

Sipal, D., M. Abegaonkar, and S. Koul. 2017. “Easily 
Extendable Compact Planar UWB MIMO Antenna 
Array.” IEEE Antennas and Wireless Propagation Letters 
16 (June): 2328–2331. doi:10.1109/LAWP.2017.2717496.

Soltani, S., and R. Murch. 2015. “A Compact Planar Printed 
MIMO Antenna Design.” IEEE Transactions on Antennas 
and Propagation 63 (3): 1140–1149. doi:10.1109/ 
TAP.2015.2389242.

Wong, K., J. Lu, L. Chen, W. Li, and Y. Ban. 2016. “8-Antenna 
and 16-antenna Arrays Using the Quad-antenna Linear 
Array as a Building Block for the 3.5-GHz LTE MIMO 
Operation in the Smartphone.” Microwave and Optical 
Technology Letters 58 (1): 174–181. doi:10.1002/mop.29527.

Zhai, G., Z. Chen, and X. Qing. 2015. “Enhanced Isolation of a 
Closely Spaced Four-element MIMO Antenna System Using 
Metamaterial Mushroom.” IEEE Transactions on Antennas 
and Propagation 63 (8): 3362–3370. doi:10.1109/TAP.2015. 
2434403.

AUSTRALIAN JOURNAL OF ELECTRICAL AND ELECTRONICS ENGINEERING 277

https://doi.org/10.1109/TWC.2016.2521739
https://doi.org/10.1109/TWC.2016.2521739
https://doi.org/10.1109/LCOMM.2017.2721949
https://doi.org/10.1109/MCOM.2018.1700526
https://doi.org/10.1109/TIT.2011.2133010
https://doi.org/10.1109/TIT.2011.2133010
https://doi.org/10.1109/JSAC.2017.2726378
https://doi.org/10.1109/4234.951380
https://doi.org/10.1109/4234.951380
https://doi.org/10.1109/TAP.2017.2784446
https://doi.org/10.1109/JSTSP.2014.2317671
https://doi.org/10.1109/LCOMM.2015.2409832
https://doi.org/10.1109/TCOMM.2013.052013.120440
https://doi.org/10.1016/j.aeue.2017.09.016
https://doi.org/10.1109/MCOMSTD.2017.1700042
https://doi.org/10.1016/j.aeue.2018.09.008
https://doi.org/10.1109/TIT.2003.817439
https://doi.org/10.1109/TIT.2003.817439
https://doi.org/10.1109/LAWP.2017.2717496
https://doi.org/10.1109/TAP.2015.2389242
https://doi.org/10.1109/TAP.2015.2389242
https://doi.org/10.1002/mop.29527
https://doi.org/10.1109/TAP.2015.2434403
https://doi.org/10.1109/TAP.2015.2434403

	Abstract
	1. Introduction
	2. A generalised correlation matrix (GCM) model
	3. Capacity analysis of correlated MIMO channel
	4. Simulation results and discussion
	5. Conclusions
	Disclosure statement
	Notes on contributor
	ORCID
	References



