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Abstract: Massive multiple-input multiple-output (MIMO) is a profitable technique to greatly boost
spectral efficiency, which has been embraced by the fifth-generation (5G) and sixth-generation (6G)
mobile communication systems. By exploiting appropriate downlink precoding algorithms, base
stations (BSs) equipped with a large number of antennas are able to provide service to multiple users
as well as several cells at the same time and frequency. However, the mutual coupling effect due
to the compact antenna array gives misleading results in massive MIMO communication systems.
In this paper, we focus on the mutual coupling effect for massive MIMO systems with maximal
ratio transmission (MRT), zero-forcing (ZF), regularize ZF (RZF), and minimum mean square error
(MMSE) precoding to solve the mutual coupling problem. Additionally, we construct the closed-
form expressions of the spectral efficiency (SE) to evaluate the effect of mutual coupling on system
performance. Simulation results validate the effectiveness of the proposed mutual coupling effect
assessment method and demonstrate the significant impacts of mutual coupling on massive MIMO
system performance.

Keywords: massive MIMO; mutual coupling; spectral efficiency; precoding

1. Introduction

Massive multiple input multiple output (MIMO), which has been one of the most
important technologies in modern wireless communication system concepts, exploits a
large number of antennas in a compact area to reliably serve a large number of user
equipment (UE) while reducing the inter-cell interference (ICI) in conventional cellular
systems [1,2]. Massive MIMO delivers big advantages over conventional single input
single output (SISO) systems: the nature of the large antenna elements increases the
spectral efficiency (SE), which is a prerequisite for many Enhanced Mobile Broadband
(eMBB) applications [3]. Their large degrees-of-freedom (DoF) nature makes them a natural
fit for multiple mobile UEs.

While massive MIMO brings vast betterment in throughput and radiated energy
efficiency, it reveals completely new issues that require immediate care: the challenge
of producing low-cost, low-resolution components that work well together [4] as well as
limited space for antenna arrays [5]. In UEs and base stations (BSs), low-power and compact
MIMO antennas are required. Due to the proximity of antenna components, the mutual
coupling (MC) effect between antenna elements cannot be avoided. Mutual coupling may
significantly decrease the signal quality of an antenna array and the combination of massive
MIMO signal processing techniques [6,7]. Generally speaking, mutual coupling refers to
the energy received by other antennas while one antenna is functioning. The effect of
mutual coupling alters the input impedance, reflection coefficients, and radiation patterns
of array antennas [8,9].

Therefore, it is crucial to investigate the antenna mutual coupling effect in terms of
modeling, mitigation, and theoretical analysis of the effect of mutual coupling on large-
scale antenna array processing techniques. The conventional mutual coupling modeling
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methods include the impedance matrix-based methods [10–13] and scattering parameter
(S-Parameter)-based methods [14,15]. Apart from these, new methods such as the deep
learning-based method [16] have been presented in recent years. In terms of mutual
coupling mitigation, several approaches for massive MIMO [17] have been researched
recently. Moreover, a real-valued angle of arrival (AOA) estimation approach is suggested
in [18] to reduce the mutual coupling effect by the inherent means. The decoupling ground
method can reach either much better isolation or a much lower profile while maintaining
equivalent performance for massive MIMO systems [19]. As for the system performance
analysis, Ref. [20] investigates the impact of mutual coupling on the bit error rate and
SE of MIMO systems. Furthermore, the model of calibration error and the closed-form
expressions of the sum SE for evaluating the impact of mutual coupling on massive MIMO
system performance are exploited in [21]. In [22], the lower bound of the SE, error rate,
and average outage probability are presented for multi-user massive MIMO systems with
irregular antenna arrays.

Although the mutual coupling effect of a compact antenna array has been studied
in many previous papers, the impact of mutual coupling on multi-cell massive MIMO
communication systems is still not clear. To highlight the substantial differences between
this work and the previous representative works for the mutual coupling effect on massive
MIMO systems, we summarize these papers in terms of several key items in Table 1, where
more details can be found.

Table 1. Comparison with previous representative research papers.

MC Effect Ref. MC Effect
Modeling Method

Precoding
Schemes

Closed-Form
Expressions Multi-User Multi-Cell

[12] Impedance matrix-based HBF Covered Single user Single cell
[13] Impedance matrix-based ZF and MRT Covered Multi-user Single cell
[14] S-parameter-based Not covered Not covered Single user Single cell

[23] Simulation plus
impedance matrix-based ZF Not covered Multi-user Single cell

[24] Statistical
distribution-based ZF and MRT Covered Multi-user Single cell

[16] Deep learning-based HBF Not covered Single user Single cell

Our work Impedance matrix-based MRT, ZF, RZF,
S-MMSE, M-MMSE Covered Multi-user Multi-cell

Therefore, the novel contributions of this paper are as follows:

• In contrast to [12,14,16], the mutual coupling effect on the performance of multi-user
massive MIMO systems has been investigated in this paper. Moreover, we also address
the multi-cell issues, which are rarely covered in previous papers.

• As for the mutual coupling effect modeling, in contrast to the S-parameter-based
method in [14] and the simulation plus impedance matrix-based in [23], which are
highly reliant on the specific antenna array design and modeling, the impedance
matrix-based method chosen in this paper can be utilized to perform the theoretical
performance analysis of massive MIMO systems. In that case, closed-form expressions
of SINRs can be driven. In addition, the MC effect modeling method in this paper
is more realistic and flexible than the statistical distribution-based method in [24],
which cannot evaluate the mutual coupling effect on system performance as a function
of different antenna array configuration parameters, such as the number of antenna
elements and inter-element spacing.

• In contrast to [14,16,23], the closed-form SINR expressions and corresponding lower
bound of channel capacity is obtained based on the impedance matrix-based mutual
coupling effect modeling. Especially, we give the closed-form SINR expression for
maximal ratio transmission (MRT) combining based on the MMSE estimator.
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• In contrast to other previous works, a simulation performance comparison between
MRT, zero-forcing (ZF), regularize ZF (RZF), single-cell minimum mean-squared
error (S-MMSE), and multicell minimum mean-squared error (M-MMSE) precoding
schemes are also carried out. The simulation results in this paper show the relative
sensitivity of these precoders to the mutual coupling effect, which draws important
technical insight and meaningful guidelines for the massive MIMO system design in
practical scenarios.

In general, to provide a more realistic assessment of the mutual coupling effect on
massive MIMO, and bridge the gap between the theory and practical implementation, we
choose an appropriate mutual coupling modeling method, which can theoretically charac-
terize the antenna array configuration parameters and employ many different precoding
algorithms, such as MRT, ZF, RZF, S-MMSE, and M-MMSE in this paper. Motivated by
the above gaps, we derive closed-form SE expressions for multi-UE and multi-cell massive
MIMO systems. Correspondingly, numerical simulations of mutual coupling effect on
various precoding schemes under different antenna array configuration parameters reveal
somewhat meaningful results.

2. System Model
2.1. Channel Model with Transmit Correlation

Here, we consider a multi-cell massive MIMO system with M cells , which can be
illustrated in Figure 1.

Figure 1. Downlink multi-cell massive MIMO systems.

In cell m ∈ {1, 2, . . . , M}, there are Km UEs and one BS equipped with a large number
of antenna elements. In this system, the downlink (DL) signal transmitted by the BS in cell
m can be depicted by

xm =
Km

∑
i=1

wmismi, (1)

where smi represents the DL data signal for UE i ∈ {1, 2, . . . , Km} in cell m, it satisfies
smi ∼ NC(0, ρmi), and ρmi is the signal power. wmi ∈ CNm is the transmit precoding vector,
which assigns the signal power, where Nm is the number of antenna elements equipped
with the BS in cell m. For simplicity, we assume that all BSs have the same number of
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antenna elements as Nm = N. Meanwhile, wmi satisfies E{‖wmi‖2} = 1, so it can be
concluded that E{‖wmismi‖2} = ρmi.

On the receiving end, ymk ∈ C is used to indicate the received signal at UE k of cell m,
and it is given by

ymk =
M

∑
j=1

(hj
mk)

Hxj + nmk

=(hm
mk)

Hwmksmk +
Km

∑
i=1,i 6=k

(hm
mk)

Hwmismi +
M

∑
j=1,j 6=m

Kj

∑
i=1

(hj
mk)

Hwjisji + nmk,

(2)

where nmk denotes the additive white Gaussian noise (AWGN), and it follows the distri-
bution NC

(
0, σ2). The second term represents the intra-cell interference introduced from

the transmitted signals for UE i ∈ {1, 2, . . . , Km} in cell m, while the last term stands for
the inter-cell interference received from the BS j ∈ {1, 2, . . . , M} in other cells. Within the
confines of a coherence block, the channels remain the same, but the signals and noise take
on a newly realized form with every sample.

The channel between the BS in cell m and the k-th single-antenna UE in the cell m in a
time-frequency block is denoted by channel vector hm

mk ∈ CN×1. Here, we assume that the
number of antenna elements equipped in each BS is the same, for N = Nm. The downlink
channel can be expressed as

(hm
mk)

H = gm
mkAm

mk, (3)

where gm
mk ∈ C1×Lk is the channel gain between the BS and UE k in cell m, it satisfies

gm
mk ∼ NC

(
0, ILk

)
, and Lk is the number of angle of departure (AODs) of UE k. A uniform

linear antenna array (ULA) is considered in this paper, so Am
mk ∈ CLk×N , which is the

transmit steering matrix including Lk steering vectors, is given by

Am
mk =

1√
Lk

[
aT
(

ϕm
mk,1

)
, . . . , aT

(
ϕm

mk,Lk

)]T
, (4)

where the steering vector a(ϕm
mk,l) ∈ C1×N , l ∈ 1, 2, . . . , Lk can be expressed as

a
(

ϕm
mk,l

)
=
[
1, ej2πd sin ϕm

mk,l , . . . , ej2π(N−1)d sin ϕm
mk,l
]
, (5)

where d is the inter-element spacing normalized by the wavelength λ, and j is the imaginary
unit. ϕ are the angles of an arbitrary multipath component, and we assume that they are
i.i.d. random variables. Here, we use the local scattering model in [25], then it is assumed
that around the BS, there is a shortage of scattering, and around the UE, all the multipath
components originate from a scattering cluster. As a result, ϕ can be written as ϕ = ϕ̄ + δ,
the sum of a deterministic nominal angle ϕ̄ and a random deviation δ from the nominal
angle, where δ ∼ N

(
0, σ2

ϕ

)
. Based on the multidimensional central limit theorem, the

channel response can then be expressed as

hm
mk → NC(0N , Rm

mk), Lk → ∞, (6)

where the convergence is in complex Gaussian distribution, and the (n, n′), the element of
the correlation matrix Rm

mk for a particular setup, can be expressed as

[Rm
mk]n,n′ =

1
Lk

Lk

∑
l=1

E
{∣∣∣gm

mk,l

∣∣∣2}E{ej2πd(n−1) sin(ϕm
mk,l)e−j2πd(n′−1) sin(ϕm

mk,l)
}

=
∫

ej2πd(n−n′) sin(ϕ) f (ϕ)dϕ,

(7)
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where gm
mk,l accounts for the channel gain for path l, l ∈ 1, 2, . . . , Lk, [R]n,n′ is a Toeplitz

matrix, and f (ϕ) is the angular probability density function (PDF), the angle ϕ of an
arbitrary multipath component.

2.2. Mutual Coupling Model

Since the input impedance, the current distribution, and the field radiated of an
antenna element can be disturbed by other elements when multiple antenna elements are
deployed together, the interaction between elements should be taken into consideration in
massive MIMO systems. When it comes to modeling the mutual coupling effects of antenna
array elements, there are two primary ways, i.e., the theoretical approximation-based
method and the S-Parameter measurement-based method.

2.2.1. Theoretical Approximation Based Mutual Coupling Matrix

The mutual coupling matrix, containing the self-impedance (input impedance in the
absence of any other element) and the mutual impedance between the driven element and
elements [26], can be written as

Z = (ZA + ZL)(Γ + ZLI)−1, (8)

where ZA is the antenna impedance, ZL is the load impedance, I refers to the identity
matrix, and Γ ∈ CN×N denotes the mutual impedance matrix, which can be expressed as

Γ =


ZA Zmc 0 . . . 0
Zmc ZA Zmc . . . 0

0 Zmc ZA . . . 0
...

...
. . . . . .

...
0 0 . . . Zmc ZA

, (9)

where Zmc denotes the mutual impedance between two antenna elements. To simplify
the analysis, the mutual impedance Zmc in (9) is assumed to be non-zero only between its
neighboring elements, which does not mean that the entries of the mutual coupling matrix
in (8) has the same distribution.

In order to obtain the mutual impedance Zmc, the induced electromotive force (EMF)
method in [26] based on inter-element spacing d can be utilized as follows.

Zmc = Rmc + jXmc, (10)

where Rmc and Xmc are the real part and imaginary part of Zmc, respectively. In this paper,
we take a side-by-side antenna array configuration, so (10) can be expanded into

Rmc =
η

4π
[2Ci(u0)− Ci(u1)− Ci(u2)], (11a)

Xmc = −
η

4π
[2Si(u0)− Si(u1)− Si(u2)], (11b)

u0 = kd, (11c)

u1 = k
(√

d2 + lE
2 + lE

)
, (11d)

u2 = k
(√

d2 + lE
2 − lE

)
, (11e)

where lE is the length of the antenna element, and

Si(x) =
∫ x

0

sin(τ)
τ

dτ, (12a)

Ci(x) = −
∫ ∞

x

cos(τ)
τ

dτ =
∫ x

∞

cos(τ)
τ

dτ. (12b)
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In general, the matched load impedance ZL is assumed to be given by ZL = Z∗A in
order to realize the full matching to maximize the power transfer.

2.2.2. S-Parameter-Based Mutual Coupling Matrix

The second method is based on the measured S-parameters [14], and the mutual
coupling matrix Z can be written as

Z = Z0(I + S)(I− S)−1, (13)

where Z0 is the reference antenna impedance, S ∈ CN×N denotes the S-parameter matrix,
which can be observed by modeling a particular type of antenna array in CST Microwave
Studio, e.g., half-wavelength dipole ULA. This method, however, requires increasingly
greater computing memory and becomes GPU-intensive as the number of antennas in-
creases, especially for the simulation of high-frequency antenna arrays.

Although the S-parameter-based method is more realistic than the theoretical approxi-
mation one, the resultant mutual coupling matrix of the S-parameter-based method is too
reliant on the specific configuration and design of an antenna array, so the method in (8) is
more reasonable and appropriate for the theoretical performance analysis of large-scale
antennas at BS side. Therefore, we choose the theoretical approximation-based model in
this study to derive the close-form expressions of the SE to evaluate the impact of antenna
mutual coupling.

2.3. Spatial Correlation with Mutual Coupling Effect

When the mutual coupling is taken into account, the effective DL channel vector based
on (3) can be defined by

h̄m
mk = hm

mkZ

= gm
mkAm

mkZ,
(14)

where Z ∈ CM×M is an M × M matrix denoting the mutual coupling of the transmit
antenna array employed at BS m, as given in (8).

For a given antenna configuration, the elements of the mutual coupling matrix Z are
definite constants rather than random variables. Correspondingly, the mutually coupled
spatial correlation matrix R̄m

mk can be expressed as

R̄m
mk = E

{
(h̄m

mk)
H h̄m

mk

}
= ZHE

{
(hm

mk)
Hhm

mk

}
Z

= ZHRm
mkZ.

(15)

As a result, the received signal in (2) at UE k of cell m can be written as

ymk =
(
h̄m

mk
)Hwmksmk +

Km

∑
i=1,i 6=k

(
h̄m

mk
)Hwmismi +

M

∑
j=1,j 6=m

Kj

∑
i=1

(h̄j
mk)

Hwjisji + nmk. (16)

In the following sections, we derive tight bounds for the achievable sum rates for the
uniform linear antenna array, as defined above, for different precoders.

3. Channel Estimation

Assuming that the effective uplink and downlink channel modeling are reciprocal [13],
the BS can utilize the uplink (UL) training to estimate the downlink channel. In this paper,
the minimum mean-squared error (MMSE) channel estimation is utilized incorporating the
antenna mutual coupling effect at the BS side.
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Mutually orthogonal pilot signals in cell m φm1, . . . φmKm with length τp are transmitted
from different UEs, where ‖φk‖2 = τp. Then, the received uplink signal yp

m ∈ CN×τp at the
BS in cell m can be denoted as

yp
m =

Km

∑
k=1

√
p̂mkh̄m

mkφT
mk +

M

∑
j=1,j 6=m

Kj

∑
i=1

√
p̂jih̄m

ji φT
ji + np

m (17)

where p̂mk is the transmit power of UE k in cell m, and np
m ∈ CN×τp is the additive noise

with i.i.d. elements following NC
(

0, σ2
p

)
distribution. Furthermore, since the mean of the

channel response h̄m
mk of the UE k from cell m is E

{
h̄m

mk
}
= E

{
hm

mk
}

Z = 0N , h̄m
mk satisfies

h̄m
mk ∼ NC(0N , R̄m

mk). Then, based on the observation yp
m, the MMSE estimator ĥm

mk, which

minimizes the mean-squared error (MSE) E
{∥∥∥ĥm

mk − h̄m
mk

∥∥∥2
}

, can be provided by

ĥm
mk =

√
p̂mkR̄m

mk(Ψ
m
mk)
−1yp

mφ∗mk. (18)

Here, Ψm
mk is given by

Ψm
mk = ∑

(m′ ,k′)∈Pmk

pm′k′τpR̄m
m′k′ + σ2

pIN , (19)

wherePmk represents the set of UEs that utilize the same pilot sequences as UE k in cell m. Hence,
the MMSE channel estimator ĥm

mk can be expressed as ĥm
mk∼NC

(
0N, pmkτpR̄m

mkΨm
mkR̄m

mk
)
. Addi-

tionally, the corresponding estimation error h̃m
mk = hm

mk− ĥm
mk is distributed as h̃m

mk∼NC
(
0N , Cm

mk
)
,

which is independent of the channel estimator ĥm
mk. Consequently, the correlation matrix of

the estimation error Cm
mk can be derived as

Cm
mk =E

{
h̃m

mk
(
h̃m

mk
)H
}

=R̄m
mk − pmkτpR̄m

mkΨm
mkR̄m

mk.
(20)

4. Downlink Spectral Efficiency and Transmit Precoding

Generally, payload data is transmitted from the BS to its UEs in the DL by using linear
precoding such as MR, ZF, RZF, and MMSE precoding mentioned previously. For UE k in
cell m, it is associated with the precoding vector wmk, which is defined in Section 2, and we
should normalize the precoding in every coherence block to make it satisfy E{‖wmk‖2} = 1.

Within a coherence block, the UL and DL channels are reciprocal, so when performing
the computation or selection of precoding vectors for the BS, the UL channel estimates can
be employed. When the signal transmits, UE k in cell m is not able to have knowledge
of the precoded channel (h̄m

mk)
Hwmk. According to [27], channel hardening is one of

the properties of massive MIMO systems, by which the channel variations reduce as
more antennas are added. Therefore, the instantaneous channel gain converges to the
deterministic average channel gain as the number of antenna elements N → ∞. Therefore,
as the early works in [28,29], we can approximate that (h̄m

mk)
Hwmk ≈ E{(h̄m

mk)
Hwmk}, as

N → ∞, by exploiting substantial channel hardening of massive MIMO systems. Therefore,
the received DL signal ymk in (16) can also be written as

ymk =E
{(

h̄m
mk
)Hwmk

}
smk +

(
h̄m

mk
)Hwmksmk −E

{(
h̄m

mk
)Hwmk

}
smk +

Km

∑
i=1,i 6=k

(
h̄m

mk
)Hwmismi

+
M

∑
j=1,j 6=m

Kj

∑
i=1

(h̄j
mk)

Hwjisji + nmk.

(21)



Electronics 2023, 12, 1364 8 of 17

In (21), the first item represents the desired signal, which is received over the average
precoded channel E{(h̄m

mk)
Hwmk} based on deterministic factors, and the other items are

random variables, which are unknown to the UE. By considering the other items in (21)
as interferes and noise, an attainable SE can be calculated. Accordingly, we can obtain
the hardening bound of the capacity, which is valid for any precoding vector and channel
estimation approach. For UE k in cell m, the expression of the lower bound of the DL
ergodic channel capacity can be given by

SEmk = (
τd
τc
) log2

(
1 + γmk

)
[bit/s/Hz], (22)

where τc is the length of the channel used in a coherence time-frequency block and τd is
that in the DL for the data transmission, then τd/τc is the proportion of coherence block
samples used for DL data. The specific formula of γmk is shown as

γmk =
ρmk|E{wH

mkh̄m
mk}|

2

∑M
j=1 ∑

Kj
i=1 ρjiE{|wH

ji h̄j
mk|2} − ρmk|E{wH

mkh̄m
mk}|2 + σ2

. (23)

γmk can be regarded as the effective Signal to Interference plus Noise Ratio (SINR) of the
fading DL channel to UE k in cell m, which evolves into a deterministic scalar form. In (23),
the gain of the desired signal received over the average precoded channel is included in the
numerator, while the denominator consists of several parts: the first part is the total power
of all received signals; the second part is exactly the numerator, being the subtrahend; and
the last part is the noise variance. For every channel type and precoding technique, the
SEmk expression may be calculated numerically.

From (22), we can also find that for UE k in cell m, the DL SE is dependent on the
precoding vectors of all UEs in the whole network. Thus, in actuality, optimization of
precoding is tricky. A lot of efforts have been done to deal with the precoding, and MR
precoding is one simple and popular choice of them. In MR precoding, the channel estimate
ĥm

mk for UE k in cell m is a significant factor. A solution of the precoding vector wmk for MR
precoding is

wmk =
ĥm

mk√
E
{
‖ĥm

mk‖2
} , (24)

with the precoding normalization condition: E{‖wmk‖2} = 1. To this end, based on the
MMSE channel estimation ĥm

mk previously derived in (18) and MR precoding, we can
provide the closed-form solution of the SE expression in (22) with

γDL
mk =

ρmk pmkτp tr
(
Rm

mkΨm
mkRm

mk
)

∑M
j=1 ∑

Kj
i=1

ρji tr
(

Rj
mkRj

jiΨ
j
jiR

j
ji

)
tr
(

Rj
jiΨ

j
jiR

j
ji

) + ∑(j,i)∈Pmk\(m,k)
ρji pmkτp

∣∣∣tr(Rj
mkΨ

j
jiR

j
ji

)∣∣∣2
tr
(

Rj
jiΨ

j
jiR

j
ji

) + σ2

(25)

Since the expression of the mutual coupling matrix Z in (8) is in a complicated form, it
is hard to provide intuitive insights on the antenna mutual coupling effect with respect to
different antenna array configuration parameters, nor can optimization tools be provided.
In the next section, we will use numerical results to evaluate the variation trend of the
lower bound of spectral efficiency and demonstrate the comparison of the mutual coupling
effect on different precoding schemes.

5. Performance Evaluation

In this section, we illustrate the simulation results to study the mutual coupling impact
on the spectral efficiency of different precoding schemes, including MR, ZF, RZF, S-MMSE,
and M-MMSE. To obtain a fair comparison, equal DL transmitted power is assumed to
be allocated to different UEs. Additionally, the Gaussian local scattering model is used to
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construct the spatial correlation [25]. The BS is equipped with a large ULA antenna array,
and it is assumed that every cell has the same number of UEs Km = K, m = 1, 2, . . . , M. The
value of the antenna impedance ZA in (8) is set to 73 + j42.5 ohms. More detailed values of
parameters are listed in Table 2.

Table 2. Parameter settings.

Symbols Parameters Values

fc Carrier frequency 2 GHz
B System Bandwidth 200 MHz

ASD angular standard deviation 10◦

M the number of cells 4
K the number of UEs 5
Pt Transmit power per UE 20 dBm
N0 Background noise density −174 dBm/Hz

Figure 2a shows the comparison of the spectral efficiency of different algorithms with
or without mutual coupling, while varying the inter-element spacing d and fixing the
number of antenna elements N at 200. We can find that the effect of mutual coupling
on various schemes is similar, and the mutual coupling decreases the spectral efficiency
under every scheme but does not change their orders of performance, with MR being the
worst one no matter whether mutual coupling is considered or not. It is clear to see that
every single curve of the spectral efficiency turns to rapidly rise with the increase of d
when d is small and tends to be flat when d is larger than 0.5λ. Without mutual coupling,
the remarkable decrease of SE, as d goes to zero, mainly stems from the strong spatial
correlation between antenna array elements. Meanwhile, when d is small, we can see a
relatively obvious distinction under the same scheme between adding and not adding
the mutual coupling effect, i.e., the smaller d is, the disparity is more evident. Taking M-
MMSE scheme for example, when d = 0.1λ, it yields about 17.2 bit/s/Hz/cell in average
spectral efficiency without mutual coupling, and the number when we consider mutual
coupling becomes 14.8 bit/s/Hz/cell, which brings a 14% decline. Furthermore, when
0.5λ < d < 1λ, there is a fluctuation under the impact of mutual coupling, which causes
0.8 bit/s/Hz/cell drop at most for four precoding schemes located above and is relatively
moderate for MR. When d > 1λ, the difference between considering and not considering
mutual coupling under one scheme can be just negligible. All these conclusions are based
on the premise that the number of antenna elements N is large.

Figure 2b compares the influences of mutual coupling under different schemes when
the number of antenna elements N is fixed at 20, a relatively small number. We can see
that the trend of all schemes remains the same as that depicted in Figure 2a, but the effect
of the mutual coupling seems to be not that obvious, such as when N is large. When d is
smaller than 0.5λ, the number of spectral efficiencies under every scheme grows quickly,
and we can easily distinguish whether the curve is with the mutual coupling or not. On
a quantitative basis, when d = 0.1λ, for the M-MMSE scheme, the spectral efficiency is
5.23 bit/s/Hz/cell, and after adding mutual coupling, the number is 4.60, decreasing by
12%, which is slightly less than that in Figure 2a. Note that when d = 0.1λ, the ZF scheme
with mutual coupling even achieves a worse performance than the MR scheme. When d
is larger than 0.5λ, the impact of mutual coupling on each scheme tends to recede and is
significantly weak.
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Figure 2. Spectral efficiency comparison of different algorithms with and without mutual coupling
vs. inter-element spacing d when the number of antenna elements (a) N = 200, (b) N = 20.
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In Figure 3a, the mutual coupling impact on different schemes against various numbers
of antenna elements is shown with inter-element spacing d = 0.1λ. We can find that with
the growth of the N, the average spectral efficiency of every scheme increases with one
accord, and the growth rate turns to be gradually slower. It is clear that the schemes with
mutual coupling are inferior to corresponding schemes ignoring mutual coupling. With
the number of antenna elements N increasing from 20 to 200, the mutual coupling leads
a negative effect on the growth rate of the average spectral efficiency, especially more
obviously for the schemes that perform not so good in themselves For example, in the
M-MMSE scheme, when we change N from 20 to 200, the spectral efficiency result increases
from 5.23 to 17.2 bit/s/Hz/cell, and the growth rate is 228.74%. However, when mutual
coupling is considered, the growth rate becomes 221.90% (from 4.60 to 14.8 bit/s/Hz/cell),
which means the growth rate decreases by 7 percentage points or so due to the mutual
coupling. As a contrast, in the MR scheme, performing worse than the M-MMSE scheme,
the growth rate without mutual coupling is 279.76% (from 3.19 to 12.12 bit/s/Hz/cell), and
the growth rate with mutual coupling is 266.46% (from 2.95 to 10.82 bit/s/Hz/cell), which
leads a decrease of about 14 percentage points.

When we choose a larger inter-element spacing such as d = 2λ, the relation of average
spectral efficiency against the various number of antenna elements N is demonstrated in
Figure 3b. It is evident that the performance of every scheme is so close that we can hardly
tell them apart. Meanwhile, we can see no matter whether N is set at a smaller or larger
number, the influence of mutual coupling on different schemes is just next to nothing,
though it indeed exists under the premise of a large enough inter-element spacing d. In
quantitative terms, when N = 200, the mutual coupling only leads to a decrease of about
0.62%, from 23.68 to 23.53 bit/s/Hz/cell for the M-MMSE scheme, which has little effect
on it. The findings indicate that the influence of mutual coupling is slight when d = 2λ,
regardless of how big N is.

Figure 4a,b exhibits the cumulative distribution function (CDF) of the SE of randomly
located UEs to illustrate the comparison of different schemes with and without mutual
coupling. For the case of that number of antenna elements N = 20 and the inter-element
spacing d = 0.1λ in Figure 4a, the vertical axis CDF = 0.1 line has already been labeled.
This line refers to the 90% likely SE points. It is interesting that the MR scheme provides
the highest SEs. Observing the whole curves of the CDF, it is clear that the MR scheme
itself and MR scheme with mutual coupling curves cross the other curves, reflecting that no
scheme can perform better than others for all UEs. M-MMSE, S-MMSE, and RZF schemes
can exert better performance for UEs with good channel conditions.

While the parameters are set as the number of antenna elements N = 20 and the
inter-element spacing d = 0.1λ, Figure 4b is another try to compare the CDF curves of
various schemes with mutual coupling or not. The general trend of these curves appears to
have some difference when it is compared with Figure 4a. First, the M-MMSE scheme gives
the highest SEs at the 90% likely SE points, and it also performs better than other schemes
for all UEs almost as a whole. Second, from Figure 4a,b, every scheme gains in performance
with varying degrees as the number of antennas increases, especially the ZF scheme. Third,
when focusing on the 90% likely SE points, the negative effect of mutual coupling seems
obvious: after adding the mutual coupling, every scheme except the MR scheme loses in
SE apparently, even performing worse than the MR scheme without mutual coupling.
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Figure 3. Spectral efficiency comparison of different algorithms with and without mutual coupling
vs. the number of antenna elements N when inter-element spacing (a) d = 0.1λ (b) d = 2λ.
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Figure 4. CDF of the spectral efficiency with and without mutual coupling when inter-element
spacing d = 0.1λ and the number of antenna elements (a) N = 20, (b) N = 200.
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In general, antenna arrays cannot be infinitely large for practical reasons. To this end,
we focus on the impact of mutual coupling on various algorithms under the premise that
the antenna array size is fixed as a constant. Here, we consider the array size as Nd, which
is set as 40λ, and the relation between average spectral efficiency against the number of
antenna elements is illustrated in Figure 5. It can be seen that when N is less than 100,
the performance of all schemes tends to increase with the growing of N, and the mutual
coupling has little negative effect on each scheme among those. Particularly for the MR
scheme, there is nearly no difference between taking and not taking mutual coupling
into consideration when N < 80. It is worth noting that when N is larger than 100, the
impact of mutual coupling starts to appear. For the schemes without mutual coupling,
when N continues to increase after N > 100, the spectral efficiency accordingly enlarges
as well, but for schemes with mutual coupling, the spectral efficiency stops rising when
N is larger than 100, and some of them appear to remain unchanged or even descend.
For instance, in the M-MMSE scheme, when N = 100, we achieve its spectral efficiency
with 18.68 bit/s/Hz/cell. As N continues rising, the scheme itself outperforms and up to
N = 200 ofthe spectral efficiency increases to 20.50 bit/s/Hz/cell; that is a 9% promotion
compared with the number when N = 100. However, when mutual coupling is added, we
obtain a poorer result of spectral efficiency, as 18.32 bit/s/Hz/cell when N = 200, which
means a 2% drop from 18.68 bit/s/Hz/cell. Hence, we can obtain a conclusion that when
the antenna array size is determined, there is an optimal solution regarding the allocation
of the number of antenna elements and the inter-element spacings, which can achieve the
best performance of spectral efficiency when we consider the impact of mutual coupling.
In the above scenario, the answer is when N = 100 (this also means d = 0.4λ), every
scheme with mutual coupling can outperform and achieve its peak value in average sum
spectral efficiency.
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Figure 5. Spectral efficiency comparison of different algorithms with and without mutual coupling
vs. inter-element spacing d when the array size is fixed.
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In Figure 6, under the premise that the antenna array size is fixed, the CDF of the SE
of different schemes is compared. Two cases of parameters are considered here and put
together in the figure: one is N = 20, d = 2λ depicted by the thin curves, and the other
one is N = 200, d = 0.2λ depicted by the thick curves. For all schemes listed in the figure,
the M-MMSE with N = 200 gives the best performance for every UE, and the MR gives
the worst performance in contrast. From the figure, when N = 20 (d = 2λ), the effect of
mutual coupling cannot be distinguished, and the MR scheme has a lower upper limit
value of SE, making its performance fall behind others. In the N = 200 (d = 0.2λ) case, the
mutual coupling brings the decrease of probability to achieve high SE values. As a result,
when the antenna array size is fixed, precoding schemes with mutual coupling are more
likely to suffer a great performance loss in a larger number of antenna elements N for every
single UE.
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Figure 6. CDF of the spectral efficiency with and without mutual coupling when the antenna array
size is fixed.

6. Conclusions

In this paper, multi-cell multi-user massive MIMO communication systems with differ-
ent precoding algorithms and mutual coupling effect have been investigated. Considering
different precoding algorithms, the effect of the mutual coupling on the massive MIMO
is first analyzed by the channel hardening method. Furthermore, it is interesting that the
effect of mutual coupling on various schemes is similar, and the mutual coupling decreases
the spectral efficiency under every scheme but does not change their orders of performance,
with MR being the worst one no matter whether mutual coupling is considered or not. Our
results provide meaningful guidelines for the massive MIMO system in practical scenarios.
For future studies, we will try to investigate the energy efficiency of multi-cell multi-user
massive MIMO communication systems. Additionally, we can take other practical factors
into consideration, such as hardware impairments of the antenna array, which might result
in imperfect channel reciprocity, or channel aging when we consider the mobility of UEs to
improve the model for evaluating the mutual coupling effects.
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