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Abstract—To satisfy the massive wireless traffic transmission
generated by multimedia applications, the massive multi-input-
multi-output (MIMO) wireless system has emerged as a possible
solution for future 5G wireless communication systems. However,
the mutual coupling effect of massive MIMO systems has a
negative effect potential on the wireless capacity. In this paper,
the receive diversity gain is first defined and analyzed for massive
MIMO wireless systems. Furthermore, we propose an effective
capacity with the mutual coupling effect and the quality of service
(QoS) statistical exponent constraint for multimedia massive
MIMO wireless systems. Based on numerical results, the effective
capacity approaches the effective capacity with the antenna
spacing of d = 0.5\ when the antenna spacing is increased in
the massive MIMO antenna array.

Index Terms—Mutual coupling, massive MIMO system, effec-
tive capacity, QoS statistical exponent.

I. INTRODUCTION

To meet the rapid growth in wireless traffic driven by multi-
media applications, the massive multi-input-multi-output (MI-
MO) technology is presented as one of the key technologies
for the fifth generation (5G) wireless communication systems
[1], [2]. Recent studies validate that massive MIMO wireless
communication systems have great potential capability to
improve the wireless transmission rate in cellular networks
[3]. However, considering the limited available physical space
for deploying a large number of antenna elements in both base
stations (BSs) and mobile terminals, the mutual coupling effect
among antenna elements is inevitable for massive MIMO
wireless communication systems [4]. On the other hand, the
realistic transmission capacity with the quality of service
(QoS) constraint is different with the conventional shannon
capacity for multimedia wireless systems [5]. Therefore, it is
important to evaluate the impact of the mutual coupling effect
and the QoS constraint on the multimedia massive MIMO
wireless systems.

Effects of the mutual interaction between two or more
antennas have been widely studied in the traditional area
of antenna propagation and antenna arrays, signal processing
[6]-[10]. Based on the theoretical analysis and experimental
measurements, the performance of the antenna array was
compared with or without the mutual coupling effect [6].
It is shown that mutual coupling significantly affects the
performance of adaptive antenna arrays for either large or
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small inter-element spacing because the steering vector of
the antenna array has to be modified both in phase and
amplitude to include changes in desired signal vectors [7].
In a reverberation chamber, the impact of mutual coupling
on the radiation efficiency, diversity gain, correlation, and
channel achievable rate of MIMO systems was measured in
[8]. Simulation results reveal that the mutual coupling leads to
a substantial decrease in the achievable rate and reduces the
degrees of freedom in the wireless channel spatial diversity.
The impact of mutual coupling induced by two closed spaced
minimum scattering antennas at the subscriber unit on a 2 x 2
MIMO channel was investigated in [9]. To restore signals as
received by isolated elements in the absence of coupling, a new
technique was developed to compensate for mutual coupling in
a small antenna array [10]. However, the signal-to-noise ratio
(SNR) enhancement is achieved at the cost of a decreased
frequency bandwidth and a increased sensitivity to dissipative
losses in antennas and matching network structures.

In conventional wireless multimedia communication sys-
tems, some studies have been carried out [11]-[13]. To guaran-
tee the QoS in wireless networks, a statistical QoS constraint
model was built to analyze the queue characteristics of data
transmissions [11]. Based on the effective capacity of the block
fading channel model, a QoS driven power and rate adaptation
scheme over wireless links was proposed for mobile wireless
networks [12]. Furthermore, by integrating information theory
with the effective capacity, some QoS-driven power and rate
adaptation schemes was proposed for diversity and multiplex-
ing systems [13]. Simulation results showed that multi-channel
communication systems can achieve both high throughput and
stringent QoS at the same time. However, the investigation of
the effective capacity for multimedia massive MIMO wireless
systems considering mutual coupling effect and the QoS
constraint is surprisingly rare in the open literature.

Motivated by the above gaps, in this paper we consider a
multimedia massive MIMO wireless communication system
with the mutual coupling effect, and derive the effective
capacity considering the QoS statistical exponent constraint.
The contributions and novelty of this paper are summarized
as follows.

1) The receive diversity gain is defined to evaluate the
impact of mutual coupling on the BS rectangular antenna
array in the massive MIMO wireless communication
systems.



8 User
2 equipment(UE) 1

——
-

W1 Basestation (BS)
enna

AFES T

and the BS antenna array

Fig. 1.

System model.

2) Based on the mutual coupling effect and the QoS
statistical exponent constraint, the effective capacity
of multimedia massive MIMO wireless communication
systems is proposed and the upper bound of the effective
capacity is derived.

3) Based on numerical results, the impact of the mutual
coupling and the QoS statistical exponent on the effec-
tive capacity is evaluated for multimedia massive MIMO
wireless communication systems and some interesting
observations are presented.

The remainder of this paper is outlined as follows. Section II
describes a system model for massive MIMO wireless commu-
nications where the BS has a 2D antenna array. In Section III,
the achievable rate of massive MIMO wireless communication
systems with mutual coupling is derived. Furthermore, the
effective capacity with the QoS statistical exponent is proposed
for multimedia massive MIMO wireless systems with the
mutual coupling effect. Simulation results and analysis are
presented in Section IV. Finally, the conclusion is drawn in
Section V.

II. SYSTEM MODEL

A massive MIMO wireless communication scenario is il-
lustrated in Fig. 1. In this paper, we focus on the uplink
transmission between a BS with a 2D rectangular antenna
array and a single-antenna user equipment (UE).

The wavelength of the wireless transmission wave is de-
noted as . Moreover, the length and width of the rectangular
antenna array are a\ (a > 1) and bA (b > 1), respectively. The
antenna spacing of the rectangular antenna array is denoted
by d. Each row and column of the rectangular antenna array
includes m antennas and n antennas, respectively. The total
antenna number of the rectangular antenna array is denoted as
M. As a consequence, the following relationships are listed:

M = mn, (D

aX b
m—1 n-1

2

The M x 1 uplink signal vector received at a BS integrated
with M antennas is expressed as

y = V/SNRypKAHBY %z + w, 3)

where SN Ry g is the signal-to-noise ratio (SNR) at the trans-
mitter, 2 is the symbol transmitted from the UE, w € CM*1
is the additive white Gaussian noise (AWGN) over wireless
channels, K is the mutual coupling matrix which will be
modeled in the next section and H ~ CA (0,1p) is the small
scale fading matrix, which is expressed as

H = [h1,..., hg, ..., hp]" € CI*L, )

where P is the number of the independent incident directions
in angular domain, CP*1 denotes a P x 1 vector, hg ~
CN(0,1) is the complex small scale fading coefficient received
from the gth incident direction, which is given by

hg = hi + jhi, (5)

where h] = Re(hy) and h) = Im(hy) are the real and
imaginary parts of h,, respectively. Moreover, h; and hy
are independently and identically distributed (i.i.d.) Gaussian
random variables, i.e., hy, hfl ~CN (0, %) [ is the large scale
fading factor, which is assumed constant with respect to the
BS antennas since the geometric and shadow fading change
slowly over space.

P can be very large if the propagation environment offers
rich scatterers. The performance of massive MIMO systems
depends critically on the propagation environment and prop-
erties of antenna arrays, but ultimately on the number of
degrees of freedom offered by the physical channel [14]. More
precisely, a finite-dimensional channel model is used in this
paper, where the angular domain is divided into P independent
incident directions with P being a large but finite number [14],
[15]. Each independent incident direction, corresponding to
the azimuth ¢, € [-7/2,7/2], ¢ =1, ..., P, and the elevation
angle 0 € [—7/2,7/2], is associated with an M x 1 steering
vector a (¢4, 0) € CM*1. For a rectangular antenna array, the
steering vectors of all the P independent incident directions
together constitute an M x P steering matrix A which is given
by

A =[a(¢,0),....,a(pg,0),....,a(dp,0)] € CM*F  (6)

where CM*P denotes an M x P matrix. The gth column
of A corresponds to the steering vector of the gth incident
direction. In other words, when the rectangular antenna array
receives the signal from the gth incident direction, the steering
matrix A is denoted as A? € C"*™ for every antenna in the
rectangular array. Therefore, the following property holds:

vec (A7) = a(dy,0), (7

where vec (+) is the operation of matrix vectorization. Without
loss of generality, the antenna located at the first row and the
first column of the rectangular antenna array is normalized as



the reference point with the zero phase response. Moreover,

amplitude responses of all the antennas are normalized as 1.

Al (1 <c<n,l<e<m)isanentry of the steering matrix

A4, which is expressed as

2

Al =exp {];\r [(c — 1)dcos ¢gsin + (e — 1)d sin ¢, sin 0]

®)
III. MUTUAL COUPLING EFFECT MODELING
A. Mutual Coupling Matrix

K € CM*M jg the mutual coupling matrix of the rectan-
gular antenna array with M antennas, which is expressed as
(9]

9

where Zp, is the antenna load impedance and is constant for
every antenna, Zjs is the M x M mutual impedance matrix,
Is is an M x M unit matrix. Corresponding to the rectangular
antenna array in Fig. 1, the mutual impedance matrix Zj; can
be constituted by n x n sub-matrices,, i.e., Zys = [Zst),,,,,-
Zg; is an m x m mutual impedance sub-matrix, which denotes
mutual impedances between the m antennas located at the
sth (s = 1,...,n) row and the m antennas located at the tth
(t =1,...,n) row in the rectangular antenna array. Therefore,
Z; is expressed as

K =Z,(Z Iy +Zy) ",

st st st
s s s
221 R22 - Rom
Zy = : . ) ) (10)
st st st
Zml  *m2 Zmm

where 25! is the mutual impedance between Antg, and Anty,
antennas. Antg, is the antenna located at the sth row and the
uth (s = 1,...,m;u = 1,...,m) column of the rectangular
antenna array, and Anty, is the antenna located at the tth
row and the vth (¢ = 1,...,m;v = 1,...,m) column of the

rectangular antenna array. The distance between Ant,, and

Anty, antennas is d5¢ = d\/(t —5)° + (v —u)’.

A simplified case is studied here, assuming all M antennas
in the rectangular antenna array are dipole antennas with the
same parameters. Therefore, the mutual impedance 25! only
depends on the distance among antennas and can be calculated
with the electromotive-force (EMF) method according to [21].
When the distance between adjacent antennas in the rectangu-
lar antenna array, i.e., the antenna spacing d is assumed to be

fixed, the following matrix properties can be obtained:

(1)
12)

st __ _st

Ruv = Z(u+1),('u+1)7
st
uv

st

Z vt

=z

Furthermore, we can also derive similar properties for the
matrix Zig:

Zs = Z(s+1),(t+1)v (13)
Ly = Zys. (14)

With (10) to (14), which is concluded from the properties of
the uniform rectangular antenna array, the mutual impedance

matrix Zj; can be easily obtained. What needs to be noted here
is that equations (10) to (14) greatly reduce the computation
complexity comparing with directly calculating the M x M
entries of the mutual impedance matrix, especially when the
antenna number M is large.

B. Receive Diversity Gain Models

For a fixed space of antenna array in the BS, the number
of antennas is inversely proportional to the antenna spacing,
i.e., the larger the antenna number corresponds the smaller
the antenna spacing. The receive diversity gain of the massive
MIMO wireless communication system increases with the
increase of the antenna number, while it reduces with the
decrease of the antenna spacing [16]. Therefore, when the
antenna array of the massive MIMO system is integrated into a
fixed area, there exists a tradeoff between the antenna number
and antenna spacing. Hence, it is significant to evaluate the
effect of mutual coupling on the receive diversity gain of
the massive MIMO wireless communication system with this
tradeoff.

First, we fix the antenna spacing of the rectangular antenna
array and the antenna number receive diversity gain G, is
defined as

dmin

dmin
GM: M _g

]ijin ’ (15)

where &8 is the expectation of the receive SNR at the
BS with the minimum antenna spacing d,,;, and the antenna
number M , fi}“r:i: is the expectation of the receive SNR at the
BS with the minimum antenna spacing d,y;, and the minimum
antenna number M ;..

Second, we fix the antenna number in the massive MIMO
system and the antenna spacing receive diversity gain Gy is
defined as

_ gdnlin

d
Ga =&y, Mumin’

min

(16)

where £F, is the expectation of the receive SNR at the BS
with the minimum antenna number M,,;, and the antenna
spacing d. fﬁ;r’n‘i: is the same as that of Gj; in (15), which
is configured as the baseline for both Gj; and Gg.

Based on (15) and (16), the total receive diversity gain with
the antenna number and spacing is defined as

G =Gy + Gg. (17)

In order to get the receive diversity gain in (17), we try to
derive the expectation of the receive SNR in (15) and (16).
The BS is assumed to have perfect channel state information
and the maximum-ratio combining (MRC) scheme is assumed
to be used for user signal detection. With the antenna number
being M and the antenna spacing being d, the received signal
at the BS passing through the MRC detector is expressed as
(17]

j=G'y =/SNRypG'Gz + G'w,  (18a)
where GT is the conjugate transpose of G with
G = KAHBY?. (18b)



Furthermore, the SNR at BS is expressed as

SNRyp|GiG|*
IGTG|

Then the expectation of the SNR with antenna number M
and antenna spacing d at the BS is derived by

&3 =E(SNRgs)
= SNRygE (G'G)
= SNRygE {trace (GGT)}
= SNRygfE {trace (KAHH'ATKT)}’
= SNRypptrace {KAE (HH') ATK'}
= SN Ry pptrace (KAATKT)

SNRps =

= SNRyg |G'G|. (19

(20)

where E (-) is the expectation operation. Substituting (20) into
(15), (16) and (17), and further replacing M and d with M,
and dpi,, the receive diversity gains as Gy, G4, and G are
solved.

C. Effective Capacity with Mutual Coupling Effect

Based on (20), the available rate, i.e., the shannon capacity
within a frame duration for the massive MIMO wireless
communication system considering mutual coupling is derived
as

=log, (1+ SNRps)
=log, (1+ SNRypG'G)

j P ’
= log, (1 +BSNRyE (Z |hl|2 Z le))

=1 m=1

21

where Q. (1 <1< P,1<m< P),isthe entry of Q, Q =
ATK'KA. Based on results in [22], the effective capacity
considering multimedia constraints is defined as

Cg(0) = —% log (E{e"?TPRY}), (22)

where 6 is the QoS statistical exponent and B denotes the
bandwidth for multimedia communication systems. Without
loss of generality, the fading process over wireless channels is
assumed to be independent of each other and keeps invariant
within a frame duration 7T'.

Based on the result in (21), (22) can be simplified as

CE(G)
— _ﬁ log (]E {e—QTBR})
(1+SNRBS)
_ _71 [ J o—0TBlog })
oT ( { . (23)

1 log (1+SNRBS) —8TB
9T 8 ( )

_ﬁ log (E {(1 + SNRBS)_%})

P P
where SNRps = SSNRyE (Z 1> le)-
=1 m=1

25
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Fig. 2. Receive diversity gain with respect to the antenna number
and the antenna distance.

It is obvious that f () = 7%, (a > 0) is a convex function,
so the upper bound of the effective capacity can be reached
according to Jensen’s inequality as follows,

C’E(9)
= eT log( {(1+SNRBS)_

0T B
T Tog(2)
GT log ({E (1+ SNRpg)} 1 )

B P P
= mlog (1 +BSNRyE <Z Z le>>

(24)

//\

=1 m=1
IV. NUMERICAL RESULTS AND DISCUSSION

Based on the derived receive diversity gain and the effective
capacity, the impact of mutual coupling and the QoS statistical
exponent on the performance of multimedia massive MIMO
wireless communication systems are investigated in detail. In
the following, some default parameters are specified. The ratio
of the length and width of the rectangular antenna array is
a/b = 2. The number of the antennas in the rectangular
antenna array is 128 [18]. The type of the antenna is the
dipole antenna, and the length and diameter of each antenna
is 0.5X and 0.001), respectively. Therefore, it is reasonable
to set the minimum antenna spacing d,;, as 0.2\. The load
impedance at each antenna is Z; = 50 Ohms [19]. The large
scale fading factor is normalized as 5 = 1 [15], [16], [20].
Here we assume that the BS is surrounded by rich scatters
and the incident directions can arrive at arbitrary angles. So
the elevation angle 6 and azimuth ¢, follow i.i.d. uniform
distributions within [—m/2,7/2]. Without loss of generality,
the number of independent incident directions is configured
as P = 70. The frame duration 7' is configured as 1ms and
the bandwidth B is configured as 1MHz [22].

In Fig. 2, the antenna number receive diversity gain and the
antenna spacing receive diversity gain are investigated. The
size of the rectangular antenna array is fixed as 6\ x 3A.
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Fig. 3. Total receive diversity gain with respect to the antenna number
and the antenna spacing considering different numbers of independent
incident directions.

The antenna number receive diversity gain increases with
the increase of the antenna number, and the antenna spacing
receive diversity gain decreases with the decrease of the
antenna distance when the antenna number is larger than 180.
But when the antenna number is less than 180, the antenna
spacing receive diversity gain fluctuates around 14dB. The
reason is that in a fixed-size antenna array, the antenna number
being within 0 and 180 corresponds to the antenna spacing
being over 0.5). In this range, the mutual impedance fluctuates
around a certain value with the increase of the antenna spacing
[20]. Therefore, the diversity gain of the antenna spacing
fluctuates when the number of antennas is between 0 and 180.

The total receive diversity gain G with respect to the antenna
number is investigated in the Fig. 3. Here we also fix the
size of the antenna array as 6\ x 3\. For a certain number
of independent incident directions, the total receive diversity
gain firstly increases with the increase of the antenna number
when the antenna number is less than 180, but then starts to
decrease although the antenna number keeps growing after the
antenna number is larger than or equal to 180. The range in
which the antenna number is less than 180 corresponds to
the same range in Fig. 2, where the antenna spacing is larger
than 0.5\. Then when the antenna is larger than 180, i.e., the
antenna spacing is less than 0.5, the total receive diversity
gain declines with the increase of the antenna number. And
we can see the maximum of the total receive diversity gain
when the antenna number is 180 and the antenna spacing is
0.5\. This result can be intuitively explained by the results
in Fig. 2, since each curve in Fig. 3 can be viewed as the
sum of the two curves with the same number of independent
incident directions in Fig. 2. It is also observed from the three
curves in Fig. 3 that the larger number of incident direction
corresponds to the higher receive diversity gain.

Without loss of generality, the effective capacity is denoted
as "EC” and the shannon capacity is denoted as ”SC” in Fig.
4. The comparison of the effective capacity with the shannon
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Fig. 5. Effective capacity with respect to the antenna number and

the received SNR.

capacity is illustrated in Fig. 4. The size of the antenna spacing
is fixed to 0.5\ and the antenna number is fixed to 128. When
the QoS statistical exponent is fixed, the effective capacity and
the shannon capacity increases with the increase of the SNR
over wireless channels. When the SNR is fixed for wireless
channels, the effective capacity decreases with the increase of
the QoS statistical exponent. Moreover, the effective capacity
approximates to the shannon capacity when the QoS statistical
exponent 6 approaches 0.

In Fig. 5, the effective capacity with respect to the antenna
number and the received SNR SN Ry g is investigated. The
antenna spacing is fixed as 0.5\. When the SNR is fixed for
wireless channels, the effective capacity increases with the
increase of the antenna number. When the antenna number
is fixed, the effective capacity increases with the SNR value.

Fig. 6 illustrates the effective capacity with respect to
the antenna spacing and the QoS statistical exponent. When
the antenna spacing is fixed, the effective capacity decreases
with the increase of the QoS effective exponent. When the
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Fig. 6. Effective capacity with respect to the antenna spacing and
the QoS statistical exponent 6.

QoS statistical exponent is fixed, the effective capacity first
increases with the increase of the antenna spacing. After the
antenna spacing is larger than the threshold, i.e., d = 0.5,
the effective capacity presents fluctuation and approaches to
the effective capacity with the antenna spacing d = 0.5\.

V. CONCLUSION

In this paper, the impact of mutual coupling on the massive
MIMO wireless communication system has been modeled and
analyzed. To evaluate the mutual coupling effect, the receive
diversity gain is defined and analyzed through numerical
results. It is shown that the antenna spacing and antenna
number in the rectangular antenna array have an obvious
impact on the performance of massive MIMO wireless com-
munication systems considering the mutual coupling effect.
Furthermore, the effective capacity with the QoS statistical
exponent is derived for multimedia massive MIMO wireless
systems considering the mutual coupling effect. Numerical
results show that the effective capacity approaches the effective
capacity with antenna spacing d = 0.5\ when the antenna
spacing is increased in the massive MIMO antenna array. For
our future work, we will explore a more efficient precoding
scheme to improve the multimedia performance of massive
MIMO wireless communication systems considering the mu-
tual coupling and QoS statistical exponent constraints.
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