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Abstract—Multi-user massive multiple-input-multiple-output
(massive MIMO) will play a key role in future wireless com-
munication networks. Since spatial channel diversity is the
fundamental merit of this technique, high channel correlation
may significantly restrict its abilities. This study investigates the
impact of channel correlation on a prototyped massive MIMO
network with the objective to identify an antenna array geometry
which has reduced mutual coupling and channel correlation. To
this end, a highly-efficient directional wideband single antenna
element was designed for the antenna arrays and the user
equipments (UEs). The designed array geometry is tested in an
experimental indoor wideband massive MIMO setup. Important
system parameters, such as channel correlation, power delay
profile, and average received power from the UEs, are studied by
analyzing the measured channel data. Furthermore, system-level
simulations and network capacity calculations are performed
based on the measured channel data to evaluate the performance
of the prototyped antenna arrays. A regular array was also
fabricated and used for benchmarking comparison. Moreover, a
power control algorithm is introduced for the uplink, which was
shown to improve the network capacity by up to 3 dB. The results
demonstrate that the introduced antenna array outperforms the
uniform antenna array in terms of mutual coupling and channel
capacity.

Index Terms—Massive MIMO, antenna array, mutual cou-
pling, channel correlation, power control algorithm

I. INTRODUCTION

Employing a large number of antennas at the BS substan-
tially increases the capacity of the network by utilizing spatial
diversity to communicate with multiple devices at the same
time and frequency resources. Furthermore, it enhances energy
efficiency by utilizing higher antenna gain and focusing the
electromagnetic energy onto the desired UEs. The spectral and
energy efficiencies of massive MIMO networks may reach
10 times, or more, than conventional networks, even with
relatively simple linear receivers and precoders such as the
zero-forcing (ZF) and minimum mean-square error (MMSE)
receivers [2]. As these systems utilize spatial channel diversity,
it is important to understand the behavior of the multiple
antenna channels with different array geometries and channel
conditions in an experimental network setup.

A number of studies have investigated massive MIMO
channels by performing channel measurements in line-of-
sight (LOS) and non-line-of-sight (NLOS) propagation envi-
ronments and evaluated their performance through measured
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channel data [3]–[6]. The users’ orthogonality and channel
hardening with regard to the antenna array size were experi-
mentally evaluated in [3], where it was concluded that both of
these features improve as the number of antennas increases.
The power delay profile (PDP) and channel correlation char-
acteristics of indoor massive MIMO networks are presented
in [6], however, this study utilized virtual antenna arrays
constructed by shifting a single antenna element on the x-
axis and y-axis, thereby, did not consider the mutual coupling
and the radiation pattern distortion caused by nearby elements.
A similar study in [5] presented channel characteristics of
outdoor massive MIMO networks based on measured data
with virtual arrays. The performance of massive MIMO with
uniform linear antenna (ULA) and uniform cylindrical antenna
(UCA) arrays is evaluated by analyzing measured channels in
[4], which revealed that the ULA array performs significantly
better than the UCA array in LOS propagation as it occupies
much wider space on the horizontal plane, resulting in more
diverse antenna channels. The impact of mutual coupling and
channel correlation on massive MIMO networks are investi-
gated through mathematical models in [7], [8], where it was
shown that both of them substantially degrade the spectral
efficiency. On the other hand, some antenna elements may
contribute to the system performance more than others due to
fading differences among the signals received by the elements
because of their locations in the array as experimentally
verified in [9].

The effects of antenna element types with uniform array
geometries on the correlation and the capacity have been
investigated in [10]–[14]. The uniform horizontal linear, the
uniform vertical linear and the uniform planar antenna arrays
consisting of 64 elements with half-wavelength separation
are compared in [14], and it was shown that the horizontal
linear array performs better than others in terms of channel
separability. However, horizontal arrays are not practical since
they would occupy a narrow and very long space. On the other
hand, the vertical antenna array was shown to have the lowest
channel orthogonality due to the fact that the channels have
much richer diversity on the horizontal plane. The irregular
antenna arrays are analytically examined and compared to
the regular arrays in terms of mutual coupling and channel
correlation in [11] which concluded that the irregular arrays
may outperform regular arrays when the number of antennas
is greater than a certain threshold. However, these results
were not experimentally verified. Considering the antenna
element radiation pattern, directional patch antenna arrays
were experimentally shown to have a lower level of mutual
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coupling compared to dipole antenna arrays with the same
element separation in [10]. It also demonstrated that directional
arrays provide higher capacity than dipole antenna arrays
with the ZF receiver [10]. In terms of array geometry, a
parallelogram antenna array (PPA) was proposed to reduce the
channel correlation in [12]. The performance of the PPA was
evaluated using system-level simulations and experiments in
[13] where it was concluded that the PPA mitigates the overall
channel correlation compared to uniform arrays. However, this
study did not consider the spaces occupied by the antenna
arrays, hence, the PPA geometry causes a wider antenna array
size because of its parallelogram shape.

Motivated by the above, in this study, we introduce an
antenna array geometry for indoor wideband massive MIMO
networks and evaluate its performance in terms of mutual
coupling and channel correlation through experimental channel
measurements. For this purpose, a highly efficient single
antenna element is designed and replicated in the arrays.
To achieve a fair comparison, the total physical size and
the number of antennas of the proposed array are kept the
same as the uniform array benchmark. The designed single
antenna element and antenna arrays were fabricated and their
antenna properties were measured in the anechoic chamber
and analyzed. Using these antenna arrays and single antenna
elements, an indoor massive MIMO network setup, which in-
cludes UEs having various channel conditions, was constructed
and channel measurements in this network were conducted.
The channel data set obtained by measurements was analyzed
to study channel correlation, power delay profiles, and received
power variations with respect to the antenna array geometry
and propagation environment in details. Using the obtained
channel data, system-level simulations were performed to
investigate the channel capacity of the introduced arrays and
to identify any favorable channel conditions. Furthermore, a
practical power control algorithm is proposed to enhance the
capacity and improve the energy efficiency of the network.
To the best of our knowledge, this type of comprehensive
measurement, simulation and analysis based RF-system-level
study which investigates the impact of array geometry on
massive MIMO has not been presented in the literature before.

Although Massive MIMO BS arrays may include more than
64 antenna elements, the prototypes examined in this study
were made up of 18 antenna elements. Since the size of the
antenna arrays can be easily scaled up by replicating the same
array, the change in mutual coupling and channel correlation
in larger antenna arrays with respect to a central antenna
element will be minimal due to the wavelength-separation
relationship. Accordingly, relatively small array prototypes
(i.e. 18 elements ) can be sufficient to investigate mutual
coupling and channel correlation and their effects on the
network performance. Furthermore, as the targeted application
is indoor communication networks (e.g. WiFi or femtocell
networks), the fabricated antenna array prototypes, consisting
of 3×6 antenna elements within 226.8×148.2 mm size, may
easily fit into a typical indoor access point (AP). It is worth
noting that WiFi networks have already commenced playing
a significant role in sharing the cellular network load [15].
By employing a massive MIMO AP in such networks, much

more bandwidth may be used to provide higher data-rates to
all devices.

A. Contributions

• A shifted antenna array (SRA) geometry is introduced
and its performance is evaluated by performing exper-
imental antenna and channel measurements as well as
system-level massive MIMO simulations. It has been
shown that the proposed antenna array geometry out-
performs the uniform antenna array (URA) geometry in
terms of mutual coupling level and channel correlation
while occupying the same size. Furthermore, this study
presents detailed analyses of the channel correlation, PDP
and received power variations with respect to array ge-
ometry and channel propagation conditions in wideband
indoor massive MIMO networks as well as providing
analytical capacity expressions.

• A practical power control algorithm is proposed and
it is shown to substantially increase the capacity of
the network in addition to providing enhanced energy
efficiency by reducing the output power of some UEs
to their optimum levels. The proposed power control
algorithm may be easily operated during the channel state
information (CSI) estimation stage.

B. Notation

Throughout the paper, the following notation is used for
mathematical expressions. Bold upper case letters e.g. H and
bold lower case letters e.g. h denote matrices and vectors,
respectively. The expected value operator is denoted by E [.].
Superscript [.] T , [.]H and [.]

−1 indicate the transpose, Hermi-
tian transpose and inverse of a matrix or vector, respectively.
|.| and ‖.‖ denote the absolute value and L2-norm operators,
repectively.

II. ANTENNA ARRAY DESIGN

This section presents the designed highly-efficient single
antenna and the two considered antenna arrays that consist
of multiples of this element in the same physical array size.

A. Single Antenna Element

A single antenna element has been designed based on the
suspended plate antenna (SPA) technique which has an air
gap between the ground plane and active antenna layers.
The SPA technique leads to a better radiation efficiency and
increases the bandwidth, compared to microstrip antennas
without causing any extra complexity in the structure [16],
[17]. The designed single antenna element, which is also used
to compose the antenna arrays, is illustrated in Fig. 1. The
substrate for the active element layer is Rogers RO4350B
with relative permittivity εr = 3.48 and dissipation factor
(loss tangent) δ = 0.0031, which has low electrical losses
at microwave frequencies. The ground plane is placed on a
standard FR4 substrate. Dimensions of the active patch are
17.4×12.8 mm. The direct SMA feed port is located 3.52 mm
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Fig. 1: The designed single antenna element: (a) front, (b) side
and (c) back views.
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Fig. 2: (a) The measured and simulated S11 response of
the single antenna and (b) measured radiation pattern of the
antenna in the anechoic chamber.

below the top edge of the active element to obtain approxi-
mately 50Ω input impedance and eliminate the need for an
impedance matching circuitry. The optimum air gap between
the ground and active antenna layers is 5 mm. These optimum
dimensions are obtained using CST Microwave Studio, hence,
the radiation efficiency of the single element reaches 92%.

The bandwidth of the antenna is 700 MHz from 4 GHz to
4.7 GHz according to the S11 measurements which also show
a good agreement with the simulation results as shown in Fig.
2a. The measured radiation pattern of the antenna is shown in
Fig. 2b. The half-power beamwidth of the single element is
approximately 80◦ on the E-plane and 100◦ on the H-plane.
The bandwidth and radiation pattern measurement results are
consistent with the antenna simulations performed in the CST
Microwave Studio. The measurements are carried out using
a Keysight N5242A PNA-X Microwave Network Analyzer
(VNA) in the anechoic chamber. The reference antenna which
was used for the calibration, gain, and radiation pattern
measurements was Aaronia HyperLOG 3080, a logarithmic
periodic antenna which has a nearly constant gain of 5 dBi in
the range of 380 MHz to 8 GHz [18].

B. Antenna Array

The antenna arrays have been populated with several copies
of the introduced single element. The designed URA and SRA
arrays have the same physical size as shown in Fig. 3. The

Fig. 3: (a) Uniform and (b) shifted array geometries.

Fig. 4: Front views of the fabricated single antenna and
antenna arrays. The ground plane of the antenna is presented
in the top-right corner.

number of antenna elements is 3×6 and the distance between
two adjacent elements is 25 mm (∼ 0.36λ) on the horizontal
axis and 32 mm (∼ 0.5λ) on the vertical axis in the URA. In
the SRA, the separation is 25 mm (∼ 0.36λ) on the horizontal
and vertical axes as shown in Fig. 3. In the SRA, some antenna
elements are shifted by 16 mm on the vertical plane to increase
the diversity of the received signals by altering the angles of
incident waves to some of the array elements. The fabricated
prototype arrays are presented in Fig. 4.

C. Radiation Pattern and Array Gains

Assuming no strong mutual coupling among the array ele-
ments, which might distort the radiation pattern, all elements
of the array will have approximately the same electric field
distribution and radiation pattern. Fig. 5 shows the combined
radiation patterns of the URA and the SRA at 4.4 GHz when
all elements are excited by a unit power and the relative phases
of the elements are 0. The radiation patterns of both arrays
are similar on the horizontal plane, however, the SRA has a
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Fig. 5: Radiation patterns of the arrays: (a) URA (b) SRA.

4.2 4.4 4.6 4.8 5

Frequency [GHz]

0

2

4

6

8

10

12

14

16

18

20

G
a

in
 [

d
B

i]

Single Element

URA

SRA

Measured Single

Fig. 6: The gains of the single element and the antenna arrays
in simulations. Blue diamonds indicates the measured gain.

wider radiation pattern on the vertical plane because of the
shifted elements. The SRA has a lower array gain than the
URA (18 dB and 16 dB) as illustrated in Fig. 6 which also
shows the measured and simulated gains of the single element.
The main reason why the SRA has a lower gain is its wider
radiation pattern on the vertical plane which is caused by
shifting elements vertically which decreases the amount of
power focused on the antenna boresight.

D. Mutual Coupling Between The Antenna Elements

Mutual coupling is a result of electromagnetic interaction
between the antenna elements in the array [19]. It causes an
electromagnetic energy transfer between them and may also
give rise to correlation between the antenna channels. This ef-
fect increases as the elements are brought closer to each other.
Furthermore, it tends to be stronger in the central elements
since they are completely surrounded. Mutual couplings of
the designed antenna arrays are simulated in CST Microwave
Studio and measured using the aforementioned 4-port VNA
by connecting its 4 ports to the selected 4 adjacent elements
of the array while other elements are being terminated by 50
Ω loads. This was repeated until all possible mutual couplings
among all antenna ports are measured. The simulation and
measurement results reveal that mutual coupling in the SRA
array stays under −20 dB while it reaches −15 dB in the URA
array as shown in Fig. 7. This figure presents the couplings
between only the central elements of the arrays (3rd, , 4th,
9th, 10th elements) with a simulated one of the maximum
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Fig. 7: Measured mutual couplings in (a) URA and (b) SRA.

TABLE I: The details of the UE locations.

UE Height of the UE Facing to Path to the BS
UE1 80 cm BS not blocked
UE2 80 cm BS partially blocked
UE3 40 cm BS not blocked
UE4 80 cm BS partially blocked
UE5 140 cm Wall completely blocked
UE6 80 cm BS not blocked
UE7 100 cm Wall completely blocked
UE8 150 cm BS not blocked

mutually coupled elements (S9, 10). For the sake of simplicity,
mutual coupling between the other elements are not included
here as they have similar or lower couplings than those values
presented here. The impact of mutual coupling on the capacity
of MIMO systems was reviewed in [20] which concluded
that high mutual coupling degrades the capacity in addition
to distorting the radiation pattern of the array. Hence, the
SRA geometry can be expected to outperform the regular array
geometry in terms of channel capacity.

III. EXPERIMENTAL SETUP

The measurement setup includes one BS/AP point and 8
UEs which are located in different places in an office as
illustrated in Fig. 8. Each UE has only one antenna which
has a directional radiation pattern as introduced in subsection
II-A. Employing directional antennas allow us to obtain strong
LOS paths between the BS and the UEs when they are located
facing towards each other. It must be noted here that nearly all
mobile phone or WiFi antennas have a quasi-omnidirectional
radiation pattern which is caused by the other structures
around the antenna. However, as it is important to consider
strong LOS paths for the performance evaluations, directional
antennas have been employed in the channel measurements.
The channel measurements were performed in the frequency
domain using the aforementioned VNA which supports 4-
port measurements up to 26.5 GHz. The bandwidth of the
measurements was 700 MHz from 4 GHz to 4.7 GHz and the
number of samples through this frequency span was N = 7001
points resulting in a subchannel bandwidth of 100 kHz.

The UEs are located at different positions as shown in Fig.
8 and Table I presents the detailed location and channel infor-
mation about them. The BS array stands at 150 cm above the
ground. UE5 and UE7 are facing towards the walls to prevent
any LOS path to the BS. The rest of the UEs are facing towards
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Fig. 8: Measurement setup: The BS arrays and VNA are in
the first office and UEs are in the other office. Orange and the
gray squares represent office desks and metal office cabinet.

the BS, hence, they might have a strong LOS path to the BS if
there is no object between them. However, UE2’s and UE4’s
radiations to the BS are partially blocked by the wall. The
distance between the first UE cluster and the BS is 330 cm,
and the distance between UE5 to the first UE cluster is 300 cm.
This setup includes possible practical propagation scenarios
such as closely located UEs with a strong LOS path (UE1,
UE3, UE6, UE8), well separated UEs and those which do
not have any LOS (UE5, UE7). Moreover, using two different
array geometries allows us to investigate how correlation is
affected by such array geometries, propagation environment
and locations of the UEs. During channel measurements, one
VNA port was connected to the UEs via a microwave switch
and other three ports were connected to the arrays’ ports via
another switch. The switches were controlled to scan all array
ports and the UEs to acquire the full channel data of the
network. For each UE and antenna array configuration, the
measurement data were recorded 10 times with 10 seconds
intervals while the environment was constant, and the average
value of them are used in order to acquire more accurate data
for the correlation analysis and other presented statistics. To
ensure that the channels were stationary, all measurements
were performed in the evenings while no one was in the office.

Fig. 9 displays the power delay profiles (PDPs) of the
selected UEs while employing the URA and SRA arrays at
the BS. In this figure, the PDPs are displayed only for 4 UEs
since these 4 ones have significant differences between them
due to their distinct locations. The PDPs of the received signals
clearly indicate the LOS and NLOS paths of the links. For
instance, UE2 faces towards to the BS, however, its paths to
the BS are partially blocked, therefore, it has a weaker LOS
path and more NLOS paths. UE5 and UE7 do not have any
LOS paths due to their directions, thus, only reflected paths
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Fig. 9: Average power delay profiles of the signals received
by (a) URA and (b) SRA from the UEs. .

from the objects are observed for these UEs with a much
longer delay spreads compared to UE3.

A. Channel Correlation

Channel correlation worsens CSI errors during channel
estimation and makes symbol detection more difficult by
increasing the interference between the UEs [21]. In TDD sys-
tems, since the channels are reciprocal during each coherence
time, the correlation is also anticipated to have reciprocity.
Therefore, we analyze the channel correlation only during the
uplink. Channel correlation can be classified into two cate-
gories; intra-UE correlation and inter-UEs correlation. Intra-
UE correlation occurs between the channels of the same UE,
therefore, it can be constructively utilized in some cases such
as for the detection of the UE locations. Inter-UEs correlation
occurs between the channels of different UEs and degrades
their performance. In this study, both types of correlation are
investigated. The channel correlation coefficient (φ) indicates
the similarity between two channels, which is a complex
number since the channel coefficients have real and imaginary
parts. The magnitude of the correlation |φ| is between 0 (for
entirely uncorrelated channels) and 1 (for fully correlated
channels). The correlation coefficient φ(hi,hj) between the
ith and the jth channels is given by [22]

φ(hi,hj) =
E
[
hHi hj

]√
E
[
‖hi‖2

]
E
[
‖hj‖2

] , (1)

where hi ∈ CN×1 and hj ∈ CN×1 are the channel vectors
of the ith and the jth channels which consist of N = 7001
complex channel gains between 4 GHz and 4.7 GHz. Since
channel measurements are repeated 10 times, the expectation
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Fig. 10: Measured channel correlations (|φ|) among all UE
channels with (a) URA and (b) SRA.

of these values are taken to find the average correlation of each
channel pair. These two channel vectors are extracted from the
measured full channel data by slicing it along the frequency
dimension N , i.e.

{
hTi ∈ C1×N ,hTj ∈ C1×N} ∈ HM×K×N .

It is worth noting that the total number of channels is M×K =
144 which turns out 144 × 144 correlation pairs for 18 BS
antennas and 8 UEs.

Fig. 10 presents the channel correlation among all measured
channels with the URA and the SRA. Taking into account
the locations of the UEs given in Fig. 8 and the PDPs of
the received signals given in Fig. 9, it is clear that the UEs
having strong LOS path have a higher correlation between
their own channels. Furthermore, when the UEs are close
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Fig. 11: Average intra-UE correlations of each UE and inter-
UEs correlations among UE1, UE3 and UE6.
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Fig. 12: Average received powers by the arrays from UEs.

to each other in LOS, the inter-UEs correlation may reach
up to 0.8. For example, UE1, UE3, and UE6 are closer
to each other and have very strong LOS paths, hence, the
inter-UE correlation is significantly higher. UE5 and UE7
do not have any dominant LOS paths, hence, the correlation
is significantly lower even between their own channels. The
channel correlation of UE8 exhibits very interesting behavior,
it has a very high correlation among its channels, however,
it seems to be uncorrelated with the other UEs. The main
reason for this outcome is its height which is significantly
higher than the other UEs and at the same height as the BS.
Therefore, its signals arrive at the BS at different angles than
the rest. The trend of the correlation is very similar in both
arrays, which shows that the measurements were reliable. A
more detailed analysis of the correlation is given in Fig. 11
which illustrates the average intra-UE correlations and average
inter-UEs correlations between the most correlated UEs (UE1,
UE3 and UE6) with the URA and SRA geometries. The
maximum correlation was observed among UE3’s channels as
|φ| = 0.8935 and the lowest correlation was observed among
UE5’s channels as |φ| = 0.0468. It reveals that the SRA
geometry reduces the correlation in LOS, especially for the
UEs those are highly correlated. Therefore, using the SRA
geometry in the same physical size would be beneficial to
reducing channel correlation and alleviating mutual coupling.
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B. Average Received Power

The maximum transmit power of the UEs is generally 20
dBm in 2.4 GHz and 23 dBm in 5 GHz indoor networks for
40 MHz bandwidth [23]. In this study, the maximum transmit
power of the UEs is assumed to be 30 dBm since it is a wide-
band system which experiences a much higher level of thermal
noise. The average received power by each antenna element
of the BS from the kth UE is calculated from the measured
channel data by pr,k = pu,k/M

∑N
n=1

∑M
m=1 E

[
|hm,k,n|2

]
,

where pu,k denotes the transmit power of the kth UE. hm,k,n
denotes the complex channel coefficient of the measured
channel between the kth UE and the mth element of the
antenna array in the nth subchannel. Some variations between
the average powers received by two array geometries are
observed due to the different locations of the elements in the
arrays. Fig. 12 presents the average received powers by the BS
with each array geometry from each UE. Having directional
antennas, the received powers from the UEs which have LOS
link reached −58 dBm. However, the average received power
from UE5 was −72 dBm as it does not have any LOS link.
There is a significant difference (around 14 dBm) between
received powers of UE5 and UE3 which have the lowest and
the highest received powers by the BS, respectively. Therefore,
a power control algorithm is introduced to adjust the power of
the UEs to minimize the interference and balance the received
power differences among the UEs. In wideband systems,
the noise induced by electronic components is substantially
higher than narrowband systems. A state-of-art ultra-wideband
(500 MHz bandwidth) receiver, which consists of low noise
amplifiers, RF chain and ADCs, is reported to have about
7 dB noise figure [24]. It is widely accepted that the noise
power spectral density is −174 dBm/Hz at 290 K (16.85 °C)
temperature for 50Ω communication systems. For 500 MHz
bandwidth, the total thermal noise power is estimated as −87
dBm. Therefore, the total noise power including thermal noise
and receiver noise figure is −80 dBm. Taking into account the
received powers by each BS antenna array as given in Fig. 12,
this system can effectively operate at 500 MHz bandwidth to
communicate all UEs within the scenario given in Fig. 8.

IV. CAPACITY OF MEASURED CHANNELS

This section presents the capacity analyses of the measured
channels for the URA and the SRA. The capacity of the
massive MIMO network with both arrays is also computed
and compared to the performance of the independent and
identically random (i.d.d.) channel. Furthermore, the capacity
enhancement provided by the power control algorithm is
presented here.

A. Channel Model

A number of channel models have been developed for
MIMO and massive MIMO systems, a detailed comparison
of these models is presented in [25]. In this study, we use
a channel model based on the ray tracing and stochastic
channel parameters. Let Gm,k,n,i be the antenna gain along
the ith path between the mth BS antenna and the kth UE
in the nth subchannel, which consists of the transmitter and

receiver antenna gains along the ith path as Gm,k,n,i =
Gr,m,k,n,iGt,m,k,n,i. This channel model considers the loca-
tion of the UEs, reflection of the rays and the gain of the
antennas. The time domain baseband channel between the
mth antenna and kth UE in the nth subchannel is given by
hm,k,n(t) = hLOS,m,k,n(t) + hNLOS,m,k,n(t), where

hLOS,m,k,n(t) =

λ

4π

√
Λ

Λ + 1

√
Gm,k,n

dm,k,n
exp

(
−j2πdm,k,n

λ

)
, (2)

hNLOS,m,k,n(t) =

λ

4π

√
1

(Λ + 1)(L+ 1)

L∑
i=1

δ(t− τm,k,n,i)×√
RGm,k,n,i

dm,k,n,i
exp

(
−j2πdm,k,n,i

λ

)
, (3)

where λ denotes the wavelength of the carrier frequency and
τm,k,n,i = (dm,k,n − dm,k,n,i)/c denotes the delay of the
ith reflected path due to the reflections, and it is indicated
by the delta function i.e. δ(t − τm,k,n,i).

√
Λ

Λ+1 denotes the

amplitude of the LOS path and
√

1
(Λ+1)(L+1) denotes the

amplitude of each NLOS path with regard to the Rician K-
factor Λ and the number of total paths L. The power loss
along the path caused by reflections is denoted by R, which
is the power ratio between the incident and reflected waves
from an object. This value is dependent on the material,
thickness, size of the object and the angle of the incident waves
[26]. The frequency response of the channel is calculated by
the Fourier transform as hm,k,n =

∫∞
−∞ hm,k,n(t)e−j2πftdt.

Accordingly, the frequency domain channel matrix Hn in the
nth subchannel is given by

Hn =

 h1,1,N · · · h1,K,N

...
. . .

...
hM,1,N · · · hM,K,N

 . (4)

B. Channel Capacity Analysis

The capacity of the prototyped network has been inves-
tigated using the measured channel data. For the channel
capacity analysis, we consider a single-cell multi-user massive
MIMO network which consists of one BS and 8 UEs as in the
measurement setup. TDD network operation mode is selected
since it enables the utilization of the channel reciprocity by us-
ing the same channel for the uplink and downlink, alternately.
The uplink is considered for the capacity analyses as uplink
and downlink would have similar channel capacities due to the
channel reciprocity. The frequency-domain baseband received
signal by the BS in each OFDM subcarrier is given by

y = H
√
pux + n, (5)

where, H ∈ CM×K , x = [x1, x2, · · · , xK]
T ∈ CK×1 , and

y = [y1, y2, · · · , yM ] T ∈ CM×1 denote the channel matrix
among the BS and the UEs, the transmitted QAM symbol
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vector by K UEs, and the received symbol vector by M BS
antennas. The channel gain between the kth UE and the mth
antenna, hmk, is assumed to be constant during the coherence
time. pu denotes the average transmit power of each UE and
n = [n1, n2, ..., nM ]T ∈ CM×1 denotes the AWGN noise
vector consisting of nm ∼ CN

(
0, σ2

n

)
with noise variance

σ2
n. Assuming that the symbols have a unit amplitude as

E [|xk|] = 1 , the average SNR for the received signal from
the kth UE can be given by ρk = pu,kE

[
‖hk‖2

‖n‖2

]
, where

hk ∈ CM×1 denotes the channel vector of the kth UE. Let Ĥ
denote the estimated CSI which consists of estimation errors
due to various reasons such as AWGN noise, discrepancies
between the transmitter and receiver RF chains, interference
induced by other devices and channel correlation [21]. Espe-
cially at low SNR values, it is more challenging to estimate the
channel perfectly as the random noise dominates the received
signal. The estimated CSI can be given by Ĥ = H + E, where
the error matrix E consists of the deviations from the real
channel. When CSI is perfectly estimated using pilot symbols
(perfect CSI case), E = 0. In this study, the BS is assumed
to employ the minimum mean square error (MMSE) estimator
since it performs well in massive MIMO systems. The MMSE
estimator is given in [2], [27]. When the channels are uncorre-
lated, this estimator can estimate the channel more precisely.
However, the channel data acquired by measurements includes
correlations and significant power variations among the UEs.
Consequently, the channel estimation accuracy is used as a
benchmark to compare the antenna arrays with the favorable
(uncorrelated) channels. To this end, the mean squared error
(MSE) of the estimated channel matrix is computed by

MSE =
1

K

K∑
k=1

E
[∥∥∥ĥk − hk

∥∥∥2
]

E
[
‖hk‖2

] . (6)

It is assumed that the BS performs data detection to acquire
the message vectors transmitted by the UEs by utilizing the
estimated channel matrix Ĥ and employing the ZF receiver

which is given by W = Ĥ
(
ĤHĤ

)−1

∈ CM×K . Conse-
quently, the received message vector x̂ from all UEs is given
by

x̂ = WHy = WH (H
√
pux + n). (7)

The received signal by the BS from the kth UE can be
explicitly written as

x̂k =
√
puw

H
k ĥkxk +

√
pu

K∑
i=1,i6=k

wH
k ĥixi

+
√
pu

K∑
i=1

wH
k εixi + wH

k n, (8)

where εi ∈ CM×1 is the CSI error vector for ith UE, hence
ĥi = hi + εi and wk ∈ CM×1 denotes the kth column vector
of the W, corresponding to the ZF receiver for the kth UE.
The received signal-to-interference-noise ratio (SINR) γk for
kth UE is then given by

γk =

puE
[∣∣∣wH

k ĥkxk

∣∣∣2]
pnk

, (9)

where pnk denotes power of the noise and interference includ-
ing CSI errors for the kth UE, is given by

pnk = puE


∣∣∣∣∣∣

K∑
i=1,i6=k

wH
k ĥixi

∣∣∣∣∣∣
2


+ puE

∣∣∣∣∣
K∑
i=1

wH
k εixi

∣∣∣∣∣
2
+ E

[∥∥wH
k n
∥∥2
]
. (10)

For the measured channel data with CSI mismatch, the achiev-
able capacity is computed by (11) where average transmit
power per subchannel is pus =pu/N and subscript n indicates
the index of the OFDM subcarriers i.e. n = 1, 2, ...N , B
denotes the bandwidth of each OFDM subcarrier i.e. B =
100 kHz, and the total bandwidth is 500 MHz resulting in
N = 5000 subchannels.

C. Power Control Algorithm

The channel measurements have shown that significant vari-
ations in the received powers from the UEs can be observed
since each channel has a substantially different gain as UEs are
randomly scattered in the environment. For instance, having
a strong LOS path increases the channel gain in addition
to the channel correlation. For capacity bound analysis, it
is usually assumed that the received powers from all UEs
are distributed with the same mean and variance under fa-
vorable channel conditions, unlike the measurement results
demonstrated. Therefore, a power control algorithm which
computes the received powers from each UE then directs the
UEs to reduce or increase their powers with respect to their
channel gains will be beneficial. Conventional water-filling
power control (WFP), which is based on convex optimization,
endeavors to maximize the sum capacity of the network under
a fixed sum-power constraint [28]. The WFP is widely used
for downlink and can be implemented iteratively since it is an
optimization problem which may cause a high computational
complexity. Furthermore, it maximizes the sum-capacity of the
network without considering the capacity of each UE. Hence,
we introduce a practical uplink power control (PC) algorithm
which equilibrates average received powers of UEs to ensure
that all UEs can achieve similar capacities without causing any
significant interference on the other UEs. This PC algorithm is
implemented in the uplink channel estimation stage to adjust
the UE powers in each TDD frame instantaneously. There
are two main advantages of having power control in uplink
massive MIMO networks. Firstly, it reduces the interference
caused by the UEs which are closer to the BS or have strong
LOS paths by controlling their output powers. Secondly, it
decreases the power consumption of the UEs while providing
the same or better SINR for the whole network. This enhances
the energy efficiency of the network as well as the spectral
efficiency.
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Rk =

N∑
n=1

B log2


1 +

pusE
[∣∣∣wH

k,nĥk,nxk,n

∣∣∣2]

pusE


∣∣∣∣∣∣

K∑
i=1,i6=k

wH
k,nĥi,nxi,n

∣∣∣∣∣∣
2
+ pusE

∣∣∣∣∣
K∑
i=1

wH
k,nεi,nxi,n

∣∣∣∣∣
2
+ E

[∥∥∥wH
k,n

∥∥∥2

σ2
n

]


(11)

Algorithm 1 The proposed power control algorithm

1. Input: x, y, Ĥ
2. while channel estimation do
3. foreach k ∈ K

4. compute pr,k = pu,k

N∑
n=1

∥∥∥ĥk,n∥∥∥2

5. if pr,k/pn < TSNR
6. order UEk −→ pu,k = pmax
7. end if
8. if pr,k > pr,kmin

9. order UEk −→ pu,k = pu,kmin

N∑
n=1

‖ĥkmin,n‖2
‖ĥk,n‖2

10. end if
11. end foreach
12. end while
13. Output: {pu,1, pu,2, ..., pu,K}

The PC algorithm presented in Algorithm 1 firstly computes
the received powers from the UEs during CSI estimation.
Then, it computes the channel gain of each UE and aims at
maximizing the received powers from the UEs which have the
lowest channel gains. TSNR is defined as the SNR of the UE
with the lowest channel gain, ĥkmin,n, at its maximum power
output. Afterwards, it commands other UEs to decrease their
transmit powers to the specifically calculated power levels for
each UE to equilibrate all received average powers from the
UEs. The output power of each UE is limited by pmax = 30
dBm i.e. 0 < pu,k ≤ pmax. This kind of power control
algorithm can be easily implemented to operate during the CSI
estimation as all UEs transmit predefined pilot symbols, hence,
the BS can easily estimate the received powers and channel
gains of all UEs at the same time. Then, during downlink,
power control orders can be conveyed to the UEs. After power
control, the average received power pr from each UE will be
similar as pr ≈ pr,k.

V. NUMERICAL RESULTS

This section presents OFDM massive MIMO system-level
simulations using the set of channel data obtained by measure-
ments. Although the channel measurements were performed
with 700 MHz bandwidth which is the −3 dB bandwidth of
the introduced antenna arrays, the system-level simulations
are performed using the measured channel data with 500
MHz bandwidth from 4.1 GHz to 4.6 GHz to ensure that
the antenna gains are nearly constant by avoiding edges of
the bandwidth. This bandwidth is divided into 5000 OFDM
subcarriers resulting in 100 kHz bandwidth for each. Table II

TABLE II: Massive MIMO System Parameters

Parameter Description Value
M Number of BS Antennas 18
K Number of UEs 8
B Total Bandwith 500 MHz

∆f OFDM subcarrier bandwidth 100 kHz
N Number of OFDM subcarriers 5000

pmax Maximum transmit power of UEs 30 dBm
R Reflection attenuation coefficient 0.5
pn Noise power at 500 MHz -80 dBm

Modulation Scheme 128-QAM
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Fig. 13: CSI estimation errors with MMSE estimator. .

presents the parameters that are used in the simulations. In
addition to the measured channels, the favorable channel is
obtained by (4). To obtain favorable channels, the Rician K-
factor is selected as Λ = 0.1 which provides rich scatterings
by reducing the power of the LOS paths. The number of paths
is L = 15 and the UEs are randomly located between 2 m and
8 m distance to the BS as in the measurement scenario. The
combined maximum antenna gain of the transmitter and the
receiver antennas along each path is considered as Gm,k,n = 6
dB with 80◦ on the E-plane and 100◦ on the H-plane, the same
as the radiation pattern of the introduced antenna.

The TDD mode includes pilot signaling, downlink, and
uplink in a sequence. During pilot signaling, the UEs transmit
orthogonal pilot symbols while the BS estimates the channel
by the MMSE estimator. Firstly, channel estimation errors
occurred using both arrays are examined. Fig. 13. illustrates
minimum square error (MSE) of the channel estimation at
different SNR values when the URA or SRA is employed at
the BS. It clearly shows that the channel estimation errors
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are higher in the measured channels compared to the i.d.d.
channel due to the channel correlation and received power
imbalance which are observed between measured channels.
The MMSE channel estimator performed better when the SRA
was employed since it has lower mutual coupling and channel
correlation compared to the URA as previously demonstrated.

After CSI estimation, the uplink throughput of the network
is investigated using 128-QAM modulation. Fig. 14 illustrates
the throughput of the network based on measured channel data
when the URA or the SRA is employed and compares their
performance to the i.d.d. channel as a function of SNR. It
also shows the capacity bounds of the network. Differences
between the channel capacities and the simulation results at
lower SNR values are observed due to employing a high order
modulation scheme. This figure shows that SRA outperforms
URA in terms of throughput and a substantial capacity increase

gained by employing power control in addition to decreasing
power consumption of the UEs. This confirms the importance
of the PC algorithm for massive MIMO uplink to minimize in-
terference and symbol errors. The average Symbol Error Rate
(SER) is another important performance metric to evaluate
the system performance, which is presented in Fig. 15 where
a significant SER difference between these two antenna array
geometries are observed.

These results show that the introduced array geometry
has lower mutual coupling than the URA and alleviates the
channel correlation in LOS, which leads to achieving a better
capacity. Taking into consideration that these arrays occupy
exactly the same physical size and cost the same, it would
be beneficial to utilize the SRA geometry in indoor massive
MIMO BS/APs. It is also shown that even with less than 0.5λ
element separation i.e. 0.36λ, which provides a decrease in
the size of the array, massive MIMO networks can perform
satisfactorily. Considering the physical size of the 3×6 arrays,
they are sufficiently small to fit into a WIFI access point and
can substantially improve the network capacity.

VI. CONCLUSION

This study has introduced an antenna array geometry,
namely SRA, for massive MIMO communication systems and
comprehensively analysed its performance by experimental
channel measurements. The proposed array geometry has been
compared to the URA geometry in terms of mutual coupling,
channel correlation, and network throughput. The results show
that the SRA outperforms the URA in terms network capacity,
by having a lower level of mutual coupling among the antenna
elements, and less channel correlation, especially in LOS prop-
agation. Moreover, a practical uplink power control algorithm
has been proposed to enhance the network capacity further and
its performance is investigated through the measured channel
data. This study has demonstrated that even with a relatively
small size antenna array massive MIMO can provide high
throughput to multiple UEs at the same time under various
channel conditions. Since the mobility of UEs is very low in
indoor environments, implementing massive MIMO APs is a
promising solution for high-density indoor networks such as
in shared modern offices.
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