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Summary

This paper tackles the problem of pilot contamination (PC) in mmWave Mas-
sive MIMO cellular systems. We propose an analog precoder based on antenna
subset transmission technique to mitigate the PC. This technique ensures the
interfering signal to become noise-like signal thus helping a more efficient esti-
mation of channel coefficients. Also, this strategy is low cost and introduces no
complexity load. The result shows the effectiveness of the proposed precoder to
mitigate PC issue.
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1 INTRODUCTION

The fifth generation completes wireless communication with almost no limitation. Its goals include improving spectral
efficiency and services, lowering cost and making uses of new spectrum. To meet these needs, many approaches are active
research areas. Among these techniques, we cite millimeter Wave, small cell densification, and massive MIMO paradigm.1

While the first approach pushes towards getting more spectrum by working in the nonexploited millimeter bands, the sec-
ond one relies on network densification by integrating small to femtocells thus deploying more infrastructure to get more
active users per area. The third approach involves the incorporation of a considerable number of antennas at the trans-
mit and receive sides with the associated signal processing. Designing channel estimation (CE) based on pilot sequence
with exploiting the sparsity of the channel is an important issue for mmWave Massive MIMO. Prior work has focused
on hybrid beamforming design for multiuser channels and does not tackle the inter-cell interference problem.2 However,
Inter-cell interference in mmWave systems may be less severe due to signal blockage by urban objects. Furthermore, as
next-generation networks are expected to have ultra-dense small cells, the dramatic shortening of inter-cell distances will
reduce the blockage density in channels, resulting in sparse or even line-of-sight (LoS) interference channels. Hence,
this problem becomes more critical in the presence of pilot contamination (PC). It is shown that channel estimation in
massive MIMO multi-cell system hampered by the pilot contamination effect, constitutes a major bottleneck for overall
performance.3 This problem is a famous challenging issue that channel estimation suffer from. PC is defined by re-using
the same band of frequencies with different factors among the cells. Moreover, the same orthogonal pilot sequences are
re-used possibly and multiplied by an orthogonal transformation among the cells. Hence, the base station coherently
combines signals from terminals in other cells. Recently, pilot contamination issue has attracted a great attention from
the research community.4,5 Indeed, Marzetta in Jose et al5 pointed out the presence of this phenomenon which was not
encountered in the single-cell scenario. There are several strategies proposed in the literature to overcome the pilot con-
tamination issue. The main historical milestones of PC problem based on some pioneering papers are described in the
literature.4-7 Jose et al5 analyze the PC problem with setting one user per cell and matched-filter (MF) precoding. Fur-
thermore, they develop a new multi-cell MMSE-based precoding method that mitigates this problem. Zhang et al8 have
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proposed a channel estimation strategy which can mitigate PC without the knowledge of any side-information. There
are several studies on suppressing inter-cell interference in multi-cell Massive MIMO mmWave systems. For instance,
authors in Zhu et al9 proved that the inter-cell interference level diminishes inversely with the array size, the square root
of pilot sequence length and the spatial separation between paths, suggesting different ways of tackling pilot contami-
nation. Where the paper10 presents a direction of arrival (DOA) estimation using an estimation of the signal parameter
via rotational invariance technique. Furthermore, Raza et al11 study the impact of pilot contamination in mmWave and
UHF-based Massive MIMO systems, considering a regular hexagonal geometry with a random deployment of users.

Wireless Massive MIMO mmWave communication systems offer many opportunities for 5G such as achieving sig-
nificant higher spectral efficiency than conventional single-antenna systems.12-14 But this performance gain comes at
the cost of signal processing complexity increase at the receiver to counter-act the multi-user interference (MUI)
in the presence of pilot contamination, that is emanated from the simultaneous data streams receptions from
different users.

Many of the proposed techniques, cited above, to deal with PC issue introduce a high complexity load or suppose a
cooperation between BS. In this paper, we address the problem of PC that beamforming can suffer due to the sidelobe
signals.5 The main contribution lies in the innovative systematic design of the analog beamformer precoder based on
antenna subset transmission (AST) in mmWave massive MIMO cellular system. The AST has been proposed in Valliappan
et al15 that is based on randomizing the sidelobe' patterns. Herein, the main idea of incorporating the AST is to cancel
out the interfering signals by randomization in contaminated direction and keeping intact the transmission via the main
lobe. Afterward, the standard channel estimation algorithms can then be applied. Also, the proposed approach exploits
all transmit antennas. As result, the design respect mmWave hardware constraints.

2 DATA MODEL AND PILOT CONTAMINATION PROBLEM

Consider an mmWave MIMO system composed of Mt and Mr transmit and receive antennas, respectively. We consider
that both the transmitter and receiver are equipped with a limited number of radio frequency (RF) chains. To estimate the
channel matrix, the transmitter sends a pilot signal s, with unit energy, (||s||2 = 1) to the receiver. We consider the hybrid
beamforming architecture, which combines Mr × NRF analog beamformer, denoted by F, NRF RF chains, and NRF × Mt
digital beamformer, denoted by W, with ||F||2 = ||W||2 = 1, respectively. The conventional estimator suffers from a lack
of orthogonality between the desired and interfering pilots, an effect known as pilot contamination. In particular, when
the same pilot sequence is reused in all L cells, ie, s1 = · · · = sL = s.

Without loss of generality, we consider a system with 2 cells and each with one user as the other users have orthogonal
pilot sequences within the same considered cell. As shown in Figure 1, each user streams toward his BS via the main lobe,
and signals from side-lobes reach the nearby BS. To transmit a signal, the BS applies 2 consecutive precoding operations
F = FBBFRF, where FBB is the NRF × Ns digital precoding performed in the base band and FRF with a dimension of M × NRF
denotes the analog precoder. The elements of FRF are considered as constant modules which are implemented using
analog phase shifters. At the receiver side, the combiner W = WRFWBB, composed of an RF combiner WRF and a digital
one WBB, is used to extract the transmitted data from the received signal. After different signal processing operations, the
received signal at lth BS is the following:

y = wH(
√

P𝑗hl𝑗(𝜃, 𝛼, 𝜙)f𝑗s𝑗 +
√

Pihli(𝜃, 𝛼, 𝜙)fisi + n), (1)

FIGURE 1 Illustration of the pilot contamination problem
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where (.)H stands for the Hermitian. The indices j and i refer to the desired and interfering user of the lth BS, respectively.
Pj and Pi are the transmitted power of the desired and interfering user, respectively. The complex additive white Gaussian
noise (AWGN) component is denoted by n with n ∼  (0, 𝜎2

n). We adopt a geometric channel model along with a uniform
linear array for simplicity of mathematical derivation but the proposed technique can be extended to any other antenna
array configuration. The geometric channel model h(𝜃, 𝛼, 𝜙) is given by

h =
√

MtMr

L

L∑
𝑗=1

𝛼𝑗aRx(𝜃l𝑗)a∗
Tx(𝜙l𝑗), (2)

where (.)∗ stands for the conjugate operator. aRx and aTx denote the reception and transmission antenna array manifold,
respectively. Since the array is located along the x-y plane, the receiver's location is specified by the azimuth angle of
arrival/departure. Therefore, 𝜃lj and 𝜙lj are the angles of arrival (AOA) and departure (AoD) between the user and the lth

BS respectively. The path loss gain is denoted by 𝛼j. The received signal in (1) can be rewritten as follows:

y = wH(
√

P𝑗𝛼𝑗hl𝑗(𝜃, 𝜙)flsl +
√

Pi𝛼ihli(𝜃, 𝜙)fisi + n). (3)

For simplicity, the receiver and transmitter beams are assumed to be aligned for maximum reception, ie, w = ar(𝜙).
This assumption is related to beam alignment problem, the reader may see Maschietti et al16 and Hashemi et al17 for more
details about this issue. Replacing w in (3), we get the following:

y =
√

P𝑗𝛼𝑗a∗
r (𝜙)hl𝑗(𝜃, 𝜙)flsl +

√
Pi𝛼ia∗

r (𝜙)hli(𝜃, 𝜙)fisi + v

=
(√

P𝑗𝛼𝑗hl𝑗(𝜃)fl +
√

Pi𝛼ihli(𝜃)lifi

)
s + v,

(4)

where the modified noise component is denoted by v = wH(𝜙)n.

2.1 Proposed solution strategy
If we use directly the equation 4 to estimate the channel coefficients, the second term in the equation will make the
estimation doubtful. Especially if we assume a perfect synchronization between the desired user and the interfering one
which is the worst case in PC scenario.

In this section, we give details about the proposed solution. We incorporate AST to tackles the PC problem in mmWave
Massive MIMO cellular system. Indeed, a new precoder design F is proposed based on AST. Instead of using all antennas
for beamforming, a set of random antennas are used for coherent beamforming, whereas the remaining antennas are set to
combine destructively. The indices of these antennas are randomized in every symbol transmission. This randomizes the
beam pattern sidelobes and as a result, produces noise-like signals at nondesired directions. Indeed, the BS would observe
a fixed gain reduction (due to destructive combining) and a noise-like interference coming from the contaminating user.
As mentioned, we adopt a uniform linear array (ULA) with isotopic antennas along the x-axis and the array centered at
the mid of the array. Even so, the proposed technique can be adapted to any arbitrary antenna structures. Let IMsub(k) be
the random subset of Msub out of Mt antennas used to transmit the kth symbol, ILt (k) be a subset that contains the indices of
the remaining antennas. The precoder design is a function of symbol index k, so with every symbol, a new precoder is used
with a different beam pattern. Indeed, we are changing the phase 𝜃 randomly in the interval (0, 2𝜋). Hence, 𝜃 is uniformly
distributed. To obtain the randomization, we use a Walsh sequence generator. Walsh Codes are a set of orthonormal codes.
Therefore, the generated Walsh sequences C contains an equal number of 1's and -1's but they are randomly distributed
from one shot to another. Walsh is closed in a standard interval (0, 1) and every function takes the values +1, − 1 except
the final number, which is zero.18 The resulted antenna phase shifts are the following:

Ψn(k) =
{

Υn(k) n ∈ IMsub(k)
Υn(k) ∗ C, n ∈ ILt (k),

(5)

where (∗) stands for element-wise multiplication and Υn(k) = (Mt−1
2

− n)2𝜋 d
𝜆

cos(𝜃l𝑗) is a phase shift valid for the adopted
antenna array configuration (ULA). Therefore, the transmitter precoder defined by

f(k) = 1√
Mt

e𝑗Ψ(k). (6)
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An example of random selection of uniform linear array ULA is illustrated in Figure 2. For every pilot symbol, a set of
antennas are settled to combine coherently (black color) whereas the other remaining antennas (black and red antennas)
are set to combine destructively. After choosing randomly the Msub antennas for the main beam pattern (black antennas),
one of the random Walch sequences is set to the black and red antennas. For example, for C= [1 −1 −1 −1 1 1 −1 1] will
give us the configuration in figure 2 where 1's are set for antennas in red and −1s for black antennas. This configuration
is altered at every new pilot symbol. For example, the first “black antenna” can become a red or a black one and so is for
other antennas.

Another example concerning the obtained antenna beam pattern is depicted in Figure 3. In this figure, we plot the
beam-pattern versus the transmitted angle using 32 and 16 transmit antennas. In Figure 3, the randomness of antenna
selection only appears in the region of side lobes, and there is no randomness in the region of the main lobe. Also, it is
shown that the beam-pattern of the proposed technique varies at all angular locations except at the transmitted angular

FIGURE 2 Antenna selection pattern for a uniform linear array: black antennas coherently co-phased to combine at BS, black and red
antennas co-phased to destructively combine at BS

FIGURE 3 Successive antenna beam patterns using randomization (A & B) and conventional radiation (C)
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location (𝜃 = 30◦ in this example). While the conventional array transmission techniques result in a constant radiation
pattern at contaminated user, ie, large sidelobes on average and a unique beam pattern along all the emitted symbols.

To show the contribution of the used approach, the data models obtained for the 2 cases, conventional and AST
transmissions, are to be considered.

2.1.1 Conventional array transmission
In conventional array transmission, the transmitter precoder defined in (6) is placed in the equation 4, we get the
following:

y =

√
P𝑗Mr

Mt
𝛼𝑗

Mt−1∑
n=0

e𝑗(n−
Mt−1

2
) 2𝜋d

𝜆
(cos𝜃l𝑗−cos𝜃l𝑗 )s +

√
PiMr

Mt
𝛼i

Mt−1∑
n=0

e𝑗(n−
Mt−1

2
) 2𝜋d

𝜆
(cos𝜃l𝑗−cos𝜃li)s + v

=
√

P𝑗MrMt𝛼𝑗s +
√

PiMr

Mt
𝛼i

(
e−𝑗

Mt−1
2

2𝜋d
𝜆
(cos𝜃l𝑗−cos𝜃li)

Mt−1∑
n=0

e𝑗n 2𝜋d
𝜆
(cos𝜃l𝑗−cos𝜃li)

)
s + v,

(7)

where the angles 𝜃lj and 𝜃li are the AOAs of mainlobe and sidelobes of users signals j and i, respectively. The angle 𝜃li
belongs to the contaminating user. Whereas 𝜃lj behooves to the desired user.

The summation in the second term of (7) is an exponential sum of the form
N−1∑
k=0

rk = 1−rN

1−r
. Hence, we get the following:

y =
√

P𝑗MrMt𝛼𝑗s +
√

PiMr

Mt
𝛼i

[
e−𝑗(

Mt−1
2

)2𝜋 d
𝜆
(cos𝜃l𝑗−cos𝜃li)

(
1 − e𝑗Mt2𝜋

d
𝜆
(cos𝜃l𝑗−cos𝜃li)

1 − e𝑗2𝜋 d
𝜆
(cos𝜃l𝑗−cos𝜃li)

)]

=
√

P𝑗MrMt𝛼𝑗s +
√

PiMr

Mt
𝛼i

(
sinMt

𝜋d
𝜆
(cos𝜃l𝑗 − cos𝜃li)

sin 𝜋d
𝜆
(cos𝜃l𝑗 − cos𝜃li)

)
s + v.

(8)

2.1.2 Antenna subset transmission
In Antenna subset transmission (AST), the entries of the transmitting beamformer vector f(k) are placed in (5). Hence,
the received signal in (4) becomes

y =

√
P𝑗Mr

Mt
𝛼𝑗

⎡⎢⎢⎣
∑

m∈IMsub
(k)

e−𝑗(
Mt−1

2
−m) 2𝜋d

𝜆
cos𝜃

l𝑗 e𝑗(
Mt−1

2
−m) 2𝜋d

𝜆
cos𝜃

l𝑗

+
∑

n∈ILt (k)
e−𝑗(

Mt−1
2

−n) 2𝜋d
𝜆

cos𝜃
l𝑗 e𝑗(

Mt−1
2

−n) 2𝜋d
𝜆

cos𝜃
l𝑗 −

∑
n∈ILt (k)

e−𝑗(
Mt−1

2
−n) 2𝜋d

𝜆
cos𝜃

l𝑗 e𝑗(
Mt−1

2
−n) 2𝜋d

𝜆
cos𝜃

l𝑗

⎤⎥⎥⎦ s

+
√

PiMr

Mt
𝛼i

⎡⎢⎢⎣
∑

m∈IMsub
(k)

e−𝑗(
Mt−1

2
−m) 2𝜋d

𝜆
cos𝜃

l𝑗 e𝑗(
Mt−1

2
−m) 2𝜋d

𝜆
cos𝜃

li +
∑

n∈ILt (k)
e−𝑗(

Mt−1
2

−n) 2𝜋d
𝜆

cos𝜃
l𝑗 e𝑗(

Mt−1
2

−n) 2𝜋d
𝜆

cos𝜃
li

−
∑

n∈ILt (k)
e−𝑗(

Mt−1
2

−n) 2𝜋d
𝜆

cos𝜃
l𝑗 e𝑗(

Mt−1
2

−n) 2𝜋d
𝜆

cos𝜃
li

⎤⎥⎥⎦ s + v

=

√
P𝑗Mr

Mt
𝛼𝑗

⎡⎢⎢⎣
∑

m∈IMsub
(k)

e−𝑗(
Mt−1

2
−m) 2𝜋d

𝜆
(cos𝜃

l𝑗
−cos𝜃l𝑗 ) +

∑
m∈ILt (k)

e−𝑗(
Mt−1

2
−n) 2𝜋d

𝜆
(cos𝜃

l𝑗
−cos𝜃

l𝑗
)

−
∑

n∈ILt (k)
e−𝑗(

Mt−1
2

−n) 2𝜋d
𝜆
(cos𝜃

l𝑗
−cos𝜃

l𝑗
)
⎤⎥⎥⎦ s +

√
PiMr

Mt
𝛼i

⎡⎢⎢⎣
∑

m∈IMsub
(k)

e−𝑗(
Mt−1

2
−m) 2𝜋d

𝜆
(cos𝜃

l𝑗
−cos𝜃

li
)

+
∑

n∈ILt (k)
e−𝑗(

Mt−1
2

−n) 2𝜋d
𝜆
(cos𝜃

l𝑗
−cos𝜃

li
) −

∑
n∈ILt (k)

e−𝑗(
Mt−1

2
−n) 2𝜋d

𝜆
(cos𝜃l𝑗−cos𝜃li)

⎤⎥⎥⎦ s + v =
⎛⎜⎜⎝
√

P𝑗Mr

Mt
𝛼𝑗Msub +

√
PiMr𝛼i𝜷

⎞⎟⎟⎠ s + v.

(9)
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The term 𝜷 in (9) is

𝜷 =
√

1
Mt

⎛⎜⎜⎝
∑

m∈IMsub
(k)

e−𝑗(
Mt−1

2
−m) 2𝜋d

𝜆
(cos𝜃

l𝑗
−cos𝜃

li
) +

∑
n∈ILt (k)

e−𝑗(
Mt−1

2
−n) 2𝜋d

𝜆
(cos𝜃

l𝑗
−cos𝜃

li
)

−
∑

n∈ILt (k)
e−𝑗(

Mt−1
2

−n) 2𝜋d
𝜆
(cos𝜃

l𝑗
−cos𝜃

li
)
⎞⎟⎟⎠ .

(10)

Since the entries of IMsub(k) and ILt (k) are randomly selected for each data symbol, (10) can be simplified to

𝜷 =
√

1
Mt

Mt−1∑
m=0

Bme−𝑗(
Mt−1

2
−m) 2𝜋d

𝜆
(cos𝜃

l𝑗
−cos𝜃

li
)
. (11)

In AST, the selected number of antenna Msub are chosen independently at random from Mt for each symbol; therefore,
by definition, we adopt an independent Bernoulli random variable. Indeed, the well know distribution is characterized
by its parameters p and q. By denoting Bm as the Bernoulli random variable so, when Bm = 1 the probability is p =
(Msub+

Mt−Msub
2

)
Mt

= Mt+Msub
2Mt

whereas, for Bm = −1 the probability is q = Mt−Msub
2Mt

.15 We note that if 𝜃li = 𝜃lj, 𝜷 will be a constant,
the random behavior is obtained when 𝜃li ≠ 𝜃lj, thus the destructive combination is obtained in the last case. As 𝜷 is a
random variable, we need to evaluate its statistical characteristics. For a large number of antennas Mt, 𝜷 is a summation
of distributions. Referring to central limits theorem, 𝜷 is a Gaussian random variable that is completely characterized by
its mean and variance.

(a) Mean of𝜷:

E(𝜷) =
√

1
Mt

Mt−1∑
m=0

E(Bm)e
−𝑗( Mt−1

2
−m) 2𝜋d

𝜆
(cos𝜃

l𝑗
−cos𝜃

li
)
, (12)

where E is the mathematical expectation, with

E(Bm) = p × (1) + q × (−1)

= Mt + Msub

2Mt
− Mt − Msub

2Mt
= Msub

Mt
.

(13)

Equation (12) can be rewritten as follows:

E(𝜷) = Msub

Mt

√
1

Mt

Mt−1∑
m=0

e−𝑗(
Mt−1

2
−m) 2𝜋d

𝜆
(cos𝜃

l𝑗
−cos𝜃

li
)
. (14)

Using the same steps in (7) and (8), we obtain the following:

E(𝜷) = Msub

Mt

√
1

Mt

(
sinMt

𝜋d
𝜆
(cos𝜃l𝑗 − cos𝜃li)

sin 𝜋d
𝜆
(cos𝜃l𝑗 − cos𝜃li)

)
. (15)

(b) Variance of𝜷:

Var(𝜷) = 1
Mt

Mt−1∑
m=0

Var(Bm)e
−𝑗2( Mt−1

2
−m) 2𝜋d

𝜆
(cos𝜃

l𝑗
−cos𝜃

li
)
, (16)

where
Var(Bm) = E(B2

m) − (E(Bm))2. (17)

We calculate the first term of (17) as follows:

E(B2
m) = p(1)2 + q(−1)2 = Mt + Msub

2Mt
(1) + Mt − Msub

2Mt
(1) = 1. (18)

Hence, we obtain the variance:

Var(Bm) = 1 −
M2

sub

M2
t
. (19)
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Finally, the variance in (16) can be expressed as follows:

Var(𝜷) =
M2

t − M2
sub

M3
t

Mt−1∑
m=0

e−𝑗2( Mt−1
2

−m) 2𝜋d
𝜆
(cos𝜃

l𝑗
−cos𝜃

li
)

=
M2

t − M2
sub

M3
t

(
sinMt

2𝜋d
𝜆
(cos𝜃l𝑗 − cos𝜃li)

sin 2𝜋d
𝜆
(cos𝜃l𝑗 − cos𝜃li)

)
.

(20)

3 SIGNAL TO INTERFERENCE RATIO DERIVATION

In this section, we derive the signal-to-interference ratio (SIR) for both 2 cases: antenna subset and conventional array
transmissions.6 The SIR formula is given as follows:

SIR =
||√P𝑗𝛼𝑗a∗

r (𝜙)hl𝑗fl||2||√Pi𝛼ia∗
r (𝜙)hlifi||2 . (21)

1. Conventional array transmission: Using Equations 8 and 21, the obtained SIR is

SIRCAT =

(√
P𝑗MrMt𝛼𝑗

)2

(√
PiMr

Mt
𝛼i

sin(Mt
𝜋d
𝜆
(cos𝜃l𝑗−cos𝜃li))

sin( 𝜋d
𝜆
(cos𝜃l𝑗−cos𝜃li))

)2

=
P𝑗M2

t 𝛼
2
𝑗

Pi𝛼
2
i

(
sin(Mt

𝜋d
𝜆
(cos𝜃l𝑗−cos𝜃li))

sin( 𝜋d
𝜆
(cos𝜃l𝑗−cos𝜃li))

)2 .

(22)

2. AST selection: By using (9), the SIR presented in (21) becomes

SIRAST =

P𝑗Mr𝛼
2
𝑗

M2
sub

Mt

PiMr𝛼
2
i Var(𝜷)

=
P𝑗𝛼

2
𝑗
M2

subM2
t

Pi𝛼
2
i

[
(M2

t − M2
sub)

(
sinMt

2𝜋d
𝜆
(cos𝜃l𝑗−cos𝜃li)

sin 2𝜋d
𝜆
(cos𝜃l𝑗−cos𝜃li)

)] . (23)

Now, using some trigonometric identities, we express the following ratio:

Fa = SIRAST

SIRCAT

=
M2

sub

(M2
t − M2

sub)
×

(
tan(Mt

𝜋d
𝜆
(cos𝜃l𝑗 − cos𝜃li))

tan( 𝜋d
𝜆
(cos𝜃l𝑗 − cos𝜃li))

)
.

(24)

In the above equation, we have assumed that the path losses 𝛼i and 𝛼j are equal and the signal power Pi = Pi = 1.
To determine the suitable number Msub to have a factor greater than unity, we have represented the factor Fa, defined in

24, versus Msub in Figure 4. According to the obtained curves, it follows that it is desirable to use Msub as close as possible
to Mt to have a factor Fa greater than unity. If Msub is correctly settled, this will lead to SIRAST > SIRCAT.

Thereby, the key feature in the AST based PC mitigation is the choice of the number of antennas Mt and Msub. In
Figure 5, we sketch the SIR evolution versus the number of used antennas Mt in user side where Msub is taken as a factor
of Mt. The obtained results reveal that increasing Mt gives better performance while increasing the ratio Mt

Msub
degrades
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FIGURE 4 Ratio Fa versus Msub, Mt = 100 and 𝜃i = 22◦

FIGURE 5 Signal to interference ratio (SIR) versus Mt and Msub. 𝜃i = 70◦ and 𝜃j = 160◦

the performance for all cases. This is due to the fact that increasing the ratio, makes the main lobe much wider as fewer
antennas are used for streaming the symbols thus the BS receive less power from the desired direction. Hence, the best
interval for the ratio is [1.2, 2]. Also, this figure reveals that using less than the half of antennas for the mainlobe is not
suitable as the performance degrades dramatically. Generally, using more antennas is beneficial and the only limit is the
practical realization of such array, in some UE it is not possible to use a large number of antennas.

The designed precoder can be used at UE or BS level. The only requirement is the presence of an antenna array (this
condition may be not satisfied in some microwave systems at UE level). Thus, it is not specific to the mmWave system
but can be used in microwave system at least in the BS. After designing the AST-based precoder, a channel estimation
algorithm can be used in presence of PC. Afterward, hybrid precoders/combiners, (FRF,FBB,WRF,WBB) are settled at both
the BS and UE to maximize the data rate of transmission over the Massive MIMO mmWave systems (1). Hence, to confirm
the effectiveness of the proposed approach, spectral efficiency (SE) is calculated at the user level. The equation of SE is
defined as follows19:

Rate = log2

(|INs +
𝛼

Ns
R−1

n W∗
BBW∗

RFHFRFFBB × F∗
BBF∗

RFHWRFWBB|) , (25)

where R−1
n = 𝜎2

nW∗
BBW∗

RFFRFFBB denotes for the noise covariance matrix and 𝜎2
n is the noise variance at UE level. The

expression of the matrices W∗
BB,W

∗
RF ,FRF ,FBB depend on the used precoding techniques (purely digital, purely analog,

or hybrid precoding).2,9,20,21
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4 PERFORMANCE EVALUATION

In this section, we consider 2 simulation configurations, we begin with 2 cells system each with one user sending the
same pilot signals to BS of cell 1. The second configuration considers three cells configuration. Simulations are conducted
for the proposed AST scheme along with the conventional transmission counterpart in the presence of PC. The simula-
tion parameters are fixed and generated as the ones used in Alkhateeb et al2 and we used the same channel estimation
technique. Herein, the BS has Mr = 64 antennas, the AST technique is applied in the MS side, so Mr has not an impact
on the AST performance. Certainly, increasing Mr will increase performance but this is due to MIMO gain rather than to
AST technique; 10 RF chains are used with a transmitted power of 37 dBm. The mobile station (MS) uses 64, 128, and 256
antennas and 6 RF chains. Both the BS and the MS are equipped with uniform linear array (ULA) with an inter-element
spacing of 𝜆∕2. The number of transmitted data streams is Ns = 3. Hybrid precoder concept divides the precoding oper-
ations into 2 cascaded stages, namely, the low-dimensional baseband precoding and the high dimensional phase-only
processing at the RF domain. We use the geometric channel model with an average power gain of PR = 1 and a sin-
gle path. The AoAs/AoDs are assumed to be uniformly distributed between 0 and 2𝜋. The system is assumed to operate
at 28 GHz carrier frequency and has a band width of 100 MHz with path loss exponent npl = 3. Moreover, to examine
the behavior of the SE, 4 scenarios are simulated. The first scenario is based on the perfect CSI knowledge along with
unconstrained precoding and is used as a benchmark to other scenarios. Here, unconstrained precoding means that only
digital beamforming (no analog precoding is in order) is used.22 The second and the third scenario are constrained cases
where we use an hybrid precoding but with and without pilot contamination. We expect that the proposed technique
lies between these last two scenarios. In all the 3 scenarios, conventional transmission is used, only our proposal uses
AST-based precoder with Msub = 32.

FIGURE 6 Spectral efficiency (SE) comparison with Mt = 64

FIGURE 7 Spectral efficiency (SE) comparison with Mt = 128
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FIGURE 8 Spectral efficiency (SE) comparison with Mt = 256

FIGURE 9 Spectral efficiency (SE) for different values of Msub with a fixed ratio Mt∕Msub = 4

It appears from the results reported in Figure 6 that the application of the proposed AST in the presence of PC allows
achieving better SE, as compared with conventional one. Whereas, the results indicate that comparable gains can be
achieved using the proposed scheme with a perfect CSI. We can remark that at SNR of −5dB, the random selection has
SE gain of 5bps∕Hz compared to conventional selection. Also, we can see that the achieved SE in the presence of PC of
the proposed scheme is very close to the case without PC. This results are confirmed in the Figures 7 and 8 where Mt is
set to 128 and 256, respectively. The SE performance keeps increasing. Noting also that a slight difference occurs when
we increase Mt and keeping Msub fixed (comparing AST-based technique to the PC-free system), in fact, it confirms the
results in (5) where it is suitable to keep a factor around 2 for better performance.

In the second part, we consider the configuration case of 3 cells (2 neighboring cells each with one contaminating UE),
a slight decrease of SE (dashed green line curves in Figures 6, 7, and 8) is observed but our proposal still achieve good
performance. Hence, we can deduce that the random antenna selection has better performance than the fixed antenna
selection even in the presence of PC. This can be explained by the gain factor of (M2

sub) that appear in (23), and reduction of
the amount of contaminating user interference when comparing the 2 equations 22 and 23. Hence, The SIR improvements
achieved by the proposed configuration provides a significant gain in SE.

To assess the performance of the proposed technique in term of used antennas for randomization, the spectral efficiency
of the proposed antenna selection is compared for a different number Mt and Msub, while keeping the same ratio, ie, R =

Mt
Msub

= 4 for each curve. We assume the same simulation parameters with Figure 6 except for the number of antennas Mt.
From Figure 9, it is observed that the spectral efficiency brought from Msub = 32 is significant over Msub = 16, Msub = 8
and Msub = 4. Thereby, increasing the number of random and total antenna, while fixing the ratio between them results
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FIGURE 10 Spectral efficiency (SE) for different values of Msub with a fixed value Mt

in improvement of the performance. This can be explained by the fact that increasing Msub makes the sidelobes signals
more noise-like and also keeping the ratio constant makes the main lobe more directive, hence more effective in directing
the desired signal power to the desired BS. As a result, the number of selected random antenna arising from the proposed
scheme in mmWave Massive MIMO has a drastic effect on the performance. Figure 10 depicts the SE performance while
keeping Mt fixed and varying Msub, the same remark can be made, increasing Msub increase the performance, it is better
to have Msub close to Mt to maximize the performance.

5 CONCLUSION

In this paper, we have proposed an approach to deal with PC issue in mmWave massive MIMO cellular system. The
proposed precoder uses AST for mitigating the PC problem. Hence, the novelty of this work is based on distorting the
sidelobes signal by generating a random sequence using Walsh codes and as result, it combines in a destructive manner in
reception. To confirm our approach, simulation results indicate that the proposed precoder realizes SE gain that is close to
the one of PC free system. Moreover, the adopted technique is of low cost as no hardware complexity is added compared
with conventional systems.
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