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Abstract—The tremendous advances in communication tech-
nologies require next-generation communication systems to be opti-
mally designed in terms of speed, reliability, cost, energy consump-
tion, spectral efficiency, ecosystem compatibility, and sustainability.
With these requirements in mind, this paper discusses downlink
millimeter wave communication for a large-scale multiple-input
multiple-output system equipped with a group of intelligent recon-
figurable surfaces, one of the potential candidates for 6G wireless
networks, considering 5G physical mmWave channel models. In
addition to the precoder, beamformer, and combiner design of
the proposed system model, the theoretical average pairwise error
probability and achievable rate expressions are derived. Further-
more, an upper bound for the achievable rate is derived. Simulation
results clearly show that the performance of the proposed model
is close to the theoretical bounds of the performance metrics and
clearly demonstrates its superiority compared to a similar model
based on index modulation.

Index Terms—6G, mmWave, massive MIMO, reconfigurable
intelligent surface, hybrid beamforming, index modulation.

I. INTRODUCTION

W ITH the rapid development of electronic devices and
computer technologies, many applications in our lives

have provided a great increase in wireless data traffic in recent
years. Next-generation mobile networks are therefore expected
to meet demands such as high data rate, high spectral effi-
ciency (SE), low latency, etc. [1], [2]. Since existing spectrum
resources cannot meet increasing user demands, communication
systems using higher frequency bands, called millimeter wave
(mmWave) communication have been proposed [3], [4].

mmWave communication is a promising alternative tech-
nology using its advantages such as wide spectrum area of
30–300 GHz, high SE, and high data rate, but it has a serious
propagation path loss problem [4], [5], [6], [7]. In addition,
the small wavelengths of the mmWave frequency bands allow
more antenna elements to be placed per unit physical area
[8]. This makes it possible to design large-scale multiple-input

Manuscript received 28 December 2023; revised 17 April 2024 and 25 June
2024; accepted 6 August 2024. Date of publication 14 August 2024; date of
current version 19 December 2024. The review of this article was coordinated
by Prof. Yue Gao. (Corresponding author: Nihat Kabaoglu.)

The authors are with the Department of Electrical and Electronic En-
gineering, Istanbul Medeniyet University, 34857 Istanbul, Türkiye (e-mail:
beyza.onal@medeniyet.edu.tr; nihat.kabaoglu@medeniyet.edu.tr).

Digital Object Identifier 10.1109/TVT.2024.3443098

multiple-output (Ls-MIMO) systems. The application of Ls-
MIMO systems at mmWave frequencies has slightly solved the
highlighted path loss problem by providing high antenna gain
[3], [5], [9]. However, the mmWave Ls-MIMO systems need a
large number of radio frequency (RF) chains, and that results in
high power consumption and hardware cost [5], [6], [7], [8]. The
hybrid beamforming (HB) technique has thus become an inher-
ent part of the mmWave Ls-MIMO systems as it greatly reduces
hardware cost and power consumption [4], [7], [10], minimizes
inter-signal interference and also provides high SE [11], [12],
but there is a serious performance degradation compared to the
fully digital one. To compensate for the performance loss and to
reduce the hardware cost further, index modulation (IM) based
studies in [13] and [14] are proposed.

The authors in [13] propose spectral path IM to increase
multiplexing gain and a federated learning-based beamformer
design. Their proposed method exhibits lower SE performance
than the model-based one. Moreover, this performance degrades
as the gain difference among the propagation paths increases.
Also, its bit error rate (BER) performance is ambiguous since it
is not addressed. In [14], a system in which spatial modulation
(SM) is applied to the HB of multi-user (MU) mmWave networks
is proposed and shown to provide higher SE and BER perfor-
mance compared to the classical SM technique. However, since
the theoretical BER curve is not presented as a lower bound
in this study, the actual performance of this method cannot
be fully understood. Despite the highlighted advantages, the
performance loss of the system model proposed in [14] remains a
great real practical problem, since the high path loss at mmWave
frequencies isn’t taken into account.

Intelligent reconfigurable surface (IRS) technology has been a
promising solution to improve that performance loss as well as
increase the SE of wireless networks with low-cost hardware
structure and with minimum energy consumption [12], [15],
[16], [17], [18]. Most of the recent works have focused on the
joint design of the IRS reflection matrix and hybrid beamformer,
and have considered point-to-point communication for a model
with a single IRS [17], [18], [19], [20], [21]. In [22], the authors
proposed a cost-effective and efficient new algorithm framework
for channel capacity maximization through common antenna
selection, and passive beamforming in IRS-assisted Ls-MIMO
systems. In [23], an IRS-assisted and angular-based hybrid
beamforming technique is proposed for mmWave Ls-MIMO
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systems, and it is shown with numerical results that a remarkable
increase in achievable rate performance is achieved by effec-
tively positioning of IRS. In [24], an IRS-assisted beam selection
algorithm with maximum-minimum fairness power allocation is
proposed, and it is proven to outperform conventional schemes.

Keeping the advantages of the model in [14], we think that
its BER performance and SE can be improved further using a
group of IRS under even a realistic channel model for mmWave
frequencies. With this motivation, in this study, a new system
model in which a multi-IRS scheme is integrated into the HB
configuration of multi-user Ls-MIMO systems for downlink
mmWave communication is introduced, analog beamformer,
digital combiner, and digital precoder are designed, theoret-
ical BER and theoretical SE are derived, and thus a com-
plete downlink system analysis is presented under a realistic
channel model.

In our proposed system, multiple IRSs are placed among the
base station (BS) and the mobile stations (MSs) to assist direct
communication. Since a mmWave cellular network inherently
consists of small cells, locating all IRSs close to each other
in a cell is inevitable. Therefore, which IRS is active during
communication does not have a significant impact on system
performance in this type of cell. Hence, there is no need for an
algorithm that determines which IRS is active in this work. The
data bits from the source use the SM technique to determine
which RISs are active during communication, thus achieving a
higher SE. Since IRSs can be deployed densely and quickly
without introducing additional interference, while achieving
controllable costs and low power consumption, no significant
additional installation cost or complexity arises in the control
and feedback channels [25]. Through IRSs, the reflected signal
is aligned to the phase of the signal arriving at the receiver
directly, thus increasing the signal strength at the receiver. To
maximize SE, data symbols, uniform linear arrays’ (ULAs)
indices, and IRSs’ indices information are carried together in a
frame. These indices are determined using the SM technique by
using the incident data bit streams on the BS side. The selected
IRS information is relayed from the BS to the IRS controller,
which activates one. Ultimately, since only one of the multiple
antenna arrays and one of the multiple IRSs are active for only
one user, the need of synchronization among antennas and IRSs
is removed and interference is widely avoided. Thus, high BER
performance, high data rate, and high SE are achieved as a
whole.

A. Contributions

The main contribution of this paper to the literature is to show
that a small cell-based system model with multiple IRSs using
mmWave frequencies (28 GHz and 73 GHz) can also improve
BER performance and further increase spectral efficiency. To
achieve this main objective, the following contributions have
been made:
� In order to maximise SE (and hence data rate) and improve

BER performance while eliminating Inter-User Interfer-
ence (IUI) and minimising system cost, we propose a novel
system model based on IRS selection, where multiple IRSs

are placed between BSs and MSs in the form of HB-
structured mmWave Ls-MIMO systems with SM scheme.

� According to the proposed system model, an analog beam-
former, a digital combiner and a digital precoder are de-
signed. The computational complexity of the designed
analog beamformer, digital precoder, and combiner is cal-
culated and compared with the computational complexity
of other widely used methods in downlink systems.

� We derive both the theoretical achievable rate and its upper
bound, as well as the theoretical BER of our proposed sys-
tem using pairwise error probability (PEP), and compare
them to the study using the SM scheme in [14].

� We analyze the performance of the proposed system model
in two subsections: Classical Channel Model and Real
Physical Channel Model. We use the 5G UMi-Street
Canyon and 5G InH Indoor-Office path loss models at
28 GHz and 73 GHz to experience a real physical radio
channel in indoor and outdoor environments.

B. Organization and Notation

The rest of the article is organized into the following sections.
In Section II, the proposed system model is introduced and
the design of the analog beamformer, digital precoder, digital
combiner, and receiver structure are presented. Section III rep-
resents the theoretical BER analysis and Section IV represents
the achievable rate analysis. In Section V, simulation results are
presented and discussed. Finally, the conclusion of the article is
given in Section VI.

Throughout the paper, scalar values are italicized, and vec-
tors/matrices are presented by bold lower/upper case symbols.
(.)T , (.)H , E{.}, tr(.), |.|, ||.||, and (.)† denote the transpose,
the conjugate transpose, the expectation operatör, the trace of
the matrix, the absolute value, the �2 norm, and the pseudo-
operation, respectively. �e and �m represent the real and imag-
inary components of the complex value. CN (0, σ2) represents
the circular symmetric complex Gaussian distribution with zero
mean and variance σ2.

II. SYSTEM MODEL

Our proposed system model, Multi-IRS-HB, is discussed for
two subsections, Classical Channel Model and Real Physical
Channel Model. The proposed MU Ls-MIMO system consists
of one BS with NU ULAs serving C number of users with NR

receive antennas. Each of ULAs has NT transmit antennas. It is
assumed thatX number of IRSs, each consisting ofNS reflective
elements, are placed in the optimal location between BS and
MSs in a small cell (i.e., the building roof or facade for outdoor
scenarios and the ceiling or an interior wall near the ceiling
for indoor scenarios) and the communication protocol is time
division duplex. It is shown in Fig. 1. In the system, according
to the use of the SM, the bit stream to be transmitted to a target
user consists of three parts, log2NU , log2X and log2M . The first
and second part indicate which ULA and IRS are selected for
transmission while the last part indicates a symbol from M -ary
symbol alphabet. For each bit stream, one of the ULAs and one
of the IRSs are selected depending on the incoming bits, and
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Fig. 1. System model of multi-user Ls-MIMO with multi-IRS assisted for downlink mmWave communication.

M -ary modulated data is transmitted using the selected ULA and
IRS. Thus, the active ULA and IRS indices carry information
together without consuming additional power. In the considered
system, downlink communication is established in two different
ways: i) Direct transmission from av-th ULA to k-th user,
ii) Transmission from av-th ULA with the help of ix-th IRS
to k-th user, where av ∈ {1, . . . , NU}, ix ∈ {1, . . . X} and k ∈
{1, . . . , C} represent the ULA index, IRS index, and intended
user index, respectively. The total number of bits conveyed by
only one data stream is bt = log2NU + log2X + log2M .

A. Classical Channel Model

After theC bit streams arrive in the transmission chains of the
BS, indices of ULA and IRS are obtained for each user using
the SM bits. Then, the BS generates the digital precoder and
determines the analog beamformer, both of which are explained
in the next section. The signal at k-th user can be written as:

rk =
√
P

C∑
v=1

Yav,iv,kfav,iv,vpav,iv,vs+ nk, (1)

where Yav,iv,k = Dav,k +Hiv,kΘivGav,iv is the total com-
bined channel from source to destination. Therein, Dav,k ∈
C

NR×NT ,Gav,iv ∈ C
NS×NT , andHiv,k ∈ C

NR×NS denote di-
rect channel from iv-th ULA of the BS to k-th MS, channel from
the BS to iv-th IRS, and channel from iv-th IRS to k-th MS, re-
spectively. Θiv = diag([ejθ1 , . . . , ejθNS ]) ∈ C

NS×NS is reflec-
tion matrix of the IRSs and θnS

∈ [0, 2π) describes phase shift
of ns-th IRS element, ns ∈ {1, . . . , NS}. The reflection phases
of the reflecting surfaces are provided by the IRS controller via
the control link from the BS to the IRS, as seen in Fig. 1. P
represents the total transmit power and it is assumed that each
user is allocated equal power since equal power allocation in
large-scale MIMO systems where the number of BS antennas
is larger than the number of receive antennas NT � NR re-
sults in a negligible performance degradation compared to the
optimized solution [26]. s ∈ C

C×1 is symbol vector consisting
of M -ary modulated signals, and nk ∈ C

NR×1 ∼ CN (0, σ2) is
the circularly symmetric complex Gaussian noise vector where
the elements follow an identically distributed (i.i.d.) distribution.
pav,iv,v ∈ C

1×C and fav,iv,v ∈ C
NT×1 are the digital precoding

and analog beamforming vectors for transmission from av-th
ULA with the help of iv-th IRS to k-th user, respectively. The

channels1 are modeled as follows:

Dav,k =

√
NTNR

LD

LD∑
ld

αld
av,k

aRav,k
(χld)a

H
Tav,k

(υld), (2)

Gav,iv =

√
NTNS

LG

LG∑
lg

α
lg
av,iv aRiv,av

(λlg )a
H
Tav,iv

(βlg ), (3)

Hiv,k =

√
NSNR

LH

LH∑
lh

αlh
iv,k

aRav,k
(δlh)a

H
Tiv,k

(γlh). (4)

As can be seen from the equations, the system has
a multipath fading channel model, ld = {1, . . . , LD}, lg =
{1, . . . , LG}, lh = {1, . . . , LH}. LD, LG, and LH are the num-
bers of the paths of the BS-MS, the BS-IRS, and the IRS-MS
channels, respectively.αld

av ,k
,αlg

av,iv
, andαlh

iv,k
are the path gains

following the circular symmetric complex Gaussian distribution,
CN (0, 1). υld , βlg , γlh are the angle of departure and χld , λlg ,
δlh are the angle of arrival of the respective path and all are
uniformly distributed, U(0, 2π]. aRav,k

(χld) and aTav,k
(υld),

aRiv,av
(λlg ) and aTav,iv

(βlg ), aRav,k
(δlh) and aTiv,k

(γlh) de-
note the receiver and transmitter antenna array responses of ld-th,
lg-th, and lh-th path respectively and the antenna array response
for N antennas is formulated as follows:

a(φl) =

√
1
N

[1, ejπ sinφl , . . . , ejπ(N−1) sinφl ]
T
, (5)

where the arrays in which elements of the ULA and IRS are
separated by half a wavelength are considered, that is, dULA =
λ/2.

B. Real Physical Channel Model

In this section, the proposed system model is discussed under
different path loss models. The channel equations given in (2),
(3), and (4) can be rewritten as follows, considering the path loss
coefficients:

Dav,k =

√
NTNR

PLBG
kld

LD

LD∑
ld

αld
av,k

aRav,k
(χld)a

H
Tav,k

(υld),

(6)

1They are also known as Saleh-Valenzuela channel models.
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Gav,iv =

√
NTNS

PLBY
klg

LG

LG∑
lg

α
lg

av,iv
aRav,iv

(λlg )a
H
Tav,iv

(βlg ),

(7)

Hiv,k =

√
NSNR

PLY G
klh

LH

LH∑
lh

αlh
iv,k

aRiv,k
(δlh)a

H
Tiv,k

(γlh). (8)

Therein, the parameters PLBG
kld

, PLBY
klg

, and PLY G
klh

represent
the path loss coefficient of the corresponding path. Path loss
on a link can also be represented in vector form as PLBG

k =
[PLBG

kld1

, . . . , PLBG
klD

], PLBY
k = [PLBY

klg1
, . . . , PLBY

klG
], and

PLY G
k = [PLY G

klh1

, . . . , PLY G
klH

]. Path losses in the system

are generated by considering 5G UMi-Street Canyon for the
outdoor environment and 5G InH Indoor-Office model for the
indoor environment.

1) Path Loss Model for Indoor Environment: 5G InH Indoor-
Office models are respectively expressed for line-of-sight (LOS)
and non-LOS (NLOS) transmission as follows [28]:

PLLOS = 17.3log10(d) + 32.4 + 20log10(fc), (9)

PLNLOS = 38.3log10(d) + 17.30 + 24.9log10(fc), (10)

where fc represents the carrier frequency in GHz and d repre-
sents the distance between stations in m.

2) Path Loss Model for Outdoor Environment: 5G UMi-
Street Canyon models are respectively expressed for LOS and
NLOS transmission as follows [28]:

PLLOS = 21log10(d) + 32.4 + 20log10(fc), (11)

PLNLOS = 31.7log10(d) + 32.4 + 20log10(fc). (12)

Using the above equations, path loss coefficient pairs of the
proposed system are formed asPLSD

kLOS
andPLSD

kNLOS
,PLSR

kLOS

andPLSR
kNLOS

,PLRD
kLOS

andPLRD
kNLOS

which represent the path
loss coefficient pairs of BS-MS, BS-IRS, and IRS-MS links,
respectively. dkld

, dklg
, and dklh

are link distances, and link
distance vectors are expressed as dSD

k = [dkld1
, . . . , ddkLD

],

dSR
k = [dklg1

, . . . , dkdLG
] and dRD

k = [dklh1
, . . . , dkdLH

].

C. Analog Beamformer, Digital Combiner, and Digital
Precoder Design

In order to combat the poor scattering nature of mmWave
channels, BS uses analog beamformers to get a high beam-
forming gain. Codebook-based beamforming methods offer less
complexity and satisfactory performance due to the special
structure of the hybrid beamformer and the characteristics of
mmWave MIMO channels. Therefore, we prefer the codebook-
based beamforming design in our system model.

First, a set of codewords SFT
is constituted. Each vector

element of this set, ft ∈ C
NT×1, consists of analog beamforming

vectors generated for each of T = 2R different angles in the
range (0, 2π], i.e., the codebook for the quantized angle θt = 2πt

T
for t ∈ {0, 1, . . . , T − 1} is

ft =

√
1
NT

[
1, ejπ sin(θt), . . . , ejπ(NT−1) sin(θt)

]T
.

The optimal analog beamforming vector ft which maximizes the
signal-to-noise ratio (SNR) of the channel Yav,ix,k is searched
by independently solving the following optimization problem
for each ULA–IRS-user triplet

fav,ix,k = argmax
∀ft∈SFT

‖Yav,ix,kft‖2. (13)

Therefore, the search space of the optimization problem is
SFT

with cardinality card(SFT
) = T which generally is not

a large number. Hence, the brute-force method is adopted to
provide the optimum solution since the problem size is limited.
The optimum analog beamformers for each ULA–IRS-user
triplet are obtained at the beginning of each coherence time of
the channel and are stored at the BS. Computational complexity
of this method for each ULA–IRS-user triplet is O(TNRNT ).
According to the ULA and IRS selected based on the incoming
bitstream, the final analog beamforming matrix for all users is
as F = [fa1,i1,1, . . . , faC ,iC ,C ] ∈ C

NT×C .
In the downlink, the most common linear precoding and

combining schemes are matched filter (MF) (also known as
maximum ratio), zero forcing (ZF) and minimum mean square
error (MMSE). Although the MF scheme has the worst perfor-
mance among these three methods, it has the lowest computa-
tional complexity and it is possible to obtain its closed-form ex-
pression easily. The MMSE scheme has the highest performance
among them. However, it is quite difficult to find a closed-form
solution for this method. In addition, the capacity expression is
quite complex. The ZF scheme, whose computational complex-
ity is close to that of MMSE, has a slightly lower performance in
general, but its performance approaches that of MMSE for high
numbers of antennas. In addition, the closed-form expression
of this scheme is easy to obtain and it eliminates inter-user
interference. Because of these advantages, the ZF method is
preferred for the design of the digital precoder and the digital
combiner.

First, the BS generates the matrix Yk = [Y1,1,kf1,1,k,
Y2,2,kf2,2,k, . . . ,YNU ,X,kfNUX,k] for each user to be able
to obtain the digital combiner. Then, the digital combiner

Wk = [w1,1,k . . .wNU ,X,k] = (Y†
k)

H
of the k-th user is cal-

culated using Yk to successfully acquire the transmitted sym-
bol. Computational complexity of the the digital combiner is
O(NUNRNT ) + 2O(NUN

2
R) +O(N 3

R) for each user.
Later, BS calculates the effective channel matrix Yeff ac-

cording to the (14) shown at the bottom of the next page, to form
the digital precoder to overcome the inter-user-interference.
Finaly, the precoding matrix for all users is obtained as P =

[pT
a1,i1,1 . . .p

T
aC ,iC ,1]

T
= εY†

eff , wherepak,ik,k ∈ C
1×C repre-

sents the precoding vector of the k-th user in case the ak-th ULA
and the ik-th IRS are selected based on the SM bits. The coeffi-
cient ε meets the average power constraint and can be calculated

as ε = ε

{√
C

tr(Y†
eff (Y

†
eff )

H
)

}
. Computational complexity of

the digital ZF precoder for all users isO(NRN
2
T
C2) + 3O(C3).

Accordingly, the overall computational complexity can be
found as C ×O(TNRNT ) +O(NRN

2
TC

2) + 3O(C3) + C ×
[O(NUNRNT ) + 2O(NUN

2
R) +O(N 3

R)]. Table I is presented
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TABLE I
COMPUTATIONAL COMPLEXITY

for comparison with other methods in terms of computational
complexity.

D. Receiver Structure

After the combining process, the received signal at k-th user
can be given as

yk = wH
ak,ik,k

√
P

C∑
v=1

Yav,iv,kfav,iv,vpav,iv,vs+wH
ak,ik,k

nk.

(15)

Since interference from other users is blocked by means of the
precoder at the transmitter, the resulting signal for the k-th user
is obtained as

yk =
√

Pkw
H
ak,ik,k

Yak,ik,kfak,ik,ksk +wH
ak,ik,k

nk. (16)

The MS does not know which ULA and IRS have been
selected at the BS to transmit the signal to it. The decoder must
therefore be designed accordingly. A maximum likelihood (ML)
detector is designed to detect the indices of ULA and IRS, and
transmitted symbol together, as follows

[âk, îk, ŝk] = argmin
a ∈ {1, . . . ,NU}
i ∈ {1, . . . ,X}
m ∈ {1, . . . ,M}

∥∥∥∥1
ε
wH

a,i,krk − sm

∥∥∥∥
2

, (17)

where wa,i,k ∈ C
NR×1 is the digital combiner for the transmis-

sion from a-th ULA with the help of i-th IRS to k-th user. sm
is the m-th symbol in the M -ary alphabet. âk, îk, ŝm are the
estimated indices of ULA and IRS, and estimated symbol from
the M -ary alphabet, respectively. Computational complexity of
the ML detector is O(2CNUNRM). It is quite low even for
battery-powered portable devices.

III. BIT ERROR RATE ANALYSIS

In this section, the BER performance of the proposed system
is obtained by using average PEP2 and theoretical SE are derived,
and thus a complete downlink system analysis is presented under

2In this study, PEP is employed for error analysis, since the possibility of more
than one incorrect detection in the receiver determines whether the transmitted
symbol is received correctly or not.

a realistic channel model. ak, ik and sk represent the correct
ULA, IRS and symbol, while âk, îk and ŝk represent detected
ones. The average PEP of the proposed system for the received
signal at k-th user yk in (16) can be obtained as follows:

P
(
{ak, ik, sk} →

{
âk, îk, ŝk

}
|{ak, ik, sk}

)

= P

(∣∣∣yk −
√

Pkw
H
ak,ik,k

Yak,ik,kfak,ik,ksk

∣∣∣2

>
∣∣∣yk̂ −

√
Pkw

H
âk ,̂ik,k̂

Yâk ,̂ik,k̂
fâk ,̂ik,k̂

ŝk

∣∣∣2) . (18)

The average PEP analysis of the proposed system should
be considered for four different cases: i) ULA and IRS are
detected correctly: (âk = ak, îk = ik), ii) ULA and IRS are
detected incorrectly: (âk �= ak, îk �= ik), iii) ULA is detected
incorrectly but IRS is detected correctly: (âk �= ak, îk = ik),
iv) ULA is detected correctly but IRS is detected incorrectly:
(âk = ak, îk �= ik).

A. Case 1 (âk = ak, îk = ik)

In this case, |yk̂ −√
Pkw

H
âk ,̂ik,k̂

Yâk ,̂ik,k̂
fâk ,̂ik,k̂

ŝk|2 is as
follows:∣∣∣√Pkw

H
ak,ik,k

Yak,ik,kfak,ik,ksk +wH
ak,ik,k

nk

−
√

Pkw
H
ak,ik,k

Yak,ik,kfak,ik,kŝk

∣∣∣2
=
∣∣∣wH

ak,ik,k
nk +

√
Pkw

H
ak,ik,k

Yak,ik,kfak,ik,k(sk − ŝk)
∣∣∣2.
(19)

The average PEP expression is calculated as P ({ak, ik,
sk} → {ak, ik, ŝk}|{ak, ik, sk}) = P (γ < 0). γ = 2Re{nH

k

wH
ak,ik,k

wak,ik,k
nkYak,ik,kfak,ik,k(sk − ŝk)} + |wH

ak,ik,k

Yak,ik,kfak,ik,k(sk − ŝk)|2 with the γ ∼ CN (μγ , σ
2
γ) distribu-

tion. After calculating the mean and variance values, the final
average PEP is obtained as follows:

P ({ak, ik, sk} → {ak, ik, ŝk} |{ak, ik, sk} )

= Q

⎛
⎝
√

‖Yak,ik,kfak,ik,k (sk − ŝk)‖2

2σ2

⎞
⎠ . (20)

Yeff =

⎡
⎢⎣

wH
a1,i1,1Ya1,i1,1fa1,i1,1 . . . wH

a1,i1,1YaC ,iC ,1faC ,iC ,C

...
. . .

...
wH

aC ,iC ,CYa1,i1,Cfa1,i1,1 . . . wH
aC ,iC ,CYaC ,iC ,CfaC ,iC ,C

⎤
⎥⎦ (14)
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B. Case 2 (âk �= ak, îk �= ik)

In this case, |yk̂ −√Pk̂w
H
âk ,̂ik,k̂

Yâk ,̂ik,k̂
fâk ,̂ik,k̂

ŝk|2 is as
follows:∣∣∣√Pk̂w

H
âk ,̂ik,k̂

Yâk ,̂ik,k̂
(fak,ik,ksk−fâk ,̂ik,k̂

ŝk)+wH
âk ,̂ik,k̂

nk

∣∣∣2.
(21)

The average PEP expression is calculated as follows:

P
(
{ak, ik, sk} →

{
âk, îk, ŝk

}
|{ak, xk, sk}

)
= P

(∣∣∣√Pkw
H
âk ,̂ik,k̂

Yâk ,̂ik,k̂

(
fak,ik,ksk − fâk ,̂ik,k̂

ŝk

)

+wH
âk ,̂ik,k̂

nk

∣∣∣2 − ∣∣wH
ak,ik,k

nk

∣∣2 < 0

)
. (22)

Here, let it be defined as β̇1 = |√Pkw
H
âk ,̂ik,k̂

Yâk ,̂ik,k̂
(fak,ik,ksk − fâk ,̂ik,k̂

ŝk)|2 + |wH
âk ,̂ik,k̂

nk|2 and β̇2 =

|wH
ak,ik,k

nk|2.

Then, ˙Chi1� 2β̇1
σ2 and

.

Chi 2 � 2β̇2
σ2 definitions, it is

seen that
.

Chi 1 is a 2-degrees-of-freedom chi-square
distribution with a decentralization parameter λ̇ =
2|√Pkw

H
âk,̂ik,k̂

Yâk,̂ik,k̂(fak,ik,ksk−fâk,̂ik,k̂ ŝk)|
2

σ2 . Similarly,
.

Chi 2

has a central chi-square distribution with 2 degrees of freedom.
Alternatively, it can be written as an exponential distribution
with a parameter of 1

2 :

P
(
{ak, ik, sk} →

{
âk, îk, ŝk

}
|{ak, ik, sk}

)

= P
( .

Chi 1 <
.

Chi 2

)
=

1
2
e−

λ̇
4 . (23)

C. Case 3 (âk = ak, îk �= ik)

Similar to the analysis in (B), the average PEP expression

of this case for λ̈ =
2|√Pkw

H
ak,̂ik,k̂

Yak,̂ik,k̂(fak,ik,ksk−fak,̂ik,k̂ ŝk)|
2

σ2

results in:

P
(
{ak, ik, sk} →

{
ak, îk, ŝk

}
|{ak, ik, sk}

)

= P
( ..

Chi 1 <
..

Chi 2

)
=

1
2
e−

λ̈
4 . (24)

D. Case 4 (âk �= ak, îk = ik)

Similar to the previous analysis, the average PEP expression

of this case for λ̃ =
2|√Pkw

H
âk,ik,k̂

Yâk,ik,k̂(fak,ik,ksk−fâk,ik,k̂ ŝk)|
2

σ2

results in:

P ({ak, ik, sk} → {âk, ik, ŝk} |{ak, ik, sk} )

= P

( ∼
Chi 1 <

∼
Chi 2

)
=

1
2
e−

λ̃
4 . (25)

Let the general names of the average PEP equations given in
(20), (23), (24) and (25) for these four cases be considered Pre.
In addition, let the number of erroneous bits that occur after these
four cases occur be εb, the total number of implementations be

N and the total number of transmitted bits be bt. In this case,
BER PBER can be limited as:

PBER ≤ 1
nbN

∑
⎧⎪⎪⎨
⎪⎪⎩

ak
ik
sk

⎫⎪⎪⎬
⎪⎪⎭

∑
⎧⎪⎪⎨
⎪⎪⎩

âk
îk
ŝk

⎫⎪⎪⎬
⎪⎪⎭

εbPre. (26)

As a result, the BER analysis is completed using the average
PEP analysis of these four cases.

IV. ACHIEVABLE RATE ANALYSIS

The mutual information between the transmitted and received
symbols is I(yk;xk) = H(yk)−H(yk|xk), where xk repre-
sents the information symbol that includes the indices of the
IRS, ULA, and symbol. The received signal yk has a Gaussian
mixture distribution and there is no closed-form solution to the
entropy of a Gaussian mixture. Therefore, it would be a better
choice to employ SNR-based rate analysis instead of information
theory-based one. The exact rate of k-th user can be calculated
as follows:

Rk = log2

⎛
⎜⎝1 +

Pk

∣∣∣wH
ak,ik,k

Yak,ik,kfak,ik,k

∣∣∣2
σ2

⎞
⎟⎠ , (27)

where Pk is the power of k-th user. As a result, the total
achievable rate of the system is Rtot =

∑C
k=1 Rk as identical

distribution of the fading channels is experienced by theC users.
Lemma: Let Y = R+ jI be a complex random variable

consisting of two independent Gaussian mixture distributions
R and I with the same number N of equiprobable Gaussian
distributions each with mean �e[μn], �m[μn] and identical
variance σ2. The distribution function of Y is

fY (y) =
1

σπN

N∑
n=1

e−
|y−μn |2

σ

2

, (28)

where μn = �e[μn] + j�m[μn]. In this case, the variance of Y
is as follows:

V ar(Y ) = 2σ2 +
1
N

N∑
n=1

|μn|2 − 1
N 2

(
N∑

n=1

�e[μn]

)2

− 1
N 2

(
N∑

n=1

�m[μn]

)2

. (29)

Proof: See Appendix.
The detection of indices of the IRS and ULA and of the symbol

are independent events and the probability density function of
the received signal at the k-th user, fYk

(yk), can thus be written
in accordance to the above Lemma as follows:

fYk
(yk) =

1
σπXNUM

X∑
t=1

NU∑
z=1

M∑
m=1

e
− |yk−μyk |2

σ2
Yk , (30)

where μyk
=

√
Pkw

H
z,t,kYz,t,kfz,t,ksm.

We know that the differential entropy of any random variable
with finite variance is less than or equal to the differential entropy
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Fig. 2. BER performances comparison of Multi-IRS-HB, IRS-HB and the
method in [14] for C = 2,NR = 1,NU = 4, and 4 −QAM.

of a Gaussian random variable with the same variance [29]. It is
then possible to obtain an upper bound for the achievable rate.

Theorem: The achievable rate Rk of the k-th user receiving
sm symbols transmitted by the base station selected fromM -ary
spatially modulated discrete input symbols is upper bounded by
R′

k:

R′
k = log2

(
πe

(
2σ2 +

Pk

XNUM

X∑
t=1

NU∑
z=1

M∑
m=1

|Λz,t,k,m|2

− Pk

X2N 2
UM

2

[
X∑
t=1

NU∑
z=1

M∑
m=1

�e {Λz,t,k,m}
]2

− Pk

X2N 2
UM

2

[
X∑
t=1

NU∑
z=1

M∑
m=1

�m {Λz,t,k,m}
]2))

− log2

(
πeσ2

)
, (31)

where Λz,t,k,m = wH
z,t,kYz,t,kfz,t,ksm and k ∈ {1, 2, . . . , C}.

Proof: See Appendix.

V. SIMULATION RESULTS

This section evaluates the performance of the proposed system
through computer simulations. The simulation results are pre-
sented in two subsections, such as classical channel model and
real physical channel model. The path loss in the real physical
channel model is considered according to the 5G UMi-Street
Canyon and 5G InH Indoor-Office models, while the path loss
of the RF carrier is ignored in the classical channel model. In
all simulations, we assume that C = 2, NR = 1 and that the
symbols are 4-QAM modulated.

A. Simulation Results for Classical Channel Model

For all simulations in this subsection, we assume thatLD = 3,
LG = 3, and LH = 1. In Fig. 2, the BER performances of

Fig. 3. BER performances comparison of Multi-IRS-HB, IRS-HB and
the method in [14] for C = 2,NR = 1,NT = 8,NU = 4,X = 2,NS =
32, and 4 −QAM.

Multi-IRS-HB, IRS-HB (single IRS) and the method in [14]
are compared for NT = 8 and NT = 64 transmit antennas.
According to this figure, Multi-IRS-HB performs much better
than IRS-HB model and the spatial modulated hybrid beamform-
ing scheme in [14]. As can be seen from this figure, the BER
performance improves significantly as the number of transmit
antennas increases, because the beam can then be directed better.
WhenNS = 64, Multi-IRS-HB gains about 22–25 dB compared
to the method in [14] for NT = 64 and NT = 8 respectively.

The impact of the resolution of the phase shifters on the
performance of the Multi-IRS-HB system is demonstrated in
Fig. 3. The figure illustrates that the BER performance improves
as the bit resolution R increases. As resolution increases, the
quantization error decreases, resulting in improved error perfor-
mance. Selecting the highest value is not feasible due to cost and
practical limitations.3

Fig. 4 shows the impact of different active IRS selections on
the BER performance of the proposed system. The performance
curves are quite close, indicating that the active IRS during
communication does not significantly impact the system per-
formance.

Fig. 5 presents the simulation results analyzing whether
Multi-IRS-HB and the model in [14] attain their respective
theoretical BER curves. The figure shows that the BER curve of
Multi-IRS-HB closely approximates to its theoretical curve.

Fig. 6 displays the achievable rate performance of Multi-IRS-
HB, which outperforms the method presented in [14] with higher
SE. The data rate is expressed in bits per channel utilization
(bpcu) as η = log2(M) + log2(NU ) + log2(X). It is evident
that an increase in the number of IRSs and ULAs will have
a positive effect on the achievable rate.

3The best bit resolutions can be empirically determined, for Multi-IRS-HB,
such as R = 4 for NT = 8 and R = 7 for NT = 64.
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Fig. 4. BER performances of the proposed system with different
IRS selections for C = 2,NR = 1,NT = 8,NU = 4,X = 4,NS = 32,
R = 5, and 4 −QAM.

Fig. 5. BER performances of Multi-IRS-HB and the method in [14] for
C = 2,NR = 1,NT = 16,NU = 4, R = 6, and 4 −QAM.

B. Simulation Results for Real Physical Channel Model

In this subsection, we assume LD = 2, LG = 2, LH = 2 for
all simulations. The antenna gain of the IRS in both the transmit
and receive directions is defined as 3 dBi for indoor and 5 dBi
for outdoor environments, as stated in references [23], [28].

Fig. 7 shows a comparison of the BER performance between
Multi-IRS-HB and the method described in [14] at fc = 28 GHz
and fc = 73 GHz using the 5G InH Indoor-Office path loss
model (9), (10) for the indoor scenario. The system parame-
ters are defined as C = 2, NR = 1, NT = 4, NU = 2, X = 2,
NS = 512 and R = 4. The method in [14] only considers the
LD path, while the proposed system model considers three path
links: LD, LG, and LH . Distances are generated separately for
each user in the system. The first user is referred to as C1 and

Fig. 6. Total achievable rate performances of Multi-IRS-HB and the method
in [14] for C = 2,NR = 1,NT = 8,NU = 2, R = 4, and 4 −QAM.

Fig. 7. BER performances comparison of Multi-IRS-HB and the method in
[14] under indoor path loss at fc = 28 GHz and fc = 73 GHz.

the second user as C2. The first MS is referred to as MS1 and
the second MS as MS2. The distances in meters are determined
as follows:
� ForLD, the distances of the links BS-MS1 and BS-MS2 can

be represented in vector form as ldGİ1
= [4 5] and ldGİ2

=

[6 8], respectively. The columns of the vector display the
first and second distances ld1 and ld2 , representing line-
of-sight (LOS) and non-line-of-sight (NLOS) distances,
respectively.

� For LG, the distance vector of the BS-IRS1 link is deter-
mined as lgC 1

= [1.5 2] for the C1 and the distance vector
of the BS-IRS2 link is determined as lgC2

= [2.5 3] for the
C2. The distance vectors of the IRS-MS1 and IRS-MS2

links for LH are lhGİ1
= [2 2.5] and lhGİ2

= [3 3.5],
respectively.
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Fig. 8. BER performances comparison of Multi-IRS-HB and the method in
[14] under outdoor path loss at fc = 28 GHz and fc = 73 GHz.

As can be seen from the figure, the proposed system performs
better compared to the method in [14], providing a gain of
approximately 25 dB at 28 GHz and approximately 18 dB at
73 GHz. Fig. 8 also shows a comparison of the BER performance
between Multi-IRS-HB and the method described in [14] at
fc = 28 GHz andfc = 73 GHz using the 5G UMi-Street Canyon
path loss model (11), (12) for an outdoor scenario. The system
parameters are defined as C = 2, NR = 1, NT = 32, NU = 2,
X = 2, NS = 1024 and R = 6. The distances in meters are
determined as follows:
� For LD, the distance of the links BS-MS1 and BS-MS2

can be represented in vector form as ldGİ1
= [23 25] and

ldGİ2
= [27 29], respectively.

� For LG, the distance vector of the BS-IRS link for both
users is determined as lg = [10 11]. The distance vectors
of the IRS-MS1 and IRS-MS2 links for LH are lhGİ1

=

[13 14] and lhGİ2
= [15 16].

As can be seen from the figure, the proposed system performs
better than the method in [14], providing about 11 dB at 28 GHz
and 7 dB at 73 GHz, respectively. Figs. 7 and 8 also show
how the BER performance of the system operating at different
frequencies changes in both indoor and outdoor scenarios for
signals transmitted over a real physical channel. It can be seen
that the performance deteriorates with increasing frequency
from 28 GHz to 73 GHz in both indoor and outdoor scenario
simulations. This can be easily seen from (9), (10), (11) and
(12), where the path losses in these equations also increase
with increasing frequency. These path losses cause the gains
of the channels given in (6), (7) and (8) to decrease significantly.
As a result, the system performance degrades with increasing
frequency.

Fig. 9 shows how closely the BER and theoretical BER curves
at 28 GHz for our proposed system model and the model in [14]
converge under the 5G UMi-Street Canyon path loss model. The
system parameters and distance values used in this simulation are

Fig. 9. BER performances of Multi-IRS-HB and the method in [14] under
path loss at fc = 28 GHz.

the same as those used in Fig. 8. As can be seen from the figure,
the simulated BER curve of the proposed system converges to
its theoretical one and shows better error performance compared
to the method in [14].

VI. CONCLUSION

We have proposed an Ls-MIMO communication system that
utilizes IRSs to improve the downlink communication perfor-
mance in the mmWave band. By including SM to the system
model, the IRSs’ and ULAs’ indices are transmitted in the signal,
thus increasing the SE. Theoretical analysis of the proposed
model is presented, including expressions for theoretical BER
and achievable rate, as well as the design of the precoder,
beamformer, and combiner. An upper bound for the achievable
rate is also derived. The system performance of the proposed
system model in the path loss scenario was also examined to ex-
perience a real physical radio channel both outdoors and indoors.
Simulation results demonstrate that the proposed model achieves
close to theoretical limits in terms of performance metrics, and
outperforms a similar model based on index modulation [14].
Overall, the results suggest that incorporating IRS into mmWave
Ls-MIMO systems which is our proposed Multi-IRS-HB model,
can significantly improve communication performance.

APPENDIX

A. Proof of Lemma

The mean and the second moment of Y with respect to the
origin can be calculated respectively as follows:

E[Y ] =

∫ ∞

−∞
yfY (y)dy =

1
N

N∑
n=1

∫ ∞

−∞
yfYy

(y)

=
1
N

N∑
n=1

(�e[μn] + j�m[μn]). (A.1)
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and

E[Y 2] =
1
N

N∑
n=1

∫ ∞

−∞
y2fYn

(y)

=
1
N

N∑
n=1

(|μn|2 + 2σ2
)
= 2σ2 +

1
N

N∑
n=1

|μn|2. (A.2)

Using these last two expressions with V ar(Y ) = E[Y 2]−
E[Y ]E[Y ]∗, the variance of Y can be easily found:

V ar(Y ) = 2σ2 +
1
N

N∑
n=1

|μn|2 − 1
N 2

(
N∑

n=1

�e[μn]

)2

− 1
N 2

(
N∑

n=1

�m[μn]

)2

. (A.3)

B. Proof of Theorem

The probability density function of the signal received at the
k-th user in (16) can be written as follows:

fYk
(yk) =

1
XNUM

fYk
(ix = t, av = z, s = sm)

×
X∑
t=1

NU∑
z=1

M∑
m=1

Pr(ix = t, av = z, s = sm).

(A.4)

Since the selection of the IRS index, the selection of the
antenna array index, and the M -ary symbols are independent
events, the combined probability density function in the above
expression can be written as the product of the individual prob-
ability density functions:

1
XNUM

X∑
t=1

NU∑
z=1

M∑
m=1

Pr(ax = t, av = z, s = sm)

=
1

XNUM

×
X∑
t=1

NU∑
z=1

M∑
m=1

Pr(ax = t)Pr(av = z), P r(s = sm).

(A.5)

Since the selection probabilities of any IRS, any antenna array
and any symbol from the M -alphabet are equal, these selec-
tions can be expressed by the uniform distributions U(1, X),
U(1, NU ), U(1,M). Then, the probability density function of
Yk can be written as:

fYk
(yk) =

1
σπXNUM

×
X∑
t=1

NU∑
z=1

M∑
m=1

e
− |yk−

√
PkwH

z,t,k
Yz,t,kfz,t,ksm|2

σ2
Yk .

(A.6)

It is the probability density function of a Gaussian mixture
distribution with mean

√
Pkw

H
z,t,kYz,t,kfz,t,ksm and variance

σ2
Yk

. Using the lemma, the variance of the distribution can be
easily written as:

σ2
Yk

= 2σ2 +
Pk

XNUM

X∑
t=1

NU∑
z=1

M∑
m=1

∣∣wH
z,t,kYz,t,kfz,t,ksm

∣∣2

− Pk

X2N 2
UM

2

[
X∑
t=1

NU∑
z=1

M∑
m=1

Re
{∣∣wH

z,t,kYz,t,kfz,t,ksm
∣∣}]2

− Pk

X2N 2
UM

2

[
X∑
t=1

NU∑
z=1

M∑
m=1

Im
{∣∣wH

z,t,kYz,t,kfz,t,ksm
∣∣}]2

.

(A.7)

Keeping in mind the fact that the differential entropy of any
random variable with finite variance is less than or equal to the
differential entropy of a Gaussian random variable with the same
variance [29], the achievable rate Rk has upper bounded by:

Rk ≤ R′
k = log2

(
πe

(
2σ2

+
Pk

XNUM

X∑
t=1

NU∑
z=1

M∑
m=1

|Λz,t,k,m|2

− Pk

X2N 2
UM

2

[
X∑
t=1

NU∑
z=1

M∑
m=1

�e {Λz,t,k,m}
]2

− Pk

X2N 2
UM

2

[
X∑
t=1

NU∑
z=1

M∑
m=1

�m {Λz,t,k,m}
]2))

− log2

(
πeσ2

)
, (A.8)

where Λz,t,k,m = wH
z,t,kYz,t,kfz,t,ksm and k ∈ {1, 2, . . . , C}.
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[14] M. Yüzgeccioğlu and E. Jorswieck, “Hybrid beamforming with spatial
modulation in multi-user massive MIMO mmWave networks,” in Proc.
IEEE 28th Annu. Int. Symp. Pers., Indoor, Mobile Radio Commun., 2017,
pp. 1–6.

[15] W. Yan, X. Yuan, Z. -Q. He, and X. Kuai, “Passive beamforming and
information transfer design for reconfigurable intelligent surfaces aided
multiuser MIMO systems,” IEEE J. Sel. Areas Commun., vol. 38, no. 8,
pp. 1793–1808, Aug. 2020.

[16] T. Zhou et al., “Aerial intelligent reflecting surface-enhanced cell-free
massive MIMO for high-mobility communication: Joint Doppler com-
pensation and power optimization,” EURASIP J. Adv. Signal Process.,
vol. 2021, pp. 1–18, 2021.

[17] Z. Yang, W. Xu, C. Huang, J. Shi, and M. Shikh-Bahaei, “Beamform-
ing design for multiuser transmission through reconfigurable intelligent
surface,” IEEE Trans. Wireless Commun., vol. 69, no. 1, pp. 589–601,
Jan. 2021.

[18] S. Gong, C. Xing, P. Yue, L. Zhao, and T. Q. S. Quek, “Hybrid analog and
digital beamforming for RIS-assisted mmWave communications,” IEEE
Trans. Wireless Commun., vol. 22, no. 3, pp. 1537–1554, Mar. 2023.

[19] S. Abeywickrama, R. Zhang, Q. Wu, and C. Yuen, “Intelligent reflecting
surface: Practical phase shift model and beamforming optimization,” IEEE
Trans. Commun., vol. 68, no. 9, pp. 5849–5863, Sep. 2020.

[20] C. Feng, W. Shen, J. An, and L. Hanzo, “Joint hybrid and passive
RIS-assisted beamforming for mmWave MIMO systems relying on dy-
namically configured subarrays,” IEEE Internet Things J., vol. 9, no. 15,
pp. 13913–13926, Aug. 2022.

[21] R. Li, B. Guo, M. Tao, Y.-F. Liu, and W. Yu, “Joint design of hybrid
beamforming and reflection coefficients in RIS-aided mmWave MIMO
systems,” IEEE Trans. Commun., vol. 70, no. 4, pp. 2404–2416, Apr. 2022.

[22] J. He, K. Yu, Y. Shi, Y. Zhou, W. Chen, and K. B. Letaief, “Reconfigurable
intelligent surface assisted massive MIMO with antenna selection,” IEEE
Trans. Wireless Commun., vol. 21, no. 7, pp. 4769–4783, Jul. 2022.

[23] I. Yildirim, A. Koc, E. Basar, and T. Le-Ngoc, “RIS-aided angular-based
hybrid beamforming design in mmWave massive MIMO systems,” in Proc.
IEEE Glob. Commun. Conf., 2022, pp. 5267–5272.

[24] R. Pal and K. P. Sarawadekar, “Distributed RIS-assisted mmWave multi-
user MIMO beamspace system,” AEU-Int. J. Electron. Commun., vol. 161,
2023, Art. no. 154560.

[25] J. Wang, Y. -C. Liang, Y. Pei, and X. S. Shen, “Reconfigurable intelligent
surface for small cell network,” in Proc. IEEE Glob. Commun. Conf., 2021,
pp. 1–6.

[26] Q. Zhang, S. Jin, M. McKay, D. Morales-Jimenez, and H. Zhu, “Power
allocation schemes for multicell massive MIMO systems,” IEEE Trans.
Wireless Commun., vol. 14, no. 11, pp. 5941–5955, Nov. 2015.

[27] T. S. Rappaport, Y. Xing, G. R. MacCartney, A. F. Molisch, E. Mellios,
and J. Zhang, “Overview of millimeter wave communications for fifth-
generation (5G) wireless networks-with a focus on propagation models,”
IEEE Trans. Antennas Propag., vol. 65, no. 12, pp. 6213–6230, Dec. 2017.

[28] S. W. Ellingson, “Path loss in reconfigurable intelligent surface-enabled
channels,” in Proc. IEEE 32nd Annu. Int. Symp. Pers., Indoor Mobile Radio
Commun., 2021, pp. 829–835.

[29] T. M. Cover and J. A. Thomas, Elements of Information Theory. Hoboken,
NJ, USA: Wiley, 2006.

Beyza Onal received the B.S. (Highest Hons.) and
M.S. degrees in electrical and electronics engineer-
ing in 2020 and 2023, respectively, from Istanbul
Medeniyet University, Istanbul, Türkiye, where she
is currently working toward the Ph.D. degree in elec-
trical and electronics engineering. She is a Research
Assistant with the Department of Electrical and Elec-
tronics Engineering, Istanbul Medeniyet University.
Her main research interests include wireless commu-
nications, millimeter-wave, massive MIMO, hybrid
beamforming, spatial modulation, index modulation

techniques, and intelligent reconfigurable surface (IRS).

Nihat Kabaoglu (Member, IEEE) received the Ph.D.
degree in electronics and telecommunication engi-
neering from Istanbul Technical University, Istanbul,
Türkiye, in 2005. He is currently a University Profes-
sor with the Department of Electrical and Electronics
Engineering, Istanbul Medeniyet University, Istanbul.
His research interests include statistical signal pro-
cessing, array processing, wireless networking and
communications, application of artificial intelligence
and machine learning techniques to wireless commu-
nications and networks. His current research interests

include channel estimation and data detection, network resource optimization,
cognitive radio networks, physical layer security and RF/FSO hybrid systems,
intelligent reconfigurable surface (IRS), beamforming design for 5G and next
generation systems.

Authorized licensed use limited to: ULAKBIM-UASL - Ibn Haldun Üniversitesi. Downloaded on October 11,2025 at 08:19:52 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


