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ABSTRACT Reconfigurable intelligent surface (RIS) has recently been envisioned to provide an adaptable
channel for futuristic wireless communication networks. This work characterized the impact of hardware
impairments in the downlink RIS-aided non-orthogonal multiple access (NOMA) wireless networks. We
considered the hardware impairments in the transceivers of the base station (BS) and users, phase error at
the RIS and the imperfect successive interference cancellation (SIC) for the NOMA users. Specifically, the
performance is evaluated by deriving the closed-form expressions for the outage probability (OP), spectral
efficiency (SE) and energy efficiency (EE). Additionally, the performance of the orthogonal multiple access
(OMA) system is also evaluated and compared with its NOMA counterpart. The RIS-aided NOMA out-
performs OMA for the ideal hardware scenario. However, the hardware impairments significantly deteriorate
RIS-aided NOMA'’s performance compared to RIS-aided OMA. Further, we have also compared the proposed
RIS-aided NOMA with the baseline full-duplex relaying (FDR) based NOMA. The results show that the
gains are more significant for a RIS-aided system than FDR.

INDEX TERMS Reconfigurable intelligent surfaces, sixth-generation, non-orthogonal multiple access, full-
duplex relaying, performance analysis, outage probability, spectral efficiency, energy efficiency, decode-and-

forward, hardware impairments.

L. INTRODUCTION

For the futuristic wireless network, the research community
has started looking towards developing the next generation
(presumably, 6 G) for 2030 and beyond [1]. As per the initial
findings reported in [2], high-fidelity mobile hologram, digital
twin and extended reality (XR) are the three new verticals
that will dominate the 6 G services. A few of the require-
ments to support these innovations are ultra-high peak data
rate touching up to 1000 Gbps and user-experienced data
rate of up to 1 Gbps with an end-to-end delay of less than
0.1 ms [3]-[5]. Several promising techniques have emerged
recently, having strong potential to enhance the performance
of beyond 5 G (B5G) wireless networks. Some of them are
cell-free massive multiple-input multiple-output (MIMO) sys-
tems [6], wireless energy harvesting (W-EH) [7], unmanned
aerial vehicles (UAV) communications [8], full-duplex (FD)

communication [9], optical wireless communication (OWC)
systems [10], and Terahertz (THz) communications [11]. In
addition to the above, recently, the concept of reconfigurable
intelligent surfaces (RISs) has been widely studied due to its
potential to transform the unknown wireless channel into a
pervasive network. With this potential, RISs have recently
emerged as a revolutionary technology for the 6 G wireless
networks [12].

RIS is an array of a large number of reflecting elements
(REs) independently capable of altering the reflected signal
with the required phase shift. Consequently, through suitable
adjustment of the phase, RIS establishes a favorable channel
response and thus, offers an additional degree of freedom
for enhancing the capacity and increasing the coverage. Fur-
ther, in addition to improving the received signal strength
at the desired destination, RIS can also steer the reflected
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beam away from an eavesdropper, thus, providing a secure
transmission [13]. Intelligent reflecting surfaces (IRSs) and
large intelligent surfaces (LISs) are also commonly referred
terminologies for RISs and are used interchangeably in liter-
ature [14]. With a large number of passive REs, the RISs are
known to have a very large spectral efficiency (SE) as well as
energy efficiency (EE) [15]. The easier installation of the RIS
structure facilitates a broader deployment across the various
urban infrastructure in indoor and outdoor environments, like
the home ceilings, factories, roof-tops, street lights, and traf-
fic signal poles. Consequently, RIS can be integrated easily
within the existing wireless communication networks [16].

In addition to the above, the multitude of wireless ac-
cess demands has led to looking beyond the conventional
multiple access techniques where the users are multiplexed
orthogonally either in time, frequency or through codes. The
multiplexing in time is known as time division multiple ac-
cess (TDMA), the multiplexing in frequency is termed as
frequency division multiple access (FDMA), and the multi-
plexing in code is known as code division multiple access
(CDMA). Consequently, the novel concept of non-orthogonal
multiple access (NOMA) was explored in developing 5 G
wireless standards. NOMA is a promising multiple access
technique that can improve SE and user fairness by serving
multiple users within the same time-frequency resource block.
The multiplexing of users can be done via a power domain
or code domain. Specifically, in the power domain NOMA,
the users are served simultaneously through a superimposed
signal with power coding. While at the user end, the user
can decode its own information signal by considering the
messages of other users as a perturbation noise. The succes-
sive interference cancellation (SIC) technique is adopted at
the receiver to decode the superimposed signals in the power
domain [17]. With these advantages, NOMA provides better
SE and user fairness in multiuser communication compared to
the orthogonal multiple access (OMA) [18].

A. RELATED WORK

1) RIS-AIDED NETWORKS

Asymptotic sum rate and outage for the uplink of RIS-assisted
system with a Rician distributed channel has been evaluated
in [14]. RIS is adopted for enhancing the EE of a down-
link multiuser communication scenario in [19]. Likewise,
in [20], RIS is employed for enhancing energy harvesting
in a simultaneous wireless information and power transfer
(SWIPT) system. Further in [21], a self-sustainable RIS has
been proposed that harvests energy for the wireless powered
communication network (WPCN). The presence of RIS im-
proves the downlink energy transfer and thus enhances the
energy harvested by the users, which is utilized for uplink
information transmission from these multiple users. RIS has
also been employed for vehicular communication in [22],
where RIS enhances the performance of both the links, viz.
vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I).
Further, in [23], RIS has been explored for physical layer
security (PLS).
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Additionally, the performance of RIS-assisted systems
has been evaluated under transceiver hardware impairments
in [24]-[26]. However, the effect of phase error was not
investigated. In contrast, the authors have investigated the
impact of phase error on the performance of RIS-enabled
systems under the assumptions of ideal transceiver hardware
in [27]-[29]. Furthermore, a novel and practical phase shift
model that captures the coupled nature of amplitude and phase
for the REs has been proposed in [30], where the authors
have evaluated the performance gain that can be achieved by
considering the practical phase shift model for beamforming
optimizing. Bjornson et al. have compared the performance of
RIS-aided systems against decode-and-forward (DF) relaying
aided systems. The authors have shown that for many REs,
the RIS can easily outperform DF relaying [31]. A compre-
hensive discussion of the state-of-art research can be found
in [32], where Renzo et al. have presented an electromag-
netic theory-based communication framework for modeling,
analysis, optimization and deployment of a futuristic RIS-
empowered smart radio environment. Additionally, [33]-[35]
provides a comprehensive review for RIS empowered smart
radio communication.

2) RIS-AIDED NOMA NETWORKS
As both RIS and NOMA are highly promising techniques,
RIS has been integrated with NOMA in [36]. It has been
shown that the combination of RIS and NOMA supports high
data rate transmission with improved system performance.
Additionally, RIS-aided NOMA provides better utilization of
spectral resources. A simple design for downlink transmission
of RIS-assisted NOMA has been proposed in [37], where
the RIS is deployed to effectively serve the cell-edge user
by aligning the reflected beam from RIS. An energy-efficient
algorithm for RIS-assisted NOMA has been proposed in [38],
where the authors have discussed the tradeoff between the sum
rate of NOMA users and total power consumption. In [39]
and [40], the performance of the RIS-assisted NOMA is eval-
uated and compared with OMA. Further, the authors have also
proved that the RIS-assisted NOMA performs better than the
RIS-assisted OMA. The beamforming vector is optimized to
minimize the transmit power in RIS-assisted NOMA systems
in [41], while a joint optimization of active beamforming at
BS and passive beamforming at RIS to maximize the user sum
rate is studied in [42]. Furthermore, in [43], the authors have
investigated the resource allocation problem for a downlink
RIS NOMA system, where they have proposed a three-step
resource allocation algorithm for joint optimization of decod-
ing order of NOMA users, power allocation and reflection
coefficients at RIS. Finally, a signal cancellation-based design
is employed to simultaneously serve a pair of NOMA users in
a MIMO-IRS network [44]. A summary of the related work is
also presented in the tabular form in Table I.

As evident from above, RIS-aided NOMA systems have
been investigated in the literature. However, these prior
studies consider ideal hardware, overlooking the impact of
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TABLE | Related Work

Reference

Work

Contribution

Major Difference

Sena et al. [36]
Ding & Poor [37]
Fang et al. [38]
Hou et al. [39]

Cheng et al. [40]

Zhu et al. [41]

Mu et al. [42]

Zuo et al. [43]
Hou et al. [44]

Hemath ez al. [45]

Role of IRS in MIMO-
NOMA
Simple
Design

IRS-NOMA

Energy-efficient  IRS-

NOMA design
Performance analysis of
RIS-Aided NOMA

Performance analysis of
IRS aided NOMA &
OMA

Power-efficient IRS-
assisted MISO NOMA
system
Joint
IRS-aided
NOMA
Resource
IRS-NOMA

Signal canceling based
design of IRS-NOMA
Hardware
IRS-NOMA

beamforming
MISO

allocation

Impaired

Discuss different design aspects, challenges and future research
direction for IRS-NOMA networks

Analyzed the outage probability of IRS-NOMA with and with-
out hardware impairment

Tradeoff between maximizing the sum-rate and minimizing the
total power consumption

Analytical performance of RIS-NOMA network in terms of SE,
EE and outage probability

Outage probability and ergodic rate for uplink & downlink of
IRS-NOMA and OMA network

Optimized beamforming vectors at BS and phase shift matrix
at IRS for minimizing transmit power at the BS

Maximized the user sum-rate through jointly optimizing the
active beamforming at BS and passive beamforming at IRS

Joint optimization of the decoding order of NOMA users, power
allocation and reflection coefficients at the IRS

Passive beamforming weights at RIS to serve the paired users
simultaneously in a MIMO-NOMA network

Analysis of outage performance of the IRS-NOMA in the
presence of hardware impairments

Ideal Transceiver
Ideal Transceiver
Ideal Transceiver
Ideal Transceiver

Ideal Transceiver

Ideal Transceiver

Ideal Transceiver

Ideal Transceiver
Ideal Transceiver

Non-Ideal Transceiver, Outage
Analysis for the specific case of

Rayleigh fading

hardware impairments. Further, it has been shown in [45]
that the presence of non-ideal hardware severely restricts
the performance of a RIS-assisted wireless communication
system. Consequently, the gain reported in the SE, EE of RIS-
assisted NOMA system in the previous studies needs to be
re-examined considering the impact of hardware impairments
at BS, RIS and user.

B. CONTRIBUTIONS

Motivated by the above, in this work, we analyze the per-
formance of a RIS-aided NOMA system in the presence of
non-ideal hardware at BS and phase error at the RIS. We have
also considered the impact of imperfect SIC on the NOMA
user pair. The main contributions of the proposed work are
summarized below.

® We investigate the performance of the RIS-aided NOMA
system in the presence of hardware impairments at BS,
RIS and users. The proposed analysis considers the im-
pact of channel fading, the size of RIS in terms of the
number of REs, the severity of hardware impairment and
the imperfect SIC.

e Explicitly, we derive the closed-form expressions for
the outage probability (OP), SE and the EE of the
proposed RIS-aided NOMA network by initially for-
mulating the signal-to-distortion-plus-interference-plus-
noise-ratio (SDINR) and then utilizing it to derive the
above expressions for both the near and far user.

e Further, we demonstrate that although the number of
REs, transmit power and Rician factor affect the per-
formance in the low SNR region. However, they do not
influence the high-SNR region. The level of hardware
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impairment solely limits the high-SNR performance.
Beyond the saturation region, there is no impact of in-
creasing the number of REs or transmit power.

® Finally, as a performance benchmark, the obtained re-

sults of the proposed work are compared with an ideal
RIS-aided NOMA and OMA system. The results show
that irrespective of the level of distortion, the NOMA
scenario outperforms the OMA for both ideal and non-
ideal hardware cases. Additionally, the performance is
also compared with full-duplex relaying (FDR). The re-
sults show significant performance gain can be realized
by employing RIS over FDR.

So as compared to [45], where the investigation was re-
stricted only to outage analysis without considering the SE
and the EE, this work comprises a complete analytical frame-
work to analyze the SE and EE performance of a RIS-aided
NOMA system under the nonlinear transceiver at BS and
users as well as phase error at the RIS. Moreover, the authors
in [45] have also restricted to the specific case of the Rayleigh
fading scenario, which may not be a practical use case sce-
nario since RISs are usually deployed to have a line-of-sight
(LoS) with the base station (BS) or the users. In contrast,
this work considers a more realistic Rician fading model to
model the LoS link characteristics. Furthermore, the efficacy
of the analytical derivations has also been validated through
simulations.

C. ORGANIZATION AND NOTATIONS

The remaining paper is organized as follows: Section II dis-
cusses the details of the system model for the RIS-aided
NOMA network. Section IIl presents the received signal
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TABLE Il Notations

H Symbol ‘ Definition H
E[] Expectation Operator
P[] Probability
tr[] Trace Operator
[1H Hermitian Operator
Ei(") Exponential Integral
INO) Gamma Function
v (-) Digamma Function
@) () Polygamma Function of v order
v(+y ) Lower Incomplete Gamma Function
pFq(50) Gauss Hyper-Geometric Function
I,(.) Modified Bessel Function (first kind & order v)
fg(x), Fg(xz) | PDF and CDF of RV G

B -

Blockaie

I:a"User

Near Usap: "

FIGURE 1. Schematic for the considered downlink RIS-aided NOMA
wireless system.

model, while Section IV analyzes the performance of the pro-
posed system. Simulation results are presented in Section V,
and finally, Section VI concludes the paper.

The major notations used are been summarized here: Bold-
face lower case represent vectors (e.g., X) and upper cases
represents matrices (e.g., X). CN (i, o?) denotes a complex
Gaussian distribution with mean, u, and variance o2 In addi-
tion, Table I summarizes the remaining notations.

Il. SYSTEM MODEL

We consider a downlink communication scenario where a
single antenna BS communicates with multiple users. The
multiple users are grouped into clusters, and each cluster can
be supported through an orthogonal resource block. Since all
the clusters are identical, subsequently, we will restrict our
analysis to one such representative cluster'. As illustrated in
Fig. 1, within each cluster, the near user (NU) is assumed to
be around the center of the cell. In contrast, the far user (FU)
is assumed to be at the cell edge. Both the users are supported

! Although the results are derived for a single antenna BS, they can easily
be extended for a MIMO-NOMA network, where precoding can decompose
the MIMO-NOMA to multiple separate SISO-NOMA [40]. Thus, the inter-
cluster interference can be suppressed through precoding while SIC mitigates
the intra-cluster interference [18].
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through NOMA protocol®. In line with the assumptions of ear-
lier work, [40], the FU cannot communicate with the BS due
to more significant distance and blockages, whereas the BS
can communicate with the NU [37]. In order to enhance the
performance of NU, a RIS is also employed, which consists
of M number of REs (here, M > 1). Further, as the direct link
between the BS and FU is blocked, another RIS is employed
to assist the transmission between the FU and BS through
the reflected link (here also, the RIS consists of M number
of REs).

A. CHANNEL MODEL

The channel is assumed to be quasi-static and flat fading. It
is also assumed that the channel state information (CSI) is
perfectly known? at the BS, similar to the prior works of [37],
[41]. Since the RISs are deployed to have an LoS link with
the BS and the UEs, the small-scale fading coefficients for the
BS-to-RIS, RIS-to-NU and RIS-to-FU links, hy, hy, g; and g;
can be characterized through the Rician fading model [51]. In
contrast, there is no LoS link between the BS-to-NU. Hence, &
can be characterized through the Rayleigh fading model, thus,
h~CN(0, 1) [52].

B. HARDWARE IMPAIRMENTS

This subsection describes the transceiver’s non-idealities that
result in the distortion of the actual received signal from
the desired transmitted signal. Specifically, in the proposed
downlink RIS-aided NOMA system, the hardware impairment
exists in the transceiver at BS. In addition, a phase error also
occurs due to the presence of non-ideal hardware at the RIS.

1) TRANSCEIVER IMPAIRMENTS

It has been shown in the literature that the assumption of
ideal hardware while evaluating the performance of wire-
less communication systems is not practical. This is because
of the fact that the transceiver architecture at the RF front-
end is prone to several inevitable additive impairments like
the in-phase/quadrature (I/Q) imbalance, the nonlinearity of
the radio front-end and the phase noise at the oscillator.
Fig. 2 illustrates the block diagram of a typical transmitter.
The schematic shows that the baseband I and Q signals are
up-converted after passing through the modulator to the re-
quired RF. Further, an ideal local oscillator (LO) is deployed
to achieve a precise 90-degree phase shift between the 1/Q
branches while maintaining equal gain. However, because of
the non-idealities in the LO circuitry, the realized phase shift
is not exactly 90 degrees resulting into phase imbalance. This
causes a gain mismatch. The joint impact of gain imbalance
and phase mismatch is called I/Q imbalance. Likewise, the
power amplifier (PA), which is usually the last component

2There can be multiple users within the cluster, however, due to complexity
requirements, we are restricting ourselves to a 2-user case, similar to [46],
[47].

3Several channel estimations techniques are proposed in the literature for
RIS-assisted networks, in particular, [48]-[50] are known to provide an accu-
rate estimation of CST at BS.
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FIGURE 2. Schematic showing various imperfections at the source
transceiver.

in the transmit chain, is a nonlinear device that causes both
in-band and out-of-band distortion. As a result, the error vec-
tor magnitude (EVM) degrades. Further, it also results in the
spectral regrowth of the transmitted signal.

These residual impairments result into distortion, which can
be characterized as a) multiplicative, in which the received
signals are phase-shifted; b) additive, in which a distortion
noise is added whose variance is proportional to the power of
the transmitted and received signals; and c¢) amplified thermal
noise [53]. A generic approach for modeling the collective
impact of all these impairments considers that the resultant
‘distortion’ noise is Gaussian distributed, with the average
power being proportional to the average transmit power of the
signal. Moreover, it can also be noted here that this Gaus-
sian characterization has been experimentally validated as
discussed in literature [54].

Hence, the above imperfections at the source will result in a
mismatch between the actual signal, x, where x € CA/(0, ol%),
and the signal transmitted by the non-ideal transceiver, %,
which can be expressed as

F=x+w, (D

where w represents the aggregated distortion noise that is
caused by the various hardware imperfections. It can be mod-
eled as a zero-mean complex Gaussian random variable (RV)
whose variance can be expressed as

oy =0, )

where ¢ is a proportionality constant that characterize the level
of residual impairment at the source.

2) RIS IMPAIRMENTS

Ideally, the RIS is configured to provide a phase shift that can-
cels the overall phase shift and thus maximizes the received
signal power at the desired receiver. However, a residual phase
error exists in the actual phase shift imparted by the RIS,
which occurs due to these two possible reasons. This deviation
of the actual phase shift from the ideally desired phase shift is
modeled by setting the phase noise ®, a random variable in
[—m, ).
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e The first reason for the residual phase error is the im-
perfect channel estimate at the RIS and termed as the
phase estimation error. Specifically, for this scenario, ®
is modeled as a zero-mean von Mises variable. Here, 7 is
the concentration parameter that captures the channel es-
timation accuracy. Further, in this case, the characteristic

function is ¢, = 5’0’8 [29].

e Likewise, the second reason is the hardware imperfec-
tion due to practical hardware at the RIS. Here only
a set of discrete phase shifts, 29 (¢ > 1), are available
instead of the ideally infinite phase shifts. Moreover,
the error ® is assumed to be uniformly distributed over
[=2797, 2749] [55]. For this case, the characteristic
function can be defined as ¢; = %ﬂ]”) and ¢p =

in(2—a+1
S 291

C. NOMA PROTOCOL

Now the superimposed signal for both the user that will be
transmitted from the BS to the paired NOMA user is:

X = Buxn+ Brxy, (3)

where x, and x; denote the desired signal of NU and FU,
respectively. The power allocation coefficients, 8, and By,
for NU and FU, respectively follows the NOMA constraint
/3,% + '3]2, = 1. For the sake of user fairness between the
NOMA pair, we use 8, < By.

Since the transmitted signal is impaired by the non-ideal
hardware and thus, from (1), the transmitted signal from the
BS can be written as

x~:,3nxn+/3fxf+ws» “4)

where wy; € CN (0, KEPS) is the distortion noise due to hard-
ware impairments at BS, and P; denotes the transmit power at
the BS.

D. PATHLOSS MODELING

A 3GPP Urban Micro (UMi) pathloss model, as described and
discussed in [31], characterizes the large-scale fading. So, at
the carrier frequency of 3 GHz, the pathloss 15 at a distance of
d meter can be expressed as:

B(d) [dB] = G; [dBi] 4 G; [dBi]

—37.5 — 221og,(d/1 m)
—35.1 — 36.71log,y(d/1 m)

if LoS,
if NLoS,
&)

where G; and G; denote the transmit and receive antenna gain
at the source/relay and relay/destination, respectively.

1. RECEIVED SIGNAL MODEL AND SNR FORMULATION
This section evaluates the SNR formulation for the NU and
FU. Initially, the received signal model is described, and then
RIS parameters are optimized to give the maximum SNR.
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A. NEAR USER

1) RECEIVED SIGNAL AT NU

The received signal at the NU comprises of the direct link as
well as the reflected link via RIS. Thus the received signal at
NU, y,, can be expressed as

Vp = [/Ehh + w/Bhlthhl ‘I)hz]
X (Bnxn + By x4+ ws) /Py + wg, + Ny, (6)

where B, is the pathloss for the direct path between BS
and NU, while By, Bj, are the pathloss for the reflected
link, i.e., BS-to-RIS and RIS-to-NU, respectively. Further,
® is the reflection coefficient matrix of the RIS and wy, €
CN(0, Kﬁl Iv/Bi h + /By, By, hy ®h,|>Py) represents the ag-
gregated distortion noise due to the non-ideal transceiver at the
NU. Also, h = |hle™/% is the small scale fading co-efficient
for the direct link between the BS and the NU, where |A| is
the channel amplitude characterized through the Rayleigh RV
and ¢ is the channel phase. Finally, N, is the additive white
Gaussian noise (AWGN) with N, € CA (0, o2).

On expanding (6), we can re-write the received signal at
NU as

M
o[BS 00
i=1

X (Iann + ﬁfxf + ws) \/FA‘F Wy, + No, @)

where, i} = |hi|e~/?1 is the channel co-efficient between the
BS to the i-th reflecting element of RIS with amplitude, |4 ],
and phase, ¢!. Similarly, &, = |hb|e™/2 is the channel coef-
ficient between the i-th reflecting element of the RIS to NU
with amplitude, |45], and phase, ¢5. The envelopes of 4 and
hy fori=1,..., M arei.i.d and characterized through Rician
RV with a shape and scale factor of Kj, K; and 21, €,
respectively. It is also assumed that h; and h, are mutually
independent of / and of each other.

2) RIS REFLECTION PARAMETERS

Now by optimizing the reflection matrix, ®, the total chan-
nel gain for the NU can be maximized, i.e., |«/Bjh+
/Bh, By, hi®@hy|. This can be achieved by adjusting 6 to
cancel the resultant phase of /%, i, and h. Thus, by applying
0' = ¢ — @] + @5, the channel gain will be maximized and
can be expressed as

HP = |VBih+ /By, By, by @hy

2

’

M 2
= (/87 Ihl + /BB, > |hi| |h§|) NG
i=1

However, due to the presence of non-ideal hardware at the_:
RIS, 6" may not be able to cancel the resultant phase of A}, h,
and h. Thus, the resultant channel gain will comprises of the
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phase error which can be expressed as
2

P = (\@ 11l + /By Br, % |1 | 15 e,,-@,) )
i=1
or equivalently
2 = (VB 11l + /By By, M |H|>2,
where H = L "M |t (|| €/©:.

Utilizing (10), the received signal at NU in (7) can now be
expressed as

(10)

Yo = [HI? (Buxn + Brxs) NPy +wi +N,, (1)
where
wy = [H|? ws + wg,, (12)

denotes the aggregated distortion caused by the transceiver
impairments at the BS and NU.

3) SNR FORMULATION

At NU, initially, the NU will decode the signal of FU with the
following signal-to-distortion-plus-interference-plus-noise ra-
tio (SDINR).

M B3P,

HP B2 P+ [HP (62 4+ 43, ) Py + 02

(13)
After decoding and canceling the signal of FU, the NU can
decode its own signal. However, due to the presence of non-
idealities, NU may not be able to implement perfect SIC.
Hence due to imperfect SIC, the NU will experience a residual
interference of the FU signal. Based on imperfect SIC, the
SDINR at NU can be expressed as

|H|* B2 Py
§ [HP B3P+ M1 (k2 +63,) P+ 0

SDINR, . ; =

SDINR, = , (14)

where & € [0, 1] represents the error propagation model that
captures the efficacy of SIC. Specifically, & = 0 corresponds
to the ideal scenario of perfect SIC while & = 1 corresponds
to scenario of maximum interference [56].
After rearranging the terms of 14, the SDINR at NU can be
expressed as
2 g2
SDINR, = M7 6y X :

(15)
HP (8 B} + 42 + 63 ) Yo +1

where Yy = :—52 is the transmit signal-to-noise ratio (SNR).
Thus, the normalized instantaneous rate for the NU, R,;, can
be evaluated from the SDINR at the NU as

R, = log, (1 + SDINR,),
|HI* B2 Yy
|H|? (5 13}% +KZ+ K51> Ts+1

= log, | 1+ (16)
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B. FAR USER

1) RECEIVED SIGNAL AT FU

As discussed in system model, the RIS is employed to assist
the BS-FU communication through the reflected link, i.e.,
BS-RIS-FU link. Thus, the received signal at FU, y, can be
expressed as

Y= mgl ® g2 (ﬁnxn + lexf + wS) \/E

+ wa, +No,  (17)

where B,,, By, represents the pathloss of the BS-
to-RIS and RIS-to-FU link, respectively and wy, €
CN(0, ng |g1<I>g2|2Bngg2Ps) represents the aggregated
distortion noise due to the non-ideal transceiver at the FU.
Further, ® is the reflection coefficient matrix of the RIS,
where ® = diag(®;) and P; is the response of i-th RE. Now,
®; = 6;¢; with §; € (0, 1], being the amplitude reflection
coefficient and ¢; = e/% being the phase shift introduced by
the i-th RE, where j = «/—1and @ € [0,27)Vi=1,..., M.
On further expanding (17), we can have

M
b= VS | 08|y ) v

i=1

+ wa, + No, (18)
where g"1 = |g"1|e’jw1i is the channel co-efficient between
the BS to the i-th reﬂecti_ng element of RIS with |g}| be-
ing the amplitude and | being the phase shift. Similarly,

g5 = Ighle™/™2 is the channel coefficient between the i-th
reflecting element of the RIS to FU with |g,| and @) being
the channel amplitude and phase, respectively. Moreover, the
envelopes of g"1 fori=1,..., M are assumed to be indepen-
dent and identically distributed (i.i.d) and characterized by
the Rician RV with a shape and scale factor of K3 and 3,
respectively. Similarly for g,, the elements are also i.i.d and
Rician distributed with a shape and scale parameter of K4 and
4, respectively. Additionally, it is also assumed that g; and
g> are independent of each other.

2) RIS REFLECTION PARAMETERS

Now by optimizing the reflection matrix, ®, the channel gain
can be maximized, i.e., |g;®g>|. This can be achieved by
adjusting 6’ to cancel the resultant phase of g"1 and g"z. Thus,
by applying 0' = @ + @, |g1 ®g>| can be maximized and
this optimal solution can be denoted as 6. Thus, the maximum
channel gain can be expressed as

IGI* = By, By, Ig1 @22,

M 2
_ BB, (z 4| |gs|) ,

i=1

19)

where it is assumed that 8' = 1, Vi, without any loss of gener-
ality. Further, as the RIS is also impaired by the unavailability
of ideal phase shift, 4, in practice the maximum channel gain
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that can be achieved can be expressed as
M 2
GI* = By, By, (Z |¢1] |¢h] exp (1'@1-)) . Qo)
i=1
or equivalently,

IG|* = M?* B, B,, |GI?,

where G = 37 > 18} 11gh| exp (j©)).
Hence, from (21), the received signal at FU in (18) can be
re-written as

2y

Vi = 1G17 (Bux + By X7 +wy) NPy +way +Noy  (22)
which on simplification gives
i =GP (Buxn+ Brxp) VP +wa+Noy  (23)
where
wy = |G1* wy + wa,. 24)

is the aggregated distortion caused by the transceiver impair-
ments at the BS and FU.

Thus, for a given channel realization, w; and wy in (11)
and (23), can be characterized as zero mean noise with vari-
ance [24]

051 = |’;'-L|2 (Ksz + Kfl) P,

02, = |G? (K§+K§2) P, (25)
Here, kg, kg, and kg4, are the proportionality constant that
controls the level of impairment of the non-ideal transceiver at
the BS, NU and FU, respectively. Additionally, it can also be
noted here that for k; = k4, = kg, = 0, the scenario reduces
to the case of ideal transceiver with no distortion, i.e., wi =
wy = 0 in both (11) and (23). The performance of the ideal
transceiver based NOMA has been studied in [40]. Further
from (25), it can also be observed that the distortion noise
variance (due to non-ideal transceiver) increases along with
signal power.

3) SNR FORMULATION

Likewise, the FU will decode its signal while treating the
signal for NU as an interference. Thus, the SDINR at FU can
be expressed as

IGI* B7 Py
SDINR; = . (26)
(9P B2 P+ 1GP (k2 + 13, ) P+ o2
or equivalently
IGI” B7 Y
SDINR; = 27)

G (B + k2 43, ) Mo+ 1

Thus, the normalized instantaneous rate for the FU, R, can
now be evaluated as

Ry = log, (1 + SDINRy),

VOLUME 3, 2022



ISEEE (% IEEE Open Journal of
Bicesing  Signal Processing

IGI% B} X

1+
G1° (/3,% + K2 +x§2) Ty +1

= log, (28)

IV. PERFORMANCE ANALYSIS
This section evaluates the performance in terms of the outage,
ergodic rates, SE and EE.

A. ERGODIC RATE
The ergodic rate is one of the widely accepted performance

metrics used in rate-adaptive systems. The ergodic rate for the
NU and FU can be formulated as

Rn =E [Rn] )
2 g2
T
= 10g2 1 =+ |H| IB” s ,
1H [ (s B2+ k2 + ng) Y+ 1
(29)
and
Ry =E[R/],
IGI” B7 s
=E|log, | 1+ ’
G (B2 +x2+43 ) Yy +1
(30)
respectively.

Remark 1: The corresponding ergodic rates for the NU and
FU can be evaluated by considering the transmission in two
equal orthogonal time slots. In each of the slots, the two users
are served through TDMA.

Now, the probability distribution function (PDF) of H is
not available in the closed-form. Consequently, the ergodic
rate of NU does not admit a closed-form expression. However,
it can be approximated tightly by an upper bound [52]. The
following Lemma provides an approximate closed form for
the upper bound on the ergodic rate of NU and the closed-form
expression for the ergodic rate of FU.

Lemma 1: For the considered RIS-aided NOMA system,
the ergodic rate of the FU, Ry, can be expressed as shown in
(31) shown at the bottom of this page.

Proof: Please refer to Appendix B for the derivation of
Ry. m

Remark 2: The ergodic rate for FU, in case of RIS-aided
OMA scenario can be extracted from (31) by substituting C;
and Cp as BM? (1 4«2 + ng) and BM? (k2 + /cgz ), respec-
tively.

Remark 3: The high SNR approximation for the ergodic
rate of FU can be given as

i
Bi+wi+ug, )
This approximation can be derived from (63) by considering
the fact that for high SNR (i.e., when Y is large) |G|*(x2 +
K§2)Ts + 1~ |g|2(/cs2 + KjZ)TS and thus 1 can be neglected
safely. After simplification, the above relationship can easily
be found.

Remark 4: Likewise, the high SNR approximation for the

ergodic rate of FU for the RIS-aided OMA scenario can be
given as

_ 1
R? = log (1 + —) : (33)
! 2 2
K3+ K]
Remark 5: The approximation the ergodic rate of FU for
large M can again be given as

2
Rr=|log, |1+ —ﬁf
— | log, .
! 2+ + B2

Since the proof is similar to that followed in Remark 3, it is
omitted for the sake of brevity.

Remark 6: Likewise, the corresponding approximation of
the ergodic rate of FU for large M in the case of RIS-aided
OMA can again be given as

_ 1
R? = |10 14+ —-- .
! [g( +ﬂ

Lemma 2: For the considered RIS-aided NOMA system,
the ergodic rate of the NU, R,, is upper bounded by R,,, which
can be expressed as shown in (36) shown at bottom of the next
page).

Proof: Please refer to Appendix A. |

Remark 7: Likewise, the upper bound on the ergodic rate of
the NU, in case of RIS-aided OMA scenario, can be extracted
from (36) by substituting E; and E, as (KS2 + K;l )Y, and

(34)

(35)

€ +x2+ Kjl )Y, respectively.
Remark 8: The high SNR approximation for the ergodic
rate of NU can be given as
Ba

Ry=|log, [1+ ——5—— | |-
' [ ( Sﬁ?+Kf+Ki)}

This approximation can be derived from (29) by considering
the fact that for high SNR (i.e. when Y is large) || (¢ ﬂ)% +

(37)

_ m™

p 1F (m; m+1;

1 . . 1
miy n) 1A (m m+1; 5% & n) 12™ T (m)

Rt = T @ n@ | msinmm)

(€ )"

B (1122 m 2 o) R (12,2 m 2 L)

mm

(CROL

x {1In ﬁ + m
C w* (1 —m)
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K2+ Kdzl VY5 4+ 1~ |H|?(E 5f2. K2+ Kgl)n and thus 1 can
be neglected safely. After simplification, the above relation-
ship can easily be found.

Remark 9: Likewise for the RIS-aided OMA scenario, the
high SNR approximation for the ergodic rate of NU can be

given as
1?,? =|logy | 1 + ; .
K2+ K‘%l

Remark 10: The large M approximation for the ergodic
rate of NU can again be given as

an 10g2 1—}—% .
S,Bf—i—lcsz—i—/(dl

Since the proof is similar to that followed in Remark 1, it is
omitted for the sake of brevity.

Remark 11: Similarly for the RIS-aided OMA scenario,
the large M approximation for the ergodic rate of NU can
again be given as

(38)

(39)

+ P {logy(1 + SDINR,_, s) > Ry s}
x P {logy(1 4+ SDINR,) < Ry} . X (42)
which can be reformulated as
P, =1-
P {SDINR,_, ; > 2Rs — 1, SDINR,, > 2R — 1},

=1—TP{SDINR,_.; > xs,SDINR, > x»} . X
(43)

where xy = 2Ry — 1 and x, = 2R — 1. Utilizing (13) and
(14), the outage probability for NU, P,, can be evaluated as

IHI? B7 Y
P,=1-1P : = Xf
HP (B2 + K243 ) Ty +1
HI> B2 Y
5 s > b, @)

|H)? (gﬂj%—i—/csz—}-/cjl) Py +1

which can be simplified as

_ 1
RO =|log, [ 1+ 5—) |- 40
n |: gZ( Ks2+K§1>:| ( )
Po=1-PlHP> X
B. OUTAGE PROBABILITY n= "= - ( 2 ( PRI ) )
The outage probability for RIS-aided NOMA system can be S\f n T T Ky ) Xy
defined as probability that instantaneous rate achieved is less
than the rate threshold. So, the outage probability at NU can
2 Xn
be defined as HI" = 5 5 J
T (82— (683 +42+ 63 ) 1)
PnZIP{Rn <Rrh,n}, (45)
= P {log,(1 + SDINR, . r) < Ry ¢
{ &af n=t) th’f} equivalently,
+ P 10g2(1 + SDINR _>f) > Rth,f
{ " } P =1=P{JHP =W, [P = D},
x P {logy(1 + SDINR,) < Rypn} (41) )
—P{H? <V}, (46)
where Ry, , and R;j, ; represent the rate threshold correspond-
ing to the NU and FU, respectively. where
Utilizing (41), the OP for the NU can be formulated as y Xf 47
1= )
P, = P {logy(1 + SDINR,, ) < Ruy 7} T (82 - (B2 +2 +43 ) x7)
" r (m + l) (,02 38,8y, By
R, =1 1+ E B, +2ME 2 ! 2 1, (—K1) L (—K
S YT VEm D+ R
+ M2E, B, B pin’ {L(K)}z{L(K)}z
SR K A DK+ ) s 3
r (m + l) (p2 3By By, By,
-1 1+ 88, +2ME 2 ! 2 I, (—K) L (—K
0g, | 1+ E2B, + 2 Fom) 8m(K1+1)(K2+1)%( 1)%( 2)
2.2
+ M2E, B, B, i 2 (—Kl)}2 12 (—Kz)}2 (36)
PRAK DK+ U 2
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X n

27y (B2 (s +2+2 ) )

, (48)

and
Y =max {), I»}.

Now since the PDF of |’H|2 is not known, hence, P, does not
admit a closed-form solution. However, it can be evaluated
through simulations.

Similarly, the outage probability for the FU can be defined
as

(49)

Pf = ]P {Rf < Rth,f} .
=P {log,(1 + SDINR) < Ry s} . (50)

Lemma 3: For the considered RIS-aided NOMA network,
the OP for the FU can be expressed as

v (m 59)
Py = , (51)
['(m)
f— Xf — th, -
where yf - \/Bnggz M2 Ts(ﬁ%—(ﬁ,%'FK.yz-"ng)Xf)’ Xf =2 f
1.
Proof: Please refer to Appendix C. |

Remark 12: Likewise, for the RIS-aided OMA scenario,
the OP for the FU can be expressed as

m )0
0 y(m’?yf>

P = o (52)

0_ Xs
where Vi = \'/Bglzsg2 MY (=G )
C. SPECTRAL EFFICIENCY AND ENERGY EFFICIENCY

The SE of the RIS-aided NOMA system can be defined based
on the ergodic rate found in the previous subsection as

(53)

Remark 13: Since, in the RIS-aided OMA scenario, the two
users are orthogonally transmitted in two equal time slots, the
SE of the RIS-aided OMA system can be given as

SE = Rn =+ Rf.

SEC = % [R,? n R?] . (54)

Now, the EE can be defined in terms of bits/Joule/Hz as
the ratio of the SE and the total power consumed, P, which
includes power consumed at BS, RIS and the NOMA user
pair. Representing the static and dynamic power consumption
at the BS as Ppg and o Py, respectively, further, representing the
power consumed at the REs as Pgr and the power consumed

at the users as Py, the EE can be expressed as
_SE SE
" P (1+a)Ps+ Pgs + 2MPrp + 2Py

Likewise, the EE for the RIS-aided OMA network can also be
evaluated.

EE

(55)
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TABLE 11l Simulation Parameters

H Parameter Simulation Values H

Shape Parameter Ki,K3=5 Ko, Kq4=5
D =02=03=0Q4=1
Pps=10 dBm, Py=10 dBm [19]

Prg =10 dBm [19]

Scale Parameter

Circuit Power

RIS Power Consumption

Variance of AWGN Noise 02 =-120 dBm
Antenna Gain Gi=1,Gr =1
HPA Power Consumption Factor a=1.2[57]

This completes the analytical evaluation of the proposed
RIS-aided NOMA and OMA network. The following remarks
are noteworthy here that provide system-design insights and
can be summarized as 1) The performance analysis of the de-
signed system provides insights regarding the suitable number
of REs, which can be determined to strike a balance between
hardware cost and system performance for different scenarios,
i.e., downlink (or uplink) NOMA (or OMA). 2) The analytical
results contribute to the deployment of RISs under realistic
scenarios, i.e., the BS-RIS and RIS-user links can be either
LoS or NLoS. 3) Based on the impact of transceiver impair-
ments on the system performance, we know how the non-ideal
transceiver limits the performance gain provided by RIS. 4)
Further, the impact of the fixed power-allocation coefficients
for the different use case scenarios of downlink NOMA.

V. SIMULATION RESULT

This section discusses and presents the simulation results
for the performance of both ideal and non-ideal transceiver-
based RIS-aided NOMA systems. The general rate threshold
used for simulation of near and far user are R;,, =5 and
Ry, r = 1.5 bits per channel use (BPCU), respectively, if
not specified. Also, for simulation purposes, the number of
users is set to be 2, with the power allocation coefficients of
ﬂ,f = 0.3 and ,B% = 0.7, if not specified otherwise. Likewise,
the proportionality constant for hardware impairment level is
assumed to be k = 0.1, where (k = k; = k), if not specified
otherwise. Further, the distance between the BS-to-RIS and
RIS-to-NU is assumed to be 10 m, while the distance between
BS-to-NU is 17.32 m. Likewise, for the FU, the distances
between BS-to-RIS and RIS-to-FU are supposed to be 40
and 10 m, respectively. The rest of the simulation parameters
are summarized in Table III. Further, the proposed RIS-aided
NOMA is compared with full-duplex relaying (FDR), where a
full-duplex relay is substituted for the RIS. For the sake of fair
comparison, the total transmitted power is kept equal in both
RIS-aided and FDR-aided NOMA systems. Moreover, in the
FDR-aided NOMA system, the transmit power is assumed to
be equally distributed at the BS and the full-duplex relay. In
addition to the above, solid lines show the analytical results,
while the marker points denote the simulation results; a simi-
lar convention is followed throughout this section.
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FIGURE 3. Ergodic rate for the NU with respect to transmit power under
varying level of hardware impairments, here M = 10.

A. SE

Fig. 3 shows the non-ideal hardware’s impact on the NU rate
in the RIS-aided NOMA wireless system. Specifically, the
figure shows the ergodic rate for the NU with respect to the
transmit power under the varying level of hardware impair-
ments. The following observations can easily be made from
Fig. 3: a) The result shows that the rate of NU saturates with
increasing transmit power for the non-ideal hardware-based
RIS-aided NOMA system. b) The impact of distortion noise
is far more significant than the impact of the phase noise.
c¢) Likewise, the imperfect SIC has a detrimental impact on
the ergodic rate of the NU, which is also far more significant
than the RIS phase error. d) It can also be observed here that
analytical and simulation results are pretty close. This shows
that the derived upper bound on the ergodic rate of FU is very
tight, specifically in the higher transmit power regime.

Likewise, Fig. 4 shows the ergodic rate of the FU for the
RIS-aided NOMA wireless system. The result shows that the
rate of FU saturates with increasing transmit power. Further,
it can also be observed that for large M, the SE saturates for
the lower transmit power values. For instance, FU’s rate is
1.55 bps/Hz for g = 3, k = 0.01 and M = 10 at 5 dBm of
transmit power, while it saturates at 1.73 bps/Hz at 20 dBm of
transmit power. A similar rate can also be achieved at 5 dBm
of transmit power by increasing M to 100. Though the rate
of FU saturates with respect to transmit power, RIS provides
the leverage to tradeoff the transmit power in terms of M.
Thus, RIS provides better EE even for the hardware-impaired
wireless system. Furthermore, it can also be observed here that
the impact of phase error is insignificant as compared to the
impact of the non-ideal transceiver and imperfect SIC.

Fig. 5 shows the impact of power allocation co-efficient on
the NOMA users’ SE. It can be observed that power allocation
plays a significant role in the overall SE of the NOMA system.
Specifically, it can be observed that to enhance the sum rate,
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FIGURE 4. Ergodic rate for the FU with respect to transmit power under
varying level of hardware impairment.
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FIGURE 5. Impact of power allocation coefficient on the rate of both the
users viz. NU and FU, here M = 10, g = 3, Ps = 10 dBm.

the power allocation for the near user should be more as
compared to the far user. This is because the near user has
better channel conditions; thus, to maximize the sum rate,
the user with better channel conditions should be allocated
more power. For instance, at higher values of ,3,%, the rate
experienced by the near user is much better than the far user,
as evident from this result. In contrast, if fairness between the
users is to be ensured, then as can be seen here, the near user
should be allocated lesser power, while the far user should
be allocated more power. For instance, when ﬂ,f = 0.03, the
users’ rate is equal to 5 bps/Hz.

Fig. 6 shows the impact of the hardware impairments on the
SE of both the RIS-aided NOMA and OMA systems. It can be
seen that, for the ideal transceiver (x = 0) based on RIS-aided
NOMA and OMA, the SE increases with the transmit power
linearly. However, as the level of hardware impairment rises,
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FIGURE 7. SE with respect to M for different level of hardware
impairment, here ¢ = 3 and P; = 10 dBm.

the SE saturates. For instance, the SE saturates at 12.6 bps/Hz
and 5.6 bps/Hz for k =0.01 and 0.1, respectively. NOMA pro-
vides some SE gain over OMA in the moderate transmit power
regime. However, at higher power, the SE of both RIS-aided
NOMA and OMA saturates. After saturation, no further gain
in the SE can be achieved by increasing the transmit power.
Specifically, in the high transmit power saturation regime,
NOMA provides a gain of around 2.2 bps/Hz in the SE as
compared to OMA for the ideal hardware-based system. In
comparison, for the hardware-impaired non-ideal system, the
SE gain diminishes with increasing transmit power.
Likewise, Fig. 7 shows the SE for the RIS-aided NOMA
and OMA system for an increasing number of REs. It can
be observed here that SE also saturates with an increasing
number of REs for both NOMA and OMA-based system
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FIGURE 8. Outage with respect to transmit power for both NU and FU of
the RIS-aided NOMA System, here g = 3, £ = 0.001 and « = 0.01.

when there is a non-ideal hardware-based system. However,
for an ideal hardware scenario, the SE increases linearly.
After saturation, no further gain in the SE can be achieved
irrespective of the number of REs in the RIS. For instance,
the SE saturates at 5.6 bps/Hz for both NOMA and OMA
systems at k = 0.1, increasing linearly with the number of
REs for ideal transceiver-based RIS-aided NOMA and OMA.
This shows the detrimental impact of the non-ideal transceiver
as the SE is independent of the number of REs in the non-ideal
transceiver-based NOMA system. Also, the impact of hard-
ware distortion at the transceivers is far more significant than
RIS phase error. Further, it can also be observed that despite
a non-ideal transceiver, the NOMA system outperforms the
OMA scenario, as evident from the results. Thus, the impact
of non-idealities in the transceiver is significant and cannot
be ignored while analyzing the performance of RIS-aided
wireless networks.

B. OUTAGE

Fig. 8 shows the outage performance of both the NOMA
users in the presence of hardware impairments. As evident
from the result, the outage performance of the NU is better in
the low transmit power regime. While increasing the transmit
power, the outage for the FU also improves. For instance, the
outage at 5 dBm transmit power for the FU is 0.01, whereas
the outage improves to 1076 at 15 dBm of transmit power.
However, increasing M to 20, a similar outage performance
can be observed for the FU at 5 dBm transmit power. Thus,
the transmit power can be reduced by increasing M without
compromising the quality of service (QoS). Likewise, the
outage probability can be enhanced by increasing M for the
NU since the FU experiences more attenuation as the distance
is considerable for FU compared to NU.
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FIGURE 9. EE with respect to transmit power for both RIS-aided NOMA
and OMA considering ideal and non-ideal system.
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FIGURE 10. EE with respect to varying number of reflecting elements for
both RIS-aided NOMA and OMA with ideal and non-ideal system.

C. EE

Fig. 9 and 10 show the EE for both NOMA and OMA scenar-
ios with ideal and non-ideal transceivers. It can be observed
that NOMA is more energy-efficient than OMA for both
the ideal and non-ideal hardware-based scenarios when the
number of REs is small. However, for large REs, RIS-aided
OMA may outperform RIS NOMA in EE. Further, it is also
evident from the result that the EE of ideal hardware-based
RIS-aided NOMA saturates with the number of REs in the
RIS. In contrast, for the non-ideal hardware-based RIS-aided
NOMA system, the EE decreases with increasing M. This
is because of the fact that SE saturates for the non-ideal
hardware-based RIS-aided NOMA system while the power
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. . Ideal Hardware | Non-Ideal Hardware
Simulation Parameter
SE EE SE EE
M =10, NOMA 1598 | 0.72 10.01 | 0.45
M =10, OMA 10.86 | 0.49 8.85 0.40
M =100, NOMA 18.34 | 0.76 10.12 | 0.42
M =100, OMA 15.32 | 0.67 11.76 | 0.51

consumption increases with M. Thus, the compound effect re-
sults in a decrease in the EE of the RIS-aided NOMA system.
In contrast, for the ideal transceiver-based RIS-aided NOMA
system, the EE improves with the number of REs. However,
for a large number of REs, the EE is also saturated, and no
significant gain is observed afterward. For instance, the EE at
M = 20 is 0.73 bits/Hz/Joule for RIS-aided NOMA and 0.55
bits/Hz/Joule for the RIS-aided OMA system. After that, the
EE saturates along with the number of REs for NOMA and
increases linearly for the OMA system. For instance, when
M is increased to 50, the EE remains 0.76 bits/Hz/Joule for
NOMA and increases to 0.62 bits/Hz/Joule for OMA from
the earlier values (when M = 20). This is because the SE is
saturated, and the power consumption increases linearly, as
evident from (55). Hence, it results in a decrease in the EE
of the RIS-aided NOMA system. Further, it also proves that
increasing the number of REs does not yield the best perfor-
mance as the SE saturates and EE decreases, unlike the ideal
hardware case, where the SE increases and the EE is saturated.
Thus, it can be concluded that the RIS-aided NOMA system
outperforms the OMA system in both SE and EE. Further, it
is evident that a non-ideal transceiver’s impact is much more
significant on both the SE and EE, both of which are limited
by the distortion noise and imperfect SIC due to non-ideal
hardware.

Table IV compares ideal and non-ideal hardware-based
RIS-aided NOMA wireless transmission systems. It can be in-
ferred here that the ideal transceiver-based RIS-aided NOMA
and OMA system have the best EE, whereas the non-ideal
transceiver-based RIS-aided NOMA and OMA system have
the worse EE. Further, it can also be concluded from the
above result that the gain provided by RIS is saturated due
to distortion. Thus the non-ideal transceiver significantly im-
pacts the performance of the RIS-aided NOMA and OMA
wireless system. So, non-ideal hardware impairments can not
be neglected in a practical deployment of RIS-based wireless
systems. Finally, it can also be verified from the results that
NOMA based system outperforms the OMA-based RIS-aided
wireless system.

D. COMPARISON WITH FD RELAYING

Fig. 11 shows the performance comparison of the RIS-aided
NOMA network with FDR aided NOMA network. Specifi-
cally, as a performance benchmark, the RIS is replaced with a
full-duplex (FD) relay, and the FD relay aids the transmission
instead of the RIS. It shows that the RIS outperforms the FDR,
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FIGURE 11. SE with respect to transmit power for both OMA and NOMA
considering RIS-aided and FDR-aided network.

as evident from the SE result. However, as discussed earlier,
the hardware impairment due to the non-ideal transceiver
saturates the performance of FDR-aided NOMA and OMA.
Further, it can also be observed that the FD-aided NOMA sce-
nario provides more SE than the FD-aided OMA counterpart
for the FDR-aided network. Similarly, it can be observed here
that a RIS-aided OMA network also performs better than the
FDR-aided OMA network. This shows the RIS-aided NOMA
system’s potential within the existing wireless systems.

VI. CONCLUSION

In this paper, we investigated the impact of the non-ideal
transceiver on the performance of a RIS-aided NOMA
system. Specifically, we derived the closed-form expressions
for OP, SE and EE in the presence of a non-ideal transceiver.
Further, the performance of the NOMA system is compared
with its OMA counterpart, where the results show that the
RIS-aided NOMA system outperforms the OMA scenario in
both SE and EE. Also, the result shows that the SE saturates in
the non-ideal transceiver-based NOMA system, and this sat-
uration level is independent of the number of REs in the RIS.
Further, the EE decreases with the number of REs. In contrast,
the SE of an ideal system increases with the number of REs,
whereas the EE also increases but saturates for a very large
number of REs. Thus, the impact of the non-ideal transceiver
can not be overlooked while designing the practical RIS-aided
NOMA system. In addition to the above, we also compared
the performance of the RIS-aided system with the FDR-aided
network, where it has been shown that the RIS-aided network
significantly outperforms the FDR-aided network.
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APPENDIX A
PROOF OF LEMMA 1
The ergodic rate for FU can be evaluated from (30) as,

Ry =E[log, (1 4+ SDINR;)], (56)

where SDINR can be further expanded as

SDINRy
By, By, G 7 Y.
_ 81782 Fls ’ (57)
By, By, IGI? (:33 + K5+ ng) Ts+1
which can be re-written as

M?*B |G B} Y,

SDINR; = (58)

M2 B |G]? (ﬁ,% 2+ sz) T+ 1

where B is substituted for B, B, .
Now the cumulative distribution function (CDF) and the
PDF for the channel gain |G|* can be derived as [29]

L e
f|g|2(g) - F(m) Mzmgm exp ( Mzg) ’ (59)

and

Y
F|G‘2(g) = > (60)

['(m)
respectively. Here, m and p are constants, which are defined
as

M (p% at

m=————— -, 61
21+ ¢ —2¢?a* 1)

© =g a,

where a = /aj a with a; and a, being the expected values
of Rician RV g; and gy, respectively. It can further be noticed
that, for a Rician variable g € {0, 1}, the expected value can

be gl €n as

Utilizing (58) and (59) to solve the expectation in (56), we
can have

(62)

Ry =

00 gBM? B Yy
/ log, | 1 +
0 gBM? (,83+/cs2+/<§2> s+ 1

fc(g)dg.

(63)

Now the ergodic rate for the FU case can be derived by
substituting (59) in (63) as

B mm o0
P
L(m) ™ In(2) Jo
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gBM? 67T
gBM? (,3,% + k2 +K§2> T, +1

m
I

which after simplification and re-arrangement can be ex-
pressed as

-1

1+ exp

(64)

_ m™"
Ri=——{7) — 1o}, 65
! = Tom) 2 1n(2){ 1 — I} (65)
where
© m
7 =/ In (14 gCYy) g™ ' exp <—?g)dg, (66)
0

and
© m
I =/ In(1+gCY,)g" exp (—Eg>dg’ (67)
0

with C;

K;)

Now 7: and 7, can be solved by utilizing [28, 17] and can
be expressed as shown in (68) and (69) shown at the bottom
of this page. Further, Z; and Z, can be substituted in (65) to
get the expression for Rf, as shown in (31).

=BM* (1 +«} +«) and Co = BM* (B} + .} +

APPENDIX B

PROOF OF LEMMA 2

Since the closed form PDF is not available for the channel
gain of NU, i.e., H. We can evaluate an upper bound on the
ergodic rate of NU, R,,. From (29), the rate can be re-written

E1|1HI?) —log, (14 &2 1HP)],
—E[log, (1 + B2 [H%)],
(71)

where E; and E, are constant defined as &}

kg + B Ysand Ex = (§ B7 + ] + 1 )Yy
Applying Jensen’s inequality, the upper bound for ergodic
rate can be evaluated as

= (B} +u2+

R, <Ry, (72)
where R, can be defined as
R, =log, (1+ E\E[|H[*]) — log, (1 4+ E:E[|HI*]).
(73)

Now in order to evaluate E[|#|?], we apply the binomial
expansion theorem here, we have

2
=EU¢@h+J&J%AuHW]

By E{|h*} +By, By, M* E{|H|*}

E[1HI’]

——— ——
5] 82
+2M \/ByBp, By, E{I|A]|HI}. (74)
&

We now calculate £, & and £ one-by-one.

Calculating & : Obviously, we have & =1, as h~
CN(0, 1).

Calculating & : Now, E{|H|?} is a Gamma distributed RV
(for more details, please refer to Appendix A), so E{|H|?} =

as w?, which can be given as g012 a% a% Thus, on further expand-
2 2 ing,
_ T
Ry =E |logy | 1+ =2 Ll : E{|H)
HP (82 44243 ) o+ 1
2.
(70) 2% l
- ekl e el as)
which can be modified as 4K DK A D
L4 HP (é B4t 4 ﬂz) r Calculating &3 : Now, for the Rayleigh variable ||, we have
_ kg TKq s
Rn =K 10g2 5 ! ’ : ! , T
L+ P (887 + 62 +63) s E{lhl} =,/ (76)
. 1
T 1F (m, m+1; l% G Ts) MZm I'(m) | m 1 W(m)
! (C1 Yy) m sin (m ) mm t u? Cp Yy "
m 1 m
+ hi{1,1;2,2—m;, — —— 68
Mu—marﬁz< PENRS >} o
I T 11 (m m+1; 2 Cz ) M2mr‘(m) n m 1 Wm)
= — — Y(m
2 (Cy Y™ m sin (m ) mm uz Cr Yy
m 1 m 1
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u%—@@n24 W ] )
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while |H| is a Nakagami-m RV with or, equivalently
C(m+3) [
E{|H|} = T Vo Pour = F6(Vr), (86)

_ T(m+y)ermly (KDL (=K>) o
T Am K+ DE 1)

So, & can be expressed as

T (m+ %)
I'(m)

g}’
8m (K + ) (Ko + 1)

L% (_KI)L% (—K>).
(78)

Finally, putting &1, & and & all together yields E[|#|?]
which can be expressed as

B v
RAK DK+ 1)
r (m + %)
I'(m)

E[I%*] = By + M*By,

x lL% (—1(1)}2 {L% (—Kz)]2 ey

§0127I3Bh6h18h2
8m (K +1)(Ky + 1)

which can be put in (73) to give the desired upper bound as
shown in (36).

L% (_Kl)L% (=K2). (19)

APPENDIX C
PROOF OF LEMMA 3
The OP for the FU can be evaluated from (50), as

Py =P {SDINR; < 2fms — 1},

=P {SDINR; < xs}. (80)
which on substituting SDINR from (58) gives
gBM? B3,
—P S <xy (81)
gBM? ( ,%+K52+K32) Y+ 1
After simplification, (81) can be re-written as
Pr=PqJg< X ,
BM2Y, (B — (B + k2 +K3)xy)
(82)
—Plg<l. (83)
where
X
Vi = . (84)

BM2Y (B} — (B3 + 2 +K3)xs)

Next, from (59), the outage probability,Pr, can be evaluated
as

Yr
Pt = fo fo(g)de. (85)

VOLUME 3, 2022

which can be expressed as shown in (52).

REFERENCES

[1]  W.Jiang, B. Han, M. A. Habibi, and H. D. Schotten, “The road towards
6G: A comprehensive survey,” IEEE Open J. Commun. Soc., vol. 2,
pp. 334-366, 2021.

[2] “6G: The next hyper-connected experience for all,” Samsung Research,
Tech. Rep., 2020.

[3] G. Gui, M. Liu, F. Tang, N. Kato, and F. Adachi, “6G: Opening new
horizons for integration of comfort, security, and intelligence,” IEEE
Wireless Commun., vol. 27, no. 5, pp. 126-132, Oct. 2020.

[4] L. Bariah et al., “A prospective look: Key enabling technologies, appli-
cations and open research topics in 6G networks,” IEEE Access, vol. 8,
pp. 174792174820, 2020.

[5] M. Z. Chowdhury, M. Shahjalal, S. Ahmed, and Y. M. Jang, “6G wire-
less communication systems: Applications, requirements, technologies,
challenges, and research directions,” IEEE Open J. Commun. Soc.,
vol. 1, pp. 957-975, 2020.

[6] H.He, X. Yu, J. Zhang, S. Song, and K. B. Letaief, “Cell-free massive
MIMO for 6G wireless communication networks,” J. Commun. Info.
Netw., vol. 6, no. 4, pp. 321-335, Dec. 2021.

[7] B.Clerckx, J. Kim, K. W. Choi, and D. I. Kim, “Foundations of wireless
information and power transfer: Theory, prototypes, and experiments,”
Proc. IEEE, vol. 110, no. 1, pp. 8-30, Jan. 2022.

[8] Y. Zeng, Q. Wu, and R. Zhang, “Accessing from the sky: A tutorial on
UAV communications for 5G and beyond,” Proc. IEEE, vol. 107, no. 12,
pp. 2327-2375, Dec. 2019.

[9] M. H. N. Shaikh, V. A. Bohara, P. Aggarwal, and A. Srivastava, “Energy
efficiency evaluation for downlink full-duplex nonlinear MU-MIMO-
OFDM system with self-energy recycling,” I[EEE Syst. J., vol. 14, no. 3,
pp. 3313-3324, Sep. 2020.

[10] N. Rajatheva et al., “White paper on broadband connectivity in 6G,” 6G
Res. Vis., vol. 10, 2020.

[11] H. Elayan, O. Amin, B. Shihada, R. M. Shubair, and M.-S. Alouini,
“Terahertz band: The last piece of RF spectrum puzzle for commu-
nication systems,” [EEE Open J. Commun. Soc., vol. 1, pp. 1-32,
2020.

[12] Q. Wu, S. Zhang, B. Zheng, C. You, and R. Zhang, “Intelligent reflect-
ing surface-aided wireless communications: A tutorial,” IEEE Trans.
Commun., vol. 69, no. 5, pp. 3313-3351, May 2021.

[13] Q. Wu and R. Zhang, “Intelligent reflecting surface enhanced wireless
network via joint active and passive beamforming,” /[EEE Trans. Wire-
less Commun., vol. 18, no. 11, pp. 5394-5409, Nov. 2019.

[14] M. Jung, W. Saad, Y. Jang, G. Kong, and S. Choi, “Reliability analysis
of large intelligent surfaces (LISs): Rate distribution and outage prob-
ability,” IEEE Wireless Commun. Lett., vol. 8, no. 6, pp. 1662—1666,
Dec. 2019.

[15] S. Hu, E. Rusek, and O. Edfors, “Beyond massive MIMO: The potential
of data transmission with large intelligent surfaces,” IEEE Trans. Sig.
Process., vol. 66, no. 10, pp. 2746-2758, May 2018.

[16] I. Yildirim, A. Uyrus, and E. Basar, “Modeling and analysis of re-
configurable intelligent surfaces for indoor and outdoor applications
in future wireless networks,” IEEE Trans. Commun., vol. 69, no. 2,
pp. 1290-1301, Feb. 2021.

[17] 1. Budhiraja et al., “A systematic review on NOMA variants for 5 G and
beyond,” IEEE Access, vol. 9, pp. 85573-85644, 2021.

[18] Y. Huang, C. Zhang, J. Wang, Y. Jing, L. Yang, and X. You, “Signal
processing for MIMO-NOMA: Present and future challenges,” IEEE
Wireless Commun., vol. 25, no. 2, pp. 32-38, Apr. 2018.

[19] C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and C.
Yuen, “Reconfigurable intelligent surfaces for energy efficiency in wire-
less communication,” IEEE Trans. Wireless Commun., vol. 18, no. 8,
pp. 4157-4170, Aug. 2019.

[20] C. Pan et al., “Intelligent reflecting surface aided MIMO broadcasting
for simultaneous wireless information and power transfer,” IEEE J. Sel.
Areas Commun., vol. 38, no. 8, pp. 1719-1734, Aug. 2020.

303



SHAIKH ET AL.: DOWNLINK RIS-AIDED NOMA SYSTEM WITH HARDWARE IMPAIRMENTS: PERFORMANCE CHARACTERIZATION AND ANALYSIS

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

304

B. Lyu, P. Ramezani, D. T. Hoang, S. Gong, Z. Yang, and A.
Jamalipour, “Optimized energy and information relaying in self-
sustainable IRS-empowered WPCN,” IEEE Trans. Commun., vol. 69,
no. 1, pp. 619-633, Jan. 2021.

Y. Chen, Y. Wang, J. Zhang, and Z. Li, “Resource allocation for intel-
ligent reflecting surface aided vehicular communications,” IEEE Trans.
Veh. Tech., vol. 69, no. 10, pp. 12321-12326, Oct. 2020.

J. Chen, Y.-C. Liang, Y. Pei, and H. Guo, “Intelligent reflecting surface:
A programmable wireless environment for physical layer security,”
IEEE Access, vol. 7, pp. 82599-82612, 2019.

A. A. Boulogeorgos and A. Alexiou, “How much do hardware imper-
fections affect the performance of reconfigurable intelligent surface-
assisted systems?,” IEEE Open J. Commun. Soc., vol. 1, pp. 1185-1195,
2020.

M. H. N. Shaikh, V. A. Bohara, A. Srivastava, and G. Ghatak, “Per-
formance analysis of intelligent reflecting surface-assisted wireless
system with non-ideal transceiver,” IEEE Open J. Commun. Soc., vol. 2,
pp. 671-686, 2021.

M. H. N. Shaikh, V. A. Bohara, A. Srivastava, and G. Ghatak, “On the
performance of RIS-aided NOMA system with non-ideal transceiver
over Nakagami-m fading,” in Proc. IEEE Wireless Commun. Netw.
Conf., 2022, pp. 1737-1742.

M. Al-Jarrah, A. Al-Dweik, E. Alsusa, Y. Iraqi, and M.-S. Alouini, “On
the performance of IRS-assisted multi-layer UAV communications with
imperfect phase compensation,” IEEE Trans. Commun., vol. 69, no. 12,
pp. 8551-8568, Dec. 2021.

M. Al-Jarrah, E. Alsusa, A. Al-Dweik, and D. K. C. So, “Capacity anal-
ysis of IRS-based UAV communications with imperfect phase compen-
sation,” IEEE Wireless Commun. Lett., vol. 10, no. 7, pp. 1479-1483,
Jul. 2021.

M.-A. Badiu and J. P. Coon, “Communication through a large reflecting
surface with phase errors,” IEEE Wireless Commun. Lett., vol. 9, no. 2,
pp. 184188, Feb. 2020.

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, 2020.

E. Bjornson, 6. 6zdogan, and E. G. Larsson, “Intelligent reflecting sur-
face versus decode-and-forward: How large surfaces are needed to beat
relaying?,” IEEE Wireless Commun. Lett., vol. 9, no. 2, pp. 244-248,
Feb. 2020.

M. Di Renzo et al., “Smart radio environments empowered by reconfig-
urable intelligent surfaces: How it works, state of research, and the road
ahead,” IEEE J. Sel. Areas Commun., vol. 38, no. 11, pp. 2450-2525,
Nov. 2020.

E. Basar, M. Di Renzo, J. De Rosny, M. Debbah, M.-S. Alouini, and
R. Zhang, “Wireless communications through reconfigurable intelligent
surfaces,” IEEE Access, vol. 7, pp. 116753-116773, 2019.

Q. Wu and R. Zhang, “Towards smart and reconfigurable environment:
Intelligent reflecting surface aided wireless network,” IEEE Commun.
Mag., vol. 58, no. 1, pp. 106-112, Jan. 2020.

C. Liaskos, S. Nie, A. Tsioliaridou, A. Pitsillides, S. Ioannidis,
and I. Akyildiz, “A new wireless communication paradigm through
software-controlled metasurfaces,” IEEE Commun. Mag., vol. 56, no. 9,
pp. 162-169, Sep. 2018.

A. S. d. Sena, D. Carrillo, F. Fang, P. H. J. Nardelli, D. B. d. Costa, U.
S. Dias, Z. Ding, C. B. Papadias, and W. Saad, “What role do intelli-
gent reflecting surfaces play in multi-antenna non-orthogonal multiple
access?,” IEEE Wireless Commun., vol. 27, no. 5, pp. 24-31, Oct. 2020.
Z. Ding and H. Vincent Poor, “A simple design of IRS-NOMA
transmission,” [EEE Commun. Lett., vol. 24, no. 5, pp. 1119-1123,
May 2020.

F. Fang, Y. Xu, Q. V. Pham, and Z. Ding, “Energy-efficient design
of IRS-NOMA networks,” IEEE Tran. Veh. Tech., vol. 69, no. 11,
pp. 14088-14092, Nov. 2020.

T. Hou, Y. Liu, Z. Song, X. Sun, Y. Chen, and L. Hanzo, “Reconfig-
urable intelligent surface aided NOMA networks,” IEEE J. Sel. Areas
Commun., vol. 38, no. 11, pp. 2575-2588, Nov. 2020.

Y. Cheng, K. H. Li, Y. Liu, K. C. Teh, and H. Vincent Poor, “Downlink
and uplink intelligent reflecting surface aided networks: NOMA and
OMA,” IEEE Trans. Wireless Commun., vol. 20, no. 6, pp. 3988-4000,
Jun. 2021.

J. Zhu, Y. Huang, J. Wang, K. Navaie, and Z. Ding, “Power effi-
cient IRS-assisted NOMA,” IEEE Trans. Commun., vol. 69, no. 2,
pp. 900-913, Feb. 2021.

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

X.Mu, Y. Liu, L. Guo, J. Lin, and N. Al-Dhahir, “Exploiting intelligent
reflecting surfaces in NOMA networks: Joint beamforming optimiza-
tion,” IEEE Trans. Wireless Commun., vol. 19, no. 10, pp. 6884—6898,
Oct. 2020.

J. Zuo, Y. Liu, Z. Qin, and N. Al-Dhahir, “Resource allocation in
intelligent reflecting surface assisted NOMA systems,” [EEE Trans.
Commun., vol. 68, no. 11, pp. 7170-7183, Nov. 2020.

T. Hou, Y. Liu, Z. Song, X. Sun, and Y. Chen, “MIMO-NOMA networks
relying on reconfigurable intelligent surface: A signal cancellation-
based design,” IEEE Trans. Commun., vol. 68, no. 11, pp. 6932-6944,
Nov. 2020.

A. Hemanth, K. Umamaheswari, A. C. Pogaku, D.-T. Do, and B.
M. Lee, “Outage performance analysis of reconfigurable intelligent
surfaces-aided NOMA under presence of hardware impairment,” /[EEE
Access, vol. 8, pp. 212156-212165, 2020.

C. Wu, Y. Liu, X. Mu, X. Gu, and O. A. Dobre, “Coverage characteriza-
tion of STAR-RIS networks: NOMA and OMA,” IEEE Commun. Lett.,
vol. 25, no. 9, pp. 3036-3040, Sep. 2021.

A.-T. Le, N.-D. X. Ha, D.-T. Do, A. Silva, and S. Yadav, “Enabling
user grouping and fixed power allocation scheme for reconfigurable
intelligent surfaces-aided wireless systems,” IEEE Access, vol. 9,
pp. 92263-92275, 2021.

Z. Wang, L. Liu, and S. Cui, “Channel estimation for intelligent
reflecting surface assisted multiuser communications: Framework, al-
gorithms, and analysis,” IEEE Trans. Wireless Commun., vol. 19, no. 10,
pp. 6607-6620, Oct. 2020.

Z.-Q. He and X. Yuan, “Cascaded channel estimation for large intel-
ligent metasurface assisted massive MIMO,” IEEE Wireless Commun.
Lett., vol. 9, no. 2, pp. 210-214, Feb. 2020.

H. Liu, X. Yuan, and Y.-J. A. Zhang, “Matrix-calibration-based cas-
caded channel estimation for reconfigurable intelligent surface assisted
multiuser MIMO,” IEEE J. Sel. Areas Commun., vol. 38, no. 11,
pp. 2621-2636, Nov. 2020.

A. M. Salhab and M. H. Samuh, “Accurate performance analy-
sis of reconfigurable intelligent surfaces over rician fading chan-
nels,” IEEE Wireless Commun. Lett., vol. 10, no. 5, pp. 1051-1055,
May 2021.

Q. Tao, J. Wang, and C. Zhong, “Performance analysis of intelligent
reflecting surface aided communication systems,” IEEE Commun. Lett.,
vol. 24, no. 11, pp. 2464-2468, Nov. 2020.

A. Papazafeiropoulos, S. K. Sharma, T. Ratnarajah, and S. Chatzino-
tas, “Impact of residual additive transceiver hardware impairments
on rayleigh-product MIMO channels with linear receivers: Exact
and asymptotic analyses,” IEEE Trans. Commun., vol. 66, no. 1,
pp. 105-118, Jan. 2018.

X. Yang, M. Matthaiou, J. Yang, C.-K. Wen, F. Gao, and S. Jin,
“Hardware-constrained millimeter-wave systems for 5 G: Challenges,
opportunities, and solutions,” IEEE Commun. Mag., vol. 57, no. 1,
pp. 44-50, Jan. 2019.

1. Trigui, W. Ajib, W.-P. Zhu, and M. D. Renzo, “Performance eval-
uation and diversity analysis of RIS-assisted communications over
generalized fading channels in the presence of phase noise,” IEEE Open
J. Commun. Soc., vol. 3, pp. 593-607, 2022.

A. S. de Sena et al., “Massive MIMO-NOMA networks with imperfect
SIC: Design and fairness enhancement,” IEEE Trans. Wireless Com-
mun., vol. 19, no. 9, pp. 6100-6115, Sep. 2020.

M. H. N. Shaikh, V. A. Bohara, and A. Srivastava, “Performance
analysis of a full-duplex MIMO decode-and-forward relay system
with self-energy recycling,” IEEE Access, vol. 8, pp. 226248-226266,
2020.

MOHD HAMZA NAIM SHAIKH received the
B.Tech. and M.Tech. degrees from Aligarh Mus-
lim University, Aligarh, India, in 2014 and 2016,
respectively. He is currently working toward the
Ph.D. degree with the Indian Institute of Technol-
ogy Delhi, New Delhi, India. His research interests
include next-generation communication technolo-
gies, such as full-duplex, intelligent reflecting sur-
faces, massive MIMO, and energy-efficient wire-
less system design.

VOLUME 3, 2022



IEEE {1 }v« IEEE Open Journal of

ignal”’ . -
#sing  Signal Processing

Processing
gsin

VIVEK ASHOK BOHARA (Senior Member, IEEE)
received the Ph.D. degree from Nanyang Tech-
nological University, Singapore, in 2011. From
2011 to 2013, he was a Postdoctoral Researcher
(Marie Curie fellowship) in ESIEE Paris, Uni-
versity Paris-East, Champs-sur-Marne, France. In
2013, he joined IIT-Delhi, India, where he is
currently an Associate Professor and Head, De-
partment of Electronics and Communication. He
has authored or coauthored more than 50 publi-
cations in major IEEE/IET journals and refereed
international conferences, two book chapters, and two patents. His re-
search interests include next-generation communication technologies, such as
device-to-device communication, carrier aggregation, and Visible Light Com-
munications. He was the recipient of the First Prize in National Instruments
ASEAN Virtual Instrumentation Applications Contest in 2007 and 2010, the
Best Poster Award at the IEEE ANTS 2014, the IEEE Comsnets 2015 and
2016 conferences.

ANAND SRIVASTAVA received the M.Tech. and
Ph.D. degrees from the Indian Institute of Technol-
ogy Delhi, New Delhi, India. Before joining IIIT
Delhi, he was the Dean and a Professor with the
School of Computing and Electrical Engineering,
Indian Institute of Technology Mandi, Mandi, In-
dia, and also an Adjunct Faculty with IIT Delhi.
Prior to this, he was with Alcatel-Lucent-Bell
Labs, India, as Solution Architect for access and
core networks. Before joining Alcatel-Lucent, he
had a long stint (20 years) with the Center for De-
velopment of Telematics (CDOT), a Telecom Research Center of Government
of India, where he was the Director and a Member of the CDOT Board.
During his stay in CDOT, he provided technical leadership and motivation
to extremely qualified team of engineers engaged with the development of
national level projects in the areas of telecom security systems, network man-
agement systems, intelligent networks, operations support systems, access
networks (GPON), and optical technology-based products. Majority of these
projects were completed successfully and commercially deployed with the
public network. He was also closely involved with ITU-T, Geneva in Study
Group 15 and represented India for various optical networking standards
meetings. His research interests include optical core and access networks,
vehicleto-vehicle communications, fiber-wireless (FiWi) architectures, opti-
cal signal processing, and visible light communications.

VOLUME 3, 2022

GOURAB GHATAK is currently an Assistant
Professor with the Department of Electrical En-
gineering, Indian Institute of Technology Delhi,
New Delhi, India, and the Ph.D. degree from
the University of Paris-Saclay, France. During his
doctoral studies, he was also employed with CEA-
Grenoble, where he worked on the design and
planning of multi-tier heterogeneous wireless net-
works with millimeter-wave small cells. Prior to
that, he was a Visiting Research Scholar with TU
Dresden, Dresden, Germany, where he developed
preamble designs with low out-of-band radiation for channel estimation. He
has authored or coauthored more than 40 journal and conference papers and is
the inventor of five patents. His research interests include stochastic geometry,
wireless communications, and machine learning for wireless networks.

305




<<
  /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 false
  /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 false
  /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


