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Abstract: In this article, we investigate the design of reconfigurable intelligent surface (RIS)-aided
transmission as a smart method to reflect signals received from access points to users and, hence,
improving users’ performance. To implement smart Internet of Things (IoT) networks, massive
connectivity and low-cost deployment are essential in designing such systems. In particular, we
consider two practical scenarios (dual-hop and single-hop transmissions). These scenarios highlight
the potential of RIS in enhancing the system’s outage probability performance. Furthermore, to
characterize channel conditions in practice, we pay particular attention to two-channel distributions
that are non-central chi-square (NCCS) distributions that approximate the channel distribution of
the RIS-aided wireless system and the squared K distribution. In addition, the RIS-aided system
may face imperfect hardware-related issues in practice. Therefore, we need to consider the degraded
performance of practical RIS-aided systems by considering the detrimental impact of in-phase
and quadrature-phase imbalance (IQI). To characterize the main system performance metric, we
provide closed-form formulas of outage probability and ergodic capacity. We then evaluate system
performance under the impacts of signal-to-noise ratio (SNR), the number of meta-surfaces, and
channel parameters. All closed-form outage expressions are validated via Monte Carlo simulations.
Simulation results indicate that the considered RIS scheme at dual-hop and single hop under the
impact of IQI and RIS hardware impairment achieves significant improvements in terms of outage
probability at high SNR and high meta-surface number N. Additionally, the simulation results
demonstrate that the impact of IQI on the proposed system is limited. It is worth noting that, in
terms of ergodic capacity, ergodic capacity faces an upper limit. Despite this limitation, the proposed
system can still work well once some parameters are controlled well, such as the transmit SNR, levels
of IQI, and the number of RIS components.

Keywords: reconfigurable intelligent surface (RIS); outage probability; in-phase and quadrature-
phase imbalance (IQI)

1. Introduction

Recently, the emerging advances of reconfigurable intelligent surfaces (RIS) have
become attractive to researchers due to their appealing ability to intelligently manipulate
the propagation of electromagnetic waves [1-3]. Regarding the architecture of RIS, it has
a massive integration of passive and reflecting components that can independently tune
the amplitude and phase of the signal and then reflect the adjusted signal. The operation
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of RIS is similar to that of full-duplex relays. Compared to the traditional relaying tech-
niques [4,5], RIS has two main benefits. Firstly, RIS consumes much less energy during
reflection due to its operation as a passive device, thus avoiding power-hungry radio
frequency processing. Secondly, one can install RIS on a thin and lightweight film. For ex-
ample, RIS enables previously uncontrollable communication participants to assist in the
transmission collaboratively since it can be placed on various objects such as building
facades, walls, ceilings, street signs, and advertisement boards [6]. Furthermore, system
improvements can be achieved based on the reflection pattern of the RIS as reported
in [7-9].

The authors in [10] have shown that multiple base stations (BSs) precoders can be
jointly designed with the RIS elements in a downlink multi-cell scenario. Hence, all
cell-edge users can have improved weight sum rates, while the RIS-assisted multi-cell
multiple-input single-output (MISO) system was explored in [11] to maximize benefits of a
RIS deployed in a network consisting of several multi-antenna base stations (BSs). Here,
RIS assists the wireless transmission and suppresses the inter-cell interference faced by the
single-antenna user. To achieve the maximization of the minimum weighted received signal-
to-interference-plus-noise ratio (SINR) at users, the coordinated transmit beamforming
at the BSs and the reflective beamforming at RIS are jointly optimized while satisfying
reflection constraints at the RIS and the individual maximum transmit power constraints
at BSs. By considering energy harvesting and power consumption (due to the reflecting
elements’ phase shift) at RIS, the authors in [12] presented the optimization of the sum-rate
of a downlink MISO system with self-sustainable RIS. The study in [13] confirmed that
the minimal rate of cell-edge users in a RIS-aided system can be significantly enhanced by
exploiting cooperative beamforming in joint processing coordinated multipoint downlink
transmission. The authors in [14,15] deployed a simultaneous wireless information and
power transfer (SWIPT) approach to allow a joint RIS design and optimization of transmit
beamforming in a downlink. For their main result, the authors demonstrated that RIS
guarantees quality-of-service (QoS) requirements and optimal total power consumption
in RIS-aided SWIPT networks. Furthermore, in other scenarios, RIS has also been proved
as a promising technique to benefit wireless networks. For instance, RIS-aided systems
improved performance in the recent studies of [16-22], where RIS is utilized together with
unmanned aerial vehicles (UAVs), non-orthogonal multiple access (NOMA), backscatter
communication, physical layer security, cognitive radio (CR), and mobile edge computing
(MEC). However, all the above works have not focused on the characteristics of channels;
hence, this motivates our investigation on the impact of non-central chi-square (NCCS)
distribution and squared K distribution on RIS-aided wireless systems. The NCCS and
K distributions approximate the likely channel distribution of RIS-aided wireless systems.

1.1. Related Studies

In other perspectives, ref. [23] analyzed the asymptotic performance of the large-scale
MISO downlink system relying on spatial correlation statistics. The authors in [24,25]
considered imperfect channel state information (CSI) using discrete-resolution RIS to boost
weighted sum-rate for downlink MISO users. The works in [26,27] examined imperfect
CSlIs in robust beamforming design that results in less power consumption. To achieve low-
overhead channel estimation, several works [28-30] have studied RIS reflection patterns
and designed pilot sequences. The error probability of RIS-enabled systems is studied with
quantized channel phase compensation in [31]. The authors provided analysis of exact and
asymptotic bit error rate (BER) expressions in different practical channel scenarios and the
existence of the direct link.

Moreover in terms of mobility, refs. [32,33] proposed novel RIS-aided wireless commu-
nication channel estimation schemes in mobility scenarios. Specifically, in [32], the authors
proposed a channel estimation scheme for RIS-aided systems in mobility scenarios. The au-
thors exploited Kalman filters to take advantage of the channel time correlation. Further-
more, the cascaded RIS channel is represented as a state-space model based on the mobility
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scenario. The optimal RIS reflection coefficients are then obtained via minimum mean
square error (MMSE). Differently, in [33], the authors proposed two wide-band channel
estimation frameworks integrating multi-path and single-path Doppler shift adjustments.

Several recent research works have also studied the application of machine learning in
RIS channel estimation. In [34], the authors studied the protection of users’ location data
during RIS-enhanced millimeter wave (mmWave) channel estimation by incorporating
privacy-preserving federated learning. Ref. [35] proposed two residual neural network
algorithms—single-scale enhanced deep residual (EDSR) and multi-scale enhanced deep
residual (MDSR)—to obtain accurate CSI in a semi-passive RIS assisted network. The RIS
device is equipped with a small number of active radio frequency units for capturing partial
CSL Similarly, in [36], the authors also proposed three residual neural networks—blind con-
volutional denoising network, convolutional denoising generative adversarial networks,
and multiple residual dense networks—to obtain accurate CSI. In [37], the authors intro-
duced an artificial intelligence-assisted channel estimation scheme in RIS-enabled networks.
Furthermore, in [38], the authors explored a deep learning approach to obtain an achievable
rate by studying RIS phase shifts and receiver location interaction without utilizing CSI.
Once the model is trained adequately, the deep learning model can be used to predict the
optimal number of RIS elements for any receiver location.

In terms of RIS-assisted multiple-input multiple-output (MIMO) networks, the authors
in [39] proposed a joint precoding and RIS phase adjustment design for RIS-assisted MIMO
systems. Then, in [7], the authors examined information exchange and passive beamforming
for RIS-aided multi-user MIMO networks. The authors designed a stochastic algorithm to
solve the bilinear receiver estimation problem. Similarly, in [40], the authors designed RIS
phase shifts in a RIS-assisted massive MIMO network with direct links based on the statistical
CSI. Then, the authors derived the uplink ergodic rate, and afterward, the maximized sum
rate was obtained via a genetic algorithm. Differently, in [41], the authors studied the outage
probability of a RIS-enabled MIMO network by exploiting Kornecker channel models to
characterize MIMO antennas spatial correlations and RIS-reflecting elements. The authors
utilized random matrix theory and Mellin transforms to obtain the outage probability. In [42],
the authors proposed a new signal-passing-based algorithm to factorize the RIS-aided multi-
user MIMO cascaded channels.

Furthermore, to improve the performance of wireless systems equipped with multiple
antennas, several works have noted that RIS can improve spectrum efficiency [10,43,44]
of such networks. For example, the authors in [43] studied RIS-aided single-cell systems
equipped with multiple antennas. As the main result, one can reduce active RF chains.
Regarding the data rate, it can be achieved with similar performance compared with the
massive MIMO without RIS. The authors in [10] confirmed the improvement of cell-edge
users, and inter-cell interference can be mitigated in the context of a RIS-aided multi-cell
MIMO system. In [44], when the RIS is activated for both functions of wireless information
and power transfer, the system can improve its performance in terms of energy harvesting.

Furthermore, in the context of millimeter-wave (mmWave) communications relying
on RIS, the accurate acquisition of the CSI is important to achieve high RIS beamforming
gain. Ref. [45] considered channel estimation in RIS-aided mmWave communications
assuming small-scale fading. The authors characterized statistically fluctuating two-ray
(FTR) distributions. Ref. [46] addressed channel estimation in high-speed railway networks
relying on RIS-aided mmWave communication. The authors proposed a reinforcement-
based approach combining long short-term memory (LSTM) and deep deterministic policy
gradient (DDPG) to design the base station transmit beamforming and RIS phase shifts.
Ref. [47] proposed an alternating direction method of multipliers (ADMM)-based channel
estimation method for RIS-enabled millimeter-wave communication. Simulation results
demonstrated that the proposed ADMM approach is beneficial for channel estimation and
also reduces training overhead.

For other emerging RIS-aided multi-user communication systems such as RIS-UAV [48]
and RIS-CR [49], novel channel estimation techniques have been proposed. In [48], the au-
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thors studied the secure communication of RIS-aided UAV communication in the presence
of eavesdroppers. In addition, the authors assumed that the CSI of the eavesdropper
is imperfect. The authors maximized the average worst-case secrecy rate by jointly de-
signing the trajectory of the UAV, the RIS phase shifts, and the legitimate users’ transmit
power. The successive convex approximation (SCA), S-Procedure, and semidefinite relax-
ation (SDR) methods are proposed to solve the formulated non-convex problem. In [49]
the authors considered maximizing the secondary user (SU) achievable rate by jointly
designing SU beamforming and RIS reflecting coefficients subject to SU transmit power
constraint and PU interference temperature constraint in a multiple RIS-aided MISO CR
network. The network consists of a single SU coexisting with a primary network containing
multiple PUs.

1.2. Motivations and Contributions

However, only a few papers considered the impact of hardware impairment of RIS-
aided systems [50-53]. For example, the work in [50] examined secure communication in
RIS-aided systems in the presence of transceiver hardware impairments. The optimal se-
crecy rate can be achieved while satisfying the transmit power condition on the base station
related to the active beamforming. The authors in [51] explored a single eavesdropper in a
RIS-NOMA system with hardware impairment. The study considered the physical layer
security (PLS) performance of the system under the impact of hardware impairment. They
derived the closed-form formula, i.e., secrecy outage probability (SOP).

To the best of our knowledge, the impact of hardware impairment limits system
performance significantly. In some cases, interference needs to be mitigated in emerging
systems as well as in traditional systems. In the perspective of the promising application
of RIS-aided systems, it is more than important to study how the system deals with the
degradation from hardware impairment. To fill the gap in existing work and motivated
by aforementioned studies [51-53], we investigate the outage performance of dual-hop
RIS-aided systems for promising applications in Internet-of-Thing (IoT) networks under
IQI imperfect hardware. We provide Table 1 to compare findings in our work with related
studies and highlight our main contributions relative to previous works.

Our main contributions can be summarized as follows:

¢ Asfirst study, we emphasize on performance analysis of the representative destination
user by considering a detrimental factor of in-phase and quadrature-phase imbalance
(IQI). We deploy the non-central chi-square (NCCS) distribution to approximate the
channel distribution of the RIS-aided wireless system. To further exhibit system
performance, we also adopt a squared K¢ distribution.

*  To confirm the strong contribution of RIS in improving performance of distant users,
we compare two possible scenarios related to the different roles of RIS in future
wireless communication networks: firstly, when RIS acts as a relay in dual-hop com-
munication (RIS-DH); and secondly, when RIS plays the role of a transmitter (RIS-T).

e Then, we focus on outage probability and average capacity for the two above-mentioned
practical situations. To further provide insights into such RIS-aided systems, we derive
asymptotic calculations of outage probability for both RIS-DH and RIS-T schemes.

*  The main results demonstrate that, under the impact of IQI and RIS hardware im-
pairment, the proposed dual and single hops RIS-aided scheme achieves significant
improvement in terms of outage probability at high SNR and high meta-surface num-
ber N. Additionally, simulation results show that the impact of IQI on the proposed
system is limited. Thus, our work provides useful guidelines for future application of
RIS systems under the impact of IQL

The rest of this paper is organized as follows based on the organization in [54,55]:
Section 2 presents the system model of RIS-aided system in the presence of IQI. In Section 3,
we derive the exact closed-form analytical expressions of outage probability. Section 4
provides the ergodic capacity of the system. Section 5 provides numerical simulations.
Section 6 concludes the paper.
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Table 1. Comparison of related works with current work.

References System Model Performance Analysis Key Findings
The successive convex
approximation (SCA) method is
A reconfigurable intelligent surface used to s'olve thfe a.ctlv'e The propos.ed transmission design
. beamforming optimization scheme is more robust to the
[50] (RIS)-aided secure . . . .
L subproblem, while the passive hardware impairments than the
communication system. S . . .
beamforming is obtained by using conventional non-robust scheme.
the semidefinite program
(SDP) method.
RIS-assisted NOMA technology The closed-form formula of the The main factors affecting the SOP
[51] applied in the internet of things (IoT) user’s secrecy outage are parameters of RIS, target rate
with a single eavesdropper. probability (SOP). and transmit SNR.
The degraded performance at high
RIS-assisted multiple-input SNR regime is confirmed to be
[52] single-output (MISO) The spectral and energy efficiency. mainly affected by hardware
downlink network. impairments rather than by the RIS’s
phase noise.
The proposed beamforming scheme
RIS assisted multiple A closed-form optimal solution to is more robust to the imperfect
[53] . . hardware than that of the
antennas systems. the source transmit beamforming. .
conventional SNR
maximized approach.
. Outage performance and average
Our work Dual and single hops Outage Performance and rate are mostly adjusted by

RIS-aided systems.

average rate.

configuration of RIS.

2. System Model

In this paper, we consider the existence of IQI on both the TX and the RX. In general,

IQI is modeled as phase and/or amplitude imbalance between the transceiver I and Q

signal paths. Therefore, the time-domain baseband representation of the IQI impaired
signal is represented as [56]:

J=PBr/ry + Br/RY" )

where y stands for the baseband transmitted signal under perfect transmitter/receiver
(TX/RX) IQI matching. We denote y* as the mirror signal after being affected by IQIL
Detailed IQI coefficients w;,, and @;,, are expressed by [57], respectively, as follows

by — (1+pr ezxp(jvT)), (2a)
By — (1—pr GZXP(]'UT)), (2b)
fr— (1+ ug eZXP(]'vR)), (2¢)
B = (1—pug ezxp(ij)). (2d)

where y1,r and v, are the TX/RX amplitude and phase mismatch levels, respectively.
Moreover, we have ¢; = ¢, = 1 and ¢, = ¢; = 0° for ideal cases.
2.1. RIS-DH Scheme

In this case, we consider RIS-aided communication with an access point (S), a RIS that
is composed of N reflecting meta-surfaces, a destination (D), and S and D are equipped
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single antenna as shown in Figure 1. Moreover, we assume link S to D does not exist [58].
Thus, the signal at D is given as follows

N

Yp = Bp l\/ Ps Y frufpongn(Bsx + Bs(x)") + no
n=1

. 3)

7

+,BD

N
VPs ¥ frafongn(Bsx + Bs(x)") +ng
n=1

where x is the transmitted symbol; Ps is the transmit power at S; np is the additive white
Gaussian noise (AWGN) with CN(0, Np); g = @e/? is the reflection coefficient produced
by the nth reflector of the RIS; ® = 1 is the ideal phase shifts; Bs and Bs denote the
amplitude and phase parameters of the IQI at S, respectively; fp and Bp are defined as
the amplitude and phase parameters of the IQI at D; fr , and fp , are the channel gains
with fr, = d; 2hg e %, fp, = dz_%hplne’fﬁ"", where d; and d, are the distances from S
to RIS and RIS to D, respectively; x denotes the path loss coefficient; hr , and hp ,, are the
amplitudes of channel and following independent distributed Rayleigh random variables

(RVs); and 6,, and ¢;, are the phases of the channel gains. Hence, we compute SNR at D as
follows [59]:

N 2
Ps| ¥ hguhp,n/® /019
=1
YD = N L 2 ’ (4)
PS Z thnhD,nej‘P”_jen_j(P" @7 +d71(d§N0cO3
n=1
= =12 - - 2 = 2

where @1 = |BpBs + BpPE|", @2 = |BpBs+ Bppi|” and @3 = |Bp|* + |Bp|". Based
on [57], we can approximate @; ~ |BpBs|* + |EDB§|2 and @, ~ ‘,313,35’2 + ‘BD,Bglz. Next,
we set ¢, = 0, + @5 as [59]. Then, the maximum amount of yp is given as follows:

N 2
Pg [ 21 hR,nhD,n} @1
n—=

YD = N 5

Pg [ r hR,nhD,n} @, + d}d} Nows ®)
n=1

1101

- n@y + @3”

N
where pg = fj—% denotes the average SNR, Z = 21 hR whp,n, and 5 = aég—;gz%
n=

Do .
Micro-controller

Figure 1. System model for the proposed RIS-aided dual-hop communication scheme.
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The above-derived SINR expressions are necessary to compute other main system
performance metrics. It is worth noting that the transmit SNR plays an influential role in
varying performance at destinations. However, the system needs to adjust parameters at
the transmit side, for example, the transmit SNR, so as to achieve the expected performance.
We will present the closed-form expression to illustrate performance in terms of outage
probability and ergodic capacity in Sections 3 and 4.

2.2. RIS-T Scheme

In this case, we consider an RF signal generator, a RIS with N reflecting meta-surfaces,
and a destination (D), where RIS is used as a transmitter along with the RF signal generator,
as shown in Figure 2. In addition, we assume that the RIS and RF signal generators act
together as a transmitter as in [59]. Thus, the signal at D is given as follows.

~ .. |P N )
yp = (BpBs + Bpps) dTS( Y hpae?x
2 n=1

(6)
A a * P l j * A *
+(BpPs + Bobs) é Y. e poma + o,
n=
Based on [59], the maximum SNR at user D is given as follows:
N 2
PS [ Zl An:| (]
D = N —
Ps |: Yy An:| @y + dé(N()(Dg 7)
n=1
7@y + @3’

(4-—m)

where A, is a Rayleigh random variable with mean /71/2 and variance “~; and 7] = Z—f(XZ.
2

Micro-controller

Figure 2. System model for RIS acting as a transmitter.

3. Performance Analysis

In this section, we analyze the outage probability and ergodic capacity for the RIS-DH
case and the RIS-T case in the presence of IQI. To provide more insight into the RIS-aided
scheme, an asymptotic analysis is presented, and a benchmark scheme is also mentioned in
Figure 3.
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Analysis the
signal received
for two scheme

Decode the
signal for
destination

Performance
Analysis for two
scheme

Outage
probability

Asymptotic

Ergodic capacity

Figure 3. The flowchart to calculate the main system metrics for the RIS-T scheme.

3.1. Outage Probability for RIS-DH Scheme

The outage probability of the system is written as follows:

Pph,out = Pr(vp < i), 8)

where 7y, denotes the target rate. With the help of (5), we can rewrite (8) as follows.
Vtn @3 >
P =Pr({yp < ——m——
Ditout <17 @1 — V@2

_r < Yth03 )
=F|———).
W1 — V@2
3.1.1. NCCS Distribution

As reported in [58], the probability density function (PDF) of Z? is given as follows:

—§ _xd A
o) =g () e (), @0

©)
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where A = (87)2, 02 = N(1 - —) and I, (e) denotes the Bessel functions of the first class

with order v [60]. Moreover, the PDF of 7 can be expressed as follows.

A

e 27 X\ i
o) = — 4 (5)
202 F’S>
<d¥d§ . (11)
dXal x X gX
e wet [ VIR
2\ /pso?

Based on ([60], Eq. 8.445), the cumulative distribution function (CDF) of 7 is written

as follows:
VA [ddx
Fv(x)—l—Q% (0' 0502

i ¢ 3 < A >k P L didix
fr 'F(k+ ) 202) 7 2" 20502 |°
where Q;,(4; b) is the Marcum Q-function [61] and (e, ®) is gamma incomplete [60].
Based on the CDF in (12), the closed-form of P,,; can be expressed as follows.

(12)

[e.9)

A
e 272 ( A )k
P = —_— —_—
DH,out k§:0: KT (k N %) 2(72

@3dydy
k+ 5 Y3 .
2" 20205 (@1 — Y 02)

3.1.2. K, Distribution
In this section, we present the analysis by using the K¢ distribution as in [62]. Next,
the PDF of Z is given as follows [62]:
Agk+m pk+m—1

fz(x) = WKk,m(Z‘i’x). (14)

where k = —btvbo—dac VZI[’IZ_‘W and m = —b=vbi—dac VZZZ_‘W are the shaping parameters, I'(.) is the gamma
function [63], Kx(.) is the modified Bessel function of the second kind with zero order [60],

Y=,/ %’", and Q) = pz(2) is the mean power. Moreover, the parameters 4, b, and ¢ have
been defined previously [63]. Their values are related to moment yz(.) of R, which is

defined as follows:
Z Z nNZZ ( ) < ) (Tl 2) 5
ny= 0 Nnyp= =0 nN-1—= 0 N-1 (1 )

nyi(l/l - nl)yxz(nl - 1’12) te ]/lXN—l (”Nfl)/

where p,i(n) = I2(1+ %) is the nth moment of x'. In addition, k and m are real numbers.
When k and m are conjugate complex numbers, k and m are set to the estimated modulus
values of the conjugate complex number .
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Based on (9), we can express the PDF of # as follows.

2Tk+mx%7l dXdXx
fy(x) = o Kiem | 2¥ 1{)—; : (16)
_Ps_
rr o) (i
Then, the CDF can be obtained as follows.
_ 1 21 | A5 Y2 1
() = Fim e 1 [ o5 | kom0 | (17)
For the K¢ case, the closed-form of Py is given as follows.
1 21| did}ym@s¥? 1
P, =G| ——— . 1
Dot = T () 13 [ps«ol — w2 | km,0 19

Remark 1. The outage performance of the two schemes mostly depends on transmit SNR at the ac-
cess point pg, shown in (18). Furthermore, the impact of IQI can be observed in (9). The performance
gaps of practical scenarios will be analyzed to provide guidelines for RIS deployment in suitable
applications in IoT systems. Therefore, we expect that the improved performance at destination users
could be adjusted by main parameters such as pg and the configuration of RIS as well.

3.2. Asymptotic Analysis for RIS-DH Scheme

In this section, we analyze the asymptotic when pg — oo.

3.2.1. NCCS Distribution
Based on ([60], Eq. 8.354.1), we have the following.

a
y(a,x) rope % (19)

In this case, substituting (19) into (13), we have the asymptotic of PJy, ,,, as follows.

A
. ) e 202 A k
PDH,out = k;] k!l—'(k—i- %) (M)
B 20)
g k+3 (
195 Vth@3
<2‘72Ps(&71 - ’Ythwz)>

3.2.2. K¢ Distribution
As [64], we can write the asymptotic PDF for (11) as follows.

2lIJk+m rm
fy(x) = X 2 (21)

rore) ()

Then, we can obtain the asymptotic of Py}, ,,; as follows.

k+m dXdX @ 2
4¥ ( 192 YthW3 > (22)

PR out &
DHout ™ T ()T (m) (k + m) \ ps(@1 — y@2)
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3.3. Outage Probability for RIS-T Scheme
Similarly [63], the PDF of X? is given as follows:

X
xN-1le=5

fxa2(x) ~ BN(N 1)1 (23)

where B =1+ (N — 1)I2(3). Then, following the result in ([60], Eq. 3.351.1), the CDF of
X? is obtained as follows.
(N, §)

FXz(x) = W (24)
With the help of (7), the outage probability of RIS-T scheme is given as follows.

a5y @3
v (N’ Bps(@1—71@2)

PT,Oth = r(N)

(25)

3.4. Asymptotic Analysis for RIS-T Scheme

Taking advantage of the result in (19), the asymptotic of P* is expressed as follows.

1 Al vy @ N
PFout ~ e : (26)
P T(N +1) \ Bps(@1 — yn@2)

4. Ergordic Capacity Analysis

The outage probability is the first step to consider how the system works at the
destination. It is suitable to examine the delay-limited transmission mode, but to evaluate
performance for delay-tolerant transmission mode, ergodic capacity is a further metric that
has to be calculated in closed-form. The ergodic capacity can be calculated as follows.

C = Eflog, (1 +7p)]

@1
1 /21—F7D(x) o (27)
~ In(2) 1+x '

0

4.1. RIS-DH Case
4.1.1. NCCS Distribution

With the help of (8), we can write the following.

A

0 e 272 k
st ()
In(2) k;o kr(k+4) \20?
T (k L1 didixas ) (28)
27 202pg (@1 —x@;)
X dx.
1+ x

0
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By using the Gaussian-Chebyshev Quad with §; = cos (2"2—;17() , we can make the

following approximation.

A
ot & e 202 A\ K
Cpp & —— Z ()

Hn(2) = jer (k+ 3) \ 272
(29)
F<k+ 1 dfd@s(1+6)
I 27 2625, (1—3y)
1— 2
Xk; V=% 2@, + @1 (1 + &)

41.2. Kq Distribution

Substituting (17) and after some computations, we have the following.

S 1
PH ™ In(2)T (k)T (m)
‘71 G390 xdy dX 03 ¥? 1 (30)
13 | (@1 —x@2)ps | k,m,0
X.
/ 14+ x
0

Similarly, the closed-form of C can be approximated as follows.

c ~ 17T
DH ~ IMn(2)T (k)T (m) (20 + @1 (1 + &)

1)
[ drdX@3¥2 (1 + o) 1 @
3,0 ¥142 3 k

xk§11/1—5,§clr3 :

26@2p5(1 — (Sk) k, m,0

4.2. RIS-T Case
The ergodic capacity in RIS-T case is calculated as follows.

:%1 xd7z(¢D3
Co — 1 g F(N' BPS(@Xsz)) p 32
T @I 1+x * (2)

Finally, the closed-form ergodic capacity in RIS-T case can be obtained as follows.

(1+64)d5 @3
wlr (N’ BPs@z(liﬂ‘k) )

1
Cr~ Iln ; k 27 + (1 + ;)01

(33)

Since ergodic capacity is the second metric, we expect that some parameters can be
adjusted at the RIS and the source to deal with the worse situation at the destination.
For example, when the destination is located a far distance from the source, it is predicted
that the phase factor of RIS elements and the number of RIS element will contribute to the
system improvement.

5. Numerical Results and Discussions

In this section, we present and discuss some results from the mathematical expressions
derived in the paper. We set x = 2, vy, = 5dB, ur = pr = 1.05, v = vg =25°%,d; =5m,
and d» = 5m.

In Figure 4, we depict outage performance of RIS-aided system, which benefits from
dual-hop transmission. When pg increases, SNR can be enhanced, then outage performance
can be improved as well. In this RIS-DH scheme, a higher number of meta-surface N
leads to significant improvement in terms of outage probability. It can be observed that the
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simulated curves match very tightly with the analytical curves, which confirms the validity
of derived expressions. We also compare the outage performance between the NCCS and
the K¢ distributions, which shows that the K¢ distribution exhibits better performance.
Under the impact of IQI, we can see a slight reduction in outage probability for such an RIS-
DH scheme. It is a valid result when we see clearly that asymptotic lines are matched with
exact curves at high SNR at the source. It means that IQI reduces the system performance.
However, at high SNR regime, system performance still looks good enough to guarantee
that such forms of transmission better serve mobile users.

10°6

Outage Probability
=
w

O  Simulation 5
NCCS IQI Ana. B 50

slL|===- K¢ 1QI Ana. \ Y \\4
10 NCCS Ideal Ana. E
- = = = K¢ Ideal Ana. [0
............... Asymptotic ¢
-6 I | I I I ' ‘: 3 I
10
0 5 10 15 20 25 30 35 40

ps(dB)
Figure 4. The outage probability vs. pg (dB) with varying N for RIS-DH case.

In Figure 5, we illustrate the curves for the outage probability for the RIS-T case. We
consider two cases: N = 2 and N = 5. By varying the number of meta-surface N, a big gap
emerges, which confirms the important role of RIS to achieve improvements in such an
RIS-T scheme. It is a very valuable result since we observed that the analytical results are
highly consistent with the Monte-Carlo based simulation.

10°%

Outage Probability
=
w

Vv  Simulation

-5 K \
10 1QI Ana. % Y
- = = = Ideal Ana. E
............... Asymptotic %
. 0*6 I I | ,‘.,.'g X I I I
0 5 10 15 20 25 30 35 40
ps(dB)

Figure 5. The outage probability vs. pg (dB) with varying N for RIS-T case.

As observed in Figure 6, the SNR threshold <y, has the main role to limit performance
as expected. In this case, the simulation results are also consistent with the analytical



Electronics 2022, 11, 900

14 0f 18

results. Similar observations can be seen in Figure 7. Although higher SNRs at source pg
contribute to increasing outage performance, it depends on other parameters. From the
results reported in Figure 7, one can observe that the slope of the NCCS distribution curves
approach saturation regardless of the value of ps. The threshold rate holds crucial impact
on the system performance. Therefore, depending on the demand of service at users,
the system should balance the quality targeted to each user regardless of the impact of IQL

10°@:

Outage Probability
=
w

10 ¢
. o
O  Simulation . K
5L \ 3
10 NCCS Ana. A \ %
- = = = Kg Ana. \\ “\ *
________ RIS-T Ana. 3 “‘ :
6 | | ?“‘- Y . I : K
10
0 5 10 15 20 25 30 35 40
ps(dB)

Fionire A The niitace nrahahility e n~ (AR writh vrarvino ~..

>
=
2
)
el
2
s}
o
a0
£ Q
= 5
@) 10-4 L \‘ \.\ \\ ‘\
LR Y vy
Sy Y s
O pur = pg=1.05and vr = vg = 25 Sim. \
5 VvV ur=pr=11and vr = vg = 5% Sim. \
107 F NCCS Ana. *
- = = = Kg Ana.
———————— RIS-T Ana.
10-6 I I I L2+ I I I
0 5 10 15 20 25 30 35 40
ps (dB)

Figure 7. The outage probability vs. pg (dB) with varying pur = pur and vy = vg with N = 5.

Next, Figure 8 is conceived for the RIS-DH case, we show the ergodic capacity perfor-
mance versus transmit SNR at the access point. We can see that ergodic capacity can be
improved once transmit SNR is higher at the access point. This can be explained by the fact
that the formulation of ergodic rate in all scenarios of channel distributions depends on
SNR at the destination, which relies on SNR at the source. However, at high SNR regime,
the ergodic capacity shows its saturation threshold except for the K¢ channel distribution
and ideal IQI. It can be observed that it becomes prominent when considering gaps between
K¢ channel distribution of ideal IQI and other cases when transmit SNR at the access point
is greater than 25. This trend of the figure confirms the crucial impact of IQI on the ergodic
capacity that occurs at high SNR regimes.
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Figure 8. The ergodic capacity vs. pg (dB) for RIS-DH case with N = 2.

Similar observations can be achieved in the RIS-T case, as shown in Figure 9. We show
the ergodic capacity of the considered system corresponding to two values of meta-surface,
ie, N = 2and N = 5. The most significant difference is a gap between ideal and IQI
systems occurring in a entire range of transmit SNR. If we focus on the specific point of
SNR 10 dB, the influence of IQI is too significant, and it leads to saturation lines for ergodic
capacity regardless of the modification of the number of meta-surface in RIS.

3.5

n
o

N

1.5

Ergodic Capacity (bps/Hz)

05 O IQI Sim.
—-—g=-=: Ideal Sim.
| Analytical
0 L L I L L L :
0 5 10 15 20 25 30 35 40

ps (dB)

Figure 9. The ergodic capacity vs. pg (dB) for RIS-T case.

In Figure 10, we can observe the impact on ergodic capacity when varying ur = g
and vr = vg with N = 2. We can see that with y7 = pgr = 1.05 and vy = vg = 25°, the
RIS-T and NCSS curves approach a ceiling at high SNR. Although SNR at the source can be
increased; however, the ergodic capacity stills has an upper limit. It is worth noting that
the proposed system can work well once some parameters are controlled well, such as the
transmit SNR, levels of IQI, and structure of RIS components.
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6. Conclusions

We have evaluated the system performance of the RIS-aided system by exploring
NCCS and K distributions of channels. We compared system performance under the
impact of IQI and the number of meta-surface N of a RIS. More importantly, we derived
expressions of outage probability and ergodic capacity in closed-form. Simulation results
showed that the significant improvement of outage probability can be obtained at high
SNR and high meta-surface N. Moreover, there should be a limited impact of IQI levels
on such a system. Furthermore, both schemes can provide guidelines to employ the RIS
system under the impact of IQI. Finally, in terms of ergodic capacity, although SNR at the
source can be increased, the ergodic capacity faces an upper limit. Despite this limitation,
the proposed system can work well once some parameters are controlled well, such as the
transmit SNR, levels of IQI, and the number of RIS components. As a potential future work,
other distributions of channel should be examined; for example, Rician fading can be taken
into account, and more system metrics can also be explored.
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