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Abstract—In this paper, we propose an underlay two-way
scheme in which two secondary sources transmit simultaneously
their data to each other through the Reconfigurable Intelligent
Surface (RIS). The proposed scheme is designed to operate in the
full-duplex mode under an interference constraint of a primary
receiver (PR), called the RIS-UTW scheme. The exact closed-form
expressions of outage probabilities are considered to evaluate the
system performance. The results show that the secondary system
performance increases as the number of reflected elements, the
distances between PR and secondary sources, the maximum
interference power-to-plus-noise ratio at primary receivers, and
the maximum signal-to-plus-noise ratio at the secondary sources
increase. Moreover, if the value of the maximum interference
power-to-plus-noise ratio at primary receivers or the maxi-
mum signal-to-plus-noise ratio at the secondary sources is large
enough, the outage probabilities of the secondary network will
fall into a saturation state. Finally, the Monte Carlo simulation
results are collected to evidence the validity of the analytical
expressions of the outage probabilities.

Index Terms—Underlay two-way scheme, reconfigurable intel-
ligent surface, full-duplex.

I. INTRODUCTION

Nowadays, the growing number of users and increasingly
diverse mobile multimedia applications lead to a rising chal-
lenge about using frequency spectral efficiency (SE), energy
efficiency (EE), and cost-efficiency in the deployment and
operation of wireless networks. Recently, Reconfigurable Intel-
ligent Surface has been considered as an emerging cost-saving
technology for future wireless communication systems. These
artificial surfaces include reconfigurable electromagnetic ma-
terials that can be controlled and programmed using integrated
electronics and integrated into the existing infrastructure [1].
In particular, RIS is able to change the signal transmission
direction with low-cost passive devices. In this way, RIS is able
to create favorable wireless propagation environments without
consuming power. Furthermore, RIS can be readily coated
on the facades of buildings, which reduces implementation
cost and complexity. In addition, RIS passively reflects the
signal without processing while a relay actively processes
the received signal before re-transmitting. Lead to the RIS-
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assisted communication outperforms the conventional relaying
techniques in terms of spectrum and energy efficiency [2], [3].

Besides, two-way relay cooperation networks are also one
of the solutions to enhance the system performance and SE
because of their ability to exchange signals of two device
users over the same shared channel, especially in full-duplex
communication [4]-[6].

In addition, the authors in [7] shown that the utilization
of the licensed frequency spectrum versus time and space is
low. Thus the cognitive radio (CR) network was proposed
to allow the primary network to share its frequency band
with the secondary network to improve SE. In CR networks,
there are three protocols (underlay, overlay, and interweave)
were proposed so the secondary users can operate flexibly
and smartly to access the licensed frequency spectra of the
primary users as long as the primary network still maintains
the quality of services [8]-[10]. The cognitive two-way relay
networks combined with other techniques are considered and
valuated under an interference constraint of a primary receiver
[11]-[13].

A. Related work and motivation

In [3], the authors analyzed and compared the performance
of two wireless systems with aid of RIS and amplify-and-
forward (AF) relaying. The results showed that RIS-assisted
wireless systems outperform the corresponding AF-relaying
ones. To take advantage of both SE and EE, the one-way
cognitive network had multiple primary receivers (PR) and
a single secondary receiver (SR) combined with a RIS half-
duplex [14] and full-duplex [15] or multiple RISs [16].

Recently, the two—way communications via RIS where two
users communicate through a common RIS were investigated
[17], [18]. In [17], outage probability and average throughput
were derived with assuming that uplink and downlink com-
munication channels between two users and the RIS can be
reciprocal. In [18], the channels between the two users and
RIS can either be reciprocal or non-reciprocal, and the authors
proposed the optimal phases and approximation methods for



each case to derive the outage probability and the SE of the
system.

Motivated by previous works for a two-way network to
improve SE and EE, we suggest a RIS-supported underlay
two-way scheme, called as RIS-UTW, in which two secondary
sources operate in the full-duplex mode with aid of a RIS
under the limit condition of a primary receiver.

To consider and evaluate the system performance, the outage
probability of the system is investigated according to param-
eters such as the maximum interference power - to -plus-
noise ratio that the PR can decode information in the primary
network (Q); the maximum signal-to-plus-noise ratio that the
secondary network hardware can satisfy (SNR); the relative
position of the RIS and the PR; the change in the number
of reflected elements of the RIS; and the loop interference
suppression ability of the full-duplex transmission.

B. Contributions

The contributions in this paper are summarized as follows.
Firstly, the exact and asymptotic expressions of the outage
probabilities of two sources in the proposed scheme are
analyzed, verified, and proved valid by the simulation results.
The paper examines the parameters affecting the outage prob-
abilities of the secondary system. Secondly, the simulation and
analysis results show that the number of reflected elements or
the distance between PR and secondary sources increase, the
outage probabilities of the two secondary sources decrease.
Addition on, with any number of reflected elements, the
outage probabilities of both sources decrease quickly when @)
increases in a small value region, and attains a saturation value
in the greater () region. Finally, the lines OP of the sources
versus Pmax /Ny (dB) also decreases when Pmax /Ny (dB)
is less than about -10(dB), then the OP stays at the same value
even though Pmax /Ny (dB) still increases.

C. Paper organization and notations

This paper is organized into sections as follows. Section 2
presents the proposed system model. Section 3 analyzes outage
probabilities. Results and discussions are shown in section 4.
Lastly, section 5 is the conclusion.

The notations: fa(-) and F(-) present respectively the
probability density function (PDF) and the cumulative distri-
bution function (CDF) of a random variable (RV) A; Pr[ZE]
presents the probability operation of an event Z; I'[.] is the
Gamma function [19] (eq.8.310); ~v[.,.] is the lower incom-
plete Gamma function [19] (eq.8.350.1); T'[.,.] is the upper
incomplete Gamma function [19] (eq.8.350.2); W, () is the
Whittaker function [19] (eq.9.222); C'N() denotes the complex
normal distribution.

II. SYSTEM MODEL

A system model of RIS-supported underlay two-way net-
work is shown in Figure 1 in which two-antenna secondary
sources S7 and Sy send simultaneously their data x; and zo
(x1 € S;and x2 € So) to each other through an RIS with T
metasurfaces MS; ,t = {1,2,..,T}. The S; and Sy the

S;

Fig. 1. System model of an RIS-supported underlay two-way network

tolerate interference constraint of the primary receiver, denoted
as I. In Figure 1,(h1t,d1t), (hﬂ,dtl), (hzt,dzt), (ht27dt2),
(hs,ds) and (hg4,d4) denote the fading channel coefficients
and the normalized distances of links Sy — M Sy, MS; —
S1,8 —MSy, MS;—S5,51 — PR and S, — PR, respectively.
We have some assumptions as: 1) direct links between node
pairs (S1,S52) and (M S;, PR) does not exist due to the far
distance, deep shadow fading or beamforming of the RIS; 2)
additive noises at the S and Sz are CN(0, Np) with zero-
mean and identical variance N,; 3) each MS; is close to
others, and thus the normalized distances can be set as dq; =
diy1 = dq, dot = dio = do; 4) wireless channels between node
pairs (S1, M S;) and (S2, M S;) are reciprocal, i.e hyy = hyy
and hy; = hyy [18]; all fading channel coefficients are complex
normal RVs, i.e. hyy = hyy = |h1t|€¢1t € CN (0,1/)\1),
hio = hoy = |h2t|€¢2‘ e CN (0,1//\2), hs € CN (0,1/)\3)
and hy € CN (0,1/)y), where ¢1; and o, are phase values
of reciprocal channels hi; and hoy, Ay = dﬁ , B is a path-loss
exponent, and u € {1,2,3,4}; 5) Loop-back signals from the
transmit antenna to the receive antenna are filtered to cancel
completely.

Under operation conditions of the underlay cognitive radio
network, the transmit power of the secondary sources .S,
(denoted by P,, q € {1,2}) must be below a maximum power
(denoted by P max) and satisfies the interference constraint of
the primary network. Therefore, F; is set maximally as [20]

Pq = min (Pq,maxv I/g(qu?)) (1)

2
where g(q12) = |hgi2)| "

At the same time, the secondary sources S; and Sy send
simultaneously the data z; and xo respectively to each other
through the RIS with the same frequency. More specifically,
the S; will receive the signal including the desired data zo,
and is affected by self-interference signal including the own
data x; from the reverse reflection of the RIS, and by internal
additive noise. The received signal at the S; is presented as



[17], [18].

T T
1=V Paxo (Z hththﬂ) + Vv Py <Z hltrthﬂ) +ny

t=1 t=1

Desired signal Self —inteference signal

2
where 7, is the unit-adjusted response of the M S, and can be
expressed as r; = €%, ¢, is the adjustable phase induced by
the M Sy; the additive Gaussian noise ny is CN (0, Ny) and

E{m\?} - E{m\?} ~ 1
In (2), the S; can cancel perfectly the self-inference signal

T
VPizy | Y hagriher | because of holding the parameters

hie, het gﬁé r¢ in the setup phase and combining with own
parameters P; and x;. In addition, the phase ¢; of the M .S, is
selected optimally as ¢y = — (@11 + @2:) [31, [17], [18]. The
formula (2) is rewritten as

T
1= Paxo <Z|ht1 X |h2t|> + n1

t=1

3)

Hence, the received signal-to-interference-plus-noise ratio
(SINR) at the Sy to decode x5 is obtained from (3) as

T 2 T 2
‘vpﬂz (Z |her] x |h2t|) Pz(z |he1| x |h2t>
t=1 t=1
1 p— P

2 )
|71 No
“)
For simplicity in analyses, we set as Pi max = Pomax =
P,uax. In addition, we also defined as

gl

T
% = Pmax/No, Q = I/No, ¥ =3 |ha| x [hai|. ()

t=1
Substituting in (1) and (5) into (4), we have:
y1 = min(yo, 9)\1’2, (6)

g4

Similarly, the received signal and the SINR at the S5 to
decode x; are inferred respectively as

T T
Y2 =V Pizy (Z hltTtht2> + v/ Paxo <Z hththw) +na,

t=1 t=1

Desired signal Self —inteference signal

)

T 2
P1<Z o x |ht2)
= — min(y0, )w2,
Ny g3

where the additive Gaussian noise ng is CN (0, No).

Y2 = ®)

III. OUTAGE PROBABILITY ANALYSIS

The outage probability of the secondary source S, occurs
when the S}, cannot successfully decode the desired data ., of
the opposite secondary source S,, in one transmission phase,
(p,w=1{1,2}) and p # w. This probability is defined as
OPg:t = Pr[Rs, < Ry,|, where Rg is the achievable data
rate at the S, and is expressed as Rs, = log, (1 +p),

and Ry, is the threshold data rate (bits/s/Hz). The outage
probability of the .S}, in RIS-UTW scheme is presented as

OPg" = Pr [y, < 28 — 1]

= Pr | min(yo, g(fm) 2 < <2Rth -1)
i
=Pr {70‘1/2 <ap,y < ] + 9)
9(w+2)
Ty
+Pr[ @ U2 < ag,yo > }
9(w+2) 9(w+2)
T2

To analyze the probability OPg;“ in (9), the CDF and PDF
of the RV U are presented by Lemma 1.

Lemma 1: From (5), ¥ is the sum of T independent and
identical double Rayleigh RVs, the PDF of the ¥ can be tightly
approximated as the first term of a Laguerre series expansion
[21] (eq.2.76). The PDF and CDF of the RV W is obtained
respectively as [3]

z¢ T
N —— 10
e Tl P eXp( b) (10)
v(e+1,%)
F ~ 27 11
v (@)~ T (1)
_ k3 _ k _ Tr
wherea—k—l—l,b——f,kl 4m,and
T w2
k'2 - 7X1>\2 (1 - ﬁ)
The Y in the (9) is determined as followed
Tl = Pr |:\I/ < %7g(w+2) < %:|
o (12)
— (23]
= F\If ( % X Fg(w+2) (%)
where the estimated channel gain g(,42) = |h(w+2)|2 is

exponentially distributed RVs with CDF F, ., () = 1 —
e A+ and PDF fy ., () = Ayppye 2o+ [22].
And substituting (11) into (12), we obtain

(%)
Tl _ Yo

1 — e~ Aw+2@/70 13
F(a+1) X ( ¢ ) (13)
Next, the Y5 in the (9) is determined as followed
Yo =Pr |V < a1/Q \/Twt2), Iw+2) = Q/0
~ (w+2)» I(w+2) . a4
= f fg(w+2) (‘/'C) X F‘If (OZQ\/E) dx
as
Substituting (11) into (14), we obtain
T A
o (w+2) “Afwio) T ( (6%)] )
T, = W) e Aw+2) 1, == d 15
) /I‘(a—i—l)e 1 (o+1,%2VE)dr 5)

(%)



After some analysis we have the following result of the
T, in two forms: the integral expression and the infinite sum
expression with the formulas (16) and (17), respectively.

1
1y = 2 () () (A5 gy R
xW ( g2 >—|—

1 _1 (@27
L N s v

(16)

[0 %:1 A
+Of Fg;“ﬁ))ewwﬂﬂy (a+1,%/x)dx

a+i _Lg
T, = 27 (e+d) (azy(oF8) )\ | —har/2)y
4 1 1 ag? +
—§(a+1/2)=—z>(m>
Aw = (=1)" —(%(a+14+n)+1
+F((awti)) nz_:o n!(a+1)+n) (A(W-‘r?)) <2 )X

Xy (% (a+14+n)+1, )\(W+2)o¢3)

(17)
Substituting (13) and (16) or (17) into (9), we obtain OPg;‘t
in (18) or (19) at the top of next page.
Corollary 1: In special case as 79 — +oo then
e Aw+2Q/0 5 1 = T; — 0 and a3 — +oo we obtain
asymptotic expression as

Ay 2D

Opgzt,'yo—)oo _ 2—(@-}—%) (%)(a-‘r%)
XW 1 1 0‘22
*g(a+1/2>,*za<m>
(20)
Corollary 2: In special case as (Q — +oo then
e M@/ s (0 as — 0 and a3 — 400 we obtain

asymptotic expression as

opguee - 1ty

21
T(a+1) @D

IV. RESULTS AND DISCUSSIONS

This section presents analysis and simulation results in
terms of outage probabilities of the proposed RIS-UTW
scheme. The simulation results are performed by the Monte
Carlo method to validate the analyzed expressions. Coor-
dinates of the nodes S;, S5, the PR and the RIS are set
as Sl (070), SQ (1,0), PR (:L'PR,pr), RIS (I'R,yﬁ), where
0 < xr < 1. The normalized distances are calculated from

the coordinates as dy = /22 + yZ, dy = \/(1 — 2r)” + 2,

d3 = \/(zpr)* + (ypr)°, and dy = \/(1 — zpr)” + Y3n-

It is assumed that the threshold data rate and the path-loss
exponent are fixed by Ry, = 1(bits/s/Hz) and 8 = 3, and
Q (dB) on the x-axis is defined as @ = 10 x log;, (I/N,)
(dB). Markers denote simulated results.

Figure 2 shows the exact and asymptotic outage probabil-
ities of the secondary sources S; and S5 versus Q (dB) as
formula (18) and (19) when vy = —15(dB), T € {2,5,8},
zr = 0.5, yr = —0.5, zpr = 0.5, ypr = 1. Firstly, as
selecting the above parameters, we have a symmetrical model
with normalized distances d; = ds, and d3 = d4, so the lines

drawing the two sources outage probabilities nearly overlap.
Secondly, the outage probabilities of both sources decrease
as the interference constraint parameters Q increases in the
region Q value is small and attains a saturation (floor) value
in the high Q ones. Due to large values of Q, the transmit
powers of the nodes S7, S, increase as in (1) which correspond
to large SNRs to decode the data x1, x2 in (4) and (8).
And the transmit powers in (1) also have a limit by the
maximum power of each source so the transmit powers will
attain a saturation when Q achieves a high threshold value.
Moreover, when the number of metasurfaces increases, the
system outage probability decreases, or in other words, the
system performance increases proportionally with the number
of metasurfaces. Besides, in Fig 2, the outage probabilities of
the secondary sources are plotted according to two analytical
formulas in the infinite sum form (18) and the integral form
(19). The results show that the curves represented by the
integral formula coincides with the Monte Carlo simulation
lines, while the curves represented by the infinite sum (with
the first 25 terms selected) is closer to the simulation curves
in case of the number of the RIS reflective cell increased.

Figure 3 considers the outage probabilities of the secondary
sources S7 and Sp versus Pmaxz/No(dB) when Q@ = —10
(dB), T € {27 5, 8}, zr = 0.5, yr = —0.5, xpr = 0.5, ypr =
1. Firstly, similar to Fig. 2 with these selected parameters,
Fig.3 also has the outage probabilities of the two sources
overlap. Next, the outage probabilities of the sources quickly
decrease as Pmax /Ny (dB) increases to about —10 dB,
then they remain constant even though Pmax/No(dB) still
increases. It shows that the higher the maximum capacity the
hardware is able to handle, the better the system performance
is, however it has a saturation value because the transmit power
depends on two parameters like formula (1). Furthermore, the
system performance increases proportionally with the number
of metasurfaces as Fig. 2.

Fig. 4 examines the effect of the distances between PR and
secondary sources on the outage probability of the secondary
system versus Q. When this distances increase leading to the
outage probabilities of the system decrease. We have the result
because in (4) and (8) the SINRs decrease when the transmit
power of the secondary sources increases. And the transmit
power of the secondary sources increases when the distances
between PR and secondary increase due to the interference
effect of the secondary network to PR decreases as in formula
(1). Finally, the asymptotic and exact theory analysis lines of
the outage probabilities match well with their Monte Carlo
simulation ones.

V. CONCLUSIONS

In this paper, we proposed and analyzed the underlay two-
way RIS scheme with two secondary sources and a primary
receiver, known as the UTW-RIS. To evaluate the system
performance, the paper investigated the outage probability
via parameters such as @ (dB), Pmax/Ny(dB), number of
reflected elements of RIS. The notable results are that the
system outage probabilities decrease a lot when the number of
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reflected elements increase. Besides, the system outage proba-
bilities decrease fastly when @) or Pmax/Ny(dB) increase at
their small value region, and reach the saturation value at their
high value region. Finally, the analysis results of the outage
probabilities were validated by the Monte Carlo simulations.
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