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Abstract—In this paper, we study a two-way non-orthogonal
multiple access cooperative schemes with two sources and the
aid of a decode-and-forward relay under the overall effects
of perfect/imperfect successive interference cancellation and
perfect/imperfect channel state information. In this scheme,
the digital network coding technique is used at the relay to
decrypt sequentially the received data from sources, then encode
these data by the XOR operation and transmit back to the
sources. System performance in terms of outage probabilities
and throughput is analyzed by exact and asymptotic closed-
form expressions. Besides, the proposed protocol performance is
compared to the performance of a conventional two-way scheme.
The Monte Carlo simulation results evidence the validity of the
analysis expressions.

Index Terms—Two-way cooperative scheme, perfect and im-
perfect SIC, perfect and imperfect CSI, digital network coding,
non-orthogonal multiple access.

I. INTRODUCTION

In recent years, improving system throughput and spectrum
efficiency over wireless networks has been a growing chal-
lenge because of the growing number of users and increas-
ingly diverse Internet of Things applications. The cooperative
communication has been interested in because it provides high
spatial diversity gain to mitigate fading, to widen coverage, and
to increase communication reliability [1]. The relaying nodes
process received and transmit signals by apply methods as
decode-and-forward (DF) and amplify-and-forward (AF). The
AF method is simple but it amplify noises in received signals.
In two-way cooperative communications, both source devices
can transmit or receive from each other, so digital network
coding (DNC) should be combined to improve the perfor-
mance system as increasing bandwidth utilization efficiency
by decreasing transmission time between devices [2]-[4].

Besides, non-orthogonal multiple access (NOMA) has con-
sidered as one of the solutions for the fifth-generation (5G)
mobile communications network to meet these challenges due
to its potential achievements to improve spectral efficiency, en-
large connections, reduce access latency and enhance fairness
among users [5], [6]. Recently, a two-way CNOMA network
has been studied to take advantage of these advantages [7]-
[10]. In a power-domain NOMA scheme, transmit signals for
multi-users is distributed at different power levels at the same
time, frequency, and code domain using the superposition

coding. And at receivers, the decoding principle is to apply the
successive interference cancellation (SIC) method. In practical
cases, when using SIC still happens unexpected issues caused
by complexity scaling and error propagation lead to errors
in decoding. And the near-user of the NOMA system will
endure a residual interference signal if the fault of using
SIC appears. Hence, considering the impact of imperfect SIC
@ipSIC) on system performances is necessary. Moreover, in
realistic applications, the system performances can be affect
by hardware impairments or the collection of imperfect chan-
nel state information (CSI) [11], [12]. The imperfect CSI
can occur because of the channel time-variation during the
feedback delays (FDs) of the CSI and also because of the
errors in the CSI estimating process [13], [14]. In [15], the
authors have studied a two-way cooperative scheme in which
combination of SIC and DNC confirming that performances
in an asymmetric two-way cooperative scheme have better
spectrum utilization efficiency the conventional two-way DF
scheme with only using the DNC technique. However, the
authors investigated this scheme only in condition perfect
channel state information.

Motivated by previous works for the two-way network to
improve spectrum utilization efficiency and system perfor-
mance, we suggest a two-way cooperative scheme with a
DF relay and two sources and considers the comprehensive
investigation with both the perfect CSIs (pCSIs) and the
imperfect CSIs (ipCSIs) in case of the perfect SICs (pSICs)
and the imperfect SICs (ipSICs).

We adopt the uplink NOMA protocol to achieve high
spectral efficiency, the source close to the relay is allocated a
smaller transmission power than the farther source. Afterward,
the relay uses the SIC technique to decrypt sequentially the
received signals and uses the DNC technique to makes a new
encoded signal. Finally, the encoded signal is broadcasted back
to two source nodes, denoted as TTS protocol. To evaluate the
system performance of the proposed TTS protocol, the exact
and asymptotic closed-form expressions of the outage proba-
bilities and the system throughput are considered. Besides, we
also compare the system throughput of this proposed protocol
with the system throughput of the conventional two-way DF
protocol which does not use the SIC and DNC techniques,
denoted as FTS protocol.

The rest of this paper is organized into sections as follows.
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Fig. 1. Two-way cooperative model of the TTS protocol.

Section II describes a two-way cooperative model of the
TTS protocol. Section III analyzes the exact and asymptotic
outage probabilities and system throughput of the TTS and
FTS protocols. Section IV shows simulation results to verify
the theoretical analysis. Finally, the conclusions are given in
Section V.

Notations: Pr(.) stands for probability operation; fx (.)
and F'x (.) define the probability density function (PDF) and
cumulative distribution function (CDF) of a given random
variable (RV) X, respectively.

II. SYSTEM MODEL

Consider a cooperative two-way network as illustrated in
figure 1, where two sources S; and S5 communicate to each
other with the aid of a half-duplex DF relay R. In this model,
we have some assumptions as: the sources and the relay have
a single antenna; the direct link between the sources S; and
So is unavailable due to severe fading and path-loss, thus
communication between two sources can be established only
via relay [16], [17]. We denote d; and ds as the normalized
distances of link S; and R and S5 and R, where di; < ds.
We assume that all the channels suffer from flat and block
Rayleigh fading. The channel coefficients for links S — R
and R — Sj are denoted as hg,r and hgrs,, respectively.
In this model, the imperfect CSIs are caused by the feedback
delay with a time-variant channel model and can be modeled

as [12]-[14].
A
hi = prhs+/1 = psey (D)

where f € {SyR, RSi}. Here, ¢ represents the estimation

errors and }Alf defines the estimated CSIs. £y and ;\],f are
independent complex Gaussian RVs with zero mean and vari-
ances Ag, (Ef,/f;f ~ CN (0, )\f)). Moreover, the correlation
coefficients 0 < py < 1 are constants (where py = 1
represents no delay effect and in other words, the CSI is
not outdated), characterizing the average quality of channel
estimations. For simplicity, we assume that py = p for all
the identical devices, p = 1 for perfect CSIs, and p < 1
for imperfect C2$Is [11]-[14]. The e2stimated channel gains

N AN
9syr = |hs,r| and grs, = |hRs,

tributed RVs with PDFs fy . (2) = fone, () = e/,

k

and CDFs Fy, .(7) = Fyg () = 1 - e~®/*, where

are exponentially dis-

Ak = AS,R = ARS, = d,:ﬁ and [ are a path-loss exponent
[4].

The operation of the TTS protocol happens in two time
slots. In the first slot, the relay receive concurrently the signals
of two sources S; and Sy, and the relay will decode the
received signals using the SIC technique. In the second slot,
the relay creates an encoded signal using the DNC techniques
[4], [15] and broadcasts it to two sources S; and Ss. In this
paper, the SIC technique is considered in cases of the perfect
SIC (pSIC) and imperfect SIC (ipSIC).

We denote x; and x5 as the transmitted data signals by S
and Ss, respectively, while * = x7 ® x5 as the transmitted
signal by the selected relay with transmit power Pg. Consid-
ering the first time slot, according to the NOMA protocol, the
received signal yr at R is a weighted sum of x; and x5, and
is described as an expression follows.

yr = vV a1Pshs rr1 + /a2 Pshs,rz2 + ng.  (2)

where a1 Ps and asPg are transmit power to carry x; and
9, respectively, with power allocation coefficients «; and
g to fairness between S7 and S, (a higher power should
be allocated to the source which is farther from relay [7],
(0 < a1,3 < 1), and ng is the AWGNs with the variance
Ny at the nodes R.

Substituting (1) into (2), we have an expression as

AN /1_p2
Yyr = VoaPshs, rr1 — Va1 Ps¥——eg r71
AN /1_p2
+VaaPshs,r2 — Va2 Ps>——¢s,r22 + Ng.

At the first time slot, applying the SIC technique [9],
[15], the relay first decode the transmitted signal x; by the
nearby source which has better average channel quality while
considering signals containing x» as interference. The received
signal-to-interference-plus-noise ratio (SINR) for detecting x;
can be given from (3) as

3)

A 2

ai|hs|r
751R—>$1 = A 2
2 2
as|hsyr +(a1/\1 + 052)\2) (1 —p ) +p /’}/
P1
_ oigsyR
T azgsy,rté1’

“)
where ~ is defined as transmit SNR, v = Pg/Ny.
After decoding x; successfully, the interference component

A
vai1Pshs, r in (3) is deleted at the relay, then the received
SNR for detecting x5 can be given as:

A 2

azylhsyR

VS2R—=w2 = TRy (arh Faahe) (1—p2) 02 %)

_ Q29S5R
ep*grt+ér1’

In the subsequent time slot, the relay ? uses XOR operation
to synthetic x = x1 ® x5 and then broadcasts x to two sources.
As a result, the source Sy receives signal as following

A /1 = p2
YRS, = V PrRARS, T — V/ PRTpf:RSkCU +ng,, (6)
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where Pr is the transmit power for the signal x at the R, and
ng, is the AWGNSs at the sources Sy with the variance No.

Then x will be detected at the source Sj with the SINR
value of

2
n 2
Pr|hrs,| /p

’}/Rskam - PR)\k (1 _p2) /,02 +N0

where 7 = Pr/Pg and n > 0.

For comparison, we consider a two-way scheme using four
time slots with relay in perfect and imperfect CSIs (called as
the FTS protocol). The transmission process of this protocol

is described as follows S; —> R 8, 2y R 2 9.
Tod w  ah

In the first time slot, the source node S transmits the data
signal z; to the relay, the received signal and the SNR at the
relay can be expressed by

v s, r = Va1 Pshs,rz1 + ng
A /1—p2 , 8
= \/alpssthl — Va1 Pg - P €5, RT1 +NR (®)
1

YRSy

A (1= p?) +p?’
(7

2

2
Ve P S ()
a1 PsAi1(1-p?)/p?+No — ai1di1v(1—p?)+p?

AN
Oflps‘his

YS1R =

Then 1 will be decoded and transmitted to the source S
in the next time slot. At the source S5, the received signal and
the SNR can be expressed by

2

A /1 _
Y rs, = V PR%S r1— PRTPE
2

1Y9RS,
Az (1= p%) +p*
Similarly, the source S, transmits the signal zo to the relay
and the relay R will decode and transmit this signal to the
source 57 in the third and fourth time slots. Consequently,
SINR to decode the signal x5 at the relay R and the source
S1 can be expressed by

rs,T1+ sy, (10)

(1)

YRS, =

A279S>R

YS2R a2)\27(1 _p2)+p27 ( )
9IRS,

= . 13

TR = A (L= p2) + 92 ()

III. PERFORMANCE EVALUATION

In this section, we obtain expressions of the outage proba-
bility and throughput for the considered protocols.We suppose
that the nodes R and Sy decrypt received signals successfully
if their SINRs are larger than or equal to a target ;. Otherwise,
these nodes will happen to the outage events.

A. Outage probability analysis

1) The proposed TTS protocol: As mentioned in section
2, to successfully transmit the signal z; from S; to S, first
the relay R must receive and decode successfully the signal
1 and then the node source S5 also must detect and decode
successfully with the signal x. The probability of successful
decoding z at S will equal to Pr(vs, Rz, = Ve YTRSs—z =
vt). Conversely, the outage probability at the source S for

the S =% R 5 S5 link can be described as the formula
following
OPs, =1 —Pr[ys,rR—z, = ¥, VRSs s > ). (14)

A point to remark is that vs, r—yz, > ¥ and Yrs, 5z > V¢
are independent events. Thus, the formula (14) can rewrite as
follows

OP52 =1-Pr [7513—)11 > "Yt] x Pr [7RSg—>r > "Yt] (15)
Substituting (4) and (7) into (15), after some manipulations
the outage probability at the source Sy is obtained as in (16)
at the top of next page,

For the S5 =2 R = S; link. Based on the SIC operation
principle, the transmission of the signal x5 from the source
node Sy to the S7 only successes when the relay R decodes
successfully the signals (z1, 22) and the source S also decode
successfully the signal z. On the other hand, the outage
probability of the S; occurs in three cases: the relay R decodes
unsuccessfully the signal x1; or it decodes successfully the
x1 but unsuccessfully the signal xo; or the relay R decodes
successfully both the signals x1 and x- but the signal x is not

decoded at the source S7. The outage probability at the source
S for the Sy for this link can be described as

OPs, =1 —Prvs,Roas > Vt:VSaR—as > Vtr YRS —a > Vt)
=1—=Pr{ys,rRoa, = Vs VS2R—as = Ve X Pr[VRS, 50 (Zl W)’t]
7

Substituting (4), (5) and (7) into (17), after some manipu-
lations the outage probability at the source So is obtained as
in (18) at the top of next page.

Corollary 1: In the special case as v — 400, then 1/y —
0, the asymptotic expression of OPs, and OPg, are obtained
as in (19) and (20) at the top of next page,respectively.

2) The comparative protocol The outage probability at the

source Sy for the S 1—> R ﬁ So link in the FTS protocol
st n

is described as follows

OPg =1—Pr[ys,r > Y YRS: = Vi

. (21
— 12 (1-Priys,r <)) X (1 - Priyms, <yl) = 0

Substituting (9) and (11) into (21), and after some manipula-
tions we we get a final result as
OPC =1 — ¢ (2(1=p) 4P/ (@ +1/mhay) — (22)
Sa
Similarly, the outage probability at the source S; for the Sy

] d — R 4—> S1 link is expressed as
T

=1 e n(0-r")+

oP°¢ P (1/(a2X27)+1/nA17)) (23)
S1
Corollary 2: In the special case as v — oo, asymptotic
expressions of the outage probabilities at the sources So and
S1 are obtained as
opr¢ = opr¢ )
S. S

~y—+oo

=1 (24)

y—+oo
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OP52 =1- (1 - Of fQSQR(x)ngln(%‘T + ’Y(fﬁl)dw> (1 - F9R32

(e (1= %) + 22))

(16)
al)qef"’t(4’1/“1>‘1+(17p2)+p2/(k2"7))
=1~ a1 A1 F+yroo s
o=t (#1((170) /(@1 21) +1/ (@2 X2)+ (197 ) +92 /(1))

OPg, = ' 1o

BT (U yanda/ (a1 hn) (14 (T+ 7261/ (a1 A1) 7ep?2/ (22)a))

et (179%) @+ (az)2) /(@1 )
OPs,|, 4 oo =1- 1M1 (19)
Q1AL + Yoo Ao
67')'14(1*92)((0‘1)\1+0¢2AQ)((1+’Yt)/(0‘1>‘1)+1/(a2)\2))+1)

OpSlL/_)+OO = (20)

(1 +yeda/ (@1 A1) (1 +5ep?Q (1 + 92 (1 = p?) (14 a2da/ (1 A1) / (2)2))

B. Throughput analysis

Mathematically speaking, the throughput for the proposed
TTS protocol and the comparative FTS protocol are obtained,
respectively, as [9], [18]

1
TPrrs == (1—OPs,) R: + 3 (1-OPs,) Ry. (25)

N =

TPprs — i (1 . Opg) R+ i (1 — OPSC;) Ri.  (26)

where: %2 and Y denote that the protocols TTS and FTS
operate in two time slots and four time slots, respectively;
R; =log, (1 4+ v4) (bits/s/Hz).

IV. SIMULATION RESULTS

In this section, we analyze and evaluate the outage prob-
abilities and the system throughput of two protocols (TTS
and FTS). Monte Carlo simulations are used to validate
the accuracy of the asymptotic and exact theory expressions
(markers point to simulated results in all figures). For all
our analysis and evaluations, we default set the target SINR
as 1» = 1, Q = —10(dB), the power allocation coefficients
a1=as=n= 1 and the path-loss exponent as 3 = 3. In Figure
2 and Figure 3, we choice small d; and infer large value of
ds as dy = 1 —d;. Figure 2 describes the outage probabilities
of the sources S and Sy of the TTS protocol as a function
of Pg/Ny(dB) in the ideal conditions (pSIC - pCSIs) and
practical conditions (ipSIC- ipCSlIs). From Fig. 2, we can see
that the system performance of the source nodes and with the
pSIC- pCSlIs case outperform with the ipSIC- ipCSls case.
This result show that the significant impact of the imperfect
CSIs and the imperfect SIC on the system outage probabilities
at the two source nodes is clearly. Thus, we should not skip
these conditions when considering a practical system. And the
source S5 have the outage probabilities smaller than the source
S1. In the pSIC - pCSIs case, the outage probability of the two
sources will be equal when Pg/Ny (dB) is enough large but

the outage probabilities of the source S, are always better
those of the source S; with every Ps/Ny (dB) in the ipSIC-
ipCSIs case. We have those results because channel gain
coefficients are decreased by the negative effects of imperfect
CSIs as formulas (1) and the residual interference signals are
added to the SNR of the signal at the relay as in formulas (5).
Besides, the x5 signal depends on interference canceling due
to the SIC technique in the NOMA technology as formulas
(4) and (5) lead to the SNR of the signal x, is effected by
ipCSIs of both links S — R. An especial notice is that there
is an influence on the system outage probability for the x5
signal transmitted from the farther source to the relay than the
x1 signal when using the SIC technique to decode the data.
Based on this, we can change the transmit power coefficients
accordingly so that the system outage probability can have
approximately the same for both signals near and far the relay
to more fairness.

Figure 3 plots system throughput for the TTS and FTS
protocols as a function of Pg/Ny (dB) with pCSIs/ipCSls
when ¢ = 0, p € {0.92,1}. We can observe that the TTS
protocol is capable of achieving higher throughput compared
to the FTS protocol in all Ps/Ny(dB) for both cases of pCSIs
and ipCSls since the proposed protocol uses the NOMA,
SIC and DNC techniques to decrease the number of time
slot for the signal transmission between nodes. Besides, the
throughput of both protocols in the case of pCSIs are always
better than in the case of ipCSIs because of skipping effects
of the interference parts on the received SINRs. Moreover, the
TTS protocol converges to the throughput ceiling in the high
Ps /Ny (dB) regions (Ps/Ny > 15dB).

Figure 4 plots the system throughput for the TTS and FTS
protocols as a function of d; with pSICs/ipCSIs € = 0 and
p € {0.92,1}. As saw in Fig.4, at all locations of the relay,
the proposed TTS protocol always betters the FTS protocol in
the pCSIs case. But in the ipCSIs case, the TTS protocol have
the system throughput better than the FTS protocol only when
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Fig. 3. Throughput of the TTS and FTS protocols versus Ps/Ng (dB) when
e=0and p € {0.92,1} .

the distances d; are from 0.3 to 0.4. The throughput of the
proposed TTS protocol achieves the highest value at optimal
locations of the relay as d; = 0.25 (in the pCSIs case) and
d; = 0.37 (in the ipCSIs case). Last but not least, the two
protocols with the perfect CSI (p = 1) always exceeds with
in the imperfect CSI (p = 0.92).

Finally, from Figs. 2-4, it is value noting that the asymptotic
and exact theory analyses are trustful and match well the
Monte Carlo simulations.

V. CONCLUSIONS

In this paper, we investigated and analyzed a practical two-
way cooperative NOMA scheme under the overall effects of
imperfect CSIs caused by the feedback delay and imperfect
SICs caused by residual interference after the removal of
interference (the TTS protocol). Outage probabilities and
throughput of the system were enhanced by the combination
of the techniques SIC and DNC at the relay. Our results
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,././'/./‘;,,.*”""

TTS, ipCSls
FTS, ipCSls
TTS, pCSls
FTS, pCSls
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T
L

Fig. 4. Throughput of the TTS and FTS protocols versus di when Pg /Ny =
5(dB),d2 =1—dy,e=0and p € {0.92,1}.

showed that the system performance is significantly affected
by the imperfect SICs and the imperfect CSIs. Moreover,
the proposed TTS protocol performs much better than the
conventional two-way scheme in the pCSIs condition at all the
relay location, but in the ipCSIs condition, the TTS protocol
only performs better if the distances from the relay to the
two sources are not too different. The significant thing was
discovered as the proposed TTS protocol can achieve the best
performance at optimal locations of the relay and the power
appropriate coefficients of two sources.

ACKNOWLEDGE

This research is funded by Vietnam National Foundation for
Science and Technology Development (NAFOSTED) under
grant number 102.04-2019.13.

REFERENCES

[1] P. Liu, Z. Tao, Z. Lin, E. Erkip, and S. Panwar, ”Cooperative wireless
communications: a cross-layer approach,” IEEE Wireless Communications,
vol. 13, pp. 84-92, 2006.

[2] T. T. Duy and H. Y. Kong, “Exact outage probability of cognitive two-
way relaying scheme with opportunistic relay selection under interference
constraint,” [ET Communications, vol. 6, pp. 2750-2759, 2012.

[3] E.S. Lo and K. B. Letaief, "Network coding versus superposition coding
for two-way wireless communication,” IEEE Wireless Communications and
Networking Conference, pp. 1-5, 2009.

[4] P.N. Son and H. Y. Kong, "Exact outage probability of two-way decode-
and-forward scheme with opportunistic relay selection under physical layer
security,” Wireless Personal Communications, vol. 77, pp. 2889-2917,
2014.

[5] Z. Ding, Y. Liu, J. Choi, Q. Sun, M. Elkashlan, I. Chih-Lin, I. Poor, H.
Vincent, ”Application of non-orthogonal multiple access in LTE and 5G
networks,” IEEE Communications Magazine, vol. 55, pp. 185-191, 2017.

[6] L. Dai, B. Wang, Y. Yuan, S. Han, I. Chih-Lin, and Z. Wang, ”Non-
orthogonal multiple access for 5G: solutions, challenges, opportunities,
and future research trends,” IEEE Communications Magazine, vol. 53, pp.
74-81, 2015.

[7] X. Wang, M. Jia, I. W.-H. Ho, Q. Guo, and F. C. Lau, "Exploiting full-
duplex two-way relay cooperative non-orthogonal multiple access,” IEEE
Transactions on Communications, vol. 67, pp. 2716-2729, 2018.

[8] T.-P. Huynh, P. N. Son, and M. Voziidk, "Exact outage probability of
two-way decode-and-forward NOMA scheme with opportunistic relay
selection,” KSII Transactions on Internet and Information Systems, vol.13,
2019.

[9] X. Yue, Y. Liu, S. Kang, A. Nallanathan, and Y. Chen, "Modeling and
Analysis of Two-Way Relay Non-Orthogonal Multiple Access Systems,”
IEEE Transactions on Communications, vol. 66, pp. 3784-3796, 2018.

Authorized licensed use limited to: Kongju Natonal University. Downloaded‘gliebruary 22,2021 at 06:50:25 UTC from IEEE Xplore. Restrictions apply.



2020 7th NAFOSTED Conference on Information and
Computer Science (NICS)

[10] H. Guo, X. Guo, C. Deng, and S. Zhao, “Performance Analysis of 1QI
Impaired Cooperative NOMA for 5G-Enabled Internet of Things,” Wireless
Communications and Mobile Computing, vol. 2020, 2020.

[11] M. J. Taghiyar, S. Muhaidat, J. Liang, and M. Dianati, "Relay selection
with imperfect CSI in bidirectional cooperative networks,” IEEE Commu-
nications Letters, vol. 16, pp. 57-59, 2011.

[12] K. Ho-Van, “Exact outage analysis of underlay cooperative cognitive
networks with reactive relay selection under imperfect channel informa-
tion,” Wireless Personal Communications, vol. 84, pp. 565-585, 2015.

[13] V. Ozduran, “Leakage rate-based untrustworthy relay selection with
imperfect channel state information: the outage and security trade-off
analysis,” IET Communications, vol. 13, pp. 1902-1915, 2019.

[14] V. Ozduran, B. S. B. Yarman, and J. M. Cioffi, "Opportunistic source-
pair selection method with imperfect channel state information for mul-
tiuser bi-directional relaying networks,” IET Communications, vol. 13, pp.
905-917, 2019.

[15] P. N. Son and T. T. Duy, "A new approach for two-way relaying
networks: improving performance by successive interference cancellation,
digital network coding and opportunistic relay selection,” Wireless Net-
works (2019), vol.26, no.2, pp.1315-1329, February 2020.

[16] Z.Cao, X.Ji,J. Wang, S. Zhang, Y. Ji, and J. Wang, ’Security-Reliability
Tradeoff Analysis for Underlay Cognitive Two-Way Relay Networks,”
IEEE Transactions on Wireless Communications, vol. 18, pp. 6030-6042,
2019.

[17] X. Ding, T. Song, Y. Zou, X. Chen, and L. Hanzo, "’Security-Reliability
Tradeoff Analysis of Artificial Noise Aided Two-Way Opportunistic Relay
Selection,” IEEE Transactions on Vehicular Technology, vol. 66, pp. 3930-
3941, (2017).

[18] P. N. Son, T. T. Duy, and K. Ho-Van, ”"SIC-Coding Schemes for Un-
derlay Two-Way Relaying Cognitive Networks,” Wireless Communications
and Mobile Computing, vol. 2020, Article ID 8860551, pp.1-17, Aug.2020.

Authorized licensed use limited to: Kongju Natonal University. Downloadeé"QfLebruary 22,2021 at 06:50:25 UTC from IEEE Xplore. Restrictions apply.



Hindawi

Wireless Communications and Mobile Computing
Volume 2021, Article ID 8828443, 15 pages
https://doi.org/10.1155/2021/8828443

WILEY

Hindawi

Research Article

Cancel-Decode-Encode Processing on Two-Way Cooperative
NOMA Schemes in Realistic Conditions

Thu-Thuy Thi Dao ("> and Pham Ngoc Son

"Ho Chi Minh City University of Technology and Education, Ho Chi Minh City, Vietnam
’Industrial University of Ho Chi Minh City, Ho Chi Minh City, Vietnam

Correspondence should be addressed to Thu-Thuy Thi Dao; thuydtt.ncs@hcmute.edu.vn
and Pham Ngoc Son; sonpndtvt@hcmute.edu.vn

Received 28 July 2020; Revised 1 March 2021; Accepted 22 March 2021; Published 28 April 2021
Academic Editor: Alessandro Bazzi

Copyright © 2021 Thu-Thuy Thi Dao and Pham Ngoc Son. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

This paper considers the effects of perfect/imperfect successive interference cancellation (SIC) and perfect/imperfect * information
(CSI) in a multiple-relay two-way cooperative network using nonorthogonal multiple access (NOMA) and digital network coding
(DNC). In this model, a relay is selected by maximizing estimated channel gains to enhance the decoding capacity of the nearer
source and minimize the collection time of imperfect CSL. Spectrum utilization efficiency is enhanced two times by a mixture of
the SIC and DNC techniques at the selected relay (called as the SIC-2TS protocol). The system performance is considered
through analysis of the exact and asymptotic expressions of the system outage probabilities and throughput. The major thing is
exposed as the proposed SIC-2TS protocol can reach the best performance at optimal positions of the selected relay. Besides, the
system throughput of the proposed protocol outperforms a SIC-utilized two-way relaying scheme without the DNC (called as
the SIC-3TS protocol) and a conventional two-way scheme (called as the CONV-4TS protocol) for all signal-to-noise ratio

regions. Lastly, the validity of the analytical expressions is verified by the Monte Carlo simulation results.

1. Introduction

Recently, wireless networks have rising challenges in enhanc-
ing system throughput and spectrum efficiency owing to the
increasing user devices and increasing various Internet of
Things applications. A key technology for the fifth-
generation wireless network to solve these challenges is
NOMA technology because of its attainments to help grow
spectral efficiency, enlarge connections, decrease access
latency, and increase the users’ fairness [1-3]. Power domain
NOMA uses the superposition coding to allocate different
power levels for transmitted signals to the multiusers at the
same time, frequency, and code domains. At receivers, the suc-
cessive interference cancellation method is applied to decode
the received signals [2, 3]. However, unexpected errors in
decoding when using SIC still occur due to the complexity
scale and error propagation, leading to the near user enduring
a residual interference signal and the NOMA system perfor-
mance impacted by this imperfect SIC (ipSIC) [3-6]. In [7],

the authors investigated the reliability and security of the
ambient backscatter NOMA systems, where the source was
aimed at communicating with two NOMA users in the
presence of an eavesdropper. The authors in [7] considered a
more practical case that nodes and backscatter devices suffer
from in-phase and quadrature-phase imbalance.

Besides, cooperative communication has also been widely
studied because its spatial diversity advantage helps to reduce
fading, widen coverage, and increase communication pre-
ciseness [6, 8-10]. In conventional cooperative communica-
tions, relaying nodes apply the decode-and-forward (DF)
method or the amplify-and-forward (AF) method to process
their received and transmitted signals [6, 11]. The DF
method is better because it decodes received signals at the
relay, then reencodes them for forwarding to the destination
so it does not amplify noises in received signals like the AF.

Cooperative models show that the selection of the best-
relaying devices, including partial relay selection and oppor-
tunistic relay selection, is necessary to improve system
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performance [5, 11-19]. These methods are based on the col-
lection of channel state information to select the optimal relay
to support communication. The partial relay selection does
not offer the full spatial diversity, but it is not as complicated
as the full relay selection, and it is useful for applications in
industrial IoT and wireless sensor networks. In most practical
applications, CSIs cannot be perfectly measured and there are
some mismatch, known as imperfect CSIs (ipCSIs) [12, 14, 16,
19-22]. The mismatch can happen due to the feedback delays
of the CSIs [12, 14, 16, 19, 22] or the faults in the CSI estimat-
ing process [20, 21]. One-way NOMA and cooperative
NOMA (CNOMA) networks with the SIC have been widely
discussed to increase spectral efficiency gain, improve secure
performance, enlarge system energy efficiency, and enhance
significantly sum throughput in several studies [1, 4, 23-25].
Besides, two-way cooperative networks have advantages in
using frequency spectral efficiency over one-way networks
because two sources are able to both transmit and receive
signals. Moreover, network coding has the advantages of com-
pressing data and high spectral efficiency, and it plays a crucial
role in two-way relay networks [5].

In this paper, we propose a two-way cooperative net-
work with a cluster of DF relays and two sources in which
the relay will be chosen in the setup phase. The relay
selection method in our work helps to enhance the decod-
ing capacity of the nearer source and decrease the collec-
tion time of the CSIs than the opportunistic relay
selection in [5]. To achieve higher spectral efficiency, we
use the NOMA protocol for uplink and the DNC tech-
nique for downlink. At the selected relay, the SIC is used
to decode sequentially the received signals; next, the
DNC is applied to create a new encoded signal and then,
this signal is transmitted back to sources, called as the
SIC-2TS protocol. Moreover, this paper also investigates
the effect of realistic conditions as the ipCSIs and the
ipSIC on the system performance. Afterward, the system
performance of the SIC-2TS protocol is evaluated based
on the analysis expressions of the outage probabilities
and the system throughput. Lastly, we compare the pro-
posed protocol with the conventional two-way DF proto-
col, denoted as CONV-4TS protocol, and the SIC-utilized
two-way relaying without the DNC, denoted as the SIC-
3TS protocol.

The contributions in this paper are summarized as fol-
lows. Firstly, the exact and asymptotic expressions of the out-
age probabilities and throughput of two sources in the
proposed scheme are analyzed and verified under the overall
effects of pSIC/ipSIC and pCSls/ipCSI conditions. Secondly,
the exact and asymptotic closed-form expressions are proved
valid by the simulation results. Next, the simulation results
show that the ipSIC and the ipCSI conditions significantly
affect the system performance. Fourthly, the performance of
the SIC-2TS protocol is improved by the increased number
of relays as well as the perfect operations of the SIC process
and the CSI estimations. Moreover, the performance of
SIC-2TS can attain the best level at optimal locations of the
selected relay and the power suitable coefficients of two
sources. Last but not the least, the system throughput of the
proposed method outperforms the conventional CONV-
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TaBLE 1: Notation table.

Notation Meaning

N Number of relays

fx() Probability density function (PDF) of X
Fx(.) Cumulative distribution function (CDF) of X
® XOR operation

max (.) Find the maximum value

argmax(.) Find an element to achieve the maximum value
o Power allocation coeflicient of the source S
Pr(.) Probability operation

12 Target signal-to-interference-plus-noise ratio (SINR)
OPg, Outage probability at the source S,

TP Throughput (bits/s/Hz)

4TS and SIC-3TS protocols in both cases of pCSIs and ipCSIs
for all SNR regions.

The rest of our paper is organized as follows. Section
Section 2 shows some related works. Section 3 describes
the system model. Section 4 analyzes the system perfor-
mance of the SIC-2TS, SIC-3TS, and CONV-4TS proto-
cols. Section 5 shows the results and respective
discussions. Finally, section 6 summarizes contributions
in this paper.

Notations used in this paper are listed in Table 1.

2. Related Works

In recent researches, specific two-way CNOMA (TWR
CNOMA) networks have been investigated to take benefit on
system performance. The performance of the NOMA-based
two-way relaying network for uplink and downlink of two users
or two groups in the perfect SIC (pSIC) and ipSIC conditions
and Rayleigh fading was analyzed with a half-duplex DF relay
in [26, 27] and a full-duplex DF relay in [28]. The works in
[26-28] showed that two-way NOMA is superior to two-way
orthogonal multiple access (OMA) in terms of outage probabil-
ity in low signal-to-noise ratio (SNR) regimes. In [29], the joint
effects of in-phase and quadrature-phase imbalance and ipSIC
on the performance of TWR CNOMA networks over the Rician
fading channels were studied. Besides, the realistic assumptions
of the residual hardware impairments or ipCSIs of two-way or
multiway CNOMA networks have also been considered in the
articles [21, 22, 30].

Moreover, DNC and NOMA techniques can be com-
bined to decreasing transmission time between devices and
improve the performance system [5, 31, 32]. In [31, 32], the
authors combined NOMA and DNC techniques in a two-
way DF relay cooperative scheme confirming that perfor-
mance in this proposed asymmetric scheme had better spec-
trum utilization efficiency than the traditional two-way DF
OMA scheme, the two-way DF with only using the CNOMA,
and the two-way relaying system with OMA in the uplink
and DNC in the downlink. The authors in [31, 32] only used
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—» First time slot
—-p» Second time slot

FIGURE 1: Two-way cooperative model of the SIC-2TS protocol.

a DF relay to support communication. The system perfor-
mance in [31] was considered in the case of the ideal condi-
tions. In [5], the system performance was investigated in
perfect CSI (pCSI) conditions with the opportunistic relay
selection.

3. System Model

A cooperative two-way network has two sources S; and S,
and a closed group of N half-duplex DF relays R; with i € {
1,2,---N}, as depicted in Figure 1. This system model can
be applied for data transmission in heterogeneous cellular
networks. The sources and the relays in the SIC-2TS are sin-
gle antenna and HD devices. We assume that the direct link
between the two sources does not exist due to severe fading
and path loss, and the information exchange can be per-
formed only via relays [32-34]; the relays are close together
as a cluster [17] so the link distances between each source
and the relays are identical; hence, we denote d; and d, as
the normalized distances between S; and R; and between S,
and R;, respectively. We also assume that the flat and block
Rayleigh fading channels with the fading coeflicients for links
Sy — R;and R; — Sy are denoted as hg p and hp g , respec-
tively, where k € {1, 2}. In addition, perfect knowledge of all
links is assumed at the receivers by channel estimators that
are error-free [35], and the ipCSIs are only caused by the
feedback delay with a time-variant channel representation
and is described by [12, 14, 16, 20, 22, 32, 35]

A
hv:pvhv+ V l_pvzsv’ (1)

where v e {S,R;, R;S;}. Here, ¢, stand for the estimation
errors and K", describes the estimated CSIs. ¢, and K", are
independent complex Gaussian random variables (RVs) with

zero means and variances A, (¢,, h, ~CN(0,1,)) [14, 16].

And the correlation coefficients p, (0 < p,, < 1) are constants
(where p, =1 denotes no delay effect), characterizing the
average quality of channel estimations [14, 16, 32]. For
uncomplicated, we assume that p,=p for all the similar
devices, p =1 for perfect CSIs, and p < 1 for ipCSIs [12, 14,

16, 20, 32]. The estimated channel gains g p = |hAskR,.|2
and gp = Wy, Sk‘z are exponentially distributed RVs with
PDFs f, (x)=f,, (%)= (1/A)e™*™, and CDFs Fy . (%)

i

=F, (x)=1-¢e**, where A, = As,r, = Ags, = d;ﬁ and f8

IRy
is a path-loss exponent [15].

Prior to transmitting data, the setup phase is per-
formed firstly by request and feedback messages through
the cooperative medium access control (MAC) protocol
[8]. The nearer source, denoted as S,, n € {1,2}, receives
all channel coeflicients from it to the relays under effect
of feedback delay and performs the cooperative relay selec-
tion. The SIC-2TS protocol uses two time slots for signal
communication. In the first slot, two sources S, and S,
send concurrently their signals x; and x,, respectively, to
all relays, and at the selected relay, the SIC technique is
applied to decode the received signals. In the second slot,
the DNC technique is used to create a new signal x =x,
®x, [5, 15, 32] and the selected relay sends it back to
two sources S; and S, with transmit power Py.

The signal which the relays receive in the first time slot is
a weighted sum of x; and x, as follows:

YR, =V a;Pshg p x; + v/ “2PshszR,.x2 + 1R, (2)

where &, Py and &, Pg are transmit powers to carry x; and x,,
respectively; «; and «, are power allocation coefficients to
fairness between two sources (a lower power should be given
to the source which is nearer relays) [28], (0 <oy, a, <1);
and np is the AWGNSs with the variance N, at the nodes R;.



Substituting (1) into (2), the received signal is given by

N

hS]R,- -v1- PZSSIR,.

Vg, = V& Ps P X1
hsr — /T P2
— /1< p2e
+ 4/, Py S, P sk, X, +np
p j
. . (3)
= /o, Pshg p x1 + \/ o, Pshg p x,

1- 02

— /alpsivpp

1- 02

— /(xzps 7"pp

€5, R, X1

&g p Xy g -

Due to the symmetry of the proposed system model in
Figure 1, without loss of generality, assume that S, and S,
are near and far sources from the relays, respectively, where
n,f €{1,2} and n+f. Applying the SIC technique [5, 6,
24, 27, 32], firstly, the relays decode the signal x, of the
nearby source which has better average channel quality while
the signal x; is considered as interference. The received sig-
nal-to-interference-plus-noise ratio (SINR) for detecting x,,
is given by

2

A
a,Ps|hs r, 1p?

Vs, Ri—x, \d,<d; = 2
1p? + (ocnPs/\san + ocfPs)LSfR,) (1-p?)Ip*>+ N,

2

A
a;Pg hsz(

A

a,y hS,,R,

2
+y (@, +apde) (1-p?) +p?

2

A
ary hsz,

A
&y hsﬂR,

2

aglhs p |+ (ayA, +apd) (1-p%) +ply

¢l
angs,,Rl
% Gs .k, + b1

(4)

where y is the transmit SNR, y = P¢/N,,.

In this paper, the relay selection method is used by max-
imizing estimated channel gains to enhance the decoding
capacity of the nearer source. This method has an outstand-
ing advantage in minimizing the collection time of ipCSIs.
The relay selection criterion based on the estimated channel
gains has been used in [36-38] to achieve the better perfor-
mance. From (4), the selected relay R, is expressed as follows:

R, =arg maxgs . (5)

After decoding x, successfully, the relay R, deletes the
component containing the x, signal in (3); then, it decodes
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the x; signal and the received SINR for detecting x; is given
by

2

A
agPs|hs g | 1p?

Ys.r,— =
SrReldsdy 8P3|th|2 + (@, PsA, + apPshs) (1= p?)/p? + Ny

A 2

&y hsz,,
sy]th|2p2 +y (@A, +ads) (1= p?) +p?
%f9s,R,
PGy, + b1

(6)

where hy is a remaining interference signal with zero mean
and variance (2 at the relay R, [27], gp = |hg, | is exponen-
tially distributed RVs with the PDF as f, (x) = (1/Q)e™,
b
and CDF F, (x)=1- e [27,28]. e=0 and e =1 corre-
b
spond to pSIC and ipSIC at the relay R, respectively [5, 28].
In the second time slot, at the relay R;, the signal x = x,
@ x, is synthesized and transmitted to two sources. And the

received signal at the source S, k € {1, 2}, is described as fol-
lows:

YRS, =V Pghp, s x + ng,
1-p2 (7)

A /
= @thskx - \/ITRTPSRhSkx T g

where ng _is the AWGNS at the sources S; with the variance
N,.

Next, the x signal is detected at the two sources with the
SINR as follows:

2

/ 2
_ P g,
Vi " B (1= pD)Ip + Ny myh(1-p2)+p2

N
Py thsk

(8)

where 7 = P,/Pg and 1 > 0.

Remark 1. If the proposed SIC-2T'S protocol operates without
the DNC at the selected relay, the signals x, and x, are sent
sequences by the R, to the sources S, and S, in two different
time slots (the second and third time slots). The received sig-
nals and the corresponding SINRs are expressed identically
as formulas (7) and (8) in which the symbol x is changed to
x, (to send S,) and x, (to send S;). We denoted the SIC-
2TS protocol in this case (without the DNC) as the SIC-
3TS protocol to distinguish in the rest of this paper.

We also investigate a conventional two-way CONV-4TS
protocol using four time slots with relay selection. This pro-

. . X1 1
tocol’s transmission process is as follows: § — R, — S,
1st 2nd
X2 X2
— R, —S,.
3rd 2 4th
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FiGURE 2: Outage probabilities of the source nodes S, and S, in the proposed SIC-2TS protocol versus Pg/N, (dB) when Q=-10 (dB), d,
=04,d,=1-d;,Ne{2,6}, pe{0.92,1}, e=0, and the power allocation coeflicients a; = a, =17 = 1.

Firstly, the data signal x, is transmitted from the source
S, to all the relays; the received signal and the SINR at the
relay R, are described by

C —
Y SR =V aPshg p x; +np

A
_ m hisi -V 1-pegp,

p

AN /1 — p2
=/ o Pshg g x1 =/ “1PsTsis,.x1 T g,
9)

Xy + 1

2

/ 2
_ P _ XYY R,
VSIR,- ‘XIPS/M(I _ PZ)/pz +N0 0‘1/\1)/(1 _p2) + Pz .

(10)

Secondly, the relay R, is selected as by formula R, =

AN
«, P his[

arg maxgg p and then R, decodes and transmits the signal

x, to the source S,. The received signal and the SINR at the
source S, are described by

c _
Y Ry, =V PRthlSle + g,

A \/1-p?
= \/ﬁ;thlsz’ﬁ VP Tstlsle + s,
(11)
AN 2 5
o P gy
Yh s T B, (1= g+ Ny A (1= p?) + 2
(12)

In the same way, in the third and fourth time slots, the
source S, transmits the signal x, to the source S, via the best
relay R, . We have the SINRs to decode the signal x, at the

relay R; and the source S, as follows:



6
A2 5
Plh /
_ XrLs|fs,p,| 1P %YGsp
Yk T P AL (T= gD+ Ny aghyy(1-p?) + 7
(13)
A 2 5
P,k
I s P Y, s,
RS T P (1= )l + Ny myAy (1= p2) + p7
(14)
4. Performance Analysis

Section IV presents expressions of the outage probability and
throughput for the protocols. We assume that the outage
occurs at the nodes R; and S, if their SINRs are less than a
predefined target y,. Conversely, these nodes decode signals
successfully.

4.1. Outage Probability Analysis

4.1.1. The Proposed SIC-2TS Protocol

(1) The Outage Probability at the Source S, for the S, —™
R, —*S§; Link. The outage of the system occurs in this link
when the relay R, fails to decode the signal x, or it decodes
successfully the signal x, but the source Sy fails to decode
the signal x. Besides, the outage probability can also be calcu-
lated by the complementary event of the success transmission
probability. The successful transmission is the signal x,,, and
the signal x is received and decoded successfully at the R, and
the source S, respectively [32]. At the source Sy, the outage
probability of the signal x,, can be described as

OPg,

:Pr[ < }
4,d, Vs,R,—x,ld,<d, <Vt

+Pr {Vsnzzhﬁxnungdf 2 Ve Yrys,—x < Yt}

=1-Pr [YSan—»xn\dnSdf ZVp YRbe—m 2 yt:| .

(15)

A point to remark is that ygp . <d, 2 Vi and

VR,5,—x 2 V; are separate events. Thus, the OP; |d <, can

be given by

OPSf ’dnﬁd[ =1-Pr [anRh—»xnmngdf > yt} »

x Pr {YRbS —x = Yt:|

Lemma 2. The probability Pr [ys n .. 14 <d; >y,] is calcu-
lated by

Wireless Communications and Mobile Computing
N P (1P e b5t
Cy(=1)e?®s
Vs, R,—x,1d, < V] =1-) )
[ SRy |d, df t Z /\ +p¢2/\f
(17)

where ¢, =y,asla,, ¢5=y,¢,/a,, and C = NY(p! (N - p))).

Proof. See the proof in “Appendix A.”
The probability Pr [y, - y,] is solved as

r {YRbe—m 2 Yz] =1-Pr [YRth—wc < Yt}

ny

=1-F,, (mf(l )+ ”};‘;)
= e 1((=2)+ (1 (M)

=1-Pr [thsf <pAs(1-p%) +

(18)

Substituting (17) and (18) into (16), the outage probabil-
ity at the source Sy is obtained as

N P P —ps/A,
OPS’ 1-1, Z Cy(z1)e
/ dngdf /\ +p</>2/\f (19)

. (e—%((l-f’ )+P /WW))),

(2) The Outage Probability at the Source S, for the S;

—* R, —* S, Link. The outage of the system occurs in this
link when the signal x, is not decoded successfully at relay
Ry; or it is decoded successfully but the signal x; is not

decoded successfully at relay R,; or both the signals x, and
xy are decoded successfully at the relay R, but the source S,

decodes unsuccessfully the signal x. Conversely, the success
transmission of the signal x; occurs when the relay R, and

the source S, decode successfully the signals (x,,x,) and

the signal x, respectively. At the source S,,, the outage proba-
bility of the signal x; can be described as

OP;, |d"gd/ =Pr [yS,,R»—»x"\d,,Sd/ < Vz}
+Pr [Ys,,k,,ﬁmd,,gd, 2 Ve Vs, Ry—x/ld,<d; < Yt]
+Pr [YS,,R,,—»xwld,,gd, Z Ve Vs, Ry—x,ld,<d; = Ve VR,S,—x < Vr]
=1-Pr [VS,,R,,—»X,,Id,,sd, >Ye YS/R,,A‘xfld,,gd/ > Yo VR,S,—x > Vz]
=1-Pr [VSHR,,—»xnldngdj Z Ve Vs, Ry—xld,<d; = yt] xPr [sz,Sn**x = y‘} ’

(20)
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FIGURE 3: Outage probabilities of the source nodes S; and S, in the proposed SIC-2TS protocol versus P¢/N,, (dB) when Q =-10 (dB), d,
=04,d,=1-d,,Ne{2,6}, p=1,e€{0,1}, and the power allocation coefficients a; =at, =77 =1.

Lemma 3. The probability Pr [YSan*»x,,ld,,SdeVt’ The final probability Prly,, ., >y] in (20) is

Vs, Ry—x,1d,<d; = y,] is calculated by answered as

Pr [YRbSon = Vt} =1-Pr |:th5,‘—>): < Vz]

Pr <YSnRh—>xn|d,,sdf 2 Ve VR, —xld,<d; 2 Yr)

2
_ Afei((bsmf) _ S )an)tfcﬁ,(—])Pe*(P(¢3+¢5¢2)Mn+¢5//\f) =1-Pr {gRbsn < )’t/\n(l - Pz) + %}
(Af + ¢4Q) =0 (An +P¢2Af) (AnAf +¢,0 (/\n +P¢5¢2Af)) ’ _ e‘Vt((l‘Pz)Jsz/(/\n’?Y)).
(21)
(22)
where ¢, = YtSPZ/ QK and ¢5=y,¢,/ &y By substituting (21) and (22) into (20), the outage prob-

ability at the source S,, is solved as
Proof. See the proof in “Appendix B.”

—¢5/A N 2 P —(£(Ps+05¢,)/A,+¢5/A
op | o1 M A (-1 ), (O - 3)
iy <dy (Af + ‘/’49) p=0 (An +P¢2Af) ()LnAf + ¢4Q(An +P¢5¢2)‘f))
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FIGURE 4: Outage probabilities of the source nodes S; and S, in the proposed SIC-2TS and CONV-4TS protocols versus P¢/N,, (dB) when
0=-10(dB),d, =0.4,d,=1-d,, N=6, pSIC-pCSIs (¢ =0, p=1), ipSIC-ipCSIs (e = 1, p=0.92), and the power allocation coefficients «;
=a,=n=1.

Corollary 4. When y — +00, we obtain asymptotic expres-
sion as

——+00 N P P —ps/Ay 5
OPS ‘Y + 1 A Z C e e—yt(lfp ), (24)
ld,<d, /\ +p¢2)tf

S (L B S .V 1) L YT (R
n d,,Sdf (Af + ¢4Q) p=0 (An +p¢2Af) (AnAf + ¢4Q()Ln +p¢7¢2Af))

where ¢ = (y,(a,A, +a;Ar)(1-p%))/a, and ¢,=(y,(a,A,  also identified as closed-form formulas (19), (23), (24), and
+apde)(1-p7))lay. (25), respectively.

4.1.2. The CONV-4TS Protocol. The outage probability at

Remark 5. In the SIC-3TS protocol, the outage probabilities x, x, . .
P age b o the source S, for the §,; ?’Rb ﬁsz link in the
s 1 2n

and the asymptotic expressions of the sources Sy and S, are
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CONV-4TS protocol is described as follows:

C
OPg =1-Pr [yisbl 2Vp VR, s, 2 yt}

=1-Pr [Vism > yt} x Pr [)’R,,ls2 2 Yz}

=1- (1 —Pr {yS]RM <Y’D X (1 —Pr [yRmsz <ytD.

(26)

Substituting Vs,
((26), we obtain

%1YYGs r
C _ 1-(1=P 1 1K1
OFs < ' L%V(l e M

Y9r, s
1-p by 2
( ' [Mz(l - p?) + p? <ytD

=1-

and VYR,,s, in (10) and (12) into

1=Pr | gsp <yM(1-p7) +y,p(@1y)

s

( =Pr | gp, 5, <V (1-p°) +y,07ly
b

1- gism (¢s) ) (1 - FngSZ (‘/’9))

N
) e’¢9//\2

N
1- P‘Ps/)L e—¢9//12 .

Similarly, the outage probability at the source S, for

(27)

X X . .
the S, —» R, — S, link is expressed as
3rd "% 4th

OP§ =1-Pr (ysszz 2V Vs, 2 Vt)

(28)
=1-Pr (ySZsz > yt) x Pr (VRbZSI > Vr)'
in (13) and (14),
respectively, into (28) and after some manipulations as
finding the outage probability OPSCZ, we get a final result as

By substituting Vs,R,, and VYR,,S,

N
op§1=1—<1—z (-

p=0

I)Pe_P¢10/)L2> e_¢11//11’ (29)

PP)+ 7,1y

Corollary 6. When y — oo, asymptotic expressions of the
outage probabilities at the sources S, and S, are obtained as

N
(1 - Z Ch(~1
y—>+oo
<1_ Y -1y (1 ﬁ))e—vt(l—ﬁ)_

(30)

opgz

1Ye -y, (1-p ))e—%(l-ﬁ)’

opg

y—>+oo

4.2. Throughput Analysis. The system throughput of the SIC-
2TS, SIC-3TS, and the CONV-4TS protocols is obtained in
the following, respectively [39]:

dnSdf) R

(31)

1 1
TPSIC—ZTS|d"5df = 3 (1 - OPS” ‘d,,gdf)R’ + 5 (1 - OPSJ

1 1
TPgic-s1sld,<a, = 3 (1 - OP; dnsdf)Rt *3 (1 - OPy, d<d

n

1 1
TPonv-ats = § (1 - OP§ )Rt +5 (1 - 0P )Rt, (33)

where 1/2, 1/3, and 1/4 denote that the protocols SIC-2TS,
SIC-3TS, and CONV-4TS work in two, three, and four time
slots, respectively; R, =log, (1 +y,) (bits/s/Hz) [40].

Remark 7. The SIC-3TS protocol without the DNC operates

in three time slots to send two data; thus, the throughput is

obtained by the formula (32) where the outage probabilities

OP; |, _ " and OPSf|d _, are taken from the proposed SIC-
W< <d;

2TS protocol.

5. Numerical Results and Discussion

In this section, the outage probabilities and system through-
put of three protocols SIC-2TS, SIC-3TS, and CONV-4TS are
analyzed and evaluated. The exactness of the asymptotic and
exact theory extractions is validated by Monte Carlo simula-
tions (simulated results are shown by the marker point in all
figures). We default the threshold SINR as y, =1 and the
path-loss exponent as $=3 in all the analyses and evalua-
tions. From Figures 2-5, the distance d, has smaller value
andd, =1-4d,.

In Figure 2, we examine the outage probabilities of the
two sources S; and S, in the proposed SIC-2TS protocol as
a function of the P¢/N, (dB) with assuming perfect CSIs (p
=1) when Q=-10 (dB), d, =04, d,=1-d,, N€{2,6},
and a; =, = =1 in both pSIC case (¢ =0) and ipSIC case
(e=1). Figure 2 shows that the outage probabilities of the
source S, are equal in the pSIC case and the ipSIC case as for-
mula (19). The outage probabilities of the source S, in the
pSIC case are higher than those of the source S, at the low
P¢/N, (dB) regions, and they move to the same saturation
values at the high P¢/N, (dB) regions. The outage
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Throughput

0.2 : Q Q

T T T T
) 0 5 10 20 25 30 35 40
P /N, (dB)
® SIC-2TS, pCSIs O SIC-3TS, ipCSIs
| SIC-3TS, pCSls > CONV-4TS, ipCSls
>  CONV-4TS, pCSIs —— Exact theory
O SIC-2TS, ipCSIs

FiGure 5: Throughput of the SIC-2TS, SIC-3TS, and CONV-4TS protocols versus P¢/N,, (dB) when Q= -10(dB),d, =0.4,d,=1-d;,N =6,

e=0, p€{0.92,1}, and the power allocation coeflicients a; =, =17 =1.

probabilities of the source S, in the ipSIC case are higher than
those in the pSIC case with every Pg/N, (dB) due to adding
the residual interference signals to the SINR of the signal x,
at the relay as in formulas (6). Furthermore, the system diver-
sity capacity increases because of using the relay selection
methods as in (5) and (17) so the system performance of
the proposed SIC-2TS protocol is better when the number
of relays increases. Finally, the asymptotic and exact theory
analysis lines of the outage probabilities also coincide well
with their Monte Carlo simulation lines.

Figure 3 illustrates the outage probabilities of the sources
S, and S, in the proposed SIC-2TS protocol as a function of
P¢/N, (dB) in both ideal (pSIC-pCSIs) and practical (ipSIC-
ipCSIs) conditions when Q=-10 (dB), d, =0.4,d, =1-d,,
N =6, and the power allocation coeflicients &; =a, = =1.
Figure 3 shows that the outage probabilities of the two
sources with the pSIC- pCSI condition are better than with
the ipSIC-ipCSI condition. In the pSIC-pCSI condition, the
outage probabilities of the two source nodes have a small dif-
ference. But in the ipSIC-ipCSI case, the system outage prob-
ability for the source nodes S, is a lot higher. These results
happen because the SIC technique is used to decode the sig-
nal at the relay to make the signal of the farther source more
influenced in imperfect cases. In order to have fairness,
meaning the two sources can have the nearly same system

outage probability in the ipSIC-ipCSI condition, we can pro-
vide the higher transmit power for the farther source by
changing the transmit power coefficients («;,a,) in formula
(2). Finally, the asymptotic and exact theory analysis lines
of the outage probabilities also coincide well with their
Monte Carlo simulation lines.

In Figure 4, we consider the outage probabilities of the
two sources S, and S, in the proposed SIC-2TS and
CONV-4TS protocols as a function of P¢/N, (dB) with
assuming perfect SIC (¢=0) when Q=-10 (dB), d, =0.4,
dy=1-d,, N=6, and a; =a, = =1 [5, 13] in both pCSI
case (p=1) and ipCSI case (p =0.92). Considering the SIC-
2TS protocol in Figure 4, firstly, the outage probabilities of
two sources in the pCSI case are smaller than those in the
ipCSI case and all of them have the floor values when Pg/
N, (dB) is large. Secondarily, the outage probabilities of the
source S; has higher than the source S,. Thirdly, if the P¢/
N, (dB) has enough large value the outage probability of
the two sources will be equal in the pCSI condition, but the
source S, outage probabilities are always bigger than the out-
age probabilities of the source S, at all P¢/N, (dB) values in
the ipCSI condition. Those SIC-2TS protocol results occur
because the negative effects of imperfect CSIs lead to channel
gain coefficients decrease as formula (1); and in case of d,
< d,, decoding the signal x, is decided by the SIC technique
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Ficure 6: Throughput of the SIC-2TS and CONV-4TS protocols versus d, when P¢/N, =5 (dB), Q=-10(dB), d,=1-d,,N=6,£=0, p
€{0.92, 1}, and the power allocation coefficients a; =at, =17 =1.
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F1Gure 7: Throughput of the SIC-2TS protocol as a function of «; and d; when P¢/N;=5(dB), 2=-10(dB),d,=1-d,,N=6,e=0,p=1,
and the power allocation coefficients a, =1 —«; and 77 =1.
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TaBLE 2: The maximum throughput values corresponding to the distances d, and the power allocation coefficient «;.
d, 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
a, 0.1 0.1 0.3 0.5 0.3 0.5 0.7 0.9 0.9
Maximum throughput 0.7839 0.8413 0.8715 0.8853 0.8754 0.8853 0.8715 0.8413 0.7839
0.8
0.7
& 0.6
o0
g 0.5
E )
0.4
0.3
0.2
0.1

®® SIC-2TS, pSIC, N = 1
SIC-2TS, pSIC, N = 6
Exact theory

0.85

Ficure 8: Throughput of the SIC-2TS protocol as a function of d; and p when P¢/N,=5(dB), Q=-10(dB), d,=1-d;, N={1,6}, =0,

p=0,a =d,a,=1-a,andn=1.

as (4) and (6) so the SINR of the x, is affected by the ipCSIs of
both links §; — R; and S, — R;. Moreover, we also see that
the CONV-4TS protocol has a smaller outage probabilities
than the SIC-2TS protocol in both the pCSI and the ipCSI
conditions, but this conventional protocol will take a lot of
time and energy to transmit the signals. Lastly, the asymp-
totic and exact theory analysis lines of the outage probabili-
ties coincide well with their Monte Carlo simulation lines.
Figure 5 plots the system throughput for the SIC-2TS, SIC-
3TS, and CONV-4TS protocols as a function of P¢/N,, (dB)
with pCSIs/ipCSIs p € {0.92, 1} when Q=-10 (dB), d, =0.4
,d,=1-d;, N=6, and the power allocation coefficients «,
=a, =1 =1 for case d, <d, in formulas (31), (32), and (33),
respectively. We can see that the proposed SIC-2TS protocol
has the ability to achieve higher throughput than the
CONV-4TS and SIC-3TS protocols in all P¢/N(dB) for both
pCSI and ipCSI cases because it combines the NOMA, SIC,
and DNC techniques to help degrade the number of the time
slot of the transmission between two sources. In addition, the
interference parts on the received SINRs are skipped in the
case of pCSlIs so the throughput of protocols in this condition
is always better than that in the ipCSI condition. Furthermore,

the SIC-2TS protocol throughput converges at the same value
in the high Pg/N,, (dB) regions (Pg/N, > 15dB). Finally, the
exact theory values of the system throughput of three proto-
cols fix well the Monte Carlo simulations.

Figure 6 demonstrates the system throughput of the SIC-
2TS and CONV-4TS protocols versus d, in cases of pCSIs/ipC-
SIs p €{0.92,1} when P¢/N,=5(dB), Q=-10 (dB), N =6,
and the power allocation coefficients &, = «, = # = 1. Figure 6
shows that the SIC-2TS protocol has the system throughput
higher than the CONV-4TS protocol in the pCSI case. But in
the ipCSI case, its throughput is only better when the distances
d, are about from 0.3 to 0.7. Moreover, the throughput of the
SIC-2TS protocol reaches the highest values at optimal loca-
tions of the selected relay as d; = 0.4 (in the pCSIs) and d, =
0.45 (in the ipCSIs). Besides, the CONV-4TS protocol has the
highest system throughput when the relay is at an equidistant
point of the two sources (d, =0.5). Lastly, in the perfect CSI
(p=1), the throughput of the two protocols is always better
than in the imperfect CSI (p = 0.92) case.

Figure 7 observes the throughput of the proposed SIC-2TS
protocol versus «; and d,. The scopes of «; and d, are from
0.05 to 0.95. The throughput of the proposed SIC-2T'S protocol



Wireless Communications and Mobile Computing

is the highest at about 0.8853 when joint pairs {a;,d;} = {
0.4,0.5} and {«,,d,} ={0.6,0.5}. Table 2 shows the detail of
the maximum throughput value corresponding to the distance
d, and the power coefficient «, of the S,. The coefficients «,
and a, help to adjust the transmit powers of the source nodes;
a smaller power is set to the source node nearer to the relay clus-
ter and higher power for the farther source node. The transmit
power allocation can achieve the best throughput performance
for the proposed SIC-2T'S protocol.

Figure 8 presents the throughput of the proposed SIC-2TS
protocol as functions of p and d,. The range of p is from 0.8 to
1, and the range of d, is set from 0.05 to 0.95. The power coef-
ficients «; and «, also vary according to distance d; and d,,
respectively, to achieve the best throughput performance as
mentioned in Figure 7. It is seen that a small range decrease
in p will result in a large range reduction in throughput so
obviously, it is necessary to consider the effect of feedback
delay when examining a real system. In other words, channel
error estimation in cooperation networks becomes principally
important and any ineffective estimation can have detrimental
consequences for system performance and it should be not
omitted when surveying a cooperation network model. Fur-
thermore, the relative distance between the two sources and
the relay cluster also affects different throughput decreases as
p decreases. When the distance d, is in the range [0.3 : 0.4]
and [0.6 : 0.7], the throughput performance of the system is
affected by reduction less than the rest. At last, the larger the
number of the relay is, the larger the throughput; therefore,
this shows the advantage of using multiple relays.

6. Conclusion

In this article, a two-way cooperative NOMA model with two
sources and multiple relaying nodes under the reality condi-
tions as the ip/pCSIs and the ip/pSIC is studied. In the pro-
posed protocol, a relay was selected in the setup phase by
the MAC layer protocol to enhance the decoding capacity
of the nearer source and minimize the collection time of
imperfect CSIs. Spectrum utilization efficiency was improved
by using the SIC and DNC techniques at the selected relay. In
order to analyze and evaluate the system performance, exact
and asymptotic closed-form outage probabilities and
throughput expressions were considered and demonstrated
by the Monte Carlo simulations. Our results showed that
the performance of the proposed SIC-2TS protocol is signif-
icantly improved by the increased number of relays as well as
the perfect operations of the SIC process and the CSI estima-
tions. Besides, the system performance is decreased in the
ipSIC and the ipCSI conditions. The noteworthy thing is
found as the proposed SIC-2TS protocol can reach the best
performance at optimal locations of the relay cluster and
suitable values of power coefficients. In the pCSI condition,
the proposed SIC-2TS protocol always has the system perfor-
mance much better than the CONV-4TS and SIC-3TS proto-
cols. However, in the ipCSI condition, the SIC-2TS protocol
only performs better if the distances from two sources to
the relay cluster are not very different. Finally, the analysis
expressions of the outage probabilities and system through-
put are validated by the Monte Carlo simulations.
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Appendix
A. Proof of Lemma 2

We have an equivalent expression of Pr (y, Ry, ld,<d; 2 y,) as

Pr (ySan—»xnld,,sdf 2 Vt) =1-Pr (ySHRbenldngd/ < Vt)-

(A1)
Substituting in (4) into (A.1), we have
(Vs R,—x,|d,, <df )
—1_pr ngS Rb yt
% Gs.r, t ol
_ Y&y Y191 A2
=1-Pr gS"Rb<oc_ngSbe+ « (A2)
b, D
Pr (95an < ‘ngszh + ¢3>
(o)
=1 |y O, (B )

In (A2), F G x

lowing:

(x) is the CDF of g p and can find the fol-
b n

max gs p <x]

FgSnRh (x)=Pr |:gSnRh <x} =Pr [l ma

=

Pr [gs R <x}

1

e—x/;ln ) N

Substituting the PDF of 9s,r, 2 f a5, (x)=(1 /Af)e—x/)tf and
(A.3) into (A.2), we obtain a result as

—

Il
—_

Py (x)= (1 -

1

Pr (ySan—mnldﬂsdf 2 Yt)
© 1
=1—J —e’x/’\f<l—e
0 /\f
° 7 Z »
-1 —J Yl
0
Z O (~1)Pe A J

N CP

_1—AZ

—($,x+65)/A,, ) Ndx

D(pyx+¢3)/A )dx

e x((l/)tf)+(p¢2/)tn))dx
0

Pe_P‘p%/)L
A + Ay

Hence, Lemma 2 is proven completely.
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B. Proof of Lemma 3

Substituting (4) and (6) into the probability Pr(

’ySanHxnldnSdf ZYp ySbe—mfldnSdf 2 Yt)’ we have

Pr (YSan—»x,lIdngdf 2 Ve Vs R,—x,ld,<d, = Yz)

- o
—Pr nds,R, > zfgszb >y,
|%9s.r, t ¢ ep*gp, + 9,

i ve$ JveErt v
=Pr (gg g 2 %gSbe - 1’ 9s,r, = : Ir, * —

Substituting PDF of g , 9s,x, and CDF of gg  into
(B.1), we obtain

Pr (yS,,Rb—»xwldngd, 2 Yo Vs r—x/ld,<d; = Yz)

(00 1 00 1 N
:J — e x J — e 1) R (-1)Pe P ) dx | dz
o 2 Py p=]

A e sl N zApr (-1)Pe =~ (P($3+0582) /A, +s/Ay )
(’\f +¢4 =0 A +P¢z/\f) (A ’\f +¢,0 (An +P¢5¢z/\f)) '

(B.2)

Therefore, Lemma 3 is proven completely.
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Abstract—In this paper, we propose an underlay two-way
(UTW) scheme in which two secondary sources transmit simul-
taneously 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). The exact closed-form expressions of
outage probabilities are considered to evaluate the system perfor-
mance. 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-noise ratio at primary receivers (Q dB), and the maximum
signal-noise ratio at the secondary sources (v, dB) increase.
Moreover, if the value of the Q or the ~, 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 di-
verse mobile multimedia applications lead to a rising challenge
about using spectral efficiency (SE), energy efficiency (EE),
and cost-efficiency in the deployment and operation of wireless
networks. Recently, Reconfigurable Intelligent Surface has
been considered as an emerging cost-saving technology for fu-
ture wireless communication systems. These artificial surfaces
include reconfigurable electromagnetic materials 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 process-
ing while a relay actively processes the received signal before
re-transmitting. Lead to the RIS-supported communication
betters the relay-supported one about the spectrum efficiency
and the energy efficiency [2].

978-1-6654-3379-2/21/$31.00 ©2021 IEEE
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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 [3].

In addition, the authors in [4] shows that the usage of the
registered frequency spectrum against time and space is not
high. 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 [5]-[7]. In the underlay CR protocol, the secondary
and primary networks operate on the same frequency band,
but the secondary sources must adjust the transmit power so
as not to affect the operation of the primary receivers [5].
The cognitive two-way relay networks combined with other
techniques are considered and valuated under an interference
constraint of a primary receiver [8], [9].

A. Related work and motivation

In [2], 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 [10] and full-duplex [11].

Recently, the two—way network in which two users commu-
nicate via a common RIS were investigated [12], [13]. In [12],
outage probability and average throughput were derived with
assuming that uplink and downlink communication channels
between two users and the RIS can be reciprocal. In [13],
the channels between the two users and RIS can either be
reciprocal or non-reciprocal, and the authors proposed the
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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 parame-
ters such as the maximum interference power-noise ratio that
the PR can decode information in the primary network (Q);
the maximum signal-noise ratio that the secondary network
hardware can satisfy (7y); 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.
First, the exact and asymptotic expressions of the outage prob-
abilities of two secondary users in the RIS-UTW scheme are
analyzed and then proved validity by the simulation. Next the
parameters affecting the outage probabilities of the secondary
system are examined.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 7, also decreases
when 7 is less than about -10 dB, then the OP stays at the
same value even though ~; still increases.

C. Paper organization and notations

The rest of the 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[=]
presents the probability operation of an event Z; I'[.] is the
Gamma function [14] (eq.8.310); ~[.,.] is the lower incom-
plete Gamma function [14] (eq.8.350.1); T'[.,.] is the upper
incomplete Gamma function [14] (eq.8.350.2); W, () is the
Whittaker function [14] (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 x5
(z1 € S;and x4 € S9) to each other through an RIS with T'
metasurfaces M S; ,t = {1,2,...,T}. The S; and S5 tolerate
interference constraint of the primary receiver, denoted as I.

51 d A S,

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

In Figure 1,(h1y, dit), (her, di1), (Roe, dat), (he2, diz), (ha, d3)
and (hy,d4) denote the fading channel coefficients and the
normalized distances of links S| — M Sy, MS; — 51,55 —
MSy, MS; — 55,51 — PR and S5 — PR, respectively. We
have some assumptions as: 1) direct links between node pairs
(S1,S2) and (M Sy, PR) does not exist due to the far distance,
deep shadow fading or beamforming of the RIS; 2) additive
noises at the Sy and Sy are CN (0, Ny) with zero-mean and
identical variance N,; 3) each M.S; is close to others, and
thus the normalized distances can be set as di; = dy1 = d,
doy = dyo = dg; 4) wireless channels between node pairs
(S1,MS;) and (S2, M S;) are reciprocal, i.e hyy = hyy and
hy1 = hyy [6], [13]; all fading channel coefficients are complex
normal RVs, ie. hyy = hiy = |hy et € CN(0,1/M\1),
hio = hoy = |h2t|6W2‘ € CN (0,1//\2), hs € CN (0,1/)\3)
and hy € CN (0,1/)\,), where ¢1; and @9, are phase values
of reciprocal channels hi; and hoy, Ay = d'ﬁ) , 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 [7]

Pq = min (Pq,max7 I/g(q+2)) (1)

where g(g12) = |h(gra|” with higra) € {hs, ha}.

At the same time, the secondary sources S; and Sy send
simultaneously the data x; and z2 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
[12], [13].

T T
1= Pz (Z thTthﬂ) ++v Pz, (Z hltTthﬂ) +n1

t=1 t=1

Desired signal Self —inteference signal

2
where r; is the unit-adjusted response of the M .S; and can be
expressed as 1, = /%, ¢, is the adjustable phase induced by
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the M S;; the additive Gaussian noise nq is CN (0, Np) and
2 2
E{m\ } - E{m\ } -1

In (2), the S can cancel perfectly the self-inference signal
T

VvV Pz, <Z hltTthﬂ)
t=1
hit, hyr and 74 in the setup phase and combining with own

parameters P; and ;. In addition, the phase ¢; of the M S, is
selected optimally as ¢ = — (11 + @2¢) [2], [12], [13]. The
formula (2) is rewritten as

T
Y1 = Paxo (Z || x |h2t|> +n

t=1

because of holding the parameters

3)

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

2 T 2
Py (;:1 |hia | x |h2t>
Ny ’
“)
For simplicity in analyses, we set as Pi max = Pomax =
Poax. In addition, we also defined as

T
\me (z lheal x |h2t|)
t=1
Y1 =

na?

T

% = Panax/No, Q = I/No, @ = > |hua| x |hay|. (5
t=1

Substituting in (1) and (5) into (4), we have:

Y1 = min(’YOa Q)\Ij2a (6)
94

Similarly, the received signal and the SNR at the Ss to
decode z; are inferred respectively as

T

T
Y2 =V Piay (Z hlﬂ“tht2> + v/ Paxo <Z hththw) +n2,

t=1 t=1

Desired signal Self —inteference signal

T 2
P 3 Vel Il 0
=1 = min(yo, —)¥2,  (8)

V2 = NO s y

where the additive Gaussian noise ng is C'N (0, Np).

III. OUTAGE PROBABILITY ANALYSIS

The outage probability (OP) of the secondary source S,
occurs when the S, cannot successfully decode the desired
data x,, of the opposite secondary source .S, in one transmis-
sion phase, (p, w = {1,2}) and p # w. The outage probability
of S, is defined as OPs, = Pr[Rg, < Ry], where Rg,
is the achievable data rate at the S, and is expressed as
Rs, = logy(1+1p), and Ry is the threshold data rate

(bits/s/Hz). The outage probability of the S, in RIS-UTW
scheme is presented as

OPs, = Pr [y, < 2 —1]

Q

%0 5 V2 < (2R —1)

——

a1

] n
=
9(w+2)
T2

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

Lemma 1: In formula (5), ¥ is the sum of T independent
and identical double Rayleigh RVs, the PDF of the ¥ can be
closely approximated as the first term of a Laguerre series
expansion [15] (eq.2.76). The PDF and CDF of the RV VU is
obtained respectively as [2]

= Pr | min(

= Pr {%\1}2 <ag,v < 9)

9(w+2)

T

+Pr {Q\Ifz <ap,yo >

9(w+2)

xT

@ T
N~ —— 10
fo (@) ba+1r(a+1)eXp( ) (10
v(a+1%)
F ~ 07 11
v (@)~ T an
_ ﬁ _ _ ko _ Tr
where ;L = kﬂ_z 1, b = ';’, kq YNINPOE and
]{/’2 - 7)\1)\2 (1 - E)
The T in the (9) is determined as followed
Tl = Pr |:\I’ < %,g(w+2) < %:| (12)
_ a Q
*F‘I’( 7; X Fgtuyo) (’70)
where the estimated channel gain g,42) = |h(w+2)|2 is
exponentially distributed RVs with CDF Fy ., (z) = 1 —
e 2o +2% and PDF fg .. (2) = Apo)e Ao+27 [6].
And substituting (11) into (12), we obtain
y (a +1, %, /%)
T, = X (1 _ _)‘(w+2)Q/"/o) 13
! T(a+1) ‘ (13)
Next, the T in the (9) is determined as followed
Ty =Pr |V < \a1/Q \/Fw+2): Iw+2) = Q/70
oy o (14)
= f fg(w+2) (l’) X F‘I/ (0[2\/5) de'
a3
Substituting (11) into (14), we obtain
T A
_ (w+2) z ( @2 )
T, = (w+2) 1, == d 15
) /I‘(a—i—l)e 1 (o+1,%2VE)dr 5)

a3
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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.

Ty = 2_(“‘*‘%) (%)(“+%))\(W+2)f%(a+1/2) y
xW o\t
_%(““/2)“%’(@%) (16)

[ e ey (a4 1,5:v8) do
1 ats o2
T, = 2—(a+§)(%2)( +2))\(w+2> D
xW ez )T
7§(a+1/2) (m)
/\ ] —(L(a+14n)+1
(wt2) Z 71’(a+1+n) (>\(W+2)) (3 )x

F(a+1)
Xy ( (a —|— 1 +n)+1 /\(W+2)Oé3)
a7

Substituting (13) and (16) or (17) into (9), we obtain O Ps,
in (18) or (19) at the top of next page.

Corollary 1: In special case as 79 — +oo then
e AMw+®@/7 5 1 = in formula (13) T; — 0 and in formula
(15) a3 = Q/~o — 0, so we obtain asymptotic expression of
the OP of the S, in formula (19) when vy — 400 as

oo —(a+3) ([ ats e
0P = o~ 1) (82) [T\ RO
xW ap? v
—L(at1/2),— (m)

Corollary 2: In special case as Q — +oo then
e Awi2@/% 5 0, ay — 0 and a3 — 400 we obtain asymp-
totic expression of the OP in formula (19) when @ — 400

as
(o1 y/3D)

21
T(a+1) 2D

0P~ =

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 executed by the Monte
Carlo method to prove the analyzed expressions. Coordi-
nates of the nodes Sj, S5, the PR and the RIS are set
as Sl (0,0), Sg (1,0), PR (.’L‘pR,pr), RIS (l‘R,yR), where
0 < zr < 1. The normalized distances are calculated from

the coordinates as d; = \/x%{ + y%{, doy =+/(1— xR)2 + yﬁ,
dy = y/(zpr)® + (ypr)’, and dy = \/(1 — zpr)” + Y3

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 Sy versus @) (dB) as
formula (18) and (19) when 79 = —15(dB), T € {2,5,8},
zr = 0.5, yg = —0.5, zpg = 0.5, ypr = 1. Firstly, as
selecting the above parameters, we have a symmetrical model

with normalized distances d; = d2, and ds = 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 ¢ (dB) increases in the
region () (dB) value is small and attains a saturation (floor)
value in the high ) (dB) ones. Due to large values of () (dB),
the transmit powers of the nodes Sy, Sy 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 () 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 S; and Sy versus 79 = Pmaxz/Ny (dB) when
Q = —10 (dB), T € {2,5,8}, zg = 0.5, yr = —0.5,
rpr = 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 <y (dB) increases to about
—10 dB, then they remain constant even though v, (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 () (dB). When this distances increase leading
to the outage probabilities of the system decrease. We have
the result because in (4) and (8) the SNRs 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). Last but not least, the asymptotic and exact
theory analysis curves of all figures always 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), 7o (dB), number of reflected
elements of RIS. The notable results are that the system outage
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— _ e~ Aw+2)@Q/70 —(a+3) (22 2 (a+1/2)
OPs, Farty X (1 —e o )+2 (+3) (22) Awr2) 2 X s
Awt2) ,—A z (18)
(w+2) Qz
><VV77<a+1/2), __ap? + f Tat1)© v (a +1,5 f) dz
122 (w+2)
2(et13y/5) ) (a2 () :
— —e Q/vo —(at3) (22 2 —3(a+1/2)
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Fig. 4. The outage probabilities of the secondary sources S and Sa versus
Fig. 2. The outage probabilities of the secondary sources S7 and Sa versus Q (dB) when yo(dB) = —15(dB), T' = 8, zr = 0.5, yp = —0.5,

Q (dB) when yo(dB) =
zpr = 0.5, ypr = 1.

—15(dB), T € {2,5,8}, zr = 0.5, yg = —0.5,
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Fig. 3. The outage probabilities of the secondary sources S7 and S versus
Y0 = Pmaz/No(dB) when Q = —10 (dB), T € {2,5,8}, zg = 0.5,
yr = —0.5, zpr = 0.5, ypr = 1.

zpr = 0.5, ypr € {0.5, 1, 1.5}.

probabilities decrease a lot when the number of reflected
elements increase. Besides, the system outage probabilities
decrease fastly when ) (dB) or 7 (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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Abstract

This article proposes an underlay two-way (UTW) scheme in which the Reconfigurable Intelligent Surface (RIS) is used to
support two secondary sources that transmit their data to each other in full-duplex mode. This scheme is operated under
interference constraints of multiple primary receivers (MPR), called the MPR-UTW-RIS scheme. To evaluate the sec-
ondary system performance, exact and asymptotic closed-form expressions for outage probabilities of two sources are
considered. We also investigate the effect of parameters on the outage probabilities of the secondary system included the
number of metasurfaces, the loop interference suppression ability of full-duplex transmission, the distances between
primary receivers and secondary sources, the maximum interference power-to-noise ratio at primary receivers (Q), the
maximum signal-to-noise ratio at the secondary sources (Pmax/Np), and the number of primary receivers. The results
reveal that the outage probabilities of the two sources will fall into a saturation state if the value of Q or Pmax/Nj is large
enough. In addition, when Q reaches a sufficiently large value, the number of primary receivers no longer affects the
system performance. Furthermore, the RIS position equidistant from the two secondary sources gives the best outage
probability for two sources. Finally, the Monte Carlo simulation results validate the analytical expressions of the outage

probabilities.

Keywords Underlay Two-way Scheme - Reconfigurable Intelligent Surface - Full-Duplex

1 Introduction

In recent decades, wireless networks in general and mobile
networks in particular have experienced particularly rapid
and revolutionary development. The number of users and
intelligent multimedia applications is increasing rapidly,
along with the volume of data communication on wireless
networks also increasing at a sudden rate, leads to great
challenges in using the frequency spectral-efficiency (SE),
the energy-efficiency (EE), and the cost-efficiency (CE) in
the deployment and operation of the future 6th generation
(6G) and beyond wireless communication systems. In
recent times, an emerging cost-saving technology of great
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interest to researchers is RIS. The RIS is created by
reconfigurable electromagnetic materials that can be con-
trolled and programmed by low-cost passive electronic
circuits and have wireless communication capabilities [1].
In [1], the authors showed a worth thing that the RIS can
effectively control the properties of the received signals,
including the phase, amplitude, frequency, and polariza-
tion, without the requirement of complex decoding,
encoding, and signal processing operations as the relay.
Besides, the RIS has the distinguishable features that are
nearly passive and ideally; not affected by receiver noise;
not amplify nor create noise when reflecting the signals and
always provide a full-duplex (FD) mode; have full-band
response; can work at all signal frequencies. Moreover, the
RIS can be effortlessly coated on the ceilings, walls, fur-
niture, clothes, any objects in the indoor and outdoor
environments at a low cost [2]. With the above character-
istics, the RIS can create a favorable wireless transmission
environment with high received signal quality, saving-costs
deployment, not consuming power nor time processing the
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received signal like relay devices, and a specially worth
point is that RIS technology is a promising to enhance the
EE of wireless systems. RIS networks are typically clas-
sified into two categories anomalous reflectors or diffuse
scatters for mmWave and sub-6GHz networks, respectively
[3]. RISs may be modeled as diffusers, when the size of
them is comparable to the wavelength for the sub-6GHz
networks. In [4], the authors gave two types to the channel
state information (CSI) acquisition between the RIS and
users. When each of RIS elements can be equipped with a
low-power receive radio frequency (RF) chain to enable
the sensing capability for channel estimation, the channels
from the users to the RIS can be estimated at the RIS based
on their training signals. In contrast, the RIS cannot esti-
mate the channels with users directly if its elements are not
equipped receive RF chains. Instead of estimating the user
channels separately, the authors estimate their concate-
nated channel with some known RIS reflection patterns.
This means that the RIS beamforming coefficients for a
new user are obtained by interpolating those at its nearby
locations obtained in the past.

In [5], the authors considered and compared the per-
formance of RIS and amplify-and-forward (AF) relaying
wireless systems through the ergodic capacity (EC) as well
as the outage probability (OP) and symbol error rate (SER).
The results showed that the wireless system with RIS
supports better than conventional AF relay systems in
terms of average signal-to-noise ratio (SNR), OP, SER and
EC. In [6], a multi-user communications system aided by a
RIS and a unmanned aerial vehicle is studied to suppose
the provisioning of modern services within a smart city.
The authors showed that the RIS technology allows for the
significant power savings and the creation of a more con-
trollable smart wireless communications environment. The
advantages of RIS in multi-input multi-output (MIMO)
communications were studied in articles [7, 8]. In [7],
through the outage performance analysis of RIS-aided
MIMO systems over cascaded Rayleigh fading channels,
the authors exposed that the increase of the number of
metasurfaces is advantageous for the improvement of the
diversity gain of MIMO systems and the number of
metasurfaces at the RIS should be bigger than the total
number of transmit and receive antennas to avoid the
degradation of the MIMO diversity order. In [8], the
authors studied the achievable rate optimization for multi-
stream MIMO systems with RIS- aided, and formulated a
joint optimization problem of the covariance matrix of the
transmitted signal and the RIS elements based on the
projected gradient method. The results demonstrated that
the RIS application is particularly suitable to increase the
achievable rate in indoor environments, as even a small
number of RIS elements can provide a substantial achiev-
able rate gain. The authors in [9, 10] showed that the RIS
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can appreciably improve the performance of TeraHertz
wireless transmissions in the fluctuating two-ray fading
model under misalignment and hardware impairments [9]
and in o — u fading model with pointing errors [10]. The
physical layer security of the downlink RIS-aided trans-
mission for randomly located users in the presence of a
multi-antenna eavesdropper was studied in [11]. The
authors indicated that the security performance is improved
significantly by increasing the number of reflecting ele-
ments of a RIS and the RIS-aided system offers better
security performance to compare with traditional MIMO
systems.

A. Related works and motivations

Besides, two-way networks and two-way cooperation
networks are also one of the solutions to enhance spectral
efficiency when compared to one-way networks because of
their ability to simultaneously exchange signals of two
device users. There are many studies to improve the per-
formance of two-way relay network by combining with
different signal processing techniques such as the method
of using digital network coding (DNC) technique at relay
[12]; using a relay cluster in combination with different
relay selection methods [13]; using non-orthogonal multi-
ple access technique [14, 15]. Recently, in order to com-
bine the strengths of RIS and two-way communication,
two-way networks with the help of RIS for information
transmission have also begun to receive the research
attention [16—18]. In [16], considering a two-way network
with two users in case of reciprocal channels, the authors
showed that OP and the average throughput of scheme are
better if number of metasurfaces (MS) of the RIS rises. In
[17], the authors investigated closed-form expressions for
the OP and SE of the two-way communication between
two users assisted by a RIS over Rayleigh fading channel
in both cases of reciprocal and non-reciprocal channels.
And the results showed that the rate of spectral efficiency
increment or transmit power saving reduces when number
of metasurfaces increases. The system performance in case
of reciprocal channels outperforms in nonreciprocal chan-
nels. In [18], the authors proposed a multi-user RIS-aided
full duplex two-way communication network and opti-
mized the precoding matrix of the base station and the
reflection coefficients of the RIS to maximize the weighted
minimum rate of all users, subject to maximum transmit
power to enhance user fairness.

In fact, the frequency range of radio waves is considered
a finite resource and must be licensed to use it. Meanwhile,
the efficiency of using licensed spectrum resources is still
low [19]. In order to improve using the SE, cognitive radio
technology has been born and has always been of interest
to research, especially in the context of the explosion of
mobile devices and applications today. This technology has
three protocols (underlay, overlay, and interweave) to
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allow the secondary network to dynamically access or
share the licensed frequency range of the primary network
in condition that the primary network still maintains its
quality of services [20].

The underlay cognitive two-way relay networks are
considered and valuated with an interference constraint of
the primary receiver [21-24]. The authors in [21] consid-
ered the outage performance of a half-duplex (HD) AF
relay model consisted of two primary users and two sec-
ondary users (SUs), in which the channel model between
the SUs were Nakagami fading, under three transmission
schemes with two, three and four time slots. The results
showed that the transmit power by the primary transmitter
and the positions of primary transmitter and receiver as
well as the relay node, have significant effect on the OP of
the secondary network. A HD decode-and-forward (DF)
relay cluster with opportunistic relay selection method and
DNC technique were used in order to achieve a better
outage performance in [22] with three-time-slot scheme.
And in [23], the author combined the superposition coding
to reduce into two time slots to enhance the system
throughput. The OP and the symbol error probability of
SUs in underlay cognitive FD AF relaying networks were
analyzed in [24]. Using FD relay mode helps to reduce the
total transceiver time of the signal since the nodes can
transmit and receive the signal at the same time, but also
increases the complexity of signal processing techniques
than the HD relay mode [25, 26].

Besides, to take advantage of both SE and EE, the one-
way cognitive network combined with the RIS was studied
and published in [27-29]. In [27], a single SU coexists with
multiple PRs, the authors maximized the achievable rate of
SU by optimizing the beamforming vector at SU and the
phase shifts at the RIS. In [28], the authors investigated a
secondary network employs an full-duplex base station for
serving multiple users concurrently with aid of a RIS, in
which the total sum rate of the secondary system is max-
imized by optimizing the transmit and receive beamform-
ing vectors at the FD base station, the transmit power of the
uplink users, and the phase shift matrix at the RIS. In [29],
the authors investigated the diversity order of OP and the
EE of the RIS-assisted device-to-device communication
system under Nakagami-m fading in both overlay and
underlay modes. In [30], a simple underlay two-way
scheme was considered in which two secondary sources
transmit their data through the RIS under an interference
constraint of only one PR and in ideally condition of FD
mode, the loop-back signals from the transmit antenna to
the receive antenna are filtered to cancel completely.

Motivated by prior works for a two-way network to
enhance the SE, EE and CE, we propose a RIS-supported
underlay two-way scheme operating in sub-6GHz bands,
called as MPR-UTW-RIS, in which two secondary sources

work in the FD mode with support of a RIS under the limit
conditions of multiple PRs.

B. Contributions

The main contributions of this article are summarized as
follows.

e OQOur two-way system model with the RIS-aided FD
mode in which the two secondary sources transmit and
receive signals at the same time brings the advantages
reducing the transmission time slot as well as the cost of
signal processing leading to increase system throughput
and improve system performance compared to conven-
tional two -way system models using AF relays.

e We evaluate the system performance based on the OPs
of the two secondary sources in conditions that have the
residual loop-back interference after cancelling at the
receive antenna. To get an overview of the influence of
factors on the system performance, we consider the OP
change according to the following parameters: the
maximum interference power to plus noise ratio that
PUs can decode information in the primary network
(Q); the maximum signal-to-plus-noise ratio that SU
hardware can satisfy (SNR); the relative position of the
RIS and the PU cluster; the change in the number of
reflected elements of the RIS; and the loop interference
suppression ability of FD transmission.

e The exact and asymptotic expressions of the OP of two
sources in the proposed scheme are derived. And the
analysis results about the effect of parameters on the
OPs of the secondary system are proved validly by the
simulation results.

e The simulation and analysis results show that the
number of reflected elements increases, the OPs of the
two secondary sources decrease.

e Next the OPs of both sources decrease quickly when Q
(dB) or Pmax /Ny (dB) increases in a small value region
(Q< — 10dB or Pmax/Ny< — 15dB), and attains a
saturation value in their high value region.

e Besides, the OP of the SUs decreases as the number of
PRs (K) increases but will fall into the saturation value
when Q is larger than a threshold value. A noted thing is
that this saturation value is the same with all different
K values (meaning there exists a threshold value which
Q is greater than it, the number of K no longer affects
the performance of the secondary network).

e Moreover, the RIS position equidistant from the two
sources gives the best system performance for the
secondary network.

e Additionally, the position of the PRs cluster is farther
from the secondary sources, the OPs of these sources
are smaller and vice versa.

@ Springer
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e  Finally, the system performance of the two-way
network with the RIS-aided is better than the similar
network with the AF relay-aided.

C. Paper organization and notations

The article is arranged as follows. The system model of
an underlay two-way RIS scheme with multiple primary
receivers is described in Sect. 2. Outage probabilities of
two secondary sources are analyzed in Sect. 3. Simulation
results and discussions are presented in Sect. 4. Finally,
Sect. 5 summarizes contributions of this article.

Notations used in this article are listed in Table 1.

2 System model

Figure 1 shows the system model of the MPR-UTW-
RIS scheme, which has two secondary sources S,
q € {1,2}, a RIS with T MS;, r ={1,2,...,T} and K pri-
mary receivers PR;, i = {1,2,...,K}. To the channel esti-
mation, RIS is equipped a controller to achieve CSI
acquisition and information transmission [4]. The CSI of
two secondary sources and PRs can be obtained by
applying the conventional channel estimation. The S, tol-
erate interference constraints of primary receivers, denoted
as I;. In addition, each source has a two-antenna and works
in full-duplex mode. In Fig. 1, (hq,,dq,), (h,q,d,q), and
(h(quz)i, d(q+2)i) denote the fading channel coefficients and
the normalized distances of links S, — MS;, MS; — §,, and
S, — PR;, respectively. In this paper, there are some
assumptions as: 1) direct links between node pairs (S, S2)
and (MS,, PR;) does not exist due to the far distance, deep

shadow fading or low reflecting power of the RIS [32]; 2)
additive noises at the S, are CN(0, Ny) with zero-mean and
identical variance Np; 3) all primary receivers PR; are
distributed in the cluster and each MS; is close to others,
and thus the normalized distances can be set as dy = diq =
d, and d(qy2); = dgi2; 4) wireless channels between node
pairs (Sy, MS;) are reciprocal, i.e hy = hy [16, 17, 33]; 5)
all channel coefficients are independent and identically
distributed (i.i.d.) complex Gaussian fading, i.e. h; =
hg = |hg|e?s € CN(0,1/2,) and
h(g+2)i € CN(0,1/A(442)), where ¢, are phase values of
reciprocal channels 7, 4, = d{f , B is a path-loss exponent,
and u € {q,q+2}. So channel magnitudes ’hq,‘ and
}h(q+2)i| are random variables (RVs) with the Rayleigh
distribution [31].

In line with the underlay cognitive radio network con-
ditions, the secondary network can operates parallel with
the primary network but the transmit power of the sec-
ondary sources S,(symbolized by P,) need be lower a
maximum power (symbolized by Pqmax) and gratifies all
interference constraints of the primary network. Thus, P, is
expressed as followed [34]

Py = min(Pymax, 11/8(g+2)1: 12/ 8(g+2)2> -+ Ik /8 (g12)K ) »

(1)

where g(,12)i = ‘h<q+2),- 2, i={1,2,..,K}.

According to the full-duplex transmit protocol, the
secondary sources S, send simultaneously the data x, to
each other via the RIS at the same time. And each source
will receive the signal including the desired data and
undesired data by the reverse reflection of its own signal
from the RIS, by residual loop-back interference from

Table 1 Notation table

Notation Meaning

Sfx() Probability Density Function (PDF) of X
Fx(.) Cumulative Distribution Function (CDF) of X
Pr[g] Probability operation of an event =

E[] Expectation operator

V[] Variance operator

Binomial coefficient ((1{7/1) = ,),(MLLP))

Il Gamma function; [27](eq.8.310)

P[] Lower incomplete Gamma function; [27] (eq.8.350.1)

I, Upper incomplete Gamma function; [27] (eq.8.350.2)

W, () Whittaker function; [27] (eq.9.222)

X ~CN(0,0?) Complex Gaussian random variable (RV)X with zero mean and variance o>
I Magnitude

II? Gain

@ Springer



Wireless Networks

Fig. 1 System model of the
MPR-UTW-RIS scheme

S

transmit antenna to receive antenna, and by internal addi-
tive noise. Specifically, the received signal at the S| is
expressed as follow [16, 17]

r r
yi = VP (thﬂ’zhn) +VPix (Z hlﬂ’rhn) +
=1 =1

Desired signal

Self —inteference signal
+ L] + np s
~~ ~~

residual loop—back inteference signal ~ additive noise

(2)

where r, = |r,|¢/% [3, 31], in which |r;| € [0,1] and ¢, €
[0,27) denote the reflection amplitude and phase shift of
the MS; on the RIS, respectively, without loss of generality,
the reflection amplitude is fixed with a constant value,
equal 1 [5, 17, 36, 37]; L; is the residual loop-back inter-
ference after cancelling at the receive antenna and can be
modelled as CN(0, i Ny), pty >0 [17, 25]; n is the addi-
tive Gaussian noise CN(0, Ny) and

E{|x1 |2} = E{|x2|2} = 1. Besides, the source S; holds the

parameters hy,, hy, 1, in the setup phase and its values Py,
X1, so it can cancel perfectly the self-inference signal

T
\/Plxl <
1=

instantaneous received signal-to-interference-plus-noise
ratio (SINR) of each user, the phase ¢, of the MS; is
configured as ¢, = — (@, + ¢o,) [5, 16, 17]. The formula
(2) is rephrased as

hltrthll) in (2). In addition, to maximize the
1

Sy

T
yi = VPaxa (Z || < |htl|> + L)+ ny. (3)
t=1

So the SINR at S; can be written as

=1 t=1

T 2 T 2
‘mn(z | |h,1|) P2<z | |h2,|>

Y
1 LA + | TE
(4)
For easiness in analyses, we assume as
11 = 12 = ...= IK = I, and Pl,max = PZ‘max = Pmax- The
the formula (4) can be rewritten as
P2
71 = min(y,, ) :
! O max gy’ (1+ ) (5)
84k
where
T
%0 = Pamax/Noy @ = 1/No, W = |hys| x |ha]. (6)

t=1

In the same way, the received signal and the SINR at S can
be written as, respectively

T r
2=V Pix (Zhlmhﬂ) +VPx; (ZhZZrtht2> +Ly +na,
t=1 t=1

Desiredsignal Self —inteference signal

(7)
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‘W(Z i el

Lo + |na?

2 r 2
P, (z ] |hfz|)
_ =1

(1 + MZ)N()
'PZ
ir:r}a)%g%) (1+ )’

= min(y()v

| (®)

where L, € CN(0, 11, Np), 1ty >0, w, is a ratio coefficient to
the noise power Ny of the residual loop-back interference at
S,, and assumed u, = u; = p; ny is the additive Gaussian
noise CN(0, Np).

3 Outage probability analysis

In this section, we investigate the OPs of the two sources of
the secondary network, denoted S, and S,,, (p,w = {1,2})
and p # w. The outage event of S, happens when the S,
cannot successfully decrypt the data x,, of the §,, in one
transmission phase. The OP at S, is described as
OP;L;” = Pr[RSP<R,;,}, where Rg, is the achievable data

rate at the S, and is expressed as Rg, = log, (1 +7,), and
Ry, is the threshold data rate (bits/s/Hz) . The OP of the S,
in MPR-UTW-RIS model is presented as

OP§" = Pr[y, <2f" — 1]
— 3 Q 2 R
=Pr | min(y,, ——)¥* < (2% — 1) (1 + u,)
(w+2)k
=Pr {yo‘l’2<o¢1,y0< } 9)
8(w+2)k
T
+Pr[L‘P2<oc1,y02 } .
S(w+2)k 8(w+2)k

T,

To analyze the probability OPgr’ in (9), the CDFs and PDFs
of the RV ¥ and gy o) are presented by Lemma 1 and
Lemma 2, respectively.

Lemma 1 From (6), ¥ 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 [38](eq.2.76) and is given as follows [5]

fo@) = ot ——exp(=3). (10)

- ba+l[‘(d + 1)
and CDF is obtained in (11)

a
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Fo (o) Jrla+l3) o Tla+15) (11)
Ia+1) rla+1) "’
2
where a= % —1; b= % ki = 4\/33).2 and

Proof See the proof of Lemma 1 in Appendix A.
Lemma 2 We have gy = max g(w-2)i, SO the CDF of
the RV g(wi2) is found as [14, 34]

Fg(w+2)k (x) Pr [ max g(w+2) <x]

x (12)
Pr[g(w+2)i <x| = HFg(w+2)i (x).

Il
,SN

Il
-
Il
-

1

The estimated channel gains g,,.42); |h W2)i ‘ are expo-
nentially ~ distributed RVs with CDF F, ., (x)=

1 — e *w+2* [39], so we have

K

B 7K m (M - mx

Fg(w+2)k(-x) = (1 — o Hwi2) ) = Z(_l) (K>e (W+2)mx
m=0

(13)

And the PDF of the RV g(,,2); is expressed as follows

K-1
K;(w+2 (1 —Awi2 ) e Hw2)x

K-1 (14)
=K (w+2) Z ( l)e)'(“”rZ)mx.

Then we find the expression 7| of the formula (9). The T
can rewrite as follows

T, = PY{T<@/ﬂ,g(w+z)k< Q} = Fll’( ﬂ)
Yo Yo Yo
0
X Fg(vHr” (V )

Substituting (11) and (13) into (15), we have

"/(a + 17%\/?1)
T, = AN VA X (1 — e—i<w+z)Q/“/o)K_ (16)

I'la+1)

fg(wz)

(15)

Next the T, expression in the formula (9) can be rewritten
and calculated as follows
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Yo =Pr|¥< /o /Q /8wy w20k = QYo
% % (17)

= [ w00 B (oA

For easy calculation, we dispense the formula (17) into two
integrations as follows

oo

T, = /fng)k (x) X Fy (uz\/)_c)dxf /fng)k (x) x Fq/(ocz\/)_c)dx
0

0

1 2 (18)

Substituting (11) and (14) into the expression {; of (18), we
have

.
' _ k1, y(a+1,2x)
= K 1 — ¢ Hw2)X Auapx AT T 0 V)
- / e (1 =€) e I(a+1)
0

(19)

The expression {, in the formula (18) is shown in two
forms: the integral expression and the infinite sum
expression. In the first form, we substitute (11) and (14)
into the expression (,, so the integral expression form is
obtained below:

03

52:/’(/1(%2)(1

) K—1
_ e*/»(\wz)x) e Hwr)X o (] _
0

K—1 .
=(1—-e Awt2) ) K W+2 _ efl(w—z)x) e Hwi2)¥
0

Mo+ 1,3 08)
dex.

I'la+1)

(20)

In the remaining form , solving the integral problem, we
get the result in the infinite sum expression as the formula
1)

F@+L@)M

3

0

Kl < (1" &/ om ms —(Yat14m)+1)
- 1" (2 1)) G

r(a+1);n!(a+1+n)z k1) G lm 1)

m=0

ot 0+ 15 V)

I'a+1) &

X 7(%(a+ L+n) + 1, Asa)(m + 1)0‘3>‘
(21)

Substituting (16) and (18) into (9), and then using (20) and
(21), we obtain 0P§:’ in two forms as (22) and (23),

respectively:

< i : 11)
yla+1,—/—
OPg;d _ AR x (1 _ e M) Q/m) +

),
i) B e e,

—) o3\ K
xW — (1 —e A(wz)*s) +
2
Y I U
Ja+1/2),-4, <4,,:,~(w+2 (,,M))

iz

o3 ; K-1 _; .
+ | Kiw 1 — e A2 w2 dx,
el (Y
(22)
yla+ 1,1\/%
0P — < PV % (1 _ e’;'(w+2JQ/'I'0)K+
5 I'la+1)
(a+3) g
% m n J(as3)
K| ———— —1 +1 X
<2b i(w+2)) ; (K - 1>( fm 1)
2
g(gh Hw »Zz( *”) x W K/]-(erz)

— X
TSR . I'la+1)
2T AN W2y 40 ()

in'( +1:— KZ;( >

1
y'(i(a+ 1 +n) + 1,2(w+2)(m+ 1)0(3>

(;b(w+2)(m + 1))—(%(a+l+n)+l) %

(23)

Remark 1 The infinite sum form in (23) can be evaluated
for accuracy by the error metric [40] as

0Py (22) - oPg(23)

- t , (24)
OP§"(22)

where OP§(22) and OP§(23) are the exact OP form
obtained by (22) and the approxnnated OP form taken by
(23) of the S, respectively.

Remark 2 In special case as y, — oo then e 2@/
1=7;,—0 and a3 — 0= 7, — {; we obtain asymp-
totic expression as
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_— % ((H—%) K1 m
Opgu Jo—00 Cl - K - x Z ( )(_l)m><
’ 2b\/ A(w+2) m=0 \K —1

%2
(m + 1)—%(114%)6(mz,‘,(w‘z)(m+|>> w ( ) )

1 1 2
L /2),—L
lat1/2),—3

%

402 (g0 (1)

(25)

Remark 3 1In Q0 — 400 then
e w22/ — 0, oy — 0 and o3 — 400 we obtain asymp-

totic expression as

y(““’%\/@ (26)

Ia+1)

special case as

out,0—oo __
OPS,, =

4 Results and discussions

In this section, we compare the theoretical and simulation
results for OPs of the two secondary sources of the pro-
posed MPR-UTW-RIS system with different system
parameters. The Monte-Carlo method is used all through
computer simulations to validate the analyzed expressions.
We set coordinates of the nodes S;, S, the PR and the RIS
as SI(O,O), 82(1,0), PR(XPR,pr), RIS()CR,yR), where
O<xg<1. So we have the normalized distances

di =/ + )% d = \/(1 = xx)* + ¥

dy =/(xer)” + (er)’. and ds= /(1 —xpr)’ + ¥3g.
The threshold data rate fixed as Ry, = 1(bits/s/Hz), the
path-loss exponent is f = 3, and Q (dB) on the x-axis is
defined as Q = 10 x log,((I/N,) (dB). Additionally, we
compare our proposed model with the AF relay-supported
underlay two-way model [24, 33]. All the figures, solid
lines denote analyzed results and markers indicate simu-
lated ones.

Figure 2 evaluates the error metric £, (%) in (24) versus

term number of infinity sum (denoted I,,) when Q = —5
(dB), y,=-15 (dB), u=0.5, K=15 xx=0.5,
yr = —0.5, xpr = 0.5, ypr = 1, pe{l,2}, and

T € {7,10,15}. From Fig. 2, when the number of recon-
figurable reflectors 7 increases, we need the smaller term
number of infinity sum (Z,) in (23) to achieve a better
approximation, e.g. £,<0.02% at I,>1 with T = 15.
Therefore, the infinity-sum formed OP of the S, as in (23)
can be meet to the exact form as in (22) at the larger
number of reconfigurable reflectors with the limited num-
ber of the sum. Table 2 shows the detail of the error value
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Fig. 2 The error metric £, (%) versus I, when Q = —5 (dB), 7, =
15 (dB), u=05 K=15 xx=05 yg=-05,
XpR = 057 VPR = l,and T € {7, 10, 15}

Table 2 Minimum the error value corresponding to the number of
reconfigurable reflectors and the term number of infinity sum for
parameters Q = —5 (dB), yo = —15(dB), u = 0.5, K = 15, xg = 0.5,
yr = —0.5, xpr = 0.5, ypr = 1

T I (%)

7 I, > 10 0.757%
10 L,>5 0.117%
15 L >1 0.017%

[41] corresponding to the number of reconfigurable
reflectors and the term number of infinity sum.

Figure 3 illustrates the exact and asymptotic OPs of the
two secondary sources S; and S, versus Q (dB) when y, =
—15 (dB), T € {4,7,10}, K = 15, xg = 0.5, yr = —0.5,
xpr = 0.5, ypr = 1 as formulas (22), (23) and (26). We
observe from Fig. 3 that the OPs of two secondary sources
are roughly the same because our choice of the coordinate
parameters of the nodes leads to the normalized distances
di =d, and d; = d4. Fig. 3 exposes that in the small
interference constraint parameter value region (between
—25dB and —10dB), the OPs of both sources decrease
when Q increases, and in the high Q value region (over
—10dB), the OPs reach a saturation value. We have those
results because when Q increases, the transmit powers of
the S and S, increase as in the formula (1) and lead to the
SINRs are also better as in formulas (4) and (8). However,
the formula (1) also shows that the transmit powers have a
limit by the maximum power of each source, so when
Q increases to a high threshold value, the transmit powers
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Fig. 3 The outage probabilities of the secondary sources S; and S,
versus Q (dB) when yy = —15(dB), p = 0.5, T € {4,7,10}, K = 15,
XR = 05, YR = —0.5, XpPR = 05, YPR = 1

cannot increase more, and the system performance attains
the saturation state. Moreover, riser number of metasur-
faces are, better the system performance is. Please note that
the theoretical expressions of the OPs are plotted in the
infinite sum and the integral forms as the formulas (22) and
(23), respectively. It is observed that the lines (black solid)
of the integral formula coincides perfectly with the simu-
lation lines, while the lines (red solid) of the infinite sum
formula (using the first 25 terms) are closer to the simu-
lations when the number of metasurfaces increases.
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Fig. 4 Outage probabilities of the source nodes S; and S, versus v,
(dB) when Q = —10(dB), u=0.5,7 € {4,7,10}, K = 15, xg = 0.5,
yr = —0.5, xpr = 0.5, ypr =1

Finally, the asymptotic theory analyzes are reasonable
when Q achieves to infinity values.

Figure 4 illustrates the exact and asymptotic outage
probabilities of the secondary sources S; and S, versus 7y,
(dB) as formulas (22) and (25), respectively, when Q =
—10 (dB), T € {4,7,10}, K =15, xg = 0.5, yr = —0.5,
xpr = 0.5, ypr = 1. First observing (Fig. 4), we see that
the OPs of the two sources are almost the same because we
choose the coordinates of the RIS and PRs where are
equidistant from the two sources. The second worth noting
is that the OPs of the sources decrease rapidly when v, (dB)
increases between —25dB and —15dB , then stays the same
value even though v, (dB) still increases. This means that
the maximum capacity the hardware is able to handle
higher, the system performance is better, but it has a sat-
uration value caused by the transmit powers depend on
two-parameter sets as formula (1). In addition, the values
of the OPs of the two sources are inverse with the number
of metasurfaces similar as Fig. 3.

Figure 5 illustrates the effect of the number of primary
receivers on the OPs of the secondary sources. As can be
observed, when the Q value is less than —10dB, increasing
the number of PRs causes an increase in OPs of the sec-
ondary sources (this means that the system performance of
the secondary network will degrade when the number of
PRs increases). Actually, it is clear that adding the number
of PRs increases the possibility of a large channel gain
between the secondary source and the PR. And this leads to
a decrease in transmit power and the SINR of the sec-
ondary sources as shown in formulas (5) and (8). Though,
when Q is greater than a certain value (—10dB), the
number of primary receivers no longer affects the

10°
® S (K = 5)
O S(K=5)
101 » Si(K=15) ,
D> S(K =15)
. B S(K =35)
= O Sy(K = 35)
Z 102 Int-form Analysis 1
< — — - Asymptotic Analysis
—
& K =5,15,35
210°F
S
104 F
105 . . . . .
-25 -20 -15 -10 -5 0 5
Q (dB)

Fig. 5 The outage probabilities of the secondary sources S; and S,
versus Q (dB) when y,=-15 (dB), wp=05 T=10,
K e {5, 15,35}, XR = 0.5, YR = *0.5, XpPR — 0.57 YPR = 1
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performance of the secondary network. This happens
because when Q is large enough the SINR will depend
mainly on the limited transmission power of the secondary
sources as seen in formulas (5) and (8). Finally, the OPs of
the two sources are almost overlap caused of choosing the
nodes coordinates the same as previous figures.

The effect of the residual loop-back interference by full-
duplex mode on the OPs of the secondary sources versus Q
is examined in Fig. 6. This figure shows that increasing the
residual loop-back interference will degrade the perfor-
mance of secondary network. And the OPs of the two
secondary sources are best when p = 0, which corresponds
to the perfect loop-back interference cancellation case.
This result occurs because an increase in leads to a
decrease in the transmit power and SINR of the sources as
formulas (4) and (8). Finally, the OPs also decrease as Q
increases and reach a saturation value when Q is large
enough.

Figure 7 investigates the effect of the relative position of
the RIS with two secondary sources on the OPs of the
secondary system in case that the primary receivers are
equidistant from two sources. Firstly, Fig. 7 shows that the
OP curves of two sources nearly overlap. Secondly, with
the same yg values, the RIS position equidistant from two
sources gives the best OP and the OPs of the sources are
equal when the RIS is at positions with equal total dis-
tances from the RIS to the two sources. Finally, with the
same xg value, the OPs will decrease when the yz changes
from —0.7 to —0.4. We have those results because phase
values of channel coefficients depend on the normalized
distances between the sources and RIS.

10°<g ‘
z e 5 (M = 1)

O Sy(p=1)

107 > Si(u=105) 3
D> Sa(n=0.5)
m 5 (/t = 0)

102+ O Sy(u=0) 1

Int-form Analysis
— — - Asymptotic Analysis

Outage Probability
=
w

—_

o
IS
T

10-5 L

10°®
-25 -20 15 10 5 0 5

Fig. 6 The outage probabilities of the secondary sources S; and S,
versus Q (dB) when y, = —15 (dB), u € {0,0.5,1}, T = 10, K = 15,
XR = 0.5, YR = *0.5, XpPR — 0.5, YPR = 1
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Figure 8 illustrates the influence of the relative position
of the primary receivers and two sources on the OP of the
secondary system. Figure 8 shows that when RIS is
equidistant from sources, the farther the position of the
cluster of primary receivers is, the smaller the outage
probability of that source is and vice versa. Additionally,
when the PRs are equidistant from the two sources, the
outage probabilities of two sources are identical. In the rest
cases, the source closer to PRs has a smaller outage
probability and reverse. These results are obtained because
when the distance between each secondary source and the
PRs decreases, lead to the increase of the channel gains
between these nodes and the transmit power of secondary
sources will decrease as formula (1).

Figure 9 compares the outage probabilities of two sec-
ondary sources of the proposed MPR-UTW-RIS model
with a two-way cooperative cognitive network model in
duplex mode using AF relay similar to in paper [24], but
there are some changes that use only one AF relay and
equip multiple primary receivers. Besides, in order to
increase the fairness in the comparison between RIS and
relay, assume that the relay cancels perfectly the loop-back
interference caused by the full-duplex mode. The transmit
power of relay is chosen to be equal to the maximum
transmit power of the two secondary sources. The results
show that the system with RIS supporting communication
has much better performance than the system using AF
relay even in the case of only one metasurface.

5 Conclusions

In this article, we proposed and investigated the underlay
two-way RIS scheme with two secondary sources and
multiple primary receivers, known as the MPR-UTW-RIS
scheme. To evaluate the system performance, the paper
investigated the outage probability via parameters such as
QO (dB), Pmax/Ny(dB), number of reflected elements of
RIS, number of primary receivers, the residual loop-back
interference due to duplex transmission, the distances
between RIS and two sources, and the distances between
primary receivers and two sources. The notable results are
that the system performance increases by increasing of the
number of reflected elements, Q, Pmax/Ny, the distance
between the primary receivers cluster and two secondary
sources, and by decreasing of the residual loop-back
interference due to duplex transmission. Moreover, the
parameters Q and Pmax/Ny(dB) have a threshold value in
that the outage probabilities will fall into a saturation state,
meaning the outage probabilities do not decrease even
though these parameters still increase. Besides, when the
number of primary receivers increases, the outage proba-
bilities increase if the Q values are in the smaller region,



Wireless Networks

Fig. 7 The outage probabilities
of the secondary sources S; and
S, versus xg and yr when y, =
—15(dB), Q € {-10,—15}
(dB), £ =0.5,T =10, K =15,
xpr = 0.5, ypr = 1
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but in the large Q value region, the outage probabilities
reach the saturation value region and this value is equal
with all the number of primary receivers, it means when
Q reaches a sufficiently large value, the number of PRs no
longer affects the system’s performance. Furthermore, the
RIS position equidistant from the two sources gives the

® @ @
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® | | | | 0.5
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5 | O O 0.4
2 .
N l:‘ Int-form Analysis 03
% <
e 0.2
0.1

best outage probability for both secondary sources when
the primary receiver cluster is equidistant from two sour-
ces. Next, an important point is evident that RIS-supported
two-way systems have system performance outperform the
corresponding AF relay-supported ones. Lastly, the
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Fig. 9 The outage probabilities of the secondary sources S; and S, of
the protocols MPR-UTW-RIS and two-way full-duplex -AF relay in
paper [21] versus Q when y, € {5,10} (dB), x =0.5,T =2, K = 15,
xr = 0.5, yr = —0.5, xpr = 0.5, ypr = 1

analysis results of the outage probabilities were justified by
the Monte Carlo simulations.

Appendix A: Proof of Lemma 1

From (6), ¥ is the sum of T independent and identical
double Rayleigh RVs, the PDF and CDF of the ¥ can be
tightly approximated as in (10), (11) where the related
parameters k; and k, are solved as [38] (eq.2.74).

ki = Z |yy| % |h2,] = ZEHh“H x E[|ha]],
(A.1)

and

ky = lz || % |h2z|] (A2)

Likewise |hy,| and |hy| are independent RVs and follow
Rayleigh distribution with variances as 1/4; and 1/1, ,
respectively. Thus [42] (p.162)

T T
E[|hy]] = \/EaEHthH =\ i

Vil = (1-5) 5 Vil = (1-7) %

Substituting (A.3) into (A.1), we obtain:

(A3)

(A4)
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Since |hy,| and |hy| are independent RVs, (A.2) can be
rewritten as:

T 2 T
k= EKZ | |h2,|) ] — K = S E || %
=1 =1

D(E[v[])x
(Ellhaul]) — 7,

(A.5)

E[|h2z|2} +4T(T —

(E|h2y ) (E[[m1al]) x
(A6)

where u,v € {1,2,...,T} and u # v.
Besides E[X*| = V[X] + (E [X])? and substituting (A.3)
and (A.4) into (A.6), we obtain:

e = 3= (Vi) + ) x (Viliad) + (Bl )) +
T = D(EDI) % D El) % ) - 8

=T(<l Vi) (-9
M{;[)w 7w

The Lemma 1 is proven completely.

(A7)
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Abstract. This article studies a two-way cooperative scheme including two sources and the assist of a
decode-and-forward relay which equipped a non-linear energy harvester. This scheme operates under a
half-duplex mode and has three-time slots to communicate information. In two first slots, the relay uses
power splitting method to harvest energy and decode signal from sources, then the digital network coding
technique is used to make a new signal by the XOR operation. The relay uses harvested energy in two first
time slots to send back the encoded signal to two sources. The exact expressions of the outage probabilities
are analyzed to evaluate the effect of a non-linear energy harvesting on the system performance over
Rayleigh fading channels. Besides, the outage probabilities of two sources are compared with cases in linear
energy harvesting. Finally, the Monte Carlo simulation results verify the exactly of the analysis expressions.

Keywords. two-way network, nonlinear energy harvesting, decode-and-forward relay, digital network
coding.

1 INTRODUCTION

In recent years, the fast growth number of users and applications of wireless communication have led to
more challenges for wireless networks as improving system performance, spectrum efficiency and energy
efficiency. Specially, energy efficiency are critical problems for low-cost and resource-constrained wireless
networks like wireless sensor networks and Internet of Things systems. Energy harvesting (EH) via radio-
frequency signals in wireless cooperative networks has been appealing many attentions, the relay can
harvest energy from the sources signals and then spend the harvested energy to aid its transmission. There
are two main methods to energy harvesting at relay base on time switching (TS) and power splitting (PS)
techniques. Relay node divides the received signal into two-time phases for EH and signal decoding in TS
method, whereas it splits the received signal power for EH and signal decoding in PS method [1]. The
cooperative network has been well-known solution for these challenges because it brings an improvement
in the performance, coverage, and reliability of wireless networks. There are two methods for relay nodes
to process signals as decode-and-forward (DF) and amplify-and-forward (AF) [2]. Besides, the two-way
relay network (TWR) combines with the digital network coding (DNC) technique bring to rise bandwidth
use efficiency by reducing transmission time among devices [3].

In [4, 5], the performance of EH schemes for a two-way half-duplex relay model with two sources and a
relay had been analyzed over block Rayleigh fading channels. The relay harvests the energy from two
sources by PS protocol then using that energy to send the information back sources. In [4], the DF relay
collects energy from the received signals of two sources in the first two time-slots and then uses the acquired
energy and DNC technique for signal transmission in the third one. In [5], the authors use the direct channel
between two sources to improve the overall performance and consider three relay styles as AF, DF and
hybrid-DF. However, the authors in two papers studied the linear EH model, this may be unrealistic as the
electronic devices executed in the energy harvester at the relay are nonlinear elements. The nonlinear
energy-harvesting at relays was studied in [6-8]. In [6], the DF relay collects energy from the source and
interference signals with TS technique in one-way network over Nakagami-m fading channels. In [7], the
authors studied a hybrid TS-PS harvest energy scheme in case of transceiver hardware impairments of
two-way AF relay network. In [8], the authors analyzed the outage probability (OP) of a three-step two-
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way DF relay network with the nonlinear EH using PS method, where the PS ratios are animatedly changed
according to instantaneous channel gains to maximize the capacity of the system.

Motivated by prior works for the two-way network to enhance spectrum utilization efficiency, system
performance and energy efficiency, we propose a two-way DF relay system with two sources and a relay
which equipped a non-linear energy harvester. In the proposed model, there are three-time slots to
communicate information, in two first slots the relay uses PS method to harvest energy and decode signal
from to sources, then it uses the DNC technique to create a new signal and uses harvested-energy to send
back this signal to two sources, called as NEH-TW-DNC protocol. To evaluate the system performance,
the exact expressions of the source OPs are considered. Additionally, we compare the OP of the proposed
protocol with the ideal linear EH ones. Our proposed system can be applicated in low-cost and resource-
constrained wireless networks like wireless sensor networks, vehicular networks and Internet of Things
systems.

The rest of our article includes sections as follows. A two-way cooperative model with nonlinear energy
harvesting and DNC technique is described in Section 2. Then Section 3 analyzes the OPs of the two sources.
Section 4 displays the results and discussions. Lastly, Section 5 is conclusions.

The notations: fz(-)and Fy(+)are the probability density function (PDF) and the cumulative distribution
function (CDF) of a random variable (RV) B, respectively; Pr[ ] is the probability operation; I'[.,.] is
the upper incomplete Gamma function [9] (eq. 8.350.2) ; X ~ CN(0,52)is a complex Gaussian random
variable (RV) X with zero mean and variance o2.

2 SYSTEM MODEL

The system model of the NEH-TW-DNC scheme gives in Figure 1. In this model, there are two sources
S1,S; communicate to each other through the DF relay R. The sources and the relay have a single antenna.
The direct link among the sources S; and S, is absent owing to severe fading and path-loss, so
communication among S; and S, just be established via relay. We denote hgg,, hs;z and d; as the fading
channel coefficients and the normalized distances between S; and R respectively, where i € {1,2}. The
relay has a limited power and so it must harvest the energy from the radio frequency signals of two sources
to send the information of these sources by working the three-time slots protocol as Table 1.

Englg hS]_R’ dl EH’XZ’ hSJRj dz
S HHHHH o R et e —
! X, hRSl ’ dl X, hRSZ 5 d2
x=xdx,
First time slot: —— i —
Second time slot: i LA y
Third time slot: >

Figure 1. System model of the NEH-TW-DNC scheme.
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Table 1: The three-time slots protocol of the NEH-TW-DNC scheme.
Sl—)R SZ_>R R_>Sl,52

NEH at Relay (p) NEH at Relay (p) x=x D x,

Relay forwards signal

Decoding signal x; Decoding signal x, x 10 SOUrces

from S, from S,
Timeslot 1 Time slot 2 Time slot 3
aT aT (1 - 2aT)
= ¢
The first time slot
The receiver signals at R
Ys,r = \/P—1hisx1 + ng, (1)

where ny is the additive Gaussian noise CN (0, Ny) at the relay.
The signal-noise ratio (SNR) at R

a-p)lhs,rl’P
Vs,r = —— k2 (2

N
The EH at R in the first time slot:

En = Upaﬂ‘hisrT ’ @)

where 0 < n < 1and 0 < p < 1 denote the energy conversion efficiency and the power allocation
efficiency, respectively.

The second time slot

The receiver signals at R:

Ys,r = hs,rXx2 + ng. 4)
The SNR at R:
2
. C@-p)|hgg| P, 5
S,R — .
2 N()
The EH at R in the second time slot:
2
E, = Upapz‘hszR‘ T. (6)

From Error! Reference source not found. and Error! Reference source not found. we have sum of EH
at the R following:

E, =En+Ep :Upa(Pl‘his‘z+P2‘hszR‘2)T- ()

Reality, the electronic devices used in the energy harvester at the relay are nonlinear elements. If the
values of the input power are under the saturation threshold power P;;,, the harvested energy is linearly
relative to the input power. When the saturation effect happens, the harvested energy does not rise though
the input power still rises. Hence, the transmit power of the relay is presented as [6]:

P __ B 177—p.20!a(ﬂ‘h51R2+P2‘h52R‘2) if (ﬂ‘his‘z“LPz‘hszR‘z)ﬁHh,
2T | mpa
1-2a "

(8)

. 2 2
it (Rlhoal +Rufnosl ) > P

Assuming that the power of two source equal P = P, = P,
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s Pl +heal’) it P(hssl +hesl) <P

sk if P(‘his‘2+‘h52R‘2)>Pth

©)

R =
where ¢ = 2=

The third time slot, the relay creates an encoded signal x = x; @ x, by the DNC techniques [10] and
uses Py to broadcasts this signal to two sources.

YRrs; = \/P—RhRsix + ngs;, (10)
2
2 Iheal P(lhorl +Insal) it P(neel +[hes)=r
|hRSi| Py N, SR S,R SR S,R =k . (11)
Vrs = =
RS; N0 |hRSi |2 - , .
<P if P(|his| [P )> P,

The SNR at the source S;, S, can be obtained as:

Vs, = min{}’szk:hsl}, Vs, = min{yis'VRSZ}- (12)
The estimated channel gains gs,z = ;\151.,; 2and Jrs; = i/;RSi 2are exponentially distributed RVs with
probability density function (PDF) and cumulative distribution function (CDF):
fasn (@) = 3:7M, fops, () = 572, (13)
F:qSiR(Z) =1—e?4, FgRsi (z)=1- e "%/ dixz, (14)

where 4; = d; B",AHZ = di_fz”z and B;, Bi+ are path-loss exponents.

3 OUTAGE PROBABILITY ANALYSIS

In this section, we consider the outage probabilities of the sources. The outage at S; happens when the
equivalent SNR exceeds the thresholdys, <y, wherey,, = 2R — 1, R(bits/s/Hz) is the threshold data rate
[11]. Specifically, the outage probability of the S; in model present as:

OPs, = Prlys <vwml = PT[VSZR < ¥ + Pr []/Rsl < Yth Ys,R > Vth]- (15)
Substituting (5) and (11) into (15), we obtain [6]:
2

2 2

(1-p)jh h 1-p)jh P
OP, =Pr hs.s < ¥ |+ Pr e, <l hs.s > e |+
N, No P No (16)
2 2 |hRsl : |hRsl : Yih (1_/0)|h32R i P
+Pr P(|h32R| +|his )N—OQSVthaN—O >€1 N, > Vth

The formula (16), can rewrite as:
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OPSl = Pr[gSZR < kl]+ Pr[gRSl <Kkj, Os,r > k1]+

17
+Pr|:(gSZR+gis)gRsl <K;, Ors, > K31 95,k >k1] ()
k2 k2 Q—y
- J‘ fgs R (y)dy + .[ fgs R (y)dy.“ ngs (X)dX + I ngs (X)j fgs R (y) .[ f (Z)dZdde
where yo = Nio’k1 - (1)—/;};)/ = ]c%h 37 thgz\}’lo_

(=0k

After applicating Taylor’s series [5]: exp (— —) Y=o P
p+2

and calculating the complex integrations,

we have the OP as the two case follows:
-Incase ofl; =1, = A:

OPg, |, _, _, =1—e Ca/A+ks/h) 4 gka/A(gks/As — g=k2/(aks)) 4
1=42=
ky - (- D ( ks )"“[ ( kl) ( ky )]
-1 T r 1,—|-I-k-1—
+tG D 2, e\ k=1~ k T
+ye (-1k-1 ( )k+1 [F( B ki)_l—'( k, ko )] 18)
k=0" 1\, 3 e
- Incase of A; # A;:
0P51|l 2 =1- e—(k1/lz+k3/l3) + e—k1/lz (e—k3/l3 _ e—kz/(k1/13)) +
1¥42
y) (1)K fey T i "
2 ) 8- )
)&k \1pd 1 I,
Ae~/A2=1/ADky | - (—q)k ¢ g, \K+1 ks
T M0 (E) [F (_k B 1',1_1) B F(_k ~ Ly /11)] (19)

Likewise, the OP of the S; in the model is presented as (20) and (21):

— —(kq1/A+k3/A —ki/A( ,—k3/A —k2/(k.A
0P52|11 121—1—6(1/"'3/4)4—6 1/ (e 3/l _ o 2/(14))+

B S () () (1)

+ 2 S 1(%)"“ () (0. 2) (20

0P52| =1 — e~ (k1/A1+k3/Ay) 4 o=k1/My (e—k3//14 — e—kz/(k1ﬂ4)) +

A1#A,

X 1Nk k+1
@ /1—1/11) 0( kl') (;1]1{/?14) [r (_k_l %)_F (_k L klgcal)]

B Aze_((l;t/:iz/)wkl Lic= 0( kll)k (AzM)kH [1“ (_k - L i_:) -r (_k -b ka’lz)] ey

When P,;, — oo we have linear energy harvesting at relay nearly like the paper [5]

4 RESULTS AND DISCUSSIONS

In the section, we analyze and evaluate the outage probabilities of NEH-TW-DNC scheme. To validate the
accuracy of the exact theory expressions, we use Monte Carlo simulations (markers point to simulated
results in all figures). At all our analyzations and assessments, we set the target SNR as y; = 1, the path-
loss exponent asf;, = 3 and the variance of noise at the nodes as N, = 1. Besides, we use the first 20 terms
for all the infinite sum formulas.

Figure 2 illustrations the OPs of the S; aid S, of NEH-TW-DNC system versus P;/N,(dB) whenP,;, €
{20,40,0}dB, p = 0.5, =08 a = 1/3,d, = 0.3, d, =1 —d;. Due to the symmetry of the model,
when the relay is equidistant from the two sources, the OP of the two sources are equal. With these values
of dy, d,, the relay is nearer S; than S,. Observing Figure 2, when P is less than P, the OPs, has better
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than OPs,, conversely when P is more than Py, the OPs, has better than OPsg,. It is worth noting that when
P, = P, the OP of the two sources are equal. When P;/N,(dB) is in the small value region, the OP of the
two sources decrease as P;/N, increases, and the OP of each source is roughly equal for all values of Pyp,.
Besides, when P, /Nyreaches a large enough value, the OP will reach a threshold value (OP,;,), that means
P, /Nyincreases but OP no longer increase. This 0P, depends on the value of P, when the P, is larger
the O Py, is smaller. Moreover, the OP curves of the nonlinear EH model will approach the OP of the linear
EH model as P, approaches infinity.

100 3 T T T T T T
G

107 ;

102 ¢ 4
=
°

3L _

£ 10 E
e
o
[}
& 104 =
< E
© I [ % op,sm

10-5 _ o) OPSZ Sim Plh = 40dB
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10-6 i OP82 Analysis |
t |- ——— OPg, Asymptotic linear EH
[ |==== OP82 Asymptotic
10_7 | I 1 1 I 1
-10 0 10 20 30 40 50

P IN,(dB)

Figure 2. The outage probabilities of the S; and S, versus P, /N,(dB) with three valuesP,;, € {20,40, c0}(dB)

Fig.3 shows the outage probabilities of the source S; of NEH-TW-DNC system as a function of the
saturation threshold power P.,(dB) when P;/N, € {20,40}dB, p=05, n=08 a=1/3,d; €
{0.3,0.5,0.7}, d, =1 —d;. Due to symmetry of the system model, the OPs, is equal the OPs, if the

equivalent parameters of the two sources are the same, so in fig.3 we just draw the curves of OPs, . We can
observe that the OPs, is better when Py, and Ps/Nypincreases and the OPs, achieves the saturation values

when P, increases to a high value, and this value is change according to the values of P;/N,, and d;.
Besides, when Py is smaller than P; /N, the smaller d is the better OPg, and when Py, is bigger than P /N,

the higher d, is the better OPs, .
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Figure 3. The outage probabilities of the S; versus P, (dB) with two values of P, /N, and three values of d,

Fig. 4 shows the outage probabilities of the source S; of NEH-TW-DNC system as a function of the power
allocation coefficient p when P,/N, = 30(dB), P, € {20,30,40}dB,n =08 a = 1/3,d, = 0.5,d, =
1—d,. It is observed that the OPs, decreases as the P, increases. Moreover, for each set of parameters,
there is always a value of p so that the source has the smallest outage probability.

Finally, the theory analyses and the Monte Carlo simulations coincide for all figures.
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Figure 4. The outage probabilities of the S; versus p with three values of P, and d,

5 CONCLUSIONS

In this article, we have derived the exact sources outage probabilities of a two-way cooperation system.
And the relay has a non-linear equip to collect the energy from the received radio frequency signals in two
first time slots. Then it converts this energy into the broadcast power in the third time slot. The outage
probabilities are investigated according to the saturation threshold power, the power allocation coefficient,
and the relative position of the relay and two sources. Numerical results show that when the saturation
threshold power of a non-linear equip to harvest the energy at relay increases, the outage probabilities
decrease. And the outage probabilities achieve the saturation value when P, /N, and P, are enough large.
Furthermore, we can define the optimal the power allocation coefficient where the outage probability is
minutest. Finally, the theory analyses and the Monte Carlo simulations coincide for all figures. Our future
work may consider more techniques and reality conditions in the NEH two-way system to enhance the
system performance.
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