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Abstract: This paper proposes a new relaying protocol for transmitting from a cellular user to the base station with the
joint cooperation of a Full-Duplex (FD)-enabled Device-to-Device (D2D) pair. In the proposed scheme, the receiver of the
D2D acts as a relay, with the cooperation of its transmitter pair via D2D communication between them. The cooperation
approach of the D2D receiver is chosen as Adaptive Decode-and-Forward (ADF), while the cooperation strategy of the
D2D transmitter is chosen as either ADF, Amplify-and-Forward (AF), or Hybrid relaying protocol. These scenarios are
named "Decode and Joint Cooperation,” "Amplify and Joint Cooperation,” and "Hybrid and Adaptive Joint
Cooperation," respectively. The Average Symbol Error Probability (ASEP) of the system is studied over independent
and identically distributed (i.i.d) complex Gaussian (Rayleigh envelope) channels, with perfect Channel State Information
(CSI) in the presence of Residual Self-Interference (RSI) at the FD relays, as well as Co-Channel Interference (CCI).
Moreover, closed-form and high Signal-to-Interference-plus-Noise Ratio (SINR) tight ASEP approximations are
established. The optimum power allocation is formulated based on the approximate relations, and the optimal solutions
and their characteristics are discussed in detail. Analytical comparisons and simulations confirm the theoretical results
and demonstrate significant performance improvements.
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operation mode based on certain criteria. Although AF
requires low implementation complexity at the relay, it
The current surge in demand for high-speed and reliable amplifies the noise power. When the quality of the source-
connectivity poses significant challenges to wireless relay channel is favourable and the signal can be accurately
networks [1]. In this context, cooperative communication has decoded at the relay node, the Adaptive DF (ADF) approach
emerged as a promising technique in cellular networks. By has been shown to outperform the AF approach [7, 8]. In
leveraging the cooperation of one or more relays with cellular order to leverage the benefits of both AF and ADF
users, particularly those situated at the periphery of a cell, the approaches, hybrid protocols, known as Hybrid Adaptive DF
performance parameters of the network can be enhanced [2- (HADF), have been suggested in previous studies [9, 10].
5]. The relaying protocols can be categorized into two groups, These protocols involve the relay node selecting the most
namely AF and DF [6]. Within the AF relaying protocol, the appropriate relaying approach (AF or DF) based on the
received signal from a source node is amplified and
retransmitted. On the other hand, in the DF approach, a relay
node demodulates and decodes the received source signal
before transmission. To prevent error propagation and
decoding errors, the Adaptive DF (ADF) technique can be
employed. In this technique, the relay node switches its

1. INTRODUCTION

Channel State Information (CSI) between the users [11].
Device-to-device (D2D) communication is an emerging
technology that presents numerous benefits, including
wireless peer-to-peer services and higher spectral efficiency.
It is used in various fields, including network traffic

194


https://doi.org/10.22055/jaree.2023.44250.1074
https://jaree.scu.ac.ir/
mailto:rsaadat@yazd.ac.ir
https://doi.org/10.22055/jaree.2023.44250.1074
https://orcid.org/0000-0001-7247-6647
https://doi.org/10.22055/jaree.2023.44250.1074

M. Basiri Abarghouei et al.

Journal of Applied Research in Electrical Engineering, Vol. 2, No. 2, pp. 194-205, 2023

offloading, public safety, social services, and applications
like gaming and military applications [12]. This paper
proposes a new hybrid and adaptive relaying protocol for
transmitting data from a cellular user to the base station,
utilizing the collaboration of a Full-Duplex (FD)-enabled
Device-to-Device (D2D) pair in the context of next-
generation wireless networks. The proposed approach
involves the D2D receiver acting as a relay, employing an
Adaptive-Decode-and-Forward (ADF) relaying approach.
The D2D transmitter pairs with the receiver through existing
D2D communication, using AF, ADF, or a Hybrid relaying
protocol. The selection of the relaying approach is determined
based on the D2D transmitter's ability to correctly detect the
symbol sent by the cellular user. If successful, the DF
approach is used; otherwise, the AF approach is employed.
This strategy aims to achieve reliable and efficient
information transmission while mitigating the performance
degradation of Cellular Users (CUs) caused by D2D users
reusing the cellular network's spectrum. Additionally, the use
of Full-Duplex (FD) technology improves spectral efficiency,
allowing nodes to transmit and receive signals simultaneously
over the same frequency in the same time slot. However, it is
important to consider the impact of self-interference (SI) on
FD communication [15].

The remainder of this paper is organized as follows:
Section 2 describes the considered system and presents the
physical-layer mathematical framework. In Section 3, we
analyze the symbol error probability in the presence of
Residual ~ Self-Interference (RSI) and  Co-Channel
Interference (CCI) in cases where the D2D transmitter
cooperates with AF, ADF, or Hybrid relaying protocols,
respectively. Due to the complexity of the closed-form
formulation, we propose presenting tight approximations
with a high Signal-to-Noise Ratio (SNR) to show the
asymptotic performance of the systems. Based on this, in
Section 4, we formulate the optimal power allocation problem
and discuss its solution in cooperative approaches.
Furthermore, we compare the efficiency of the hybrid
relaying protocol with the case where the D2D transmitter
cooperates with either AF or ADF approach. In Section 5, we
provide numerical simulations to validate the theoretical
findings. Section 6 concludes the paper.

2. SYSTEM MODEL AND MATHEMATICAL FRAMEWORK

Without loss of generality, in an uplink cellular network
with both cellular and D2D communications, we focus on a
simple model composed of a base station (D), a cellular user
(S) and a pair of D2D users (T, R), as shown in Fig. 1. D2D
users are operated in FD and equipped with a transmitting and
a receiving antenna. The cellular user sends its information
symbols to the base station with the help of D2D pair. We
assume that the communication takes place in a Rayleigh flat
fading environment, where the channel experiences random
fluctuations. However, we assume perfect Channel State
Information (CSI) at the receiver nodes, meaning that they
have accurate knowledge of the channel conditions. This
information helps in optimizing the power allocation and
relaying protocols. In our system, each Full-Duplex (FD)
node is subject to random Residual Self-Interference (RSI)
between its transmit and receive antennas. We model the RSI
channels as zero mean circularly symmetric complex
Gaussian (ZM-CSCG) random variable [16].
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Fig. 1: A simplified model of the proposed hybrid and adaptive
cooperative approach.

Moreover, it is assumed that each cellular user can share
its uplink channel with a D2D communication in the network,
which leads to interference between the D2D link and the
cellular uplink. In addition, we fix the total transmitted power
P and divide it between users as follows:

Pg = 6,P 1)
Py =6;'P 2
Pr=(1-6—6/)P ®)

in which the parameters §; and &, are power allocation
coefficients with i € {AF,ADF,H} which AF, ADF and H
refers to the relaying strategy of the D2D transmitter. §; and
&;'are in (0,1) interval and satisfy the condition &; + &;" < 1.

The procedure can be delineated into two distinct phases:
the transmission phase and the relaying phase. The
destination effectively combines the signal received from the
source during Phase 1 with the signal received from the relay
during Phase 2. This combination is achieved through the
utilization of maximume-ratio combining (MRC) techniques,
allowing for the extraction of the transmitted symbols.

During the transmission phase, the cellular user S
broadcasts its information to the destination node D with
transmission power Pg and the information is also received by
D2D receiver R and D2D transmitter T. The received signals
at D, Rand T are denoted by ysp, ysgr and ysr, respectively,
and can be written as follows:

Ysp = \/Fshsnxs +ngp +1p (4)
Ysgr = \/FShSRxS + ngg + Ig + hgrug 5)
Vst = \/FshSsz + ngr + Iy + herur (6)

in which xg is the transmitted information symbol with unit
average energy and belongs to the MQAM constellation with
M = 2K, hgp, hgg and hgp are the channel coefficients from
the cellular user to the base station, D2D receiver and D2D
transmitter and are modelled as ZM-CSCG random variable
with variances 02,, 62, and a2, respectively. Also, ngp, ngg
and ngy are additive white Gaussian noises (AWGN) and are
modeled as ZM-CSCG random variable with common
variance N,. Further, I, I and I are CCI terms at D, R and
T, respectively and are modelled as ZM-CSCG random
variable with variances o/, o/,and of.. Moreover, hgy and
hr are the RSI channel coefficients at R and T with variances
oi.,and o, respectively. Finally, ug and u; represent the
signals transmitted by R and T to the D and R, respectively.
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So we have Pp = E{|ug(t)|?} and P; = E{lus(t)|?}.
Therefore, the first terms in (4), (5) and (6) represent the
desired signals and the others are noise terms because of
AWGN, CCI and RSI. The sum of all noise terms are
distributed as ZM-CSCG with effective noise power o7 p,
o5 g and o2 g respectively as follows:

J?%,SD =Ny + 0'12,3 (7
opsk = No + af, + Proy, (8)
opsr = No + of. + Proj; . 9)

The relaying phase of the proposed approach
comprises two cooperation scenarios. In these scenarios, R
acts as a relay and leverages the cooperation of its transmitter
pair T through existing D2D communication. The selection
of the DF or AF approach is based on the ability to accurately
detect the symbol transmitted by the cellular user. It is
assumed that ideal operation is maintained for analytical
tractability. In practice, we may apply an SNR threshold at
the relay nodes. If the received SINR is higher than the
threshold, then the symbol is correctly decoded with a high
probability. Details of threshold optimization at the relay can
be found in [17]. In the relaying phase, cooperation occurs
based on the algorithm shown in Fig. 2. Based on the
cooperation strategy of the D2D transmitter node, three
scenarios three scenarios can be imagined as follows:

1) Inthe first scenario D2D transmitter node cooperates with
ADF relaying protocol. We call this scenario "Decode and
Joint Cooperation".

In the second scenario D2D transmitter node cooperates
with AF relaying protocol. We call this scenario "Amplify

and Joint Cooperation".

2)

Objective: To transmit data from a source node
(cellular user) to a destination node (base station) with
the cooperation of a D2D pair

Symbols used in the algorithm:

Cellular user: S
Base station: D
D2D transmitter: T
D2D receiver: R

Begin

Step 1. User S transmits its data symbols to User D.
Due to the broadcast phenomenon, users T and R also
receive these data symbols.

Step 2. User T cooperates with User R using either the
ADF, AF, or Hybrid relaying protocol based on the
signal received in Step 1.

Step 3. User R cooperates with User S using the ADF
relaying protocol based on the signals received in
Steps 1 and 2.

Step 4. User D performs joint combining of the signal
received from the user S in step 1 and that from the
relay R in step 3, and extracts the transmitted symbols
using maximum-ratio combining (MRC).

End of algorithm.

Fig. 2: Proposed relaying protocol algorithm.
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3)

In the last scenario D2D transmitter node cooperates with
hybrid relaying protocol. We call this scenario "Hybrid
and Adaptive Joint Cooperation".

Next, we focus on studying physical-layer mathematical
framework of the relaying phase.

In the relaying phase of the "Decode and Joint
Cooperation” scenario, the D2D transmitter T cooperates
only if it decodes the transmitted symbol correctly. Therefore,

urin (6) equalsy/ Py &, where %gdenotes the decoded symbol
by user T, and Prdenotes the transmitted power. Clearly,
Prequals Py in cooperation mode and is equal zero in non-
cooperation mode. Then, the D2D receiver R receives the
signal as follows:

YTRADF = \/;ThTRiS + nrg + Ig + hgrug (10)
in which hx is the channel coefficients from the relay R to
the base station and is modelled as ZM-CSCG random
variable with variances oZ;. Also, nrg is AWGN and is
modeled as ZM-CSCG random variable with common
variance N,. Sum of all noise terms in (10) are distributed as
ZM-CSCG with effective noise power o;2 7 as follows:

O-‘I%,TR = NO + O-IZR + PRO_}%RR (11)

In the relaying phase of the “Amplify and Joint
Cooperation” scenario, the D2D transmitter T simply
amplifies the signal received from the cellular user and
retransmits the resulting signal to the D2D receiver R.
ﬁyﬂ and the D2D
receiver R receives the signal as follows:

Therefore, urin (6) equals

Yrrar = hrrBrysr + nrg + Iz + hrpug (12)

Finally, in the relaying phase of the “Hybrid and
Adaptive Joint Cooperation” scenario, the D2D transmitter T
cooperates with the DF relaying protocol and switches to the
AF approach in the case of decoding errors. So we have:

YTRH
Pr
E{lysr|?}

\ Prhrpxs + nyg + Ig + hpgug ;

In the relaying phase of all of the mentioned scenarios,
the D2D receiver R cooperates with the ADF relaying
protocol. Therefore, we have:

= pRhRDfS + Ngrp + ID

in which hgp, is the channel coefficients from the relay R to
the base station and is modelled as ZM-CSCG random
variable with variances o3,. Also, ngp is AWGN and is
modeled as ZM-CSCG random variable with common

variance N,. Superscript "scenario™ in yJ/"*™* refers to the
cooperation scenario of user T and, as a result, is selected
from among the members of the set {ADF, AF, H}. Py refers
to the transmitted power of user R. As a result, Prequals Py
in cooperation mode and is equal zero in non-cooperation

mode. With knowledge of the channel coefficients hgp, hgr,

hrrysr + nrg + Ig + hgrug ; AF (13)

DF

J,scenario
RD

(14)
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hgr and hgp, the destination (base station) extracts the
transmitted symbols by jointly combining the received signal
yspin (4) and y°e"in (14) using MRC detector. The
instantaneous SINR of the MRC output is:

I;,scenario — ]71{gcenario + Ysp (15)
where
PSthD |2
Ysp =3 (16)
OnsD
Tap  =Tdp =Tap = Tro (17)
in which ygp = M Also, sum of all noise terms in (14)

nRD
are distributed as ZM-CSCG with effective noise power o/ 5,

as follows:

oprp = No + UIZD (18)

thRD|

We also define ygp = which represents the

nRD

SINR value of the signal received from the relay R if it
decoded the transmitted symbol correctly.

3. SYMBOL ERROR ANALYSIS

In this section, we analyse the symbol error probability
(SEP) performance. We also propose tight average SEP
(ASEP) approximations at high SINRs to facilitate
asymptotic performance analysis.

3.1. Closed Form Conditional SEP Analysis

We know from [18], if square MQAM signals with the
utilization of instantaneous signal-to-noise ratios (SNRs) in
the system, it becomes possible to calculate the conditional
symbol error probability (SEP) in each transmission. This
calculation is performed as follows:

SEPgam = Yoam(¥) (19)
where

¢QAM(V) = 4K Q(\/ bQAMV) — 4K*Q? (\/ bQAMy) (20)
in which K=1 —%M . bouy =—— and Q(u) =

\/% S exp (— tz/z) dt is the Gaussian Q-function [19].

Substituting y2*°“"*"° (15) into (20), the conditional

SEP can be obtamed as PYouu (V276" ). As stated earlier,
relay R cooperates with ADF relaying protocol. Therefore, it
operates with power P, only if it decodes the transmitted
symbol correctly. With knowledge of the channel coefficients
hgr, her and hrg, the D2D receiver R extracts the transmitted
symbols by jointly combining the received signal ygg in (5)
and y;g in (10), (12), or (13) depending on the cooperation
approach of the D2D transmitter T using an MRC detector.
The instantaneous SINR of the MRC output is:

]/1{ ,scenario = Yer + Yrr (21)
in which ygpg —Pf"h—”' We also know that if user T

n,SR
cooperates with the AF approach, then yrgr = yrgpar =

Pslhst|?PT|R .
> f' el TRlz s—. On the other hand in the
o4 rrPs\hsr|2+07 srPrIhTRIZ+07 TROZ 5T

197

ADF or hybrid relaying protocol, it should be noted that user
T tries to decode the transmitted symbol from the signal ysr,
and this is done successfully with a probability of

_ Pglhgrl? PT|hTR|2
poAM (yST Urzl,sr o5 n,TR '
Otherwise, yrr =0 in the ADF approach, and yrr =
Yrr.arin the hybrid relaying protocol.

), which leads to yrg =

By Substituting y/*°°"*"* into (20), we can achieve

probability of mcorrect detection in the relay R as
J,scenario J,scenario .

A .
Youm (V2 ). Therefore, Yo (v ) equals to

IPQAM( 7, scenarm) IPQAM( 7, scenarto)poAM (VSD)
(1 1/)QAM( J Scenano)) X Yoam ¥sp + Vrp)
= poAM (V] Scenano)l/’QAM (YSD)‘“/)QAM (Ysp + Yrp)

( J,scenario

(22)
in which ¥y )could be ignored compared to 1.
3.2. ASEP Analysis and Tight Approximations

Averaging the conditional SEP in (20) over the
instantaneous SINR y, we obtain the average SEP (ASEP) as
follows:

b
Woun() = B} = F(1+20y) (29
where E{. } is the expectation operator and
/2
F(x(0)) = f
=5l @ o0
4K? (™2 1
+— ——db
T Juya %(0)

in which x () denotes a function with the variable 6. In order
to derive the Average Symbol Error Probability (ASEP)
formulation in equation (24), we utilized two special
properties of the Gaussian Q-function. These properties are
as follows for any u > 0 [18, 20]:

2

1. Q(uw) = lfn/ze xp (_251:1129) do
/4 u?

2. (‘LL) - fO exp (_ 2 sin2 9) do

Even though the resulting ASEP formulation can be
efficiently calculated numerically, it is very complex and it is
hard to get insight into the system performance from these.
To deal with this complexity, we present an approximation of
(23) by replacing sin? 8 with 1 in the integrands in (24) as
follows which is tight at high SNR values.

\pQAM(y) = LTJQAM(V) =

M-1
2M(1+b¥)

(25)

in which b = —%2% and ¥ is the expectation value of y over

the Rayleigh fadlng coefficient(s). Therefore, averaging the
conditional SEPS ¥y (Ysp)and Yoam (¥sp + Yrp) Over the
instantaneous SINRs y,, and y}{D, we obtain:

M-1
2M(1+b¥sp)

M-1
2MbYsp

lpQAM(}’SD) ~ qJQAM(ySD) = (26)
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Yoau¥sp + Yrp) = (IjQAM (Ysp + Yrp) (27)
M-1

- 2M(1 + bysp)(1 + bygp)
M-1

 2Mb?¥sp o
where, ysp, and ygp represent the expectation values of ygp,
and ygpover the Rayleigh fading coefficients. These values
2 2
are equal to 23%2and ZE%R2 respectively.
n,sD 9n,RD
If the channel links hgg, hgrand hrp are all available in
the cooperative network involving users S, T, and R (i.e.,
02 # 0, 04 # 0 and g%z # 0), then it is possible to obtain
highly accurate approximations of ASEP through the ADF
and AF approaches as follows using a similar technique as
used in [22] and provided that the SINR is sufficiently high.

Woan(v2"") = Poan(ra”"") (28)
1 <A2 B >
b2 +—
Ysr \Yst VTR
Poan(rd™") = Poan(yi™") (29)
B 1 1
)
Ysr \¥st  YTR

The constants A and B, which are dependent on the
constellation size M, can be calculated as follows:

K2

2M T

_ 4K (5o WP G g gp _ M-1
= mf;sm@d@%—ﬂ%sm@d@- +

3(M-1)
8M

K E.4 ﬁg‘l K~
JEsin*o do +— fl_[sm9d9— +

_ 4

=—
In addition, ysg, Vsrand yrg represent the expectation values
of ysr, ¥sr and yrrover the Rayleigh fading coefficients.

Pso?p Pso P
These values can be calculated as —5Z& =SST and TJTR,
9nSR  9nST On,TR
respectively.
The  following  theorems  provide  accurate

approximations of ASEP for the proposed joint cooperation
approach in various scenarios. These approximations are
obtained by averaging the respective SEP formulations for
each scenario using (22), and then applying (23) to (29).

Theorem 1: The ASEP of the cooperation system using
"Decode and Joint Cooperation” scenario and MQAM
modulation can be approximated as:

Woun vy ") = IE{lﬁQAM (2"}
= qJQAM (75
B

-1 1 A?
_ M1 [_ <_ ¥ —) (30)
2Mb?ysp [bVsr \Vst  Vrr
1
+ _—]
YrD
Proof By averaging relation (22) with g (v2*¢"*"*) for

the "Decode and Joint Cooperation" scenario, and then
applying (26), (27), and (28), we obtain (30).
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Theorem 2: If all of the channel links hgp, hsg, hgp, hsr
and hyg are available (i.e., 64, # 0,04 # 0,032, # 0,04 +
0 and o2, # 0), then the ASEP of the cooperation system
using "Amplify and Joint Cooperation" scenario and MQAM
modulation can be tightly approximated as:

Yoan(3") = IE{poﬁ (s AF)} = Boum(y™")
T 2M b%ysp
1

+—
YrD

b 70)
bysp \Vst = Vrr (31)

Proof By averaging relation (22) with o (y2*°"*"*) for
the "Amplify and Joint Cooperation™ scenario, and then
applying (26), (27), and (29), we obtain (31).

Theorem 3: If all of the channel links hgp, hgg, hrp, hsr
and hry are available (i.e., 62, # 0,0% # 0,02, = 0,02 *
0 and o2, # 0), then the ASEP of the cooperation system
using "Hybrid and Adaptive Joint Cooperation" scenario and
MQAM modulation can be tightly approximated as:

Woun(vy") = IEy{IPQ]?/[M(y[fH)} = qjQAM(VD'H)l
2MbZVSD {ZMbySR bysr (VST (32)
1 1 1
+ _—) +—1+ _—}
Yrr YTr YrD

Proof By averaging (22) with oa (y) " ™) for the
"Hybrid and Adaptive Joint Cooperation™ scenario, and then
applying (26), (27), (28) and (29), we obtain (32).

4. PoOWER OPTIMIZATION AND PERFORMANCE
COMPARISON

Optimizing the transmitted power to achieve optimal
performance levels with the minimum transmitted power is
crucial, particularly for fifth-generation (5G) and beyond
cellular networks [21]. The findings from the previous section
highlight that the ASEP in cooperative approaches is
dependent not only on the transmitted power but also on the
power allocation method employed. To determine the optimal
power allocation for each cooperative approach, we can solve
the following optimization problems:

7 *
(5scenarlo :8scenarw )
= arg min

i
ascenariovgscenarla

such that

(33)

scenarto)

WYoam (V

<1

!
0 < (Sscenario' 6SC€TL(1TLO
and

0< 5scenario + 6s,cenario <1

The exact analytical expressions for ASEP in integral
form are not practical for evaluating the proposed power

. P J,ADF
allocation rules. Therefore, we use Py (vp "),

B (r2*") and Pyap(vy™) instead of Woun(v""),
Woun (v24") and Woun (™) in (33). We then employ (1),
(2), and (3) and take the derivative with respect to the power
allocation coefficients, setting the resulting derivatives to 0 to
obtain the optimal power allocation solutions. So we have:
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7 J,ADF ' 2 —2B —342
) -1- —_— LY ! -
Pomn™) _ T e T AW = e A
A 6 4
Vow. (oravr (34)
QAM(V ) -0 0.5
a6, / 2 -2B 3
1,ADF 8)4aDF~1=0RpT—5—75 7
_ (D ],ADF)3 _ bYoSROTRS,ADF |
0Poan(ry™) 0 ! 6
¥ a(S],AFIAF (35) o} ( 347 (8" apr—1) 28 )
O‘PQAM(}/D' ) -0 RP\vyoZroZy  /APF /b7”§‘RJ%‘R6},ADF %
96! - 24
J.AF
5 —1-¢2 —2B =342 5 . _
a‘ngg(V ) -0 J.ADF URDbVG.%RJ%‘R‘S},ADF +7b70§TJ§RGRD(81‘ADF 1)
J.H 6 4
_ (36)
0%oam(v5"
(8" _
96 y
. . . —2B
Since obtaining closed-form solutions for the Sjapr — 1 —0fp=———

. S : ] b76%02:6] apr
aforementioned sets of equations is challenging, we rely on D3/rADF =— .
numerical methods to determine the optimal power allocation 6
coefficients with high precision. Nonetheless, there exist D1]'AF
common special cases that simplify the equation 3B 2B

iti ; i ; ; 2
complexities, which are discussed in the following. akp <—2 + (6, ar— 1) —)
) i _ byogroge by05R0tRO) ar
Case 1: If we assume a fixed power allocation for the =
D2D transmitter and neglect the effects of co-channel ,
interference (CCI) and residual self-interference (RSI) /6/AF ~ Okp bya 2 5 \
. . . R SRYTR™],AF
components in comparison to the Gaussian noise term, the +
following results hold: \
pJADF .
_ 1 , J,ADF J,ADF
SIIADF —_ + D2 + D3 (37) 3
* | pJAPF S;AF_l_UIZQD%
2 pIAF — ' bYoSROTRS ] AF n
;A =
D]'AF 3 6
6],AF = —1 + DZLAF + D?{'AF
3 D]’AF (38) 2 - 2B
2 URD(T ( JLAF~ 1)7)
JH 54 JH 53 JH g2 JH JH it v Proskotrlar) | o
Dy 5”, + Dy’ 6]_H + Dy’ 6],H + Dy 6],H + Dy (39) 24
=0
8 ap—1-05p— —28
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Case 2: If we assume a fixed power allocation for the
cellular user and neglect the effects of co-channel interference
(CCI) and residual self-interference (RSI) components in
comparison to the Gaussian noise term, the following results

hold:
Bogp
b6],ADF)70T2R0_5‘2R (

2
Bogp,

— 3 2
bé; uprV 01ROk

5]’,ADF = 1- 5],ADF) (40)

1+

2
Bogp

= 2 2
b, 4rV 07ROk

81.ar = (
2

1+ —B‘_TRZ 5

b6 arV01R0sR

2Mby &) 0507y |bYS; nodr

(1

1-6)4r) (41)

6]’,[.1 =

2Mb751,H052RU72*R by&; yogr
- 6],1'1)

We interpret the results of optimal power allocation as
follows:

1. In AF cooperation systems, the power allocation
does not depend on the modulation scheme used.
This is different from ADF cooperation systems,
where the optimal power allocation may vary based
on the modulation scheme employed. This is
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because in the AF approach, the relay amplifies and
forwards the received signal to the destination,
regardless of the type of signal received. On the
other hand, in ADF cooperation systems, the relay
forwards information to the destination only if it
correctly decodes the received signal. The process
of decoding at the relay necessitates the utilization
of particular modulation information, leading to the
development of a power allocation scheme that is
contingent upon the modulation technique
employed.

The optimal power allocation is independent of the
direct link between the cellular user and the base
station, and depends solely on the channel links
associated with the relay.

The optimal power allocated to the cooperator user
in each cooperation scenario is lower than the
power allocated to the cellular user. If the link
quality between the cellular user and cooperator
user is significantly worse than that between the
cooperator user and the base station, then the power
allocated to the cellular user approaches the
maximum power level P. When the link quality
between the cellular user and cooperator user is
poor, it becomes difficult for the cooperator user to
correctly decode the transmitted symbol. Thus, its
forwarding role is less important, and it makes
sense to allocate more power to the source.
Conversely, when the link quality between the
cellular user and cooperator user is very good, the
cooperator user can always decode the transmitted
symbol accurately, and we can consider it as a copy
of the cellular user and allocate almost equal power
to them.

In the proposed hybrid and adaptive approach, the
relay benefits from the cooperation of user T,
resulting in a higher probability of correctly
detecting the symbol sent by the cellular user. As a
result, based on the explanation in the previous
paragraph, solving the power allocation problem in
this approach tends to allocate half of the total
available power (total power minus the power
allocated to user T), more than in the AF and ADF
approaches. In the proposed hybrid and adaptive
approach, the relay benefits from the cooperation of
user T, resulting in a higher probability of correctly
detecting the symbol sent by the cellular user. As a
result, based on the explanation in the previous
paragraph, solving the power allocation problem in
this approach tends to allocate half of the total
available power (total power minus the power
allocated to user T), more than in the AF and ADF
approaches.
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5. It is worth noting that by increasing the power
available to the cellular user, both the desired signal
power and power of the RSl component increase
simultaneously.  Conversely, reducing the
transmitted power causes both the desired signal
power and power of the RSI component to
decrease. Therefore, the best transmission quality
from the cellular user to the relay is achieved with
intermediate values of transmitted power (neither
high nor low). In this condition, and based on the
explanations of the previous paragraphs regarding
optimal power allocation, the smallest proportion of
available power will be assigned to the cellular
user.

The superiority of the proposed relaying protocol's
performance compared to the ADF and AF approaches is
evident from the comparison of their average symbol error
probability tight approximations in (28) to (32). We conduct
a comparative study on the performance of the proposed
relaying protocol, utilizing asymptotically tight ASEP
approximations and optimal power allocation solutions.
Initially, we compare the average symbol error probability of
the "Decode and Joint Cooperation" scenario with that of the
"Amplify and Joint Cooperation” scenario, using the
parameter 2242 which is defined as follows:

JAF
vk _ Poam ™) Poan (™)

J,AF ‘},QAM ()/ D],AF) q,QAM (V[;F)

1 <A2 B ) r 43)
l—+= +1

_b\vsr " Vrr VRD.SR

“B/1 . 1.,
B (ﬁ + m) Yrosr T 1

in which v, sz £ ZLD
SR

Continuing on, we will compare the average symbol
error probability of the "Hybrid and Adaptive Joint
Cooperation” scenario with that of the "Decode and Joint

Cooperation™ scenario, using the parameter A};fDF, which is
defined as follows:

Woam (YL{’H) ~ lTJQAM (ng'H)
Woum (Y;’ADF) quAM r5PF)

M — 1[ B 1 1 1 ] r
_ M bysr (YST VTR) YTR VRD.SR
N A2 B
— 4+
(VST

— | vipsr + 1
YTR) VrD,sR
. . . J,ADF J.H

We will now discuss the ratios ;7 and 4y, for the
following cases.

JH  _
A],ADF =

(44)

Case 1: If the channel link quality between the cellular
user and the D2D receiver is much worse than that between
the D2D receiver and the base station (i.e., yzp sz > 1), then
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e
tends towards the value &/ST YTR.,
27 t7m)
channel link quality between the cellular user and the D2D
transmitter is much worse than that between the D2D

. . . _ ,ADF __ A*
transmitter and receiver (i.e., ¥rg > ¥sr), then A]/_AF -

which depends on the modulation size M. For instance, when
M=4, /42" - 1.3214, while for sufficiently high values of

M, A/47" > 1.0175>1. Consequently, in this case, the

"Decode and Joint Cooperation™ scenario outperforms the
"Amplify and Joint Cooperation” scenario, and this
superiority decreases with an increase in M. On the other
hand, if the channel link quality between the cellular user and

the D2D transmitter is much better than that between the D2D

. . . — — ,ADF
transmitter and receiver (i.e., yrr < ¥sr), then A]]‘AF

which implies that, in this case, the performance of the
"Decode and Joint Cooperation™ scenario is almost the same
as that of the "Amplify and Joint Cooperation™ scenario. As
the ADF cooperation protocol necessitates a decoding
process at the relay, we propose the use of the AF approach
in this case to reduce the system complexity.

JADF

1.AF In this case, if the

-1,

It should be noted that in this case, the parameter A7,
EL(;Jr;) 1
2M |bYsT\YsT YTR/ YTR

Gorremd)
o YST 7T1§ .
demonstrates the superiority of the "Hybrid and Adaptive
Joint Cooperation" scenario over the "Decode and Joint
Cooperation" scenario.

tends towards the value which

Case 2: If the channel link quality between the cellular
user and the D2D receiver is much better than that between
the D2D receiver and the base station (i.e., yzp sz —0), then

A4z and A74 - tend towards 1. This implies that in this case,

the performance of the aforementioned scenarios is nearly the
same.

5. NUMERICAL SIMULATIONS AND DISCUSSION

To illustrate the aforementioned theoretical analysis, we
conducted computer simulations. We utilized the network
topology depicted in Fig. 1 for our study. In all simulations,
we normalized the transmitted power and the variance of the
channel coefficients to the noise power. Additionally, we set
02, = 1. The default values of the other parameters are listed
in Table 1.

Table 1: Default values of simulation parameters.

Parameter Default value/N,
P 20 dB
o 10
aip 10
o 20
o#g 100
of, ot of. 2dB
Ofrer: Oy -10dB

Maximum error of 0.01% of transmitted power

* ! *
6scenario » Yscenario
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First, we perform simulations to compare the exact
analytical ASEP curves with the asymptotically tight ASEP
approximations of the proposed relaying protocol scenarios.
In this simulation, we set the power of the cellular user and
the D2D Transmitter User to 50% and 10% of the total
transmitted power, respectively. The results shown in Fig. 3
confirm the close correspondence between the exact
analytical and approximate ASEPs. Moreover, it can be
observed that although these approximations are derived for
high SNR values, they also provide good approximations for
moderate SNR scenarios. Therefore, they can be used instead
of analytical relationships to determine the optimal power
allocation, particularly for middle and high values of SNR.
Next, we compare the exact analytical ASEP results of the
proposed relaying protocol in all scenarios with the non-
cooperative approach using different power allocation
schemes. The results in Fig. 4 demonstrate that non-optimal
power allocation can lead to performance degradation in all
scenarios, resulting in ASEP being worse than the non-
cooperative approach. The following simulation is dedicated
to the optimum power allocation solution graphs in the
proposed relaying protocol scenarios. Based on the
discussions presented in Section 4, it is claimed that the
optimal power allocation, based on solving (33), follows a
general rule: the power allocation criterion is the SINR value
of the signal received at the relay (D2D receiver) compared
to the SINR value of the signal received at the base station by
the relay. The higher this criterion, the greater the percentage
of the total transmitted power allocated to the relay, which
will not exceed half of the total transmitted power.
Conversely, the lower this criterion, the greater the
percentage of the total transmitted power allocated to the
cellular user. This crucial rule will be confirmed in the
following simulation. In Fig. 5, the power allocation
coefficients are plotted in terms of the total transmitted
power. It can be observed that an increase in the total
transmitted power results in an increase in the power of the
Relay RSI component in addition to increasing the desired
signal power in the relay. At the base station, due to the
absence of RSI, only the desired signal power increases.
Consequently, the quality of the signal received at the relay
decreases compared to the quality of the signal received at the
base station. Therefore, with an increase in the total
transmitted power, a higher percentage of this power is
allocated to the cellular user. A similar discussion can be used
to justify the power allocation graphs of the D2D transmitter.
However, in this case, the power allocation criterion is the
SINR value of the signal received at the D2D transmitter
compared to the SINR value of the signal received at the D2D
receiver by the D2D transmitter.

The simulations presented in Fig. 6 have demonstrated
the distinct capability of the "Hybrid and Adaptive Joint
Cooperation” scenario to reduce the total transmitted power
required at each ASEP level. The results obtained show a
significant reduction in the total transmitted power required
to guarantee the ASEP levels compared to the AF and ADF
approaches. This is precisely the reason why (as illustrated in
Fig. 7), among the proposed approach scenarios, the most
significant power savings are assigned to "Hybrid and
Adaptive Joint Cooperation”, followed by "Decode and Joint
Cooperation" scenario, and "Amplify and Joint Cooperation™
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©

Fig. 3: Comparison of exact analytical and approximate ASEP’s
in the proposed relaying approach scenarios, (a) decode and oint
Cooperation, (b) amplify and Joint Cooperation, (c) hybrid and

adaptive joint cooperation.

scenario, respectively. It should be noted that this
improvement is more pronounced at smaller threshold levels.
This is because guaranteeing low levels of error probability
necessitates ensuring a high probability of correct detection
in the relay, where the role of D2D transmitter cooperation is
crucial.

6. CONCLUSION

This paper has presented a novel relaying protocol for
transmitting from a cellular user to the base station with the
joint cooperation of a Full-Duplex (FD)-enabled Device-to-
Device (D2D) pair. In the suggested scheme, the recipient of
the D2D pair functions as a relay, collaborating with its
transmitting counterpart through D2D communication. The
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