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Abstract—In this paper, we investigate the performance of
a full-duplex (FD) physical-layer network coding (FD-PLNC)
scheme using amplify-and-forward (AF) relaying and orthogonal
frequency-division multiplexing (OFDM) for a two-way relay
channel (TWRC) network over reciprocal, asymmetric, and
frequency-selective Rayleigh fading channels. Furthermore, the
proposed system is integrated with a self-interference cancellation
(SIC) scheme to effectively reduce the self-interference (SI).
Moreover, the impact of the residual SI on the performance of
the proposed AF-FD-PLNC is examined. Closed-form expressions
for the distribution of the end-to-end (E2E) signal to interference
and noise ratio (SINR) and the outage probability are derived
and presented. Furthermore, the analytical outage probability
results are validated by simulation studies. The results confirm
the feasibility of the proposed AF-FD-PLNC and its capability
to double the throughput of conventional amplify-and-forward
half-duplex physical-layer network coding (AF-HD-PLNC).

Index Terms—Full-duplex physical-layer network coding (FD-
PLNC), orthogonal frequency-division multiplexing (OFDM),
amplify-and-forward (AF), self-interference cancellation (SIC),
amplify-and-forward half-duplex physical-layer network coding
(AF-HD-PLNC)

I. INTRODUCTION

Recently, physical-layer network coding (PLNC) systems
have been the center of research interest due to their ability to
improve the throughput of a two-way relay channel (TWRC)
network [1]. A PLNC system consists of two end nodes,
denoted A and B, which communicate with the assistance
of one relay node R. In this paper, we consider the amplify-
and-forward (AF) PLNC relaying scheme, whose transmission
schedule comprises two phases, i.e. multiple access (MA)
phase and broadcast (BC) phase. During the MA phase, the
end nodes transmit their data concurrently to the relay; in
contrast, during the BC phase the relay broadcasts a scaled
version of the signal received in the MA phase [2].

A. Related Work

The self-interference (SI) signal in full-duplex (FD) systems
can dramatically degrade end-to-end (E2E) performance. Con-
sequently, most previous research considers half-duplex (HD)
PLNC to avoid SI induced performance degradation. However,
recently self-interference cancellation (SIC) schemes have
been investigated in [3] and [4] demonstrating the feasibility of
implementing pragmatic FD wireless systems. Thus, currently,
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some researchers have been working on FD cooperative sys-
tems. In [5], the feasibility of FD one-way relaying was studied
in the presence of loop interference. The diversity and error
performances of the FD one-way AF relay channel system,
where the HD source node transmits information to the HD
destination node with the help of one FD relay node, were
studied under the effect of residual SI in [6]. Furthermore,
we introduced an orthogonal frequency-division multiplexing
(OFDM) based denoise-and-forward (DNF) FD-PLNC, where
both the end nodes and the relay operate in FD mode, in [7].
B. Contribution

In this paper, we present an AF-FD-PLNC approach using
OFDM. Moreover, in order to minimize the SI, the proposed
system is integrated with an SIC scheme. Furthermore, the
performance of the proposed system is investigated under the
effect of residual SI. The main contributions of this work are
as follows:

o We investigate the performance of the proposed system in
reciprocal, asymmetric, and frequency-selective Rayleigh
fading channels.

o A closed-form expression for the end-to-end (E2E) prob-
ability density function (PDF) of the signal to interference
and noise ratio (SINR) is derived.

o An E2E outage probability expression for the proposed
AF-FD-PLNC is derived and is validated by simulation
based E2E outage probability results.

C. Paper Organization

The remainder of the paper is organized as follows: The
system model is described in Section II. Section III presents
the derivation of the SINR. Section IV shows the derivation
of the E2E probability density function (PDF) and the E2E
outage probability. The analytical and simulation based results
of the proposed system are presented in Section V. Finally, the
conclusions of this paper are presented in Section VI.

II. SYSTEM MODEL

We consider a FD-TWRC employing uncoded M -ary phase
shift keying (MPSK), where two FD end nodes, denoted A and
B, with no direct path connecting them, exploit the assistance
of one FD relay node, R, to exchange information using the
AF relaying scheme. Furthermore, each node in the proposed
system is equipped only with two antennas dedicated for
transmission and reception, respectively, as depicted in Fig. 1.
It can be observed from Fig. 1 that the proposed system
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Fig. 1. Full-duplex physical_layer network coding (FD-PLNC) system.

description contains two channel categories. These are the
self-interference channels between the TX and RX antennas
at each node, and the channels between the nodes, which
are considered to be quasi-static asymmetric and reciprocal
frequency-selective Rayleigh fading channels. Therefore, the
OFDM scheme is exploited to overcome the intersymbol inter-
ference (ISI) introduced by these frequency-selective channels.
The length of the cyclic-prefix (CP), Lcop, in the utilized
OFDM scheme is chosen so that Lep > max{La, Lp, L.},
where, L4 and Lp denote the maximum delay spreads of the
channels between the end nodes, A and B, and the relay node;
and Ly, € {La,,Lp,,Lg,}, represents the set of maximum
delay spreads of the self-interference channels at each node.

Since all the nodes in the proposed AF-FD-PLNC system
transmit and receive simultaneously, the received signal at each
node contains SI. Subsequently, the received signal at the relay
node after removing the CP and performing an FFT is given
as

Yr(t,u) = Xa(t,u)Ha(u) + Xp(t, u)Hp(u)

+ Xr(t,u)Hg,(u) + Nr(u), ey
while the received signal at the end nodes is given as
Yo (t7 u) = XR(t7 U)HD (u)+XD (t7 U)HDS (u)—l—ND (u), 2)

where D € {A, B} whilst Dy € {Ag, Bs}, X4, Xp and
Xpr represent the signals transmitted by the nodes A, B
and R, respectively. Nr and Np denote the additive white
Gaussian noise (AWGN) samples at each node, which follow
a complex-valued circular Gaussian distribution, whose PDFs
are CN(0, N{*) and CN (0, NP), respectively. Moreover, H 4
and Hp are the frequency responses of the reciprocal channels
between the relay and the end nodes, i.e. A and B, respectively,
while H, , Hp, and Hp, represent the frequency response
of the self-interference channels at each node. Finally, ¢ =
1,2,...,7 and v = 1,2,...,U denote the time slot and
subcarrier indices, respectively.

The signals transmitted by the end nodes, X4 and Xp,
are obtained by modulating the given data using MPSK
modulation. On the other hand, since the AF relaying scheme
is exploited at the relay, the transmitted signal from the relay
node, i.e. X, is obtained by scaling the received superim-
posed signal from the end nodes during the previous time slot
by a factor, F'. This scaling factor is given as

E,
F(t,u)= & ,
(1) \/EbA|HA<u>|2+EbB|HB<u>|2+oéIREbR+N§
3)

where Ep,, Ep, and E},, are the average bit energies for
the signals transmitted from nodes A, B and R, respectively.
Therefore, the end nodes’ received signal can be rewritten as

Yp(t,u) =F(t,u)Yr(t — 1,u)Hp(u) + Xp(t,u)Hp, (u)
+ Np(u). 4)

A maximum-likelihood (ML) detector is used at each end
node in order to extract the data transmitted by the other
end node from the received signal. This ML detector exploits
the nodes knowledge of its own transmitted signal during the
previous time slot to estimate the signal transmitted from the
other end node in the previous time slot as follows

Xa(t—1,u) = argmin | Ya(t,u) — F(t,u)Hp(u)
(9)€ZM

x (Ha(u)C(g) + Hp(w) Xp(t = 1u)) [*, (5)
Xp(t—1,u) = zzr;grrzlin | Ya(t,u) — F(t,u)Ha(u)
x (Ha(u)Xa(t —1,u) + Hp(w)C() [*, (©)

where C represents the MPSK constellation vector.

It is axiomatic that the throughput of FD systems is double
the throughput of HD systems. Yet this cannot be achieved
unless the SI signal is effectively suppressed. Therefore, each
node in the proposed AF-FD-PLNC is integrated with an SIC
scheme to minimize the effect of the SI. This SIC scheme uses
the perfect knowledge of the node’s transmitted signal and the
estimated version of the self-interference channel to generate a
cancelling signal (CS), which is given in the frequency domain
as

CSJ(tau) = HJS (U)X.](tvu)v (7N

where H J, 1s the estimated version of the self-interference
channel, H;, J, € {As,Bs,Rs} and J € {A,B,R}.
Subsequently, CS is subtracted from the received signal to
remove the SI signal before the analog-to-digital converter
(ADC) to prevent the saturation of the ADC. As a result, the
received signal at the relay after the SIC is given as

?R(t,u) = (HRS (u) — ﬁR(u)) Xp(t,u)+ XA(t,u)Ha(u)
+XB(t7u)HB(u) +NR<u)a (8)

while the received signal at the end nodes after the SIC is
given as

Yp(t,u) = (HDS (u) — Hp, (u)) Xp(t,u)
+ F(t,u)Yg(t — 1,u)Hp(u) + Np(u).  (9)

A closer inspection of (8) and (9) reveals that the SI signal
could be removed entirely if perfect channel state information
(CSI) for H Rr, and H Ds Was available. However, due to the
channel estimation limitations perfect SIC cannot be attained.
Perfect CSI is usually expressed as

Hy, =Hy +¢5., (10)

where £; is the channel estimation error modelled as a
circular complex Gaussian distribution, i.e. CA'(0,0¢ ) and
results from AWGN and other channel disturbances. However,
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this channel estimation error is expected to be very small as the
power of the AWGN and this channel disturbances is generally
much smaller than the power of the SI. Hence, the residual SI
will typically be rather small.

Using (10) to substitute Hr_ and Hp, in (8) and (9), respec-
tively, and after straightforward mathematical simplifications
the received signal at the relay after the SIC is given as

Yr(t,u) = SIp(u)Xr(t,u) + X o(t, u)Ha(u)
+XB(t7u)HB(u)+NR(U’)7 (11)

while the received signal at the end nodes after the SIC is

given as
Yp(t,u) =F(t,u)Yg(t — 1,u)Hp(u) + SIp(u)Xp(t, u)
+ Np(u), (12)

where STj(u)X;(t,u) denotes the residual SI and SI;

exhibits a circular complex Gaussian distribution, i.e.

CN(0,0%;,), for J € {A, B, R}.

ITI. SIGNAL TO INTERFERENCE AND NOISE RATIO (SINR)

It can be observed from (12) that the first term is the term
of interest and the rest are considered to be interference and
noise terms. Therefore, the E2E SINR can be expressed as

YRYD
Yr+7p +1’

where vg is the SINR at the relay node and is given as
_ Or(HAl? + |Hp[?)
orr+1

while, vp represent the SINR at the end nodes and can be
expressed as

VE2E = (13)

; (14)

Sp|Hpl?

. 15
drp+1 (15)

YD =

Ey, Eyp .

Furthermore, dg = NR and 6p = N —4&, represent the signal
to noise ratio (SNR) at the relay and end nodes, respectively,
whilst d7,, and 67, are the interference to noise ratio (INR)

at the relay and end nodes, respectively, which are given as
2

o USIDEbD

2
o USIREbR 6
) ID - NOD

Orn = i

IV. OUTAGE PROBABILITY

The cumulative distribution function (CDF) of the E2E
SINR for the AF-FD-PLNC can be evaluated using the tight
lower bound results of [8] as

Prpop(7) = Py (V) + Py (7) = Py (M) Pyp (), (16)

where P, (y) and P, (v) are the CDF of the SINR at
the relay and the end nodes, respectively. Subsequently, the
probability density function (PDF) of the E2E SINR can be
given as

Pypar (") =Pyr (") + Pyp () —

+ Dy (VP ()]

where p,,(v) and p,,(7y) denote the PDF of the SINR at
the relay and the end nodes, respectively. It is clear that (14)
and (15) can be expressed as a combination of two random

[p'yR (W)P’YD (7)
(17)

variables. Thus, the SINR at the end nodes can be expressed
as

UR
= , 18
TRE T (18)
and the SINR at the end nodes can be given as
=2 (19)
YD b + 1’

where v = 0r (|[Hal? 4+ |Hp|?) and vp = ép|Hp|* are
the SNR terms at the relay and end nodes, respectively, while
XrR = 0rr and xp = d;p denote the INR terms at the relay
and the end nodes, respectively.

Due to the fact that all the channels are Rayleigh fading,
the PDF of v; and x; are given as

UR _YR
p’UR(,UR):We R, (20)
1 vp
Pup (Up) = —e D 21
D
1 _xs
P (X)) = 5o %, (22)
J

where ng = 3E{vr}, np = E{vp} and 9; = E{xs}.
Since the SINR expression comprises the ratio of two random
variables, i.e. v; and xj, the PDF of the SINR can be
evaluated using the integral [9, Eq. (4.6)], and therefore the
PDF of the SINR is given as

Py (V) = /000(1 +X0)Pus (L4 x0)7) Py (X7)dx- (23)

The PDF of the SINR at the relay can be obtained by using
(20) and (22) to substitute p,,, (v.s) and py, (x.7) in (23), which
results in

"R [ _
Pon(y) =2 P / (1+ xr)%e SRR Ry (24)
Nr*VUR
This integral can be solved using f _oxle Mdr = nlynt
for [Re p > 0] [10, Eq. (3.351.3)] to give
_a 2
ye "R | nrVR ( NRYR )
P (7) &0k | YOr + 1R VIR + R
9 3
9 (URR) ) (25)
YR+ R

Moreover, (21) and (22) are used to substitute p,,, (v;) and
Py, (x7) in (23) to evaluate the PDF of the SINR at the end
nodes, which is given as

6_% R _y9p+np
P = [T @ xo)e T . 26
npYp Jo
This integral can be evaluated using fxoio e HMdxr =

nlp=""! for [Re p > 0] [10, Eq. (3.351.3)]. As a result,
the PDF of the SINR at the end nodes is given as

npYp (
Y¥9p +np

.
e "D

mip \ 27
Y9p +Mp '

On the other hand, the CDF of the SINR can be computed
using [9, Eq. (4.5)] as

p'YD (’Y) = T]DﬁD
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Py, () =/ Py, (1 + x0)7) Py (X2)dX 5, (28)
0
where, the CDF of vg, i.e. Py, (vy), is given as
Poy(vp)=1—¢ <1 + UR) . (29)
R
Furthermore, the CDF of vp is expressed as
P, (vp)=1—¢ . (30)

Hence, the CDF of the SINR at the relay can be obtained
by using (29) and (22) to substitute P, (v;) and p,,(xs) in
(28), which results in

> 1 _xr R X np+yo
Pt = [ g - S [T
0 R R 0

Y vy
e o
e "R o BB xR, € R

9 XR 9
NRVR Jo NRVR

o _71R+7191:¢XR
x [ xne RXR gy,
0

These integrals can be solved using [10, Eq. (3.351.3)].
Therefore, the CDF of the SINR at the relay is given as

nre "R ye "R ynrUgre R
=1 nr+v9r nr+7v9r (R +79R)? 32
Furthermore, the CDF of the SINR at the end nodes can be
evaluated by using (30) and (22) to substitute P, (v;) and
Dy, (x7) in (28), which yields

€2y

P

YR

P’YD (7) =

e /oo o ng;giD XDdXD~

’ (33)
Solving these integrals yields the CDF of the SINR at the end
nodes, which is given as

o Up

~

npe "P
Py(v) =1 b + 1D
The PDF of the E2E SINR can be evaluated by using (25),
(27), (32) and (34) to substitute p., (7). pyp (7)., Pyr(7y) and
P, . () in (17), respectively, which results in

_nMR+np
MTRMTD

(34)

K nrRUR

YIR + MR
+2< NRUR )2+2( NrRUR )3
IR + MR YR + MR

_nRr+np
€ "R"D

Prass (1) = —22°
TERE nr*Ir(Y9p +1p)

K npYp

2
npYp n ( )
vIp + 1D v9p + 1D
)
[ w0 YRVR 2]. 35)
nr+v9r  nr+v9r (MR +7UR)
Furthermore, the CDF of the E2E SINR can be computed by

using (32) and (34) to substitute P, () and P, (v) in (16),

respectively, which yields
_nr+np

+

77D19D

e o Tnp "R gl
P. =1—- +
o2 (7) Yp+np |nr+7v9r nr+YIR
YMRUR
—_— . 36
(nr + 7193)21 0)

The outage probability is obtained by computing the proba-
bility that the SINR falls below a specific threshold, 7, [11].
Thus, the E2E outage probability is given as

PP (ve28,) 2 Privese < ve2p,,}
YE2Ep,
= / Pypog (7)d7 (37)
0
The E2E outage probability can also be expressed as
PoEthE('YE2Eth) = Pypop (YE2E, 1 )- (38)

Therefore, the E2E outage probability is given as

WR+77D
~menn VE2E
pE2E 1_¢ R1D " Np

(YE2Ew,) = L
out th "YEZE”L'&D +77D

MR + VYE2E,, VR

YE2E.,,MRVR
(R + VE2E,,9R)?

YE2E,;
Nr +YE2E,,VR

] . (39)

On the other hand, the AF-HD-PLNC system is SI free.
Hence, the CDF of the SNR at the relay is given as

HD ,% VHD
Pup(y"7)=1-e "n (1—1—77[1%[,), (40)
whilst the CDF of the SNR at the end nodes is given as
_afD
Png(VHD) =1—¢ "5". 41)

As a result, the outage probability of the AF-HD-PLNC can be
evaluated using (40) and (41) to substitute P, () and P, (7)
in (16), which results in

PHDE2E( HD

out E2Eth):1 —-¢ "RTD HD

CHP BP0, mp
-~  HD,HD E2F
1 + th .
MR

42)
V. NUMERICAL RESULTS

This section presents the analytical and the simulation
based results for the proposed OFDM based AD-FD-PLNC.
We consider FD-TWRC network scheme utilizing uncoded
quadrature phase shift keying (QPSK), where two end nodes
exchange information with the aid of an AF relay node
over asymmetric frequency selective Rayleigh fading channels.
The utilized OFDM system parameters are given in Table I,
while the average channel impulse responses utilized in the
simulations are given in Table II and III.

TABLE I
SIMULATION SETTING.
Packet length 4096 (bit)
Number of subcarriers 2048
Length of cyclic prefix (CP) 128
Total Number of transmitted bits 409600000
Constellation vector Ce{£1+;}

First, the analytical E2E SINR distribution of the AF-
FD-PLNC was derived and computed as depicted in Fig. 2
demonstrating the impact of the residual SI on the distribution
of the E2E SINR. It is noticeable from Fig. 2 that the PDF of
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TABLE II
CHANNEL MODEL OF THE CHANNEL BETWEEN NODE A AND THE RELAY.
Delay (ns) 0 105 186 426
Average Power (dB) | 0.0 | -10.5 | -18.0 | -21.3
TABLE IIT
CHANNEL MODEL OF THE CHANNEL BETWEEN NODE B AND THE RELAY.
Delay (ns) 0 201 | 802 | 1203 | 2306 | 3709
Average Power (dB) | 0.0 | -0.7 | -4.8 -8.1 -1.7 -23.8

the E2E SINR converges in the low SINR area as the amount
of the residual SI increases. Second, in order to investigate the
feasibility of the proposed AF-FD-PLNC in the presence of the
residual SI, the E2E outage probability expression is derived
and presented. Furthermore, the analytical outage probability
results of the AF-FD-PLNC were validated by simulation
based results and compared with those of the AF-HD-PLNC
as shown in Fig. 3.

Fig. 3 depicts the analytical and simulation based outage
probability results for the conventional AF-HD-PLNC and the
proposed AF-FD-PLNC with three different scenarios of resid-
ual SI to noise ratio, namely d;p = d;4 = 6y =0, 5, 10dB,
respectively, vs. SNR after the SIC, whilst the SINR threshold,
Yen, Was fixed at 15 dB. Comparing the outage probability
results of the AF-HD-PLNC with the results of the AF-FD-
PLNC reveals that there is a penalty in SNR of 3.1, 6.3 and
10.5 dB, respectively, when the residual SI to noise ratio at
each node ranges from O to 10 dB.

VI. CONCLUSIONS

In this paper the performance of the proposed OFDM based
AF-FD-PLNC over asymmetric frequency-selective Rayleigh
fading channels was studied and analyzed under the effect
of residual SI. Moreover, the proposed AF-FD-PLNC was
integrated with an active SIC scheme to effectively mitigate
the effect of the SI signal. A closed-from expression for
the E2E SINR distribution was derived and presented. This
expression was used to compute the analytical distribution
after the active SIC. Furthermore, a closed-form expression
for the E2E outage probability was presented and validated
by simulation based results. The obtained results have con-
firmed the feasibility of AF-FD-PLNC. Moreover, although
the throughput of the proposed AF-FD-PLNC is double the
throughput of the conventional AF-HD-PLNC, the comparison
between their outage probability results reveals that there is
an SNR penalty in the proposed AF-FD-PLNC system, which
varies with the amount of the residual SI.
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