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Abstract—In this paper, we analyze performance of a
full-duplex (FD) decode-and-forward (DF) two-way relay
system, where two terminal nodes exchange information
via a relay node over a same frequency band and time
slot. Unlike previous works on two-way full-duplex relay
systems, we consider a system which is affected by both
hardware impairments and residual interference due to
imperfect self-interference cancellation (SIC) at the full-
duplex nodes. We derive exact outage probability based on
the signal to interference plus noise and distortion ratio of the
considered system. Our analysis based on numerical results
show significant performance degradation due to transceiver
impairments. The outage probability is caused to fall to
an irreducible floor even at low residual self-interference.
Finally, Monte Carlo simulations are also used to validate
numerical results.

Index Terms—Full-duplex two-way relay, self-interference
cancellation, decode-and-forward, outage probability, hard-
ware impairments.

1. INTRODUCTION

With the fast development of advanced wireless tech-
nology, the demand for high-rate data transmission over
a limited spectrum has prompted researchers and network
designers to move from one-way relay systems to two-way
relay (TWR) ones. Moreover, in-band full-duplex (IBFD)
radio technology has matured for possible implementation
in the next generation of wireless communications [1],
[2]. The combination of IBFD technology with TWR
systems provides a IBFD-TWR system that enables high
data rate transmission and spectral efficiency improvement
[3]-[6]. However, performance of IBFD-TWR systems
is significantly affected by the residual self-interference
(RSI) due to imperfect self-interference cancellation (SIC)
[71-[9].

Various works have focused on analyzing and proposing
solutions to improve performance of IBFD-TWR systems
in the case of imperfect SIC. In [3] the outage probability
(OP) of a IBFD-TWR system, which used amplify-and-
forward (AF) protocol, was derived for the case of perfect
and imperfect channel state information (CSI). This work
showed that the OP of the IBFD-TWR system soon
exhibits an error floor at the high signal to noise ratio
(SNR) region due to imperfect CSI. In [4] an IBFD-TWR
system using AF relaying was analyzed and optimized for
the case of multiple relays. The authors was successful in
deriving the OP, bit error rate (BER) and ergodic capacity
of the system. The paper also demonstrated that the IBFD-
TWR system has higher efficiency and better performance
than a half-duplex (HD) TWR system when the RSI
is sufficiently small. In other works [10], [11], multiple
relays were proposed to improve the system performance
of the IBFD-TWR AF systems.

Besides the AF protocol, decode-and-forward (DF) re-
laying was also widely investigated for the IBFD-TWR
system in the literature. In the two early works in [5]
and [6], the OP was evaluated for an IBFD-TWR system
using DF relaying. The authors obtained the OP for seven
different cases corresponding to different power allocation
factors at the relay. They also analyzed the OP for the
symmetrical and asymmetrical model. The results of these
papers demonstrated that the IBFD-TWR DF systems also
suffer from an outage floor at the high power region due
to the RSI incurred by the IBFD mode. In a next work
[12], outage performance of the IBFD-TWR DF system
was analyzed for the case with both imperfect CSI and
imperfect SIC. In the recent researches, performance of
the IBFD-TWR system was further explored for the case
with cooperative communication, and energy harvesting in
[13]-[15].

It is noted from the above discussion that while perfor-
mance of the IBFD-TWR systems was widely studied in
the literature the previous works only considered the case
with ideal hardware. In practice, the system hardware is
not perfectly manufactured and often affected by different
factors, such as manufacturing errors, phase oscillator
noises, I/Q modulation imbalance, nonlinear distortion of
the high power amplifier (HPA) at the transmitter and the
low noise amplifier (LNA) at the receiver. These imperfect
factors were demonstrated to further deteriorate the system
performance and also cause an outage floor [16]-[18].

In this paper, we intent to carry out a performance
analysis of the IBFD-TWR DF system in a more realistic
hardware impairment conditions. We also use outage prob-
ability to evaluate and analyze the system performance and
compare it with that of the ideal hardware systems in [5],
[6]. Compared with the previous works, our contributions
can be summarized as follows:

— We consider an IBFD-TWR DF system that is close to
a realistic system with an aggregate impact of transceiver
hardware and the imperfect SIC at all nodes (the terminal
nodes and the relay node).

— We derive the exact expressions of the Signal to
Interference plus Noise and Distortion Ratio (SINDR) for
all related links in the system. Based on these SINDRs, a
new closed-form expression of the outage probability of
the system for seven different cases according to the power
allocation factor at the relay node is obtained. Unlike the
previous works in [5], [6], [12], [19], which analyzed the
OP while taking into account the effect of imperfect SIC
or transmit power at only the relay, we consider a system
with imperfect SIC at all nodes together with the RSI at
the FD nodes. Moreover, we determine the OP according



to the average SNR of the system.

— Based on the mathematical results, we analyze the
system performance under the impact of both HI and RSI.
We show that the OP of the considered system have an
outage floor at the high SNR regime. Finally, we validate
the numerical results by Monte-Carlo simulations.

The rest of the paper is organized as follows: Section
IT presents the system model. Section III focuses on
analyzing the outage probability of considered system.
Numerical results and discussion are discussed in Section
IV and finally, Section V draws the conclusion of the

paper.
II. SYSTEM MODEL

To derive the model of IBFD-TWR DF system with
hardware impairments (HI), we begin with a simple model
having a transmitter and a receiver. Each of these two
nodes has an antenna which is used for both transmission
and reception. Thus, we have a single link between the
the transmitter and the receiver. In the case of HI system,
the received signal at the receiver via a single link from
the transmitter to the receiver is given by [17]

y=hlz+n)+z ey

where z is the intended signal at the transmitter; 7
describes HI at both the transmitter and the receiver with
n ~ CN(0,k%P); k is the aggregate level of impairments
with the exact contribution from the transmitter hardware
and the receiver hardware; h is the coupling coefficient
of the link from the transmitter to the receiver; z is the
Additive White Gaussian Noise (AWGN) with zero-mean
and variance of o2, i.e. 2 ~ CN(0,0?) at the receiver.
Based on this assumption, we derive a new model of
IBFD-TWR DF system with hardware impairments as in
Fig. 1.

Figure 1. Block diagram of the IBFD-TWR DF system with transceiver
impairments.

Data is transmitted from node S; to node S5 via a relay
node R and vice versa. At time slot ¢, the received signal
at the relay node is given by:

yr(t) = hir@1(t) + horda(t) + hrrir(t) + 2r (1),

2
where Z1(t) = a1(t) + m(t); Z2(t) = xo(t) +
772(t); .i‘R(t) £ l‘R(t) + UR(t), with l‘l(t), Z‘Q(t), and
xr(t) being the desired transmitted signals of the nodes
S1, S2 and R, respectively; 1(t), Z2(t) and Tr(t) are
the actual transmitted signals from nodes S;, So and
R; n1(t), n2(t) and nr(t) are the distortions caused by
transmitting and receiving parts because of the nodes Sy,

SQ and R, with m ~ CN(O,k%Pl), N2 ~ CN(O7IC%P2)

and nr ~ CN(0, k% Pr); where P; is the transmit power
and k; indicates the impact level of device hardware
impairments, ¢ = 1,2, R corresponding to the node Sy,
S, and R; higr, hor and fLRR are the fading coefficients
of channels from S;, S; to R and from the transmitting
antenna to the receiving antenna of R; zg (t) is the AWGN
with zr ~ CN(0,0‘%{) When k1 = ko = kr = 0 this
system becomes an ideal hardware system.

At the same time slot ¢, the relay R transmits the re-
encoded signal to Sy, Sa, which is based on the previously
received signal. The received signal at S1, S, are given by,
respectively:

y1(t) = hradr(t) + hind(t) + 21 (t), (3)

Y2(t) = hrodr(t) + hooa(t) + 22(t), “4)

where hr1, hro, i~111, l~122 are the fading coefficients of the
links from R to S;, from R to S, and from transmitting
antenna to receiving antenna of Sy, So, respectively. It is
noted that, ‘hRQ‘Z = |h2R|2, |hR1|2 = |h1R|2; Zl(t) is the
AWGN, z; ~ CN(0,02), i =1,2.

The transmitted signal Zr (¢) at R consists of two signals
fl(t) and {fg(t), (e.g., fR(t) = .f1(t) + Ifg(t) + 77R(t))
contains the same information with two previous received
signals z1(t — 1) and xo(t — 1), but were re-encoded
with different power allocation levels, E{|z,(¢)]?} =
(1= X\)Pr, E{|Z2(t)|*} = APg, such as A € (0,1). Using
the network coding technique [4], S; and S5 can be totally
subtracted from the components being transmitted before,
therefore we have:

U1 (t) = hr1 [fg(t) + ﬁR(t)] + illli‘l(t) —+ 21 (t), (5)

Yo (t) = hralZ1(t) + nr(t)] + has@a(t) + 22(t).  (6)

It is noted that, in this paper, we assume that the three
nodes in this system can combine all techniques of SIC,
after SIC, the RSIs denoted by I; can be modeled by
a complex Gaussian distributed random variable [3]-[5]
with zero-mean and variance U%{SL = QiPi, where Qi
denotes the SIC capability of the FD node 7,7 = 1,2, R.
Therefore, equations (2), (5), (6) can be rewritten as
follows:

yr(t) = hr1(t) + horZ2(t) + Ir + 2r(t), (7)
y1(t) = hra[T2(t) + nr(t)] + 11 + 21(1), ®)
Y2(t) = hra[T1(t) + nr(t)] + 12 + 22(t). 9

From (7), (8), (9), the SINDR for the IBFD-TWR DF
system are given by:

p1 Py
_ , 10
T R OBty PRI PL T p23 P 1o
p2 P
_ 7 1
Ry oy
AP
YRS, = PLA’R (12)

O’% + J%{Sh + ,0116122.PR7
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p2(L — A)Pr
- , 13
YRS U%‘i‘o’%{s& +p2k%{PR ( )
P P
SRS S 2 BV
UR,+0-R,SIR+p1k1P1 +p2k2P2
where pi = |hi]? = |hri|? = |har|* p2 = |ho)? =
|hr2|* = |hor|?; Ys,Rs VSsR> VRS:s YRS, Tepresent the

SINDR of the communication links from S; and Sy to
R, from R to S; and S,, respectively; vsum represents the
SINDR of the superimposed signal at the relay node.

III. PERFORMANCE ANALYSIS
Outage probability of a random link between S;, R, So
can be defined as folllows:

Pout = PI‘{Cj < Rj}, (15)

where C; = logy(1 + 7;); vj, R; are the SINDR and
the minimum required data rate of link j, 5 = 1, 2. The
outage occurs when

10g2(1 + WS1R) < Rl or 10g2(1 + FYRSZ) < Rlv (16)
log, (1 4+ 7s,r) < Ro or logy(1 +vrs,) < R2,  (17)
logs (1 4+ Yeum) < R1 + Ra. (18)

Thereby, we have:
ys,r < 27 — 1 or ygg, < 27 — 1, (19)
Ys,r < 272 — 1 oryrg, < 2®2 —1, (20)
Youm < 2F1 TRz 1, (21)

Denote = 2%t — 1, y = 2R2 — 1, it therefore follows
that 2%1+R2 _ 1 = 2 4 4 + 2y, thereby we can determine
the outage probability as follows: Poyy = Pr{AU B U
C}, where the events A, 5, C are defined as the following
expression: A = (yg,r < ) U (7rs, < ¥),B = (7s,r <
Y)U (1Rs; < 2),C = (Ysum < 2),With z =z +y + zy.
It is noted that all the analysis in this paper is applied
for Rayleigh fading channel. Assume Rayleigh fading and
that the relay node knows the global CSI to decode the
received signal successfully and the terminal nodes know

partial CSI to subtract the transmitted signals in advance.
Theorem: Under the Rayleigh fading channel and hard-

ware impairments, we can determine the exact outage

probability expression for the following seven cases:

1 — Q20s3, case 1,
1—Q20Q:Qs5, case 2,
1-— QngQ57 case3,

Pout = 1-— Q2Q4Q57 case 47 (22)
1 —Q20Q4, case 5,
1—Q10Q4Qs5, case 6,
1—Q1Q4, case 7,

where
a2 ( JJtR)
= ——exp|l — — 23
@ ai2 + b1z P a2/’ 23)

Qg = exp( _ Lh) 1— b12 exp(.’EtRclg — yt1a12) ’
€12 a12 + bi2 biaci2
(24)
34 ( th)
= g &Pl ) 25
Q3 asq + b34 p as4 ( )

o (thC34 - xt2a34)
b3ac3a ’

Qs = exp( - %tz) [1 _ o ba

a3za + b3s
(26)

as _ =zt
as—bs exp( a

E

), when 1 — k2 <0 & 1 — k32 >0,

5
b;f% exp(—zg—E)R), when 1 — k%2 >0 & 1 — k22 <0,
¢ b t
Qs = a5a_5b5 eXp(—Za—?) + b5—5a5 eXp(_%)7

when 1 —k?2>0 & 1 — k32> 0 & as # bs,
(14 ZB)exp(— =R,

as

when 1 —k32>0& 1 — k32> 0 & as = bs,
27

where a2 = lel(l — k%l’), b12 = QQPQIC%I’, Ci12 =
M Pr(N — KRy),asa = QPy(1 — k3y),ba =
QlPlk%y,C34 - QQPR(l - A= k%x),ag) == Qgpg(l —
k%z),b5 = Q1P1(1 — /{E%Z),tl = 0'% + O%SIl’tQ
03 + Ofsr, R = O + R, -

The above seven cases of the above OP are defined
according to the power allocation factor in Table I below.

Table I
POWER ALLOCATION SCHEME

Case Power allocation factor A Outage links
1 (k% y, min{X, Z}) R —=+S51,51 =R, S2 = R
2 (X, min{Y, Z}) R — S1,51 =+ R, S2 =+ R, Rsum
3 Y, 2) S1 — R,S2 — R, Rsum

4 max{k3y, Z},
min{1 — kZz, Y}

max{k3y, Z},

5 -
<min{1 — kia, Y})
6 (max{Y,Z},T)

7 (max{Y,T},1 — k3z)

R*}SLS]HR,R*)SQ,SZ*)
R, Rsum

R*}S],Sl*}R,R*}SQ,S‘Z*}R

S1 — R, R = S2, S2 — R, Reum
Sl—>R,R—>Sz,SQ—>R

Pityy[l — k3y — ki(z — y)]

X =kiy+ ,
Y Prtr(z —y)
P1t1y(1 — k%x)
Y = k3 —_
RY + Pritrx ’
2
71— k12:{$ - P2t2$(1 /ng)
Pritry
T K Potox[l — kiz — k3 (2 — z)]
Prir(z — x)
Proof:

1) When 1—k%z < 0 or A\—ky < Oor 1-A—kEz <0
orl1—k3y<Oor (1—k¥2<0&1—k3z<0), at least
one of five cases in (19), (20) and (21) always occurs,
therefore OP = 1.

2) When all conditions in 1) do not occur simultane-
ously, we can determine the OP as follows: set Poyt,, =
Pr{A}, Pouts, = Pr{B}, Pout, = Pr{C} with the A, B,C
events being defined as above. We have

lin7>\>K

1-Q2,A<Y. (%)

outis —



1_Q37>\<Z7

1— Q4 \> Z. 29

outzs —

P0ut5 =1- Q5' (30)

From these results, we can get the OP of the system as in
equation (22). It is noted that for case 4 and case 5, there
is a same selection range A\ but for each specific value
of A, only one of the two cases occurs, depending on the
value of the roots of the quadratic equation

aX2 +bA+¢=0 (31)

to determine exactly case 4 or case 5, where a = Prtrz,
b= Pytox(1—k3z)— Pit1y(1—kiz) — Prtrz(1—kix+
kiy), and ¢ = Pit1y(1 —k3z2)(1 — kiz) — Patoxkiy(l —
k3z) + Prtrzkiy(l — ki z).

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we present numerical results to evaluate
performance of the IBFD-TWR DF system. The analyzed
results also validated using the Monte-Carlo simulations.
We consider the impact of the HI and RSI on the sys-
tem performance under the imperfect SIC by generating
random channel response chains p; with the mean values
Q;, 1 =1, 2. In this imperfect SIC scenario, performance
of the HI system is compared with the ideal hardware
system (ky = ko = kg = 0) for different cases of the
RSI. We also investigate the effect of the power allocation
factor, HIs, and the RSI on the system performance.

O Ideal (Simulation)
—Ideal (Analytical)

A Impairments (Simulation)
=-=--Impairments (Analytical)

Outage Probability (OP)

0.2 0.4 0.6 0.8 1

Figure 2. The OP of the symmetric model versus power allocation
factor with several cases of difference transmit power at the relay node.

Fig. 2 shows the OP of the system versus the power
allocation factor. The curves were generated by the an-
alytical expressions in (22) and the marker symbols A
and O show the results of Monte-Carlo simulations, with
P; = P, = 40 dBm, and varying Py . The investigated
threshold for the OP is set as Ry = Ro = 1 bit/s/Hz,
from which we obtain + = y = 2! — 1 = 1 and
z = x +y+ oy = 3. The aggregate level of impair-
ments is k1 = ko = kr = 0.1. The average channel

gains are )3 = )y = 1. The variance of the RSI is
Ohsi, = Ohs,, = Onsy, = 1 and the variance of the
AWGN is 0f = 03 = o4 = 1. The transmit power at

the relay node is set as Pg = 10, 30,40, and 50 dBm.

With these parameters the considered model becomes
symmetrical, and it achieves the best performance when
the relay node allocates its power equally to both sides
(A = 0.5). For example, when P = 40 dBm , we have
X =0495Y = 1; Z = 0; T = 0.495. Therefore, the
value of X in Table I is determined as follows: (0.01,0) for
case 1; (0.495, 0) for case 2; (1,0) for case 3; (0.01,0.99)
for case 4 and 5; (1,0.495) for case 6; and (1,0.99) for
case 7. Thus, there is only the range (0.01,0.99) which is
suitable for A and either case 4 or case 5 occurs. The result
of equation (31) becomes 2A? — 2\ + 0.9812 = 0. Due to
the fact that this equation has no real root, therefore, only
case 5 occurs. It is also noted that the curves indicating
the OP of the ideal hardware system in Fig. 2 are those
for the case of imperfect SIC in Fig. 2 of [5] and Fig.
3 of [6] with Pr = 30, 40, 50 dBm. From Fig. 2, it is
clear that when the transmit power at the relay node Py is
high enough, the system performance exhibits a saturated
floor. At this saturation level although Py = 40 dBm or
Pr = 50 dBm, the system performance with HI does not
change with A . When the system performance becomes
saturated, the ideal hardware system has the OP that is
about 50 times less than the one of the HI system.

3 K=k =k =01
it I

B i
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Figure 3. The OP of the asymmetric model versus power allocation

factor with several cases of difference transmit power and distortion
factor at the terminal nodes.

Fig. 3 illustrates the OP for an asymmetric model with
Pr = 40 dBm. The threshold, the RSI and the variance
of the AWGN are the same as used in Fig. 2. The transmit
power and distortion factor at the two terminal nodes
are changed. In Fig. 3 when the difference between the
two terminal nodes is smaller, the system performance
is higher. With the distortion factor k1 = ky = kr =
0.1 and the total transmit power at the two terminal
nodes P, + P, = 11W, when the difference is small
(P =36 dBm (4W), P, = 38.5dBm (7W)), the system
performance is much better than that of the case with large
difference (P, = 30 dBm (1W), P, = 40 dBm (10W)
or P, = 40 dBm, P, = 30 dBm). When the evaluation
parameter at the relay node, and also the transmit power
and the distortion factor at the two terminal nodes are
simultaneously changed as P, = 40 dBm, P, = 30 dBm,
and k1 = 0.08, ko = 0.12, the system performance for the
case with HI is improved in comparison with the case of



k1 = ko = 0.1. This is because when the transmit power
increases, the distortion factor decreases at node S; and the
transmit power decreases, the distortion factor at the node
So increases, therefore the impact of the HI is decreased.
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Figure 4. The OP of the system following SNR with the fixed distortion
factor and RSI.

Fig. 4 plots the OP of the system versus the average
SNR, with SNR = 21 = 1,2,R. In Fig. 4 the
RSI and the hardware impairment levels are fixed with
Ohsi, = Ofs, = Ohsy, = LKk = k2 = kr = 0.1,
A = 0.5. Fig. 4 again shows the apparent impact of HI
on the system performance. With the selected parameters,
when SNR > 20 dB the system performance of the case
with HI slightly increases and reaches the outage floor
when SNR = 40 dB. For the ideal hardware system, the
floor effect appears with the higher SNR regime.

V. CONCLUSION

Hardware impairments always occur in radio devices
due to imperfect manufacturing. Therefore, it is always
desired to evaluate performance of wireless systems with
HI. However, due to mathematical complication, the study
of HI impact is often overlooked, especially for IBFD-
TWR systems. In this paper, we have analyzed the impacts
of both hardware impairments and RSI on the performance
of the IBFD-TWR DF system. We have obtained the exact
expression for the system OP and evaluated the impact of
HI and RSI on the system performance to overcome the
limitations of the previous related works. Analysis results
are an important reference in the practical full-duplex relay
system deployment and exploitation.
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