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Abstract—In this paper, we investigate half-duplex two-way
dual-hop channel state information (CSI)-assisted amplify-and-
forward (AF) relaying in the presence of high-power amplifier
(HPA) nonlinearity at relays. The expression for the end-to-
end signal-to-noise ratio (SNR) is derived as per the modified
system model by taking into account the interference caused by
relaying scheme and HPA nonlinearity. The system performance
of the considered relaying network is evaluated in terms of
average symbol error probability (SEP) in Nakagami-m fading
channels, by making use of the moment-generating function
(MGF) approach. Numerical results are provided and show the
effects of several parameters, such as quadrature amplitude
modulation (QAM) order, number of relays, HPA parameters,
and Nakagami parameter, on performance.

I. INTRODUCTION

Cooperative relaying stands as a promising mechanism for
future wireless communication networks, which can enhance
transmission reliability, enlarge system capacity, broaden net-
work coverage, and ensure quality of service (QoS). The
nodes in the network could not only act as source node to
issue information, but also perform as relay to forward the
signals received from other nodes. In this paper, we investigate
the half-duplex two-way amplify-and-forward (AF) relaying,
where source nodes simultaneously transmit their information
to the relay nodes in the first phase, and then, in the following
phase, the relay nodes simply amplify the received signals and
forward them to the source nodes. The two-way AF relaying
can cope with the drawback of the one-way relaying and obtain
higher spectrum efficiency [1], [2].

However, the practical performance of the dedicated two-
way relaying is crucially affected by radio frequency (RF)
impairments, which bring distortions to the network and then
degrade the system performance [3], [4]. Herein, we consider
one type of RF impairments, namely, high-power amplifier
(HPA) nonlinearity. The HPA may operate in its nonlinear
region., which causes in-band and out-of-band distortions [5],
[6]. The nonlinear HPAs can be characterized by two kinds
of models: memoryless models with frequency-flat responses,
and memory models with frequency-selective responses. The
former include Saleh model for travelling wave tube amplifier
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(TWTA), solid state power amplifier (SSPA) model, soft-
envelope limiter (SEL) model, and memoryless polynomial
model. Memory models contain Volterra, Wiener, Hammer-
stein, Wiener-Hammerstein, and memory polynomial models.
Recent research effort has studied the effect of HPA nonlin-
earity on the performance of orthogonal frequency-division
multiplexing (OFDM)-based cooperative systems using the
Bussgang’s theorem in [7]. On the other hand, one-way dual-
hop AF relaying with HPA nonlinearity in semi-blind relays
was investigated by making use of memoryless polynomial
model for HPAs in the authors’ previous work [8].

In this paper, we study the half-duplex two-way dual-hop
channel state information (CSI)-assisted AF relaying system
in the presence of HPA nonlinearity at relays. The updated
model has been built up by taking into account the factors
caused by nonlinear HPAs. The expression for the end-to-
end signal-to-noise ratio (SNR) has been modelled , and
followed by two asymptotic expressions for low and high SNR
regions, respectively. Then, by making use of the moment-
generating function (MGF) approach, the expression for the
average symbol error probability (SEP) of the considered
system is derived in Nakagami-m fading channels. Afterwards,
numerical results and comparison are provided and show the
effects of several parameters, such as number of relays, HPA
parameters, quadrature amplitude modulation (QAM) order,
and Nakagami parameter, on the system performance.

The remainder of this paper is organized as follows: Section
II introduces the half-duplex two-way dual-hop CSI-assisted
AF relaying system model in the presence of HPA nonlinearity
at the relays. The system performance metrics, in terms of
end-to-end SNR and average SEP, are derived in Section
III. Numerical results and comparisons are then presented in
Section IV, followed by the conclusion in Section V.

II. SYSTEM MODEL

We consider a dual-hop half-duplex two-way AF coopera-
tive relaying system allocated with two source nodes, S7 and
Sy, and N relay nodes, R, (n =1,2,...,N), which are all
equipped with a single antenna. No direct path between S7 and
So exists so that the source nodes communicate through the
relays. The transmission works in two phases, i.e., multiple-
access (MAC) phase and broadcast (BC) phase. In the first



phase, S; and Sy simultaneously transmit their information
to the N relay nodes. Then, in the second phase, the relays
amplify the received signals and broadcast them to the source
nodes.

In practice, the performance of the two-way relaying system
may get affected by HPA nonlinearity, which causes in-band
and out-of-band distortions. Herein, we only consider in-band
distortion caused by nonlinear HPAs implemented at the relay
nodes. In particular, the memoryless polynomial model [9],
[10] is used here to describe the characteristics of nonlinear
HPA. In a general way, the input-output relationship of the
nonlinear HPA can be expressed as

K
Your () = Tin () a (26 + 1) [z (1), (1)
k=0
where zi, (t) and yout (t) denote the baseband-equivalent
input and output signals, respectively, K is the order of
the polynomial function, and {a (2k + 1)} refers to a set of
coefficients. Note only odd-order product terms in (1) are
considered due to the fact that the signals generated from the
even-order terms are outside the frequency band of interest
[10]. For simplicity of the analysis, the HPA coefficients are
assumed to be perfectly known.
In the MAC phase of the two-way relaying system,
the received baseband-equivalent signal at the n-th (n =
1,2,...,N) relay node is given by

Yo, (8) = /Porr ()@ (0)+ /Pyt ()@, ()11, (1),
2
where x; (t) and xo () denote the normalized baseband-
equivalent transmitted signal from the source nodes S; and Ss,
respectively, P, and P, denote the transmit power at .S; and
Sa, respectively, h,, (t) and g, (t) are the channel coefficients
from the sources S; and S5 to the n-th relay node, respectively,
n,, (t) refers to the noise term at the n-th relay, belonging to
CN (0, Ny) and uncorrelated with the transmitted signals, and
® denotes the convolution product.
In the BC phase, the received signal is multiplied by the
gain of the relay, G,, (t), which can be expressed as

P
Gy (t) = n , 3

where P, represents the power of the n-th relay. Then, the
signal at the output of HPA is given by

Ky

T, (1) = G () Y, ()Y an (2k+ 1) |G (8) g, ()],

k=0
“4)
where K, and {a, (2k 4+ 1)} represent the order and coef-
ficient set of the polynomial model for the HPA at the n-th
relay node, respectively.

It is assumed that the channels between the sources and
relays are reciprocal, and remain constant during the MAC
and BC phases. Without loss of the generality, we consider
the received signal at the source Ss. In the BC phase, using

the CSl-assisted AF relaying, the received signal at the source
node S, from the i-th relay is given by

Yi,so (t) =2, (t) @ gn (t) + i, 5o (1), (5)

where n; s, () denotes the noise at the source node Sy from
the n-th relay, belonging to CA (0, Ny).

Remark 1: Unlike the case with linear HPAs, the self-
interference presenting the source nodes cannot be removed
totally due to the nonlinear characteristics of the HPAs at the
relays, even though the perfect CSI is assumed to be known
at the sources, which consequently degrades the performance
of two-way relaying.

It is assumed that perfect sampling is performed in order to
profit from the property of the raise-cosine rolloff and root-
raised cosine rolloff pulses. Based on this, substituting (4) into
(5) and omitting the time index, the received signal at the
source node So from the i-th relay can be expressed as

Yiso = Ni,s5 T gnGn (\/ Pslxlhn + v/ P323729n + n’rn,)

Kn 2k

X zan (2k+1) ’Gn (\/ R@lxlhn+ P92129n,+nrn>‘ .
k=0

(6)

By further subtracting the self-interference properly, we can
obtain the expression as

1/532 = an (1) V P51 Gnhngnxl + N5y + an (1) Gngnnr"
+ 900G (v/Porhns + /Progus + 1y, )

Ky
X Zan (2k +1) ‘Gn (\/I?Slhnml + / Ps,gnza + nr)
k=1

2

)

(7

where the interference term comes from both the HPA nonlin-
earity and AF relaying. The self-interference could be removed
for £ = 0, while it cannot be mitigated for the terms with
k > 1. The effective end-to-end SNR via the n-th relay, 79,
is given by (8), where E [-] denotes the expectation operator.
It is not straightforward to derive the SNR expression for the
case with large values of the HPA parameter K,, in closed-
form. Herein, for simplicity of the analysis, we study the case
with K,, = 1, i.e., 3-order polynomial model for the nonlinear
HPAs. Thus, the effective end-to-end SNR becomes (9), where
Re [] refers to the real part of a complex number.

III. IMPACT OF HPA NONLINEARITY

In this section, we investigate the impact of HPA nonlinear-
ity on the performance of the considered two-way CSI-assisted
AF relaying system in Nakagami-m fading environment.

In a generic way, the probability density function (PDF)
of the received SNR in Nakagami-m fading channels can be
expressed as

fr(v) = F(mi,vm’l exp <:L7> ,

(10)
m)ym

where 7 refers to the average received SNR, I'(-) denotes
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the Gamma function, and m > 1/2 is the Nakagami

parameter representmg the average fading power. Denote

‘h | _ P€2|9n| _ Py, ‘Qn
Vs1,rn = No > Vsayrn = ,and yp, 5, = Ng

as the received SNRs from the source nodes S; and Sg to
the n-th relay, and from the n-th relay to the source S,
whose PDFs are of the form (10), with Nakagami parameters
Mgy rr> Moy ,r,> M, s, and expectations s, . = Mg, r,

S1
_ P, _ P, . Mo~
Vszirn = Moy Ny» Vro,s2 = Moy ,so Ny s respectively. Note
that mg, ., = m,, s, by assuming the channel reciprocity.

As noticed from (9), the end-to-end SNR expression for the
case with K,, = 1 remains complicated for the purpose of
expression derivation in closed-form. In order to achieve ap-
propriate analytical expressions, we investigate two asymptotic
scenarios.

Scenario 1: The noise dominates the interface term, i.e.,
|- | > |\/ P, hpz1 + 529nx2’ In this case, the system
works in the low SNR region. Accordingly, the end-to-end
SNR can be expressed as (11), where the even-order moments
of the Gaussian-distributed random variable |ng, | are given
by .
=NZ (p—1!!  if pis even,

E[|n., ] (12)

where (g)!! denotes the double factorial, that is the product of
every odd number from ¢ to 1, if ¢ is odd. Then, we have

E [|nrn|2} = No,
E [|n, |'] = 3N¢,
E [|nr”|6} = 15N3. (13)

Substituting (13) into (11), the end-to-end SNR via the n-th
relay in the low SNR region can be further expressed as (14).

Scenario 2: We consider the case that the system works in
the high SNR region. The noise could be neglected compared
to the interface term caused by the transmitted signal, i.e.,
I, | < |/Ps; hn@1 + /Py gna2|. In this case, the end-to-
end SNR can be expressed as

Tz = Palan (1) bl /{E llan (1) 0, + a0 (3) G2
(\/ slhnz1+

912
: ’(\/ Pslhnxl + R@ggnxQ)’ ‘ ] } .
By further performing the approximation, the expression

could be further derived as (16), which could be further
approximated as

ezgngj2>

15)

2
a2 ~lan (D Po bl (Poy il + Poc]?)

2
e OF N (Paltol? + Pl

)6}. (17)

At the destination node, the maximal ratio combining
(MRC) is used to utilise the signals received at the from the
source and the N relays. As per the combination scheme, the
end-to-end SNR at the output of the MRC detector in the
presence of HPA nonlinearity is given by

N
VYot = Z Tn-
=1

Applying the MGF approach, the average SEP of M-QAM

lan (3) P2 (

+ ‘ Pszgn

s1'n

(18)
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Fig. 1: Average SEP versus average SNR for different modulation
formats.

in the two-way CSl-assisted AF cooperative system with HPA
nonlinearity at the relays can be expressed as

P :éa /7/211_VIM <gQAM>d9
s T proaM 0 i ™ sin’6
N
4, /W/4 ( gQAM>
_4, M, (- a0, 19
=N 1;[1 e\ =g (19)
where agam = 1 — 1/\/M, goam = 3/[2(M —1)], and

My (s) = E[exp (sZ)] denotes the MGF of random variable.
Note that deriving the expression, M., (s), in closed-form is
not straightforward. The expression for the average SEP of
M-QAM in the two-way CSl-assisted AF cooperative relaying
system in the presence of HPA nonlinearity, over Nakagami-
m fading channels, is obtained using numerical integration
method.

IV. NUMERICAL RESULTS

In this section, we demonstrate numerical results to show the
effect of nonlinear HPAs at the relays on the performance of

Average SEP

107 Il:l‘;l?:erar a (1)=1, a (3)=0.05
—*— > 8,(1)=1, a,(3)=0
__ g Nolinear, an(1)=1, an(3)=0.1
o Nolinear, an(1)=1, an(3)=0,15
10° . , . . ‘ ‘ ‘ ‘ ’
0 2 4 6 8 10 12 14 16 18 20

Average SNR (dB)

Fig. 2: Average SEP versus average SNR for different values of
HPA coefficients {a, (2k + 1)}}_o.

half-duplex two-way dual-hop CSI-assisted AF relaying sys-
tem in Nakagami-m fading environment, in terms of average
SEP. It is assumed that the power at the source nodes are equal
to those at the relays, i.e., Ps, = Ps, = P, (n =1,2,...,N).
We define the average SNR as 74 = %. Unless otherwise
specified, we set the Nakagami parameters at all links to be
2,18, Myy py = Moy p, =My, 5o =2 (n=1,2,...,N), and
the HPA parameters at all relays to be {a, (2k + 1)},1:0 =
{1, 0.15} (n=1,2,...,N).

First, we evaluate the average SEP versus average SNR for
16QAM and 64QAM with N = 3 relays. Fig. 1 shows that
there is a huge degradation of the average SEP in the case
with HPA nonlinearity, especially in the average SNR region
10dB-25dB, which occurs due to the nonlinear distortion. In
this specific range, the average SEP cannot be reduced by
increasing the average SNR, where the deconstructive effect of
larger SNR, i.e., higher distortion, outperforms the constructive
impact. On the other hand, in the SNR region higher than
25dB, the average SEP will decrease along with the enlarged
average SNR. Furthermore, as observed from the figure, the
asymptotic performance at low and high SNR regions, plotted
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Fig. 3: Average SEP versus average SNR for different numbers of
relays.
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Fig. 4: Average SEP versus average SNR for different values of
Nakagami parameters.

according to the derived expressions, matches very well with
the simulation results, especially for the case with average
SNR lower than 10dB and high than 23dB.

In Fig. 2, we examine the average SEP versus the average
SNR for different values of HPA coefficients for the case with
N = 3 relays, considering 16-QAM as the modulation scheme.
Three scenarios of the HPA coefficients are investigated
herein: (1) {a, (2k + 1)},_, = {1, 0.05} (n = 1,2, ..., N);
@) {an Ck+ 1)}y = {1, 01} (n = 1,2,..,N); (3
{an (2k +1)};_, = {1, 0.15} (n=1,2,...,N). The results
demonstrate that the average SEP decreases in the case with
smaller values of a,, (3), profiting from the less distortion
caused by nonlinear HPAs.

Fig. 3 demonstrates the impact of the relay number, N, on
the average SEP of the considered two-way relaying network
by using 16-QAM as the modulation scheme. It can be

noticed that there is a slight decrease on the average SEP
by increasing the number of relays in the case with HPA
nonlinearity. However, it does not help a lot, especially in
the high SNR region due to the severe distortion caused by
HPA nonlinearity. The diversity order cannot be effectively
achieved by increasing the number of relays unless appropriate
compensation scheme for HPA nonlinearity is applied in the
system.

Finally, in Fig. 4, we illustrate the average SEP versus
average SNR for different cases of Nakagami parameters in
the presence of HPA nonlinearity, with 16-QAM and N = 3.
We consider three cases for the Nakagami parameters: (1)

Msy,r, Msy 1, My, 50 = 1 (TL =12,..., N)’ 2
mslyrn = 2’ mSerﬂ = mT7z752 = 4 (n = 1’ 2) L} N); (3)
Mgy ry =4 Mgy py =My, 5, =2(n=1,2,...,N).Itcan be

observed that the average SEP of the two-way relaying system
becomes lower in the case with higher values of Nakagami
parameters. Moreover, the link from the other source node to
the relays plays a more crucial role on the performance at the
targeted source node, that is, high values of mg, , bring a
better system performance, which is validated by comparing
cases (2) and (3).

V. CONCLUSION

In this paper, half-duplex two-way dual-hop CSI-assisted
AF relaying systems in the presence of nonlinear HPAs at
the relays were studied. We calculated the expression for the
end-to-end SNR and derived closed-form expression for two
asymptotic cases at low and high SNR regions, respectively.
The performance of the considered two-way relaying system
was evaluated in terms of average SEP in Nakagami-m fading
environment, by making use of the MGF scheme. Numerical
results and comparison were also provided and show the
effects of the HPA parameters, numbers of relays, QAM order,
Nakagami parameters, on the system performance. Ongoing
research is to propose an iterative compensation mechanism
for HPA nonlinearity in two-way relaying systems.
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