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Abstract In this paper, we investigate the performance of a dual-hop fixed-gain amplify-
and-forward relay system in the presence of co-channel interference at the destination node.
Different fading scenarios for the desired user and interferers’ channels are assumed in this
study. We consider the Rician/Nakagami-m, the Rician/Rician, and the Nakagami-m/Rician
fading environments. In our analysis, we derive accurate approximations for the outage
probability and symbol error probability (SEP) of the considered scenarios. The generic
independent non-identically distributed (i.n.d.) case of interferers’ channels is considered
for the Rician/Nakagami-m scenario; whereas, the independent identically distributed (i.i.d.)
case is studied for the Rician/Rician and the Nakagami-m/Rician environments. Furthermore,
to get more insights on the considered systems, high signal-to-noise ratio (SNR) asymptotic
analysis of the outage probability and SEP is derived for special cases of the considered fading
scenarios. Monte-Carlo simulations and numerical examples are presented in order to validate
the analytical and asymptotic results and to illustrate the effect of interference and other
system parameters on the system performance. Results show that the different fading models
of interferers’ channels have the same diversity order and that the interference degrades the
system performance by only reducing the coding gain. Furthermore, findings show that the
case where the fading parameter of the desired user first hop channel is better than that of
the second hop gives better performance compared to the vise versa case, especially, at low
SNR values; whereas, both cases almost behave the same at high SNR values where the
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performance of the system is dominated by the interference affecting the worst link. Finally,
results show the big gap in system performance due to approximating the Rician fading
distribution with the Nakagami-m distribution which is an indication on the inaccuracy of
making such approximations in systems like the considered.

Keywords Relay networks - Amplify-and-forward - Co-channel interference - Rician
fading - Nakagami-m fading

1 Introduction

Cooperative or relay networks have generally been studied with respect to the relay selec-
tion schemes, coding, multi-user communication, multi-antenna and beamforming, channel
estimation errors, and power allocation, mostly, under conditions of additive white Gaussian
noise (AWGN) [1-3]. However, the co-channel interference (CCI) dominates AWGN in such
wireless systems due to the extensive re-use of frequency bands by system users. Moreover,
the effect of CCI can be more severe on the relay systems where all relays may use the same
frequency band and hence, CCI may exist in every link in the relay network. In [1], Lane-
man et al. introduced several relaying schemes among which are the amplify-and-forward
(AF) and the decode-and-forward (DF). In AF, the relay simply amplifies the source signal
and re-sends it again to the destination; whereas, in DF, some signal processing needs to be
performed by the relay before the signal being forwarded. In general, the AF systems are
classified into two subcategories, the channel-state information (CSI)-assisted gain relays,
which use the instantaneous CSI from the previous hop, and the fixed-gain relays, which
introduce a fixed gain in forwarding the source signals. The CSI-assisted AF relay systems
require continuous estimation of the fading channel in order to produce their gain and to
limit the relay output power. In contrast, fixed-gain relay systems introduce a fixed scale
to the received signal regardless of the fading amplitudes which leads to a variable signal
power at the relay output. Obviously, fixed-gain relays have a lower complexity compared to
CSl-assisted relays. Despite of the inherent effect of interference in wireless systems, most of
the conducted research on the AF and DF relay systems assume noise-limited environments;
whereas, few papers study this effect on the performance of such cooperative systems. In
general, the interference effect on system performance can be considered at the relay, at the
destination, or at both. A situation where the interference may exist only at the relay node is
in the frequency-division relay systems where the relay and destination terminals experience
different interference patterns [4]. In [4], an approximate expression for the outage probability
of a DF relay system with arbitrary number of interferers was derived assuming Nakagami-m
fading channels. In [5], Al-Qahtani et al. studied the impact of arbitrary number of interferers
at the relay node on the performance of a CSI-assisted AF relay system where closed-form
expressions for the outage probability and SEP were derived assuming Nakagami-m fading
channels. Furthermore, the authors evaluated those measures at the high SNR regime. In [6],
a closed-from expression for the outage probability and an approximate expression for the
bit error probability were derived for a CSI-assisted AF relay system assuming Nakagami-m
fading channels and an interferer at the relay. The assumption of Rayleigh or Nakagami-m
fading in such systems may not be accurate for situations where line-of-sight (LOS) compo-
nents exist between the interferers and the relay in the desired cell. Such a situation can be
seen in pico-cell relay systems where the interferers channels are Rician distributed [17]. In
relay systems, considering the interference at the destination node is particularly relevant to
time-division multiple-access (TDMA) systems in which a single time-slot is shared by many
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relays [7]. This greatly motivates the model where a destination is corrupted by many interfer-
ers. In [8], the authors evaluated closed-form expressions for both the outage and asymptotic
outage probability of fixed-gain AF and DF relay systems in Rayleigh fading environments.
A key result of this study is that the worst behavior happens when the interference power
is equally distributed between the interferers. In [9], exact expressions for both the outage
and asymptotic outage probability and SEP were derived with all links assumed to follow
the Nakagami-m distribution. Again, in situations where LOS components exist between the
interferers and the desired destination, the Rayleigh and Nakagami-m assumptions may not
reflect the accurate behavior of the studied systems.

A more general scenario in relay networks is to consider the interference impact at both
the relay and destination nodes. An early study that considered the interference at the relay
and destination in relay systems was appeared in [10], in which the authors evaluated the
performance of a dual-hop CSI-assisted AF relay system with an arbitrary number of inter-
ferers of i.i.d. fading channels. The outage probability was numerically evaluated assuming
Nakagami-m fading channels. The outage probability of a fixed-gain AF relay system with
interference at the relay and destination over Rayleigh and Nakagami-m fading channels was
derived in closed-form expressionin [11] and [12], respectively. In [13], the authors evaluated
the outage performance of a CSI-assisted AF relay system when the desired user channels are
Rician distributed and the interferers’ channels follow the Rayleigh distribution. In [14], the
authors derived both the outage probability and SEP of a CSI-assisted AF relay system over
Rayleigh fading channels. They further evaluated the asymptotic outage probability and SEP
assuming i.n.d. and i.i.d. interferers’ fading channels. More on the interference at the relay
and destination nodes in relay systems can be found in [15,16]. Again, the situation where
LOS components may exist between the interferers and the desired relay and destination are
not widely studied.

Despite of the importance of Rician fading, only few studies considered such a channel
model in literature. It is known that the Rician distribution models wireless propagation
comprising a LOS component in addition to other scattered components. The presence of
LOS has been confirmed through physical measurement for a number of applications, such as
micro-cellular mobile and indoor radio. LOS arises in ad-hoc network applications (especially
for dense networks), which are currently receiving considerable interest. In such networks,
due to the presence of a LOS propagation between the base station and users in the desired
cell, itis acceptable to assume Rician fading for the desired user channels and Nakagami-m or
Rayleigh fading for the interferers’ channels. Another fading model that can be considered
for interferers’ channels is the Rician distribution as in micro-cell and pico-cell networks
(radii in the range of 10-100m) where the size cell is small as in buildings, markets, and
industrial compounds [17]. We would like to note that approximating the Rician fading with
other distributions such as the Nakagami-m as an example, may not give accurate results in
some situations as will be shown in our findings. Also, it may not reflect the actual behavior
of the system currently under consideration. Other important fading models that can be
considered in relay networks is to assume Nakagami-m fading for the desired user channels
and Rician fading for the interferers’ channels. The importance of these models is that they
are very general and accurately reflect the impact of the interference and other parameters on
the behavior of studied systems. Such fading models were used in [18] in which Suraweera
et al. considered two scenarios; noisy relay and destination with interference at the relay,
and noisy relay with interference and an interference-limited destination. The desired user
channels were assumed to be Rayleigh faded while the single interferer was assumed to
follow Rician distribution. A key result of this study is that the overall system performance
is hardly affected by the Rician-K factor of the interfering signal.
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To the best of authors’ knowledge, none of the literature studies considered the perfor-
mance of fixed-gain AF relay systems with the desired user and interferers’ channels being
Rician/Nakagami-m, Rician/Rician, and Nakagami-m/Rician, respectively. As mentioned
before, considering the interference at the destination node is particularly relevant to TDMA
systems in which a single time-slot is shared by many relays. Furthermore, the assumption of
Rician fading is motivated by the fact that it is used to model wireless propagation comprising
a LOS component and a scattered component which is most likely to be existed in micro-
cellular mobile and indoor radio. Also, the proposed fading models find their practicality in
pico-cells as the dense ad-hoc networks. In our paper, we derive accurate approximations for
the outage probability and SEP for the Rician/Nakagmi-m fading scenario fori.n.d. and i.i.d.
interferers’ channels. In addition, we derive accurate approximate expressions for the outage
probability and SEP for both the Rician/Rician and the Nakagami-m/Rician fading scenarios
fori.i.d. interferers’ channels. The derived analytical expressions quantify the impact of inter-
ference on the performance of relay networks for a large set of fading environments. Further,
the analysis of Rician channels is generally more difficult and as a special case, includes the
commonly assumed Rayleigh fading. Finally, in order to get more about the system insights,
we evaluate the asymptotic system performance at high SNR values for special cases of the
proposed fading environments. The asymptotic outage probability and SEP in addition to the
diversity order and coding gain are derived and compared.

This paper is organized as follows. Section 2 presents the system model. The outage,
symbol error probability, and asymptotic performance of the proposed fading scenarios are
respectively analyzed in Sects. 3, 4, and 5. Some simulation and numerical results are given
and discussed in Sect. 6. Finally, conclusions are provided in Sect. 7.

2 System Model

Consider a dual-hop relay where a source node S transmits to a destination node D with the
assistance of a relay node R. The entire communication takes place in two separate phases.
In the first phase, S transmits the signal to R and then in the second phase the received signal
at R is amplified with a gain and then forwarded to D. We consider that the signal at D is
corrupted by interfering signals from N co-channel interferers {x; },N= |» €ach with an average
power of P;. The received signal at R can be expressed as

yr = hsrxo + ngr, €Y

where hgr is the channel coefficient for S-R link, xo is the transmitted symbol with
E{|xo|?} = Py, nsr ~ CN(0, Np) denotes the additive white Gaussian noise, and E{-} denotes
the expectation operation. In the second phase, the received signal at R is first scaled with the
gain G £ | ﬁ and forwarded to D, where P; is the power at R, and aszr = E{|hsr|?}.
sr

In practical situations where different time-slots are used by the source and a single time-slot
is shared by many relays as in TDMA systems, the interference effect appears only at the
destination node [7]. Therefore, the signal at D can be expressed as

N
va = Ghrg(hsexo + nsr) + D hixi + ng. 2

i=1

where &4 denotes the channel coefficient for the R-D link, {/; } lN: | are the channel coefficients
from interferers to D, and n,q ~ CN'(0, Np).
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From (2), the end-to-end (e2e) signal-to-interference plus noise ratio (SINR) at D can be
written as
G?|hpg|* Polhsr|*
D=y S 5 (3)
Zizl Pilhi|= + G Nolhdl
As the destination is interference-limited, the effect of n,q has been neglected in last result.
This assumption is acceptable in practical situations where the interference is a crucial factor
that governs the overall system performance as compared to noise [8].

Substituting G in (3), and after some algebraic manipulations, the e2e SINR can be written
P 2
as yp = Cy)_(,_lw, where X| = %|hsr|2, X, = Pr|hrd|2, C = ONLOSF, and Y = ZlNzl Y;,
where ¥; = Pj|hi|?.
In the rest of the paper, the system performance is analyzed for different fading environ-
ments, Rician/ Nakagami-m, Rician/Rician, and Nakagami-m/Rician.

3 Rician/Nakagami-m Environment

In this section, we evaluate the outage and symbol error probability performance of the
Rician/Nakagami-m fading environment. Such fading scenario finds its applicability in micro-
cellular mobile and indoor radio where a LOS propagation is existed between the base station
and users in the desired cell.

3.1 Outage Probability

In this subsection, we derive the outage probability for the i.n.d. and i.i.d. cases of interferers’
channels.

For this scenario, the channel coefficients of the desired user &gy, /g are Rician distributed,
while the interferers’ channels coefficients s; are Nakagami-m distributed. Based on that,
the channel gains |hgy 12, |hg|? are non-central chi square distributed with parameters K| and
’ZLI’ K> and ,]lz respectively, and the gains |h; |2, i=1,...,N,arein.d. gamma distributed
with parameters mj, and oy, .

Lemma 1 The outage probability of the Rician/Nakagami-m fading scenario can be evalu-
ated for the case of i.n.d. interferers’ channels as

nllk M]

N
miy /3
Vlh)ZQ Z(li])yz ZKZ

Pou(nn) = 1 —exp (= (K1 + Kz))eXP(

. . My 1 )i 1 _ -
l_‘(j—l-m]k H% f K (1+K1) ! (l) H% T" (nl )
—=—F r HE —

X AT+ +D) 1 Y Z (l')2 " Vthqgo q (g+mp +1DE; W, exp ) Vth

xWab (E1vth) » “4)

h h preshold SNR, il = 1= o a1 [
where 1y represents the outage thresho B = TGor as |11
(ou,,—l—s) ~in , M) are parameters for series convergence and take values from 1

s=o,

t0 50, B1 = Qp (1 + K1)+ K2)(C+ 1)/nim2, 82 = m Q. (1 + K2)(C+ 1)/n2(1 4+ Ky)
W..() is the Whittaker function defined in [19, Eq. (9.22)], a = — (% + % + m;,(), and
b= —j'E‘I‘H )
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Proof To derive the outage probability for the i.n.d. case of the Rician/Nakagami-m fading
scenario, the cumulative distribution function (CDF) of yp, conditioning on X and Y, can
be first expressed as

X1Xo
Fyp(rn) =Pr\ ———— - ="n

CY+Y+ X,
7 C+1
_ / Pr (Xz < M) i, ) fy ()dwdy, ®)
) w — Yth

where Pr(.) denotes probability, fx, (w) and fy (y) are the probability density function (PDFs)
of X1 and Y, respectively.
With change of variables, (5) can be rewritten as

o0

C+1
Fyorn) =1 — /PI’ (Xz > M) Sx, @+ vin) fr (v)dzdy. (6)

To evaluate (6), the complement CDF of X», the PDF of X1, and the PDF of Y are required

where X 1 and X» are non-central chi square distributed RVs with parameters K| and Pom

K> and W respectively, and Y is a summation of independent gamma distributed RVs with
parameters my, and o, .
The CDF of X, and the PDF of X are respectively given by

Fro(x) = 1= 0 (V2Ka, |/ 22x) | @)
fir, (0 = LEKL exp (=) — CEED ) gy (2, [OEEDKL ) ®)

where Q(.,.) is the Marcum Q-function and Iy(.) is the Modified Bessel function of first
kind and order zero defined in [19, Eq. (8.431.1)].
The PDF of Y is given by

N i 1 1 mlkl

fron=>. Z exp (—az, ). ©)

k=1i=1

where ﬁ,i_l as defined before.
Upon substituting the CCDF of X, and the PDFs of X and Y in (6), we get

Fx(x)
i—1 00
:1_1+K16XP(—K1)Z < B eXp( m /Q(\/ZT \/2(1+K2)x(C+l)Y)
n k=0 i=1 0
Cy
14+ KK 1+ K
x 1y (2 %(Z +X))3XP (— _; lz) Y™~ exp (—orr,y) dzdy. (10)
1 1

Upon using the series representation of the Marcum Q-function in [20, Eq. (4.35)] and that
of the Bessel function in [19, Eq. (8.447.1)], we get
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- o i (UxKxc+D) o !
J (L +KDKy

FX(x)zl—CleXP(—KﬁE,K?Zv(r(n+1+1))z( (T)
=

n=0 j=0

(o] ! (o]
. . 1+ K C+1 1+ K
X/ym1k+_/—1exp —any Z( )x /Zﬁwexp(_( +K)x(C+ Dy 1+ lz)dzdy.
0 9=0 0

2z N
an
Now, with the help of [19, Eq. (3.471.9)] and [19, Eq. (6.643.3)], and after some algebraic
manipulations, we get the result as in (4). O

For the special case where the interfering channels have the same fading parameter
{my, } ~, = my and experience the same average power {2y, }l | = Ky, the PDF of Y
is given by

le

fr(y) = F(N 5 yNm L exp (—ary). (12)

Upon substituting (12) in (6), and after following the same procedure as in Sect. 3, the outage
probability for the i.i.d. case of this scenario can be evaluated as

exp (— (K1 + K2)) ( ) o 2 K) T+ Nmp)
P, =1- exp | — K% _
out (Vth) T(Nmp) p m Vth ;) 2 ZO AT+ +10)

I
2
3

]

<M3 1

K! (14K N_¢ = E3 -
<V Z T ( ) D (q) E{ vy T(g+ Nmj+1exp (TVth) W, 5 (E3mn)

m =

(13)

0]

where 23 = Z; and B4 = E; with replacing Q, by Q7,a = — (% + % +Nm1), and

~

—j+q+1
b= = f .
3.2 Symbol Error Probability

In this subsection, we derive the symbol error probability for the i.n.d. and i.i.d. cases of
interferers’ channels. The SEP is given by

o0 o0
ax'b e by
SEP = [ a0 (V2by) £y 1)y = 7 | Sy, (14)
0 0

where Q(-) is the Gaussian Q-function, a and b are modulation specific constants.

Upon substituting the CDF Fy(y) = Pou(y) obtained in (4) in (14), and with the help
of [19, Eq. (3.381.4)] and [19, Eq. (7.621.3)], and after some algebraic manipulations, the
SEP for the i.n.d. case of this scenario can be evaluated as

av/b T K3
SEP_Qf{ (*)’ff—exm (Ki+K2)) & ZEIZ kz(z o ZZ

[
1 3 1+K
TG +my) % Kire+3)(58) 3 (I)F(q
()T g

Lo+ j+1) & G+i4me+3) " =
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. 1 Q1+ K)(C + 1)\? .~ . B5—C
+m1k+1)1"(—q+j+l+f)( 4 ) )) F(a,b;c;¥)},

2 n2
(15)

where E5 =

9.100),a =1+ 3. b=q+my + 1, and ¢ = j+1+my + 3.

For the special case where the interfering channels have the same fading parameter
{my, }1N= = my and experience the same average power {£2y, }lN: 1= $2, upon substituting the
CDF F,,(y) = Pout(y) obtained in (13) in (14), and with the help of [19, Eq. (3.381.4)] and
[19, Eq. (7.621.3)], and after some algebraic manipulations, the SEP for the i.i.d. case of this
scenario can be evaluated as

H,'ﬂK‘ + b, F(., .; .;.) is the Gauss hypergeometric function defined in [19, Eq.

[l

_avb (1)t e KK o S K TG+Nm) <> K
e 2f{ ( )b 2 r(Nmp) 727 Z jz J! F(n+1+1)z(l!)2

r(l+3 1+ K l 1
(+3) E;l( 1) ()r(q+Nm1+1>r(—q+J+z+)

T (j+1+Nm+3) q

xF(a,B;é; 35—53) (91(1+K2)(C+1)) } (16)

Es 2

whered =1+ 3,b=q+Nm;+1,andé = j+1+ Nmj + 3.

3.3 Asymptotic Analysis

Even thought the closed-form expressions of the outage probability and the SEP offer exact
evaluation of the system performance, they are too complicated to give any insights about
the system behavior. Therefore, in this subsection, we derive simple expressions for the
outage probability and SEP at high SNR values where more information about the diversity
order and coding gain of the system can be extracted. The asymptotic results will be for the
Rayleigh/Nakagami-m fading environment which is a special case of the Rician/Nakagami-
m fading scenario. In deriving the asymptotic expressions, finite number of interferers is
assumed and finite powers. In other words, the interferers’ powers are assumed to be not
scaling with the SNR. For the Rician/Nakagami-m fading scenario, by letting K1 = K» =0
in (13), we end up with the Rayleigh/Nakagami-m special case. The outage probability and
SEP for the Rayleigh/Nakagami-m fading scenario at high SNR regime are summarized in
the following Lemma.

Lemma 2 The asymptotic outage probability and SEP for Rayleigh/Nakagami-m fading
scenario can be respectively evaluated as

1 NmIQI(I2 Q[O’2
Pai(h) = v (*— | In Sy ) + Y (Nmp+ 1) +2c— 1), (A7)
n ©nm ©wm

1 Qo2 Q
SEP™ — i[ M[w(é)—m(b ’GS')+w(Nm,+1)+2c—1)“
4b “ni 2 U1
(18)
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Proof Upon letting K1 = K7 = 0 and taking only the first term of each summation as they
are still dominant and using [21, Eq. (13.1.33)], the result in (13) can be rewritten in terms
of the Tricomi hypergeometric function as

h QC+1) QC+1)
out(Vth)—l—F(Nm1+1)eXP< " ) (7%) v (le +1,2, ———wmn )
n nn2 nn2
(19)

where W(_., ; .) is the Tricomi hypergeometric function defined in [21, Eq. (13.1.6)].
Now, with the help of [21, Eq. (13.1.29)], the last result can be further simplified to

h QrC+1)
Pout(yth) = 1 —T'(Nmj + I)CXP( " )\If (Nm/, 0; =T ). (20)
m nn2
Upon letting 1> = un; and substituting the value of (C + 1) = C in (20), we get
Vth Qo
Pout(yth) = 1 —T'(Nm; + 1)0XP( ﬁtl )‘If (Nm,, 0; Mmsr )’th) . 20

As m — 00, by using the Taylor expansion of the exponential function exp(—x) =~
(1 — % +0(x?)) and the asymptotic expression of the Tricomi function W(b,0; x) ~
oD ( +b[Inx + (b + 1) +2c — 11x + o0 (x?)), where /(-) is the digamma function
and ¢ = 0.577215 is the Euler-Mascheroni constant. By ignoring the high power terms o (xz)
in these approximations and after some algebraic manipulations, the outage probability at
high SNR values can be evaluated as in (17). Having the outage probability and hence, the
CDF being derived, using (14), the SEP at high SNR values can be derived as in (18). O

4 Rician/Rician Environment

In this section, we evaluate the outage and symbol error probability performance of the
Rician/Rician fading environment. Such fading scenario finds its applicability in micro-
cellular mobile and indoor radio where a LOS propagation is existed between the base station
and users in the desired cell.

4.1 Outage Probability

For this scenario, the channel coefficients of both the desired user gy, hrq and the interferers’
h; are Rician distributed. Based on that, the channel gains lhsr|?, |hegl? are as defined in
the first scenario and the gains |hi|2, i =1,...,N, are now i.i.d. non-central chi square
distributed with parameters K; and ;. The outage probability for this scenario can evaluated
as

1+ K,
Pout(yth) = 1 —exp (= (K1 + K2 + NKj))exp | — - Yih

1 M i . My ! ‘ )
K I K| (1+K; (NK)"T(j+k+N)
K S S - ) B 1
Xngo zjgoﬂr(nﬂﬂ) ”‘“g(mz ( m ) ”‘Z K T(k+N)
I
l g = Ee _
X Z ( )F(k +q+N+DEJy, exp (Tym) W, 5 (Eertn) » (22)
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where E¢ = E3 with replacing ©2; by n7, 87 = nin; (14 K2)(C+ 1)/m(1 + K1) (1 +K)),
&:—(%+k+%+N),andE: —itatl

In evaluating (22), the CDF of X; and the PDF of X in yp are as given in Sect. 3.
Assuming i.i.d. interferers channels, the PDF of Y is given by

N+ N—1
1+K;\ 2 1+K 2 N(+K;)K
fy(y)=( ’) exp(_(sz,+ ’y)) (—y ) v (2, YA KD K )
uli ni NK; ni

(23)

where n; = i is the average power of the interferers and /y_1(-) is the modified Bessel
function of the second type and order N — 1 defined in [19, Eq. (8.445)].

Upon substituting the CCDF of X5, the PDF of X, and the PDF of Y in (6), and using the
same procedure as in Sect. 3 with the help of [20, Eq. (4.35)], [19, Eq. (8.447.1)], and [19,
Eq. (8.445)], and after some algebraic manipulations, the outage probability for this scenario
can be evaluated as in (22).

4.2 Symbol Error Probability
Upon substituting the CDF F,, () = Pouc(y) obtained in (22) in (14), and with the help of

[19, Eq. (3.381.4)] and [19, Eq. (7.621.3)], and after some algebraic manipulations, the SEP
for this scenario can be evaluated as

av'b % a K2 & Ki
SEP—zf ()b 2 —exp(— (K| + Kp + NKp)) B %Z Z 'r(n+j+1)z(zz)2

1 My l

3 1+K '(j+k+ N l
DS B s 5()
S ST M (4 kN +3) o\

1 1 K (C + 1)\? ~ Bs — &
r(j+l—q+§)r(k+q+N+1)(%) F(&,b;é; 555 6)] (24)

whered =1+ 3,b=k+q+N+1,andé=j+I++k+N+3.
4.3 Asymptotic Analysis

For the Rician/Rician fading scenario, by letting K1 = K» = K; = 0 in (22), we end up
with the Rayleigh/Rayleigh special case. Following the same procedure as in Sect. 3, the
asymptotic outage probability and SEP for this case can be respectively evaluated as

1 Nnol niod
P (th) = ¥h (* - [111( st vh )+ YN+ 1) +2c—-11), (25)
ni M“ni nni
1 Npjo? 3
SEp® = 2 [7 _ %t [1// (7) —In (b"’ S’) +Y (N+1)+2— 1)]}. (26)
4b U 2 un

5 Nakagami-m/Rician Environment

In this section, we evaluate the outage and symbol error probability performance of the
Nakagami-m/Rician fading environment. Such fading scenario finds its applicability in micro-
cellular mobile and indoor radio where a LOS propagation is existed between the base station
and users in the desired cell.
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5.1 Outage Probability

For this scenario, the channel coefficients of the desired user hgy, hyq are Nakagami-m dis-
tributed, while the interferers’ channels coefficients /; are Rician distributed. Based on that,
the channel gains |hsr|?, |heq|? are now gamma distributed with parameters m; and Q% mo

and Qiz’ respectively, and the gains |A; |2, i =1,..., N, are as defined in the second scenario.
The outage probability for this scenario can be evaluated as

mmlfl . Eg mi mpy—1 Eg%]/%
P =1 o (2 20 ) S B0
Q" I(m 2 @ P
mp—1 M .
mi—1\ & Eel Tk+i+N+1)_ ,. _
X;( L )Vm ~sgwm+z+m(mﬁ) W, 5 (Ssnn) .
27

where Eg = mmon;(C +1)/Q1Q22(1 + Kj), M is a parameter for series convergence and
takes values from 1-50,a = — (% + % +i+ N), and b = %kﬂ

In evaluating (27), the PDF of Y is as given by (23) and the CDF of X, and the PDF of
X are respectively given by

moy—1

1 (my I my
F =1- — = J ——x, 28
%) Z‘o j!(§22) * eXp( 2" 28)
fx, (x) = Lx'mflexp (_@x), (29)
QYT (my) Q

where Fy, (x) is valid for integer values of m».

Upon substituting the CCDF of X3, the PDF of X1, and the PDF of Y in (6) and using the
Binomial formula, we get

14K\ 2 _ j .
IO RTRe s () e
Fy()=1——>"7 (___ —NK -t AN PR
X () SHRINT NK[) exp ( 1>eXp( 5 X) ,;) i
C
TN 1+K NA+KpK; NS my -1
x/y]+7_7exp(— Iy) 1N—1(2 — Iy) > ( lk )x*"“”l’l
) n n =
o0
_ mox(C + 1 m
Joren( e
0

I
Upon evaluating I; with the help of [19, Eq. (3.471.9)], we get
my—1

| Qur(C+ 1\
Fx(x) =1-2C Z (mlk )x—k+m1—1 (m2 1111)192 )
k=0

N+ KK mima(C + 1x
XINC 2, | —————— v ) K—jrit1| 2, — s )4y 3D
ny Q1

@ Springer




1762 A. M. Salhab et al.

Unfortunately, a closed-form expression for the CDF in last result is very difficult, if not
impossible, to be obtained. It can be evaluated in a series form by making the change of
variables, 12 = y,and using [19, Eq. (8.445)] and [19, Eq. (6.631.3)], and after some algebraic
manipulations, the outage probability for this scenario can be evaluated as in (27).

5.2 Symbol Error Probability

Upon substituting the CDF F,, () = Pou(y) obtained in (27) in (14), and with the help of
[19, Eq. (3.381.4)] and [19, Eq. (7.621.3)], and after some algebraic manipulations, the SEP
for this scenario can be evaluated as

b 1 mp T (m _,’_l mo—1
SEP = ;f {F (7) b=t — m;” 39(’"‘+2)M510 exp (—NKj) Z =
JT 2 Q) I (my) pr il

M PG +i+NTk+i+N+DNK)

mp—1
mp—1 . 1) k
X '\j—k+m; — <) E
2( k ) (J P 2) T T+ NI (i m + N+ D)

89 — 5 E1o
wFa.b: e “)} (32)

where Eg = g—i—i—b, E10 =mani(C+ 1)/ Q0+ Ky)a =m +%,l;:k+i+N+ L,
and¢ = j+i+m +N+ % It is worth to re-mention that the achieved results are valid for
integer values of m».

5.3 Asymptotic Analysis
For the Nakagami-m/Rician fading scenario, by letting m; = my = 1in (27), we end up with

the Rayleigh/Rician special case. Following the same procedure as in Sect. 3, the asymptotic
outage probability and SEP for this case can be respectively evaluated as

1 Nma2 Tllf72
PSS = (—— = [l( = )+ N+1+2—1), 33
(Vth) = Vth m am(+ KD n Iﬂil(1+K1)m ¥ ( ) +2¢ (33)
il el G) (o) ]
SEP® = — | — — S S)-n(p——— )+ y N+ D+2c—-1 |f.
4b|m ima s ko [V\2) T Panar gy ) TY VD A2eD

(34)

It is worth pointing out that the asymptotic expressions can be quantified in terms of
diversity order and coding. The diversity order is defined as the negative slope of outage
probability curves on a log-log scale, and the coding gain is defined as the shift of the curve
in relative to the outage probability reference curve. At the high SNR regime, we can express
the outage probability as Poy = (Gcm)’cd, where Gy is the achieved diversity order of
the system and G¢ is the coding gain. As we can see, for the case where the interferers’
powers do not scale with the SNR, all the analyzed scenarios in this section have the same
diversity order. Therefore, we can notice that for these special cases of fading scenarios that
the degradation in system behavior comes through the coding gain. Noticing that the number
of interferers affects the coding gain for all scenarios, in addition, to the effect of fading
parameters m; and K for Rayleigh/Nakagami-m and, Rayleigh/Rician, respectively.
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Fig. 1 Outage probability versus average SNR for fixed-gain AF relay system with CCI at destination for
different fading environments

6 Numerical Results

In this section, we illustrate the validity of the expressions derived in Sects. 3, 4, and 5.
We also discuss and compare the diversity order and the coding gain of some cases of the
proposed fading environments. We also provide some numerical examples to illustrate the
effect of interference and some system parameters as the fading parameters on the system
performance.

Figure 1 illustrates the outage performance for some special cases of the proposed fading
scenarios; Rayleigh/Rayleigh, Rayleigh/Nakagami-m, and Nakagami-m/Rayleigh cases. As
can be seen, both the analytical and asymptotical results fit accurately with the simulation
curves. A key result of our paper for the case where the interferers’ channels possess Rician
fading is that the Rician-K factor is hardly affecting the system performance which confirms
the same result achieved in [18]. Also, for the case where the interferers’ power do not scale
with the SNR, we can notice that the different fading scenarios of the interferers’ channels
have the same diversity order. This can be inferred from the results of the asymptotic outage
probability of all scenarios where the power of nl_l is the same. We can also notice that the
interference degrades the system performance by only affecting the coding gain. Finally, it
is clear to see that the coding gain of the Rayleigh/Nakagami-m, the Rayleigh/Rayleigh, and
the Rayleigh/Rician fading scenarios is affected by the number, the fading parameters, and
the average powers of the interferers.

Figures 2 and 3 validate the achieved analytical results. These two figures show that the
considered Rician/Nakagami-m, Rician/Rician, and Nakagami-m/Rician fading scenarios
simplify to the special case of Rayleigh/Rayleigh fading when their fading parameters are
set to give this special case. The figures clearly illustrate that the three fading environments
have the same performance under this condition. Also, the figures show that increasing the
number of interferers increases the outage and error probabilities of the system, as expected.
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Fig. 2 Outage probability versus average SNR for fixed-gain AF relay system with CCI at destination for
different fading environments when their fading parameters are set to give the special case of Rayleigh/Rayleigh
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Fig.3 Average SEP versus average SNR for fixed-gain AF relay system with CCI at destination for different
fading environments when their fading parameters are set to give the special case of Rayleigh/Rayleigh fading

The outage performance of the Rician/Nakagami-m fading scenario is studied in Figs. 4, 5,
and 6. Figure 4 is a validation to the achieved analytical results. We can notice from this figure
the perfect fitting between the achieved expressions of this fading scenario and Monte-Carlo
simulations. This is a strong indication on the accuracy of our derived analytical expressions.
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Fig. 4 Outage probability versus average SNR for fixed-gain AF relay system with CCI at destination for
Rician/Nakagami-m fading scenario with different numbers of interferers N
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Fig. 5 Outage probability versus average SNR for fixed-gain AF relay system with CCI at destination for
Rician/Nakagami-m fading scenario with different values of fading parameter m ;

In addition, this figure shows the degradation happens in system performance due to the
increase in number of interferers N. Figure 5 studies the effect of the fading parameter of the
interferers’ channels m; on the system behavior. As expected, as m increases and hence, the
quality of the interferers’ channels, the worse the achieved performance. Figure 6 illustrates
the impact of the desired user channels via the power ratio p on the system behavior. This
ratio represents the power of the second hop channel of the desired user to the power of

@ Springer



1766 A. M. Salhab et al.

Outage Probability
>

—>—p=3dB
—+—p=8dB
—6—p=13dB
—*—p=18dB

-10 -5 0 5 10 15 20
Outage Threshold Yin [dB]

Fig. 6 Outage probability versus outage threshold for fixed-gain AF relay system with CCI at destination for
Rician/Nakagami-m fading scenario with different values of power ratio p
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Fig. 7 Average SEP versus average SNR for fixed-gain AF relay system with CCI at destination for
Rician/Nakagami-m fading scenario with different values of power ratio p; and different numbers of interfer-
ers N

the interferers’ channels 17, /N 27, where the interferers were assumed to be identical in this
figure. As expected, as p increases, the system performance is more enhanced.

Figure 7 portrays the SEP performance of the Rician/Nakagami-m fading scenario for
different values of power ratio p; and different numbers of interferers N, where p; denotes
a ratio of the power of the second hop channel of the desired user to that of the channel of
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Fig. 8 Outage probability versus average SNR for fixed-gain AF relay system with CCI at destination for
Rician/Rician fading scenario with different numbers of interferers

a single interferer 1,/ €2y, where the interferers were assumed to be identical in this figure.
As expected, as p; increases, the better the achieved performance. Also, we can notice that
the best behavior can be achieved when N takes its minimum value. Finally, a noise floor
appears in all cases due to the effect of interference. Noticing that the diversity gain reaches
zero as the interferers’ powers were assumed to scale with the SNR in this figure.

The outage performance of the Rician/Rician fading scenario is studied in Figs. 8 and 9.
Figure 8 illustrates the validity of the derived expressions. We can notice from this figure the
perfect fitting between the achieved analytical results and Monte-Carlo simulations which is
a strong indication on the accuracy of our derived expressions. In addition, the figure shows
the degradation happens in system performance due to the increase in number of interferers
N. Figure 9 studies the effect of the fading parameters K and K> of the desired user channel
on the system performance when they possess similar values. As can be seen, as the values of
this pair increase and hence, the quality of the desired user channels, the better the achieved
behavior.

The SEP performance of the Rician/Rician fading scenario is studied in Figs. 10 and 11.
Figure 10 studies the effect of fading parameters K| and K; on the system performance when
they possess different values. It is clear that the worst behavior is achieved when K and K»
equal unity. On the other hand, when they take the values (9,1), the achieved performance is
better than the case of (1,9), specially, at low values of the first hop SNR. This means that
the parameter K is more effective when the average SNR of the first hop is smaller than
that of the second hop. At the case when these SNRs are comparable, both cases are almost
behaving the same. This is because the performance of the overall system is dominated by
the interference affected worst link. Finally, the best behavior is achieved when K| and K>
are equal and larger than unity. Figure 11 aims to show the inaccuracy in approximating
the Rician fading model with the Nakagami-m model as an example. A big gap in system
behavior can be seen in this figure when the the interferers’ channels are approximated by
Nakagami-m distribution instead of Rician distribution. In this figure, we used [20, Eq. (2.26)]
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Fig. 9 Outage probability versus outage threshold for fixed-gain AF relay system with CCI at destination for
Rician/Rician fading scenario with different values of fading parameters (K, K2)
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Fig. 10 Average SEP versus average SNR for fixed-gain AF relay system with CCI at destination for
Rician/Rician fading scenario with different values of fading parameters (K, K2)

to calculate the value of fading parameter m that approximates K. This result illustrates the
importance of our assumption in modeling the interferers’ channels to be Rician distributed
and not to be approximated by any other fading models.

The outage performance of the Nakagami-m/Rician fading scenario is studied in Figs. 12
and 13. Figure 12 illustrates the validity of the derived expressions. A perfect fitting between
the achieved analytical results and Monte-Carlo simulations can be seen in this figure. This
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Fig. 11 Average SEP versus average SNR for fixed-gain AF relay system with CCI at destination for
Rician/Rician and Rician/Nakagami-m fading scenarios with different values of power ratio p
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Fig. 12 Outage probability versus average SNR for fixed-gain AF relay system with CCI at destination for
Nakagami-m/Rician fading scenario with different numbers of interferers N

is a clear evidence on the accuracy of our derived expressions. In addition, the figure shows
the degradation happens in system performance due to the increase in number of interferers
N. Figure 13 shows the impact of interferers’ channels quality on the system behavior. As
obvious, as 7y increases and hence, the quality of the interferers’ signals, the worse the
achieved behavior, as expected.
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Fig. 13 Outage probability versus outage threshold for fixed-gain AF relay system with CCI at destination
for Nakagami-m/Rician fading scenario with different values of interferers’ power 1y
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Fig. 14 Average SEP versus average SNR for fixed-gain AF relay system with CCI at destination for
Nakagami-m/Rician fading scenario with different values of fading parameters (m1, my)

Figure 14 studies the effect of fading parameters of the desired user channels m1 and m
on the SEP performance of the Nakagami-m/Rician fading scenario. As explained in the case
of Rician/Rician scenario and the effect of K1 and K, on its performance, the same result can
be seen here. The worst behavior is achieved when m and m3 equal unity which represents
the Rayleigh fading. On the other hand, the case (3,1) gives better behavior than the case
(1,3), specially, at low values of the first hop SNR. This means that the parameter m; is more
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effective when the average SNR of the first hop is smaller than that of the second hop. At
the case when these SNRs are comparable, both cases are almost behaving the same. This
is because the performance of the overall system is dominated by the interference affected
worst link. Finally, the best behavior is achieved when m and m» are equal and larger than
unity.

7 Conclusion

In this paper, we investigated the performance of a dual-hop fixed-gain AF relay system
with co-channel interference at the destination. We considered various fading scenarios;
Rician/Nakagami-m, Rician/Rician, and Nakagami-m/Rician. We derived accurate approxi-
mate expressions for the outage probability and the SEP for all the proposed fading models.
Furthermore, we studied the system performance of the proposed scenarios at high SNR
regime. We evaluated asymptotic expressions for the outage probability and the SEP in
addition to evaluating the system diversity order and coding gain. The analytical and asymp-
totic results were validated by Monte-Carlo simulations. A perfect fitting between both the
achieved analytical results and the asymptotic results with Monte-Carlo simulations was
proved in some results. Also, for the case where the interferers’ powers do not scale with
the SNR, results showed that with different fading models for the interferers’ channels, the
interference is only affecting the system behavior through the coding gain without affecting
the diversity order of the system. On the other hand, when the interferers’ powers scale with
the SNR, zero diversity gain is achieved for all fading scenarios. Other results illustrated the
effect of number of interferers and the fading parameters on the system performance. Finally,
results showed that approximating the Rician system model by the Nakagami-m one does
not give accurate results at least in our presented study.
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