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Abstract—In this paper, we evaluate the outage performance
of a decode-and-forward (DF) relay system with two low-
complexity relay selection schemes and interference at the relays
and destination. The schemes are mainly based on the switch-
and-examine diversity combining (SEC) and SEC post-examine
selection (SECps) techniques in which a relay out of multiple
relays is selected to forward the source message to destination.
The selection process is performed such that the signal-to-noise
ratio (SNR) of second hop of the selected relay satisfies a prede-
termined switching threshold. In this paper, we first derive the
probability density function (PDF) of SNR of the relay selection
scheme and the conditional cumulative distribution function
(CDF) of end-to-end (e2e) signal-to-interference plus noise ratio
(SINR) assuming Rayleigh fading channels. The derived statistics
along with the statistics of first hop channels of the relays and the
direct link are then used to derive a closed-form expression for
the e2e outage probability. Maximal-ratio combining (MRC) is
used at the destination to combine the signals from the relay and
the direct link. Furthermore, the outage performance is studied at
high SNR regime where approximate expressions for the outage
probability, diversity order, and coding gain are derived and
analyzed. Monte-Carlo simulations and some numerical examples
are provided to illustrate the validity of the derived results
and to show the effect of interference and other parameters on
the system performance. Main results illustrate that when the
interference power is fixed, the system can still achieve some
performance gain when more relays are added; especially, at
SNR values that are comparable to the switching threshold.
Asymptotic results show that at high SNR, the system with the
SEC and SECps relaying schemes achieves a diversity order of 2
and approximately the same coding gain. Furthermore, findings
illustrate that the interference at the destination is more severe on
the system performance compared to that at the relays. Finally,
results show that the interference is severely affecting the gain
achieved in system performance when the SECps relaying scheme
is used compared to the conventional SEC relaying.

Index Terms—Decode-and-forward, relay network, Rayleigh
fading, co-channel interference, switching threshold.

I. INTRODUCTION

Cooperative or relay networks have generally been studied
with respect to the relay selection schemes, coding, multi-user
communication, multi-antenna, channel estimation errors, and
power allocation, mostly, under conditions of additive white
Gaussian noise (AWGN) [1]-[4]. However, the co-channel
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interference (CCI) dominates AWGN in such wireless systems
due to the extensive re-use of frequency bands by system users.
Moreover, the effect of interference 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. This shows the need for new studies that address the
impact of this channel impairment on the performance of such
cooperative networks.

Recently, more attention has been given to evaluate the
interference effect on the performance of relay networks [5]-
[7]. Particularly, in [7], Al-Qahtani et al. derived closed-form
expressions for the outage probability and symbol error rate
of a dual-hop amplify-and-forward (AF) relay system with
interference at the relay node and assuming Nakagami-m
fading channels. The interference effect at the destination node
over Rayleigh and Nakagami-m fading channels was studied
in [8] and [9], respectively. Recently, the outage performance
of a dual-hop AF relay system over Rayleigh and Nakagami-
m fading channels was studied in [10] and [11], respectively.
As can be seen, most of the existing papers on relay networks
considered the interference effect assuming the existence of
single relay only.

Most recently, a study on the performance of multi-relay DF
conventional relaying systems in the presence of interference
at the relay and destination nodes assuming Nakagami-m
fading channels was evaluated in [12]. Some key papers on
relay systems with multiple relays and opportunistic relaying
are the ones presented in [13]-[15]. Particularly, in [13],
Salhab et al. evaluated the outage and asymptotic outage
performance of an opportunistic DF relay system with in-
terference at the relays and destination. All channels were
assumed to follow Nakagami-m distribution with the existence
of arbitrary number of unequal power interferers. The lack
of comprehensive studies that evaluate the performance of
multi-relay cooperative systems with interference at the relay
and destination nodes and the importance of such cooperative
systems motivate us to contribute in this area of research.

Several relay selection schemes were proposed for coop-
erative networks with multiple relays, among which is the
best-relay or opportunistic relaying [16]. In this scheme, only
the best relay is always selected among all other relays to
forward the source message to destination which makes it
optimum in this sense. Compared to the conventional relaying
where all relays participate in the cooperation process, the
opportunistic relaying enhances the system spectral efficiency
and provides the same or even better performance than the
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conventional relaying. Another relay selection scheme is the
partial relaying [17]. In such scheme, the relay with first hop
SNR greater than a predetermined SNR threshold and being
the maximum among other relays is chosen as the best relay.
This is useful for certain situations in ad-hoc networks where
only first hop channels of relays are available to the source.
As can be seen, in order for these relay selection schemes
to select among relays, large number of channels need to be
estimated each transmission time. This increases the power
consumption, reduces the relay battery life, and increases the
system complexity.

In DF multi-relay systems, the relays who succeeded in
decoding the source message in the first communication phase
are called active relays. Having all these relays forwarding
the source massage to destination in the second phase of
communication will be on the expense of system spectral
efficiency. Alternatively, the opportunistic relaying can be used
where only the best relay among all active relays is selected
to forward the message to destination. This enhances the
system spectral efficiency and at the same time gives the same
performance as the conventional relaying. On the other hand,
the opportunistic relaying suffers from a heavy load of channel
estimations which are required to select among the active
relays each transmission time. In [18], the authors proposed
a switching threshold-based relay selection scheme for dual-
hop AF relay networks. The scheme is based on the switch-
and-examine diversity combining (SEC) technique where the
first checked relay with e2e SNR greater than a predetermined
switching threshold is selected instead of the best relay to
forward the source message to destination. In this scheme,
once a checked relay satisfies a certain switching threshold,
no need for other relays to estimate the channel for the second
hop. Thus, the SEC-based relaying scheme eliminates the need
for other relays to operate as channel estimators and hence,
reduces the required number of channel estimations, saves the
power of these relays, and reduces the system complexity.

To the best of our knowledge, the performance of dual-
hop DF relay systems with the SEC-based relaying scheme
and interference at the relays and destination over Rayleigh
fading channels has not been presented yet. The contributions
of our paper over the existing studies can be summarized in the
following points: i) we present the SEC and SECps relaying
schemes to be used for DF relay systems with interference at
the relays and destination; ii) in the SEC and SECps relaying
schemes and in contrast to the relaying scheme presented in
[14], the first checked relay whose second hop SNR exceeds
a predetermined switching threshold is selected to forward
the source message to destination. This reduces the required
number of channel estimations, saves the power of relays,
and reduces the system complexity; iii) we present a full
evaluation for the system outage performance where the effect
of interference and some system parameters on the system per-
formance is provided. Furthermore, to get more about system
insights, we study the outage performance at high SNR regime
where approximate expressions for the outage probability,
diversity order, and coding gain are derived and analyzed. In
this paper, we derive exact closed-form expressions for the
outage probability for the generic independent non-identically

distributed (i.n.d.) case of relay second hop channels for the
SEC relaying scheme and for the independent identically
distributed (i.i.d.) case for the SECps relaying scheme. Firstly,
the PDF of SNR at the selection scheme combiner output, the
CDF of e2e SINR conditioned on the decoding set of relays,
the CDF of SINR of the relays first hop channels, and the
CDF of the direct link SINR are derived. Then, these statistics
are used to derive a closed-form expression for the system
outage probability. Further analysis is conducted following the
same procedure to evaluate the asymptotic system behavior.
The switching threshold is selected to optimize the e2e outage
probability and is numerically calculated.

This paper is organized as follows. Section II presents the
system and channel models. The exact outage performance is
analyzed in Section III. Section IV provides the asymptotic
outage performance. Some simulation and numerical results
are presented and discussed in Section V. Finally, conclusions
are given in Section VL.

II. SYSTEM AND CHANNEL MODELS

Figure 1 shows the relay system under consideration. It

Fig. 1: A dual-hop DF relay system with SEC-based relaying
and interference at relays and destination.

consists of one source, one destination, K relay nodes, and
arbitrary number of interferers at both the relays and desti-
nation. The entire communication takes place in two phases.
In the first phase, the source S transmits its message to the
destination D and the K relays. In the second phase, the relay
which satisfies a predetermined switching threshold among all
other relays who succeeded to decode the source message in
the first phase is selected to forward a re-encoded version
of it to D. Compared to the opportunistic relaying, instead
of estimating the second hop channels of all active relays
each transmission time, this amount of channel estimations is
noticeably reduced by using the SEC-based relaying scheme.

With referring to the flowchart in Figure 2, the SEC-based
relay selection scheme works as follows: at the guard period of
each transmission time, the source sends a ready-to-send (RTS)
packet to relays and destination. This packet allows each relay
to estimate its first hop channel. To reduce the overall overhead
in communication, a method based on time is selected: as soon
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Fig. 2: Switch-and-examine relaying.

as the RTS packet is received, each relay who successfully
received the source message starts a timer based on its first
hop instantaneous channel estimation. The relay whose timer
is expired first sends a RTS packet to destination through
which the destination estimates its second hop channel. Then,
this channel is compared with the switching threshold. If it is
larger, the destination positively acknowledges this relay and
asks it to start its transmission through a one bit feedback.
This suitable relay sends a flag to other relays signaling its
presence. All relays, while waiting for their timer to reduce to
zero, are in listening mode. As soon as they hear another relay
flagging its presence or forwarding information, they back off.
If the checked relay is found unacceptable, it will be negatively
acknowledged by the destination where it will keep silent. In
this case, the timer of other relay expires and the same process
is repeated. This process continues till a suitable relay is found
or the last relay is reached. If the last relay is reached and
found acceptable, it will be positively acknowledged by the
destination to start its transmission. If not, the destination will
negatively acknowledge it and wait for a certain time interval
A, if it does not receive other RTS packet from other active
relay within this time period, it will ask the last checked relay
to start its transmission. In the case of SECps which is an
enhanced version of the conventional SEC relaying and in the
case where the last relay is reached and found unacceptable,
the destination asks the best relay among all checked relays
to conduct its transmission.

We assume that the signal at the k' relay is corrupted by
interfering signals from I co-channel interferers {;v 1- The

received signal at the k*® relay can be expressed as

= hg po + Z hi gl g+ s, (1)

=1

where hs ;. is the channel coefficient between S and the Eth
relay, mo is the transmitted symbol with E{|z¢|?} = P,
hl 18 the channel coefficient between the it interferer
and kth relay, ] , is the transmitted symbol from the i}"
interferer with lE{|a:lk 2} = Pl . nsp ~ CN(0,Np) is an
additive white Gaussian noise (AWGN), and E{-} denotes the
expectation operation. Let us define hs 4, hy 4, and h ,.das the
channel coefficients between S and D, the k" relay and D,
the i'!* interferer and D, respectively. All channel coefficients
are assumed to follow the Rayleigh distribution, that is, the
channel powers denoted by |hsd|?, |hskl?, |hg.dl? hfk’k|2,
and |h] 4|* are exponentially distributed random variables
(RVs) with parameters o2y, 02, 07 4o 07, p» and 07, 4
respectively. Using (1), the signal-to-interference plus noise
ratio (SINR) at the k*" relay can be written as

b} s >

&l skl2
Vs, = . (2)

I K3
D=1 ﬁmeP+1
Let C}, denote a decoding set defined by the set of active

relays that could have correctly decoded the source message
in first phase of communication. It is defined as [14]

1
Cp = {k €S, : 3 logy (14 vs,k) > R}
={k eS8 1y =22 —1}, 3)

where S, is a set of L relays and R denotes a fixed spectral
efficiency threshold.

In the second phase and after decoding the received mes-
sage, the first checked relay in C';, whose second hop channel
SNR is greater than the predetermined switching threshold
forwards the re-encoded message to the destination. The
selected relay is chosen according to the SEC selection scheme
and it is the first checked relay in C;, whose ~; 4 is greater
than a predetermined switching threshold. It can be written as

[Pl
Vid = , €]

ZZI: 1 Jl\llod|hld,l +1

where P, PI d and Ny are the transmit power of the I*h active
relay, the transm1t power of the zth interferer, and the AWGN
power at the destination, respectrvely, and I, is the number
of interferers at the destination node. Equivalently, the relay
with the second hop channel SNR % |hi.a]? ¢ greater than a
predetermined switching threshold 1s selected to forward the
source signal to destination since the denominator is common
to the SINRs from all relays belonging to Cr!.

The destination finally combines the signals from the source
and the selected relay using maximal-ratio combining (MRC).
The end-to-end (e2e) SINR at the destination output can be

'We are assuming that the channels of the second hop transmission do not
change while a decision on which relay is selected is made.
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written as P; [y4 < u|CL] and P, [CL] for the case of i.n.d. second hops
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I
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where we have assumed in the considered system that the

interferers’ activities are unchanged over the two phases of
communications.

III. EXACT OUTAGE PERFORMANCE

In this section, we evaluate exact closed-form expressions
for the outage probability of the studied system with the SEC
and SECps relay selection schemes.

Let Cp, be a decoding subset with a number of L active
relays (i.e., cardinality |C| = L), then

L] = H P, [’Vs,l > U] H P, [’Vs,m < 'LL], (7

leCy, me¢Cr,

where u = (223 — 1). The outage probability for the studied

system is given by [14]

1
Pout é Pr |:2 10g2 (1 =+ ’Vd) < R:|

K
= Z Z Py [va <ulCL]P:[CL], ®)

L=0 Cp,

where the internal summation is taken over all of ( ) possible
subsets of size L from the set with the K relays. To evaluate
(8), we need first to derive P, [yq < u|CL] and P, [CL].

A. SEC-Based Relay Selection

In this section, we evaluate the outage probability of the
SEC relaying when the second hops of relays are non-identical
and the interferers have unequal average powers.

Let p £ Py/Ng = P,/Ny and p; £ Pii,,k/No P 4/No.
Then, plhsd| p|hs k‘zy P1|h7k k| p|hld| and PI|thd|2
are exponential distributed with parameters Asq = 1/ pas @
As o = l/pas}k, )‘zk,k 1/,010[}%,6, ANid = 1/pal,d, and
A= 1/pro7;,q- For the ind. case, we have A/ , #

1d, d
A when iy, # j,, n € S, |J {d}. The results of the terms

In,n?

{A\ia}, and interferers of unequal powers {\] }i’:zl are
summarized in the following two Lemmas, respectively.
Lemma 1: The term P, [y4 < u|Cyr] in (8) is given for L >
1 by (5) on the top of this page.
Proof: Please see Appendix A. [ ]
Lemma 2: The CDF P, [vs, < u] which is a part of the
term Pr [CL] in (7) is given by

Ix exp ()\{] k) (E; — E;)
H )\Zk7 gz:l H ( _ ’ (9)

where 2] = Z; and E, = =, with replacing d by k.

P. '75k<u

7'k1

Proof: In evaluating P, [ys < u], the RV ~s can be
written as Y, /Z,, where Y, has an exponential distribution as
given in Appendix A, and the PDF of Z,, is as derived in (29)
with replacing i4 by i and d by k.

Upon substituting the PDF of Y, and that of Z, in (33), and
with the help of [20, Eq. (3.351.2)] and after some algebraic
manipulations, we get the result in (9). |

Having the terms P; [yq < u|CL] and P, [CL] being eval-
uated, a closed-form expression for the outage probability in
(8) can be obtained.

For the case of non-identical second hops and interferers of
equal powers at the relays and destination (\] , = --- = \[),
! ind = = A)), the results of the terms P, [’yd < u|C’L]
and P, [CL] are summarized in the following two Corollaries,
respectively.

Corollary 1: The term P, [y4 < u|Cr] in (8) is given for
L > 1 by (10) on the top of next page.

In evaluating the term P, [vq4 < u|CL], the e2e SINR ~yq
can be written as Y] /Zs, where Y; as defined in Appendix A
with a PDF as derived in (30) and Z5 is now constituting of
a summation of iid. RVs as Zy = /" ps|hl 4> +1 =
Xs 4 1 with a PDF of X, given by

D

fx,(z) = mw

Using the transformation of RVs and then the Binomial rule,

exp (—Aém). (11)
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1-3) (1-32) (1-32) (1-32)
exp (= (Nig = As.a) 1) (A1 = As) (A1 — Ag)
D> M (1= exp (= A(imjrr))2.a77)) Tt | 19
o (1-32) (1-32)
_ T(g+1,0]) _ T(g+L A qutA)) _ T(g+1,M autA])
where A; = (A Ay = (Aeautal) 7 and As = (Ao quta])? T
the PDF of Z5 can be obtained as can be written as [19]
Al)la ~ (I;—1 Flhspca2(7) =
fz,(2) = — ([( d_)l) exp )‘d Z ( d > 1) plhsrc,d| L
d g9=0 [F/zlﬁff,,dP(’YT)] Fp|hR,d|2(7)a Y <7
x 29 exp (—)\éz) . (12) ijo [Fplha,d\2(7) - Fp\hR.dlz('VT)] (15)

Upon substituting (30) and (12) in (33), and with the help of
[20, Eq. (3.351.2)] and after some algebraic manipulations, we
get the result in (10).

Corollary 2: The CDF P, [y, < u] which is of the term
Pr[CL] in (7) is given by

(D)™
(Ir —1)!

x (=1)7 (A} = 43),
where A/1 = A; and A/2 = A, with replacing d by k.

P, ['VSJC < U] =

s () (e 3 ()

9=0 g
(13)

In evaluating the term P, [C'z], the CDF of ~  needs to be
derived first. This RV can be written as Y, /Z;, where Y, has
an exponential distribution as given in Appendix A and the
PDF of Z, is as derived in (12) with replacing ¢4 by ¢; and
d by k. Upon substituting the PDF of Y, and that of Z; in
(33), and with the help of [20, Eq. (3.351.2)] and after some
algebraic manipulations, we get the result in (13).

For the case of identical second hops (A1 g = Aog = ... =
Ak d = Ard) and interferers of unequal powers at both the
relays and destination, the term P, [C'z] is as derived in Lemma
2 and the term P, [yq < u|CL] is given in the following
Lemma.

Lemma 3: The term P, [y4 < u|CL] in (8) is given for L >
1 by (14) on the top of next page.

Proof: In evaluating the term P, [y4 < u|CL], the e2e
SINR can be written as Y5/Z;, where Z; is as defined in
Appendix A with a PDF as derived in (29). The CDF of
plhsec.d|> which is a part of Y5 for the i.i.d. second hops

x [Fl’|hR,d\2(7T)]J + [FP\hR,dP(’yT)}L e et B

Using the CDF in (15) and following the same procedure as
in Appendix A, the PDF of Y5 can be obtained as

: {
1 1
- )\s,d )

AR,d

lexp (—AR,a7) — exp (—As,a7)]
(1 —exp (_)\R,d’YT))i(Lil)

fro(v) =
(

L2
+ Z (1 —exp (f)\R7dfyT))i [exp (—ARr,Y) — exp (—As,a7)

=0

x exp ((As.d — Ar,d) ¥T) } U(y—=n1) } (16)
Upon substituting (16) and (29) in (33), and with the help of
[20, Eq. (3.351.2)] and after some steps, we get (14). |

For the case of identical second hops and interferers of equal
powers at the relays and destination, the term P, [C}] is as
derived in Corollary 2 and the term P, [y4 < u|CL] is given
in the following Corollary.

Corollary 3: The term P, [yq < u|CL] in (8) is given by

_ (DMe () R ()Y
Ay — A: _

X (l—exp(—)\R,cWT))L_1 ( \ 3) - (Al)\ A
Rd s,d

exp (—Ar,dyT) A1 — A;)

AR,d

L—-2 )
+ Z (1 — exp (—)\Ryd’y'r))z [
=0

(exp (—AsdyT) A1 — Ag)
As,d €Xp (— (As,d — AR,d) ¥T)

a7)

Copyright (c) 2013 |IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/TVT.2013.2292899, |EEE Transactions on Vehicular Technology

6
—1
Ta exp )\L_/\l El—Eé —_—
Prlya <u|CL] = H M, Z ( ) ( = I’d) (1 —exp (=Arayr))" " l( A ) = 1/\ 2)]
ig=1 m;( m.d )\g7d) R,d s,d
m£g
2 [ (exp (—ArayT) E1 — Z4 oxb (—\ = =
+ 30 (- e (Aram)’ l( — ) e (= ) 2 =SS s
i=0 , s,

—_— —_— —_ —_— . . .
where =, Ey are as defined before, and =5 = E=3 with replacing ¢ by R.

where A;, Ay are as defined before, and A; = A3 with
replacing ¢ by R.

Upon substituting (12) and (16) in (33), and with the help of
[20, Eq. (3.351.2)] and after some algebraic manipulations, we
get the result in (17).

B. SECps-Based Relay Selection

In this section, we evaluate the outage probability of the
SECps relaying when the second hops of relays are identical
and the interferers have unequal average powers. For this case,
the term P, [Cp] is as derived in Lemma 2 and the term
P, [y4 < u|CyL] is given in the following Lemma.

Lemma 4: The term P, [y4 < u|Cp] in (8) is given for L >
1 by (18) on the top of next page.

Proof: In evaluating P, [y4 < u|Cyp], the e2e SINR can
be written as Y3/Z;, where Z; is as defined in Appendix A
with a PDF as derived in (29). The CDF of p|hggcps,d|> which
is a part of Y3 can be written as [19]

Fp|hSECps,d|2(,y) =
L7 .
{ - Zj201 [FplhR‘dP(’YT)]J [1 N FplhR,dP(,Y)] Y <71

[Ff’|hR,d|2(’7)]L , ¥ > AT
(19)

Using the CDF in (19) and following the same procedure as
in Appendix A, the PDF of Y3 can be obtained as

exp ( (()1 d)vT)1>

1
Ned

Fra(3) = [1= (1 = exp (~-Ararm))] {( )
_’_exp(_i\R,d (71_7T))>U(,Y_7T }+LZ < )

X (—1)1 | 2P (=Asa (v —71)) | exp(=(i +1Ara7)
((i+1) 1 ) ( 1 (z‘+1))
As,d AR,d AR,d As,d
exp (—As.d (v — 7))

_exp(—(z+1>AR,m< (G2 - 5)
N AR,d

exp (—(i + 1)Ar,a7)
( 1 _(’H—l)) U('Y_’YT)
AR,d Asd

+ (20)

Upon substituting (29) and (20) in (33), and with the help of
[20, Eq. (3.351.2)] and after some algebraic manipulations, we
get the result in (18). |
For the case of identical second hops and interferers of equal
powers at the relays and destination, the term P, [Cy] is as
derived in Corollary 2 and the term P, [y4 < u|Cy] is given
in the following Corollary.
Corollary 4: The term P, [y4 < u|Cr] in (8) is given for
L > 1 by (21) on the top of next page.
Upon substituting (12) and (20) in (33), and with the help of
[20, Eq. (3.351.2)] and after some algebraic manipulations, we
get the result in (21).

IV. ASYMPTOTIC OUTAGE PERFORMANCE

In this section, we evaluate the asymptotic (high SNR)
outage performance of the studied system with the SEC and
SECps relaying schemes. At high SNR, the outage probability
can be expressed as Py~ (GCSNR)*Gd, where G and Gy
denote the coding gain and the diversity order of the system,
respectively. In the upcoming analysis, Iy and p; are assumed
to be constant. Also, the second hops of relays are assumed
to be identical and the interferers at the relays and destination
are assumed to have equal powers.

A. SEC-Based Relay Selection

In this section, we derive the asymptotic outage probability
for the studied system with the SEC relaying scheme. At
high SNR regime, the exponential CDF and PDF can be
respectively approximated by F,(y) ~ Z and f,(y) =~ %
Upon substituting these statistics in (15) and following the
same procedure as in Appendix A, the term P [yq < u|C)]
can be obtained at high SNR for L > 1 as

(A" L -1
_(Idd— o exp ()\é) (=1)* 92::0 ( dg >

('YT;2X2]

21|

P, [’yd < 'LL|CL] ~

X (—1)9{ Araym)" ! Araded [VTXW -

L—-1

X3 u? — TX1 2
+ ;) (ArarT)’ ARdAsd [ 5 U — ut (v1) Xz} },
(22)
r(g+2,M\] +1, I(g+3,7
where x; = %, X2 = %, and x3 = %.

Now, the CDF P [¥s,x < u] which is a part of the term Pr [CL]
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la exp (A} 4 1—(1—exp(—=X L exp (—A = -2
P, [ < u[Cy] = H A _ g g ) I ( : p( 1R,MT)) lexp()\&d%)( p( R;\d’YT) 1 — E3)
ig=1 g=1 Hm:l ()‘md - )‘g,d) (AR,d - ,\S,d) fid
—_ L—-1 L 1 i —_ —_ —_ —_
exp (—A = — 1) == = - = )
— exp (Asa7T) (exp s’i\%) - +L Z Bl (l+)1) ((z'—iil))\g) ! 1)\ ) _ exp (= (i + 1)Ar.ay7)
s,d ()\R - s ) R,d s,d
% exp ((l + 1))\R d'YT) (exp( (Z + 1))‘R d’yT) =1 :'4) — exp ()\s d’YT) (exp (_As,d'yT) =1 — :2) , (18)
’ (i +1)Ard ’ As.d
. I
where =1, 2o, Z3 are as defined before, and =4 = F(tﬁf)l/\)i}::iigzd)
P g < ulcy] = — QDD R 1(fd - 1) 1) L= (L e (Aram))” [(exp(ARmAl — Ay)
(La —1)! =\ 9 (/\;’d - )\sl,d) AR.d €xP (—AR,d7T)
(exp (=As,dyT) A1 — (-1)" (A1 —A3) (A1 —As) .
_ + L — - — A
As.d €xp (—As.d7T) Z _ @Y | (04 DR As.d exp (=(i+ 1)Ara77)
’ ’ ARcl As,d ’ ’
w4 exp (i + DArarr) (exp (—(i +'1))\R,d'7T)A1 —Ay) exp (Ae.ay7) (exp (—As,a77) A1 — As) 7 21
’ (i+1)ARrd ’ Asd

where A1, Ao, A3 are as defined before, and Ay =

T(g+1,G+1)Ar,autA})

(H+DARgu+A]) T
can be obtained at high SNR as probability can be rewritten at u = Yo, as
Ik—l
(AP (=)' I (Ik - 1) I Ia—1
Py [ysk <ul = — —2———— X pexp (A Ayt -1
=0
X (=1)9AL)~W@HDTIT (g4 2, M) u (23) !
—2
Upon substituting (23) in (7) and then substituting (7) and ( )2 -3
(22) in (8), the asymptotic outage probability can be evalu- [X;' (%ut)2 — 7T2X1 out WTI} } SNR . (25
ated. While plotting the outage probability in some common (x2)

mathematical tools like Maple, it was noticed that the term
P, [va < u|CL] in (22) is the one who dominates the final
result of the outage probability when compared with the term
P, [vs,x < u] in (23). Also, it was noticed that the first part in
(22) is dominated by the second part. Furthermore, this term
can be further simplified due to the fact that it is still dominant
when j = 0. Therefore, the result in (22) can be simplified as

(A2 (=1)" I I}‘H (fd - 1)
P, Cll~ ——%%———— A
o <l ~ ==y o () =\
x (—1>9{AR,dAs,d (S = T+ () e } (24)

By noticing that Ag g = Asq = (SNR) ™, the result in (24)
which as mentioned before represents the asymptotic outage

B. SECps-Based Relay Selection

In this section, we derive the asymptotic outage probability
for the studied system with the SECps relaying scheme.
Upon substituting the approximate statistics of the exponential
distribution in (19) and following the same procedure as in
Appendix A, the term P, [y4 < u|C] can be obtained at high
SNR for L > 1 as in (26) on the top of next page.

The CDF P, [vs ; < u] which is a part of the term Pr[C/]
is similar to that obtained in (23). Upon substituting (23) in
(7) and then substituting (7) and (26) in (8), the asymptotic
outage probability can be evaluated. While plotting the result
in Maple, it was noticed that the term P, [y4 < u|C7L] in (26) is
the one who dominates the final result of the outage probability
when compared with the term P, [vs < u] in (23). Also, it
was noticed that the second part in (26) is dominated by the
first part. Furthermore, this term is still dominant when ¢ = 0.
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A a Ia—1 1 9
Pr[ya <ulCr] = _(](dd_)l)eXP ) ( (JZ < dg > Z (Ara77) Ar.dAsd (2u —yTXxau + 01 ; X2>
Mg | Do+ L+20) ppy LZ_l Om) NE (LY ) R (g0 +20)
()‘R,d)_L (L —+ ].)!()\5)9+L+2 P k! (L k)l = j (] + 1) ()\j)g+'j+2 T X2 y
(26)

where Y2 as defined before.

Therefore, the result in (26) can be simplified as

(M) 2 exp (M) Kinayg PR
% (")

(la— D11 2

x (—=1)¢ {/\Rd/\sd (2U —“YTXNH-();XQ) } 27

Again, by noticing that Arg = A\sg = (SNR)™!, the result
in (27) which as mentioned before represents the asymptotic
outage probability can be rewritten at u = 7yout as

NYa(—1)]a , fazl /g
Pout =~ {—Mexp ()\d) Z ( dg 1)(_1)9

g=0
x (&1 §2+§3)}

Pr [’}/d < U|CL] ~ —

—2
—1

SNR (28)

2
X (Yout)?, €2 = YTX170ut, and & = 1222,

As can be seen from the results in (24) and (28), the coding
gain of the system with the SEC and SECps relaying schemes
is affected by several parameters as )\5, Ig, v1, and Yout;
while the diversity order is constant at 2. From the way the
SEC and SECps relaying schemes work, the gain achieved
in system performance due to having more relays happens
at the SNR values that are comparable to 7 as at that case
the switching rate will increase and the probability of having
better relays increases also. In other words, when the SNRs
of relays are much smaller than the switching threshold, all
the relays are unacceptable most of the time and hence, adding
more relays will add no gain to the system performance. Also,
when the SNRs of relays are much larger than the switching
threshold, all the relays are acceptable most of the time and
hence, the first checked relay will be selected to forward the
source message to destination and thus, adding more relays
will have no effect on the system performance. At the same
time, as the asymptotic analysis is done at high SNR values
which means the SNRs of relays are much greater than ~,
it is expected to have most of the relays being acceptable the
whole time and thus, the first checked relay is being selected
in the two relaying schemes. This means all curves of different
K asymptotically converge to same behavior which explains
why the system with the two relaying schemes has the same
diversity order and approximately the same coding gain as will
be shown in the coming section.

where & =

Regarding the coding gain of the system and based on the
asymptotic results of the two relaying schemes, one can notice
that various system parameters affect the system performance
through affecting its coding gain. Such parameters are: A},
14, 71, and ~out- This is clear from the numerical results of
next section where the outage threshold 7.+ and the number
of interferers I, affect the position of the curves and hence,
affecting the coding gain of the system and its performance.

V. SIMULATION AND NUMERICAL RESULTS

In this section, we illustrate the validity of the achieved
analytical and asymptotic expressions. We also provide some
numerical examples to show the effect of the interference and
some system parameters like number of relays, and switching
threshold on the system performance.

Figure 3 portrays the outage probability versus average SNR
for the studied system with the SEC-based relaying scheme for
different numbers of relays K. It is clear from this figure that
the achieved analytical and asymptotic results perfectly fit with
Monte-Carlo simulations. Also, it can be seen from this figure
that the SEC relaying scheme has nearly the same performance
as the best-relay selection scheme for very low SNR region;
whereas, as we go further in increasing SNR, the best relay
selection scheme is clearly outperforming the SEC relaying, as
expected. In addition, we can see from this figure that for the
SEC relaying as K increases, the system performance becomes
more enhanced; especially, at the range of SNR values that are
comparable to the switching threshold ~. More importantly,
for K = 2, 3, and 4, it is obvious that at both low and
high SNR values, all curves asymptotically converge to the
same behavior and no gain is achieved in system performance
with adding more relays. This is expected since when 1
takes values much smaller or larger than the average SNR,
the system asymptotically converges to the case of two relays
and hence, adding more relays will not help in enhancing the
system performance. The curves in this figure greatly match
the results achieved from the asymptotic analysis where the
diversity order was shown to be constat and equal 2. Another
important result in this figure is that as the interference power
is assumed not scaling with SNR, the system still can achieve
more gain in performance due to adding more relays and this
is clear in the range of SNR values that are comparable to the
value of . Finally, it is clear from this figure that for the case
of 4 relays, the system with a randomly selected relay behaves
similar to the SEC and SECps relaying at the very low values
of SNR. As we go further in increasing SNR, the SEC and
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Fig. 3: Pyt vs. SNR for SEC with various values of K, aid =
1, Uil =0.2, 05272 = 0.4, 052,3 = 0.6, 034 = 0.8, cr,%’d =04
and (¢})? =0.01 for k =1,...,4, and (¢})? = 0.01.
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Fig. 4: P, vs. SNR for SECps with various values of aid,
02, = 0.2 and 0} 4 = 0.4 and (0f)? = 0.1 for k = 1,2, and
(eh?=0.1.

SECps schemes outperform the random selection scheme and
this is because at high SNR, the probability of finding better
relays in the SEC and SECps schemes as well as the random
selection increases. The increase in this probability beside the
increase in the SNR is more beneficial for the SEC and SECps
schemes compared to the random selection of relays. This is
because the selection of relays in SEC and SECps relaying
depends on comparing the SNR of relays with a switching
threshold.

Figure 4 illustrates the outage performance versus average
SNR for the SECps relaying scheme for different values of
U?Ad with and without interference. It can be seen from this
figure that as o2 increases, better the achieved performance.
This is valid for both cases; the system with interference and
with no interference. Also, one can notice from this figure that
for the case where the interference power scales with SNR,

10°
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107 L L i L
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Fig. 5: P,y vs. SNR for SEC with various values of K and
i.n.d. hops and Js2,d =1, (¢})? =0.01 for k = 1,...,3, and
(05)2 = 0.01.
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Fig. 6: P, vs. outage threshold for SEC and SECps schemes
with various values of SNR and 02y = 0.1, 02, = 0.2, 02, =

d
0.4, 025 = 0.6, 07y = 0.4 and (0)? = 0.01 fork =1,...,3,
and (c})% = 0.01.

a noise floor appears and zero diversity gain is achieved in
all curves of this case due to the effect of interference on the
system performance. On the other hand, for the case where
the interference power is not scaling with SNR, the system
outage performance keeps enhancing as we increase SNR.

Figure 5 studies the outage performance versus average
SNR for the SEC relaying scheme for different values of K
for the i.i.d. and i.n.d. cases of relay hops. As expected, as K
increases, better the achieved performance, especially, in the
region where the average SNR values are comparable to .
The figure also shows that this behavior extends to the case
of i.n.d. relay hops. Also, we can see from this figure that the
gain achieved in system performance becomes smaller as we
go further in increasing K.

Figure 6 portrays the outage performance versus outage
threshold 7ot for the SECps relaying scheme for different
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I;=1.

values of SNR. As expected, as the average SNR takes larger
values and hence, enhancing the quality of the direct link
and relay paths, better the achieved performance. In addition,
due to the effect of interference, the gain achieved in system
performance when the SECps relaying scheme is used is very
small compared to the case where the SEC scheme is used.

Figure 7 studies the outage performance versus average
SNR for the SEC and SECps-based relaying schemes for
different values of o2 <d- It is clear that the gain achieved
in system performance when the SECps relaying is used is
very small compared to the the SEC scheme. As the value
of the average SNR becomes much larger or smaller than the
average SNR, this small gain in system behavior vanishes and
both schemes behave the same. More importantly, this gain
in system performance is negligible compared to what we
showed in our results in [18] where there was no interference.
This is expected as the effectiveness of the SECps relaying
scheme over the conventional SEC relaying is reduced due to
the existence of the interference.

Figure 8 shows the outage performance versus average SNR
for the SECps relaying scheme for different values of p;. A
perfect fitting between the analytical and the asymptotic results
is obvious in this figure. Also, the effect of interference power
on the system performance is clear in this figure where as
pr1 increases, the system behavior becomes more degraded, as
expected. This degradation in system performance is due to
the reduction in coding gain caused by the interference.

Figure 9 illustrates the outage performance versus average
SNR for the SEC relaying scheme for different values of
~t1. It is clear from this figure that the best performance is
achieved when the optimum switching threshold y1_opt is
used, as expected. Due to the complexity of the analytical
expression of the outage probability, deriving a closed-form
expression for the optimum switching threshold is very hard
if not impossible. Alternatively, it is numerically calculated
to optimize the outage probability using the Maple software.
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Fig. 8: P,y vs. SNR for SECps with various values of p; and
¢ =102 =02 02y =04, 0} 4 = 04, (0}
=0.01, and I; = 1.
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Fig 9: Pyt vs. SNR for SEC with various values of vyt and
sd—Ol 051702 02704 Jkdf04and(0k) =
0.01 for k = 1,2, and (c})? = 0.01.

The optimum switching threshold for this figure was found to
be: 3.106078593, 3.247839189, 3.503769880, 3.877223182,
4.167763991, 4.304530201, 4.354690471, 4.371361248,
4.376709590, and 4.378452258.

Figure 10 shows the outage performance versus average
SNR for the SEC relaying scheme for different values of
Yout- AS expected, as Yoyt increases and hence, the probability
of outage, the worse the achieved performance. It is clear
from this figure that ~,,: degrades the system performance by
reducing the coding gain of the system without affecting the
diversity order. Also, the effect of interference on the system
performance is clear in this figure where when the interference
power is assumed to scale with SNR, a noise floor appears
in all curves of this case and hence, zero diversity gain is
achieved by the system. On the other hand, in the case where
these is no interference, increasing the SNR keeps decreasing
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Fig. 11: P,y vs. SNR for SEC with various values of Iy and I,
when they are not equal and aid =0.1,02, =0.2,02, =04,
O'%d = 0.4 and (0})? = 0.01 for k = 1,2, and (c)? = 0.01.

the outage probability where no noise floors can be seen.

Figure 11 studies the outage performance versus average
SNR for the SEC relaying scheme for different numbers
of Iy and I; when they are not equal. As can be seen,
the interference at the destination node affects the system
performance more severely than the interference at the relay.
This result is expected as the interference at the destination
affects the signal on the direct link and that through the relay;
whereas, the interference at the relay affects only the signal
through the relay. Finally, the worst performance is achieved
when the interference simultaneously increases at the relay
and the destination nodes, as expected.

Figure 12 shows the outage performance versus number of
relays K for the SEC relaying scheme for different values of
average SNR and cr_f, 4- It can be seen from this figure that the
considered relay system still achieves performance gain and
the outage probability decreases when the number of relays

Outage Probability

Number of Relays K

Fig. 12: P,,; vs. number of relays for SEC with various values
of pand 024, 02, = 0.2, 0} y = (k+1)/10 and (c)* = 0.01
for k=1,...,8, and (¢})? = 0.01.
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Fig. 13: P, vs. interference power for SEC with various
values of K and aid =1,02, =02 02y =04, 023 =0.6,
02,=08, ai,d =0.8 and (0})? =0.01 for k=1,...,4, and
(05)2 = 0.01.

K increases, but the slope depends on the SNR values. Also,
the achieved gain in system performance due to increasing the
power of the direct link is clear in this figure.

Figure 13 illustrates the outage performance versus inter-
ference power p; for the SEC relaying scheme for different
values of K. It is clear from this figure that adding more relays
is more beneficial for system performance at the low values
of interference power p;. As we go further in increasing py,
the gain achieved in system performance due to adding more
relays becomes smaller, as expected.

Figure 14 shows the average number of channel estimations
versus switching threshold ~t for the SEC and SECps-based
relaying schemes in comparison with the best-relay selection
scheme for the case of 4 active relays. We can see from this
figure that as the quality of all relay second hop channels
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Fig. 14: Average number of channel estimations of the SEC

and SECps schemes in comparison with the best-relay selec-
tion scheme with L =4 and g4 = 10 dB.

are required for its operation, the opportunistic or best-relay
selection scheme is always of need for 4 channel estimations.
On the other hand, the conventional SEC relaying needs to
estimate at most 3 relay second hop channels because when
the second hop channels of the first 3 relays are found unac-
ceptable, the last checked relay will be used at the destination
regardless of its quality. Therefore, the SEC scheme requires
less path estimations than the SECps relaying. Also, we can
notice from this figure that as 1 increases, the average number
of channel estimations of relays increases since it is more
difficult to find a relay with an acceptable second hop channel.

VI. CONCLUSION

In this paper, we evaluated the performance of a dual-hop
DF relay system with the low-complexity SEC and SECps
relaying schemes and interference at the relays and destination.
The e2e outage probability was derived for the generic i.n.d.
case of second hops of the SEC relaying scheme and for the
1i.d. case for the SECps scheme. Furthermore, the system
outage performance was evaluated at high SNR values where
the diversity order and coding gain were derived. Monte-Carlo
simulations proved the accuracy of the achieved analytical
and asymptotic results. Findings illustrated that for fixed
number of interferers of fixed power or equivalently, when
the interference power does not scale with SNR, the system
can still achieve diversity gain; especially, in the range of
SNR values that are comparable to the switching threshold.
Also, asymptotic results showed that the system achieves the
same diversity order which is 2 and approximately the same
coding gain in the cases of SEC and SECps relaying schemes.
Furthermore, results illustrated the effectiveness of the pro-
posed relaying schemes in reducing the channel estimation
load compared to the opportunistic relaying.

APPENDIX A
PROOF OF LEMMA 1

In this Appendix, we evaluate the first term P, [yq < u|CL]
in (8). The e2e SINR can be written as a ratio of two

RVs vy = Yl/Zl. The RV Z; can be written as Z; =
hf 124+ 1 = X; + 1 with a PDF of X; given
sz 1p| iq,d g
_ exp(—Ag.47)
by fx, (@) = [Ty AL g g LI (VAT )-

M
Using the transformation of RVs for %1 = X; + 1, the PDF

of Z1 can be obtained as

(29)

fa (o) = ﬁ AL i exp ( ) exp (—)\é,dz) .

I I
ot L (Mg = ALg)

Proposition 1: The PDF of Y; = p|hs 4|? + p|hsec.qa|? with

ig=1

|Cp| =L, L > 1is given by
L-1 L1 exp (—Aea)
—Asd
fr(y) = Z s H (1 — exp (= Ak,a77)) %
i=0 %7:&9 (As,d o Ai,d)

)\
+ w —exp (=Xiay7) { T3+ Ta}U(y — 1)
(/\i,d a )\s,d)
L—-1L-1
+D Y T H (1 —exp (= A((imj4)2,477))
=0 j=0 =
X [exp ( ) {rs+7Ta}], (30)
Vl,d
where T3 = exp(—Asd (v — fyT))/(ﬁ — ﬁ), YT, =

exp (—Aida (v — VT))/(/\;

X d) and U(.) is the unit step
function.

Proof: In finding this PDF, we use the moment generating
function (MGF) approach. The CDF of p|hsgc.ql? can be
written as [19]

Fp\hSEC,dI2 (’7) =

0 miFpin a2 (D Ty Fotm o2 (77); v <

Zz’L;ol <7Ti Hl?:l Folhya2(7)

+ 350 (i) [thq-,,dp(’Y) _Fp|hi,d|2('7T>:|

xIThzo Fpm((iﬁk))bﬁ(w))? v >,
(31)

where L is the number of active relays and ~t is a prede-
termined switching threshold, 7;,i = 0,...,L — 1 are the
stationary distribution of a L-state Markov chain and it is
the probability that the i'" relay is chosen as given in [19],
and ((i — j))r denotes i — j modulo L. For Rayleigh fading
channels, the CDF and the PDF of the i*? relay path are
respectively given by Fp, ,2(7) = 1 — exp(—Xiq7y) and
Folhial2(7) = Xidexp (—=Xia7v), where \; 4 is the rate of the
channel between the i'" relay and the destination.

Differentiating (31) with rgospect to v and upon taking the

Laplace transform using [ fongpeq2(Y) €xp (sy)dy, and
0
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after some algebraic manipulations, the MGF of p|hsgc.ql?
can be obtained. As the MRC is used at the destination, the
MGF of the total SNR at the MRC output is simply their
multiplication My, (s) = M jp, 412(8) M pjhgpe 4|2 (5)-

~1
Upon substituting the MGF of the direct link (1 — ﬁ)
and M ,jpgp0 42(8) in My, (s), and after using the operation

of partial fraction, the MGF of Y; can be obtained as

L—1 L—1
My, (s) = D T] (1= exp (~Awarm)) [ Y1+ T
==
L—-1L-1
—exp (— (Nig — s) 1) {T1 + Tg}} + Z Z T((i—5))1
i=0 j=0

7j—1
x [T (1 = exp (= Aimjnyan)) [exp (= (N = 8)77)
k=0

x {11+ 12}, (32)
where T, = (1—ﬁ)71/(1—§;3) and T, =
(1-x) /(-32).

i,d
Taking the inverse Laplace transform of (32), the PDF of Y}
can be obtained as in (30).
Now, the CDF of 4 can be obtained as follows

P, [ < ulCy] = /1 T 1) /O T hwdyde. (33)

Upon substituting (29) and (30) in (33), and with the help of
[20, Eq. (3.351.2)] and after some algebraic manipulations, we
get the result in (5). [ |
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