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Proactive Relay Selection with Joint Impact of
Hardware Impairment and Co-channel Interference

Tran Trung Duy, Trung Q. Duong, Senior Member, IEEE, Daniel Benevides da Costa, Senior Member, IEEE,
Vo Nguyen Quoc Bao, Member, IEEE, and Maged Elkashlan, Member, IEEE

Abstract—In this paper, we investigate the end-to-end per-
formance of dual-hop proactive decode-and-forward relaying
networks with Nth best relay selection in the presence of two
practical deleterious effects: i) hardware impairment and ii) co-
channel interference. In particular, we derive new exact and
asymptotic closed-form expressions for the outage probability and
average channel capacity of Nth best partial and opportunistic
relay selection schemes over Rayleigh fading channels. Insightful
discussions are provided. It is shown that, when the system cannot
select the best relay for cooperation, the partial relay selection
scheme outperforms the opportunistic method under the impact
of the same co-channel interference (CCI). In addition, without
CCI but under the effect of hardware impairment, it is shown
that both selection strategies have the same asymptotic channel
capacity. Monte Carlo simulations are presented to corroborate
our analysis.

Index Terms—Hardware impairment, decode-and-forward re-
laying, partial relay selection, opportunistic relay selection, out-
age probability, channel capacity.

I. INTRODUCTION

Along the last decade, the concept of cooperative diversity
[1] has been well exploited as an efficient means to enhance
the performance of wireless communications. The basic idea
is to allow single-antenna terminals to share their antennas
in order to mimic a physical multiple-antenna array so that
spatial diversity can be explored. However, the use of multiple
relays may invoke a spectral efficiency loss and relay selection
schemes arise as a promising solution for alleviating this
problem. Two proactive relay selection strategies' that have
been widely investigated in the literature are opportunistic
relay selection (ORS) [2]-[11] and partial relay selection
(PRS) [12]-[19]. In ORS the best relay is chosen relying
on the channel state information (CSI) of both source-relay
and relay-destination links. The pioneering idea of ORS was
proposed in [2], while [3] presented an asymptotic analysis of
the symbol error rate (SER) of a selection amplify-and-forward
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(AF) network. In [4], it was shown that optimal transmission of
a single relay among a set of multiple AF relays minimize the
outage probability (OP) and outperform any other strategies
that involve simultaneous transmissions from more than one
AF relay under an aggregate power constraint. In [5], the OP
of a cooperative network with multiple potential decode-and-
forward (DF) relays and multiple simultaneous transmissions
was investigated, in which a selection cooperation scheme was
proposed. In [6], closed-form expressions for the OP and the
bit error rate (BER) of uncoded threshold-based ORS were
derived assuming arbitrary signal-to-noise ratio (SNR) levels,
arbitrary number of available DF relays, and arbitrary source-
destination channel conditions. In [7], with independent non-
identically distributed (i.n.i.d.) Rician fading channels, approx-
imate formulas for the SER of ORS were derived. Considering
i.n.i.d. Nakagami-m fading and a selection combining (SC)
receiver at the destination, the outage performance of ORS was
examined in [8], while [9] derived closed-form expressions for
the SER. In [10], exact closed-form expressions for the OP
and ergodic capacity (EC) of selection cooperative relaying
were derived assuming a maximal-ratio combiner (MRC) at
the destination. In [11], an incremental DF ORS scheme was
proposed in which the selected relay chooses to cooperate only
if the source-destination channel is of an unacceptable quality.
A closed-form expression for the OP was derived.

A common feature of all the aforementioned papers is that
full diversity gain can be attained. On the other hand, in these
works there is the need for continuous channel feedback from
all the links, which results in a high power consumption and
large overhead, a non-desirable feature for ad-hoc and sensor
networks. To alleviate this problem, PRS was proposed in
[12], where only CSI of the source-relay link is used to select
the best relay. Thus, by monitoring the connectivity of only
one-hop rather than two-hop, the lifetime of the network can
be prolonged. In [13], tight closed-form approximations for
the EC of dual-hop AF relaying networks with PRS were
derived. Relying on the channel quality of the second-hop for
selecting the best relay, the work in [14] examined the outage
performance of DF relaying networks subject to Nakagami-
m and employing a MRC receiver at the destination. In [15],
a comprehensive performance analysis of dual-hop relaying
networks with fixed-gain semi-blind relays was carried out.
In particular, closed-form expressions for the OP, probability
density function (PDF), moment generating functions (MGFs),
and generalized moments of the end-to-end SNR were derived.
In addition, the second-order statistics of the end-to-end en-
velope was studied and the corresponding level crossing rate



and average fade duration were obtained in an exact manner. In
[16], assuming the presence of the direct link between source
and destination, an exact performance analysis of DF dual-hop
networks with relay selection and subject to i.n.i.d Nakagami-
m fading was presented. The diversity and coding gains of
PRS schemes subject to Nakagami-m fading were attained in
[17], while the impact of feedback delay was analyzed in [18].
Finally, in [19], three novel PRS schemes were proposed.

Common to all these works dealing with ORS and PRS is
the assumption of perfect transceiver hardware (i.e., ideal hard-
ware) of the terminals. However, in practice, the transceiver
hardware is imperfect due to phase noise, I/Q imbalance
and amplifier nonlinearities [20]-[22]. Very few works have
investigated the effect of hardware impairments in dual-hop
cooperative networks and they are briefly discussed next. In
[23], the authors quantified the impact of hardware impair-
ments on dual-hop AF and DF relaying networks subject
to Nakagami-m fading. Expressing the OP as a function
of the effective end-to-end signal-to-noise-and-distortion ratio
(SNDR), exact closed-form and asymptotic formulas for the
OP were derived considering hardware impairments at the
source, relay, and destination. Upper bounds for the EC were
derived as well. In that work, fundamental design guidelines
for selecting hardware that satisfies the requirements of a
practical relaying system were pointed out. In [24], the authors
analyzed the impact of hardware impairments at the relay on
the OP and the SER in two-way AF relaying.

Another channel impairment that may be taken into ac-
count in practical systems is co-channel interference (CCI).
Differently from hardware impairments, the study of CCI in
cooperative networks has already been extensively investigated
along the last years. In the sequel, three representative works
will be discussed. In [25], the outage behavior of dual-hop
DF ORS schemes was investigated with CCI at both the
relays and the destination. It was shown that the co-channel
interferers do not affect the diversity gain. However, such
interferers degrade the outage performance by affecting the
coding gain of the system. In [26], assuming a multiuser relay
network composed by a single source, a single AF relay, and
multiple destinations, the outage performance of opportunistic
scheduling was examined in which the relay and the multiple
destinations undergo CCI. Exact expressions and closed-form
lower bounds for the OP were derived. In addition, the impact
of CSI feedback delay when CCI is considered only at the
relay was studied. Finally, in [27], the impact of CCI in two-
way AF relaying systems was analyzed.

In this paper, we investigate the end-to-end performance of
dual-hop DF relaying networks in the presence of two practical
deleterious effects: i) hardware impairment and ii) CCI. Both
ORS and PRS schemes are considered. To the best of the
authors’ knowledge, this is the first attempt to analyze the joint
impact of hardware impairment and CCI in a dual-hop relaying
network. Assuming Rayleigh fading, new exact and asymptotic
closed-form expressions for the OP and the average channel
capacity are derived. Insightful discussions are provided. It
is shown that, when the system cannot select the best relay
for cooperation, PRS scheme outperforms the opportunistic
method under the impact of the same CCI. In addition, without
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Fig. 1. Dual-hop relay networks in presence of hardware impairments and
co-channel interference.

CCI but under the effect of hardware impairment, it is shown
that both selection strategies have the same asymptotic channel
capacity. Monte Carlo simulations are presented to corroborate
our analysis.

The rest of this paper is organized as follows. The system
model is described in Section II. In Section III, closed-form
expressions for the OP and average channel capacity are
derived. Simulation results are presented in Section IV along
with representative numerical results. Finally, this paper is
concluded in Section V. Appendices A-F present the proofs
of the Lemmas and the Theorems.

II. SYSTEM/CHANNEL MODELS AND PRELIMINARY
RESULTS

A. System and Channel Models

Consider a dual-hop proactive relay network in which a
source S attempts to transmit its data to the destination D
through the help of M available relays R,,, m =1,2,--- | M,
as shown in Fig. 1. Each terminal is equipped with a single
antenna and operates in a half-duplex mode. Assuming that the
direct link between S and D experiences deep shadowing, the
communication is realized into two time-slots. In our analysis,
depending on the available CSI, we consider two well-known
proactive relay selection methods: partial relay selection [12]
and opportunistic relay selection [28]. In this case, only one
relay Ry, satisfying a predefined criterion is selected for helping
to forward the source message.

In the first time slot, the source transmits its signal s to
the chosen relay R,. Assume that there are K interference
sources |y, v = 1,2,..., K;, which are currently using the
same channel, and hence creating interferences to the relay Ry.
In the second time slot, the relay R, forwards the source signal
to the destination by using a DF protocol. Also, we assume
that there are K5 interference sources lo;, ¢t = 1,2,..., Ko.
In the presence of the hardware impairments and co-channel
interference, the received signal at R, and D can be expressed,



respectively, as

K
YR, = hup (s +m) + > g (su +710) + 1 + Ry,

v=1

D

K>

yo = hap (s +n2) + >l (s + n2t) + p2 + np,
t=1

2

where nr, and np are, respectively, the additive white Gaus-
sian noise (AWGN) terms at R and D, with zero mean and
variance Ny, s, and s; are the signals transmitted by the
interference sources |y, and log, respectively, hip, hop, gy, and
l; are the channel coefficients of the links S — Ry, R, — D,
li, — Ry, and R, — D, respectively. In addition, 71, 714, 72
and 72, denote the noises caused by the hardware impairments
at the transmitters S, ly,, Ry, and Iy, respectively, while g
and po are the noises generated by the hardware impairments
at the receivers R, and D, respectively.

Assume that all the channels follow a Rayleigh distribution.
Thus, the corresponding channel gains ¢sr, = |him|?,
OR,D = |ham|? for m = 1,2,..., M, |g,|?, and |I;|* are
exponential random variables (RVs) with parameters Agr
AR,,Ds ARI,,» and Apt,,, respectively.

Remark 1: Similar to [23], [24], we can model the dis-
tortion noises 71, My, M2, Mot, M1 and ps as circularly-
symmetric complex Gaussian distribution with zero-mean and
variance 03 Ps, 03, P, 05Ps, 03, P1, 03 (|h1s*Ps + |9 [*P),
and o3 (|hop|*Ps + |I¢|*Py), respectively. In this case, Ps and
‘P denote the transmit powers of the source (and relays) and
the interference sources, respectively, while o1, 03,, 02, 04t,
o3 and o4 present the level of the hardware impairments at
the corresponding transmitters and receivers. Without loss of
generality, it is also assumed that all of the nodes have the
same structure so that the impairment levels are the same, i.e.,
01 = O3y = O4p = 0, and o3 = 04 = oy, [23], [24]. 2

From (1) and (2), the received signal-to-interference-plus-
noise ratio (SINR) at R, and D can be written, respectively,
as

m

_ Pspsr,,
PR, = T
(07 + 03) Pspsr, + »_ (1+ 0%, +03) Pilgs|> + No
v=1
SRy,
K7Ysm, + 21 +1 ®)
Psr,D
YR,D = PRy

Ko
(05 4 03) Ps@r,p + 3 (1403, +03) Pill:]? + No
t=1

YRy, D

=, 4
KYR,D + Z2 + 1 @

2In case of different levels of hardware impairment, our results can be
applied to derive the upper-bound and/or lower-bound of the outage probabil-
ity and average channel capacity. Moreover, in practice, with knowledge of
impairment transceiver levels, we should select the transceivers with similar
impairment levels, in order to optimize the system performance (see [23,
Corollary 3].

where
Pspsr,, Pspr,, D u Pilgs|?
VSRb:TOKYRbD:TOle:Z(1+H)TO7
v=1
Ko 2
Pl
Z=Y 40 =0t op
0
t=1

B. Preliminary Results
In partial relay selection method, the Nth best relay Ry is
selected by the following strategy:

Ry, = Nth argmax (¢sr,, ) -
m=1,2,....M

(&)

On the other hand, in the opportunistic relay selection strategy,
the Nth best relay Ry is chosen according to

(6)

Ry = Nth argmax min (¢sr,,, R,.D) -
m=1,2,...M

We can observe from (5) and (6) that the relay selection
process in the ORS protocol requires each relay to obtain the
channel state information (CSI) of the S —+ R and R — D
links, while that in the PRS only needs the CSI of the first
link. Hence, the implementation of the ORS protocol is more
complex than that of the PRS protocol. Moreover, we note
that the relay selection operation in the ORS protocol can be
realized by a distributed manner as presented in [2].
Remark 2: Throughout this paper, we assume clustering relay
networks where data links are independent and identically dis-
tributed (i.i.d.), i.e., Aggr,, = Asr and Ar,,p = Arp for all m.
In addition, since the interferers can originate from different
cells, the interference links are presumed to be independent
non-identically distributed (i.n.i.d.), i.e., Ar1,,, # Arr, if
m 75 n, and )\DI27n 7é )\Dlgn if m 7é ?’l.3
The PDF of Z,, a € {1,2}, can be expressed as

K,
fz,(2a) = Z ax,, exp (—Oxi,, ), (N
u=1

where X =R ifa=1,X=Difa=2,

Oxr = Qxr1,., . — AXI,,
au ,7 ? au (1 + K/) TP ?
P _Ps_ P _ OXl,
TNy Ny N T 5epv
K ~
- ~ 1 Qx1
aXIau = QXIau A av'v'
H Oxr,,, — Ox1

Since the DF relaying protocol is employed, the end-to-end
SINR is given by
()

Y .
Vo9, = min (Ygr,, ¥r,D)

where Y € (ORS, PRS).

30ur derivation can be easily extended to i.n.i.d. data links and/or i.i.d.
interference links.



IT1I. PERFORMANCE ANALYSIS

A. Outage Probability

In this subsection, exact closed-form expressions for the OP
of both PRS and ORS schemes will be derived. By definition,
the OP is the probability that the end-to-end received SINR is
lower than a pre-determined threshold ~yy,.

1) Partial Relay Selection (PRS): The outage probability
of the PRS protocol can be formulated as

PREs = Pr (Yeae> < in) = Fyrns (ven) )
where Frrs (.) denotes the CDF of YERS,

e2e
Theorem I:If x> k7L, then Fyrers (z) = 1, and if z <
, it follows that

M—m+1 K,y Ko

R =1-% Y Y3 CTan,
m=1n=0m+n>1v=1t=1
(1 — kx)? ( (0, +Qg)x>
X exp| ———— ),
(P71 + ) (P2 + ) 1—ka
(10)
where Q1 = Noigg/P, Cf = #'a),, 0,

(n+m—1)Q, Ay = Cy ' Cy_yr0rn, /(01 — KRy, )
¢ = Qr1,, /(01— KQr1,,), Q2 = ArDNo/P, Az =
apr, / (2 — Qpr,. k) and @3 = Qpp, / (Q2 — Kby, ).
Proof 1: The proof is presented in Appendix A.
Lemma 1: Without interference sources, i.e., by setting
Pr > 0orrp — 0, and x < k!, the CDF Fyrrs(+) can
be expressed as

M—m+1

Fyrps (2 —1—2 > (1

m=1n=0,m+n#1

coxp (- (R

1—ka
Proof 2: The proof is given in Appendix B.
Theorem 2: At high transmit SNR and assuming = < !,
the CDF Frrs(+) can be approximated by

n+1l ~m—1,n
) CN O

(1)

M—m+1 Ky KQ

+oo n
m=1n=0m4+n>1v=
Ay, L=r)” (12)

(1 +2) (P2 + 1)
Proof 3: For high values of 7, (3) and (4) can be approxi-
mated by
Yt SRy,
KYSRy, + 21
YRy, D
KYR,D + Za

YsR,

y—+o0

Ri,D (13)

From (13), with the same manner with Appendix A, we can
obtain
M—-m+1 K

Y Y e

m=1n=0,m4+n>1v=1

F—+oo 1—kx
F, ~ 1-— A
7/’RbD ( ) tzl 2 @2 + $

’y—>+00 n+1 — KT

F1/1SRb( CI) T

By substituting the results above into (A.1), (12) can be
attained.
Then, similar to Appendix A, (12) can be attained.
Lemma 2: Without interference sources, i.e., by setting
Pr - 0orrp — 0, and z < s, the CDF Fyprs(-) at
high transmit SNR can be expressed as
wa;is (l‘) vﬁr’;roo
Qoz/ (1 — Kkx); ifN <M
{ (MQl—‘rQQ)JS/(l—IiI); ifN=M "
Proof 4: The proof is given in Appendix C.
From Lemma 2, one can observe that when © < x~1, the
diversity order equals 1.
2) Opportunistic Relay Selection (ORS): The OP of the
ORS scheme can be formulated as

PCO)?:{tS =Pr ( 626 < ’Yth) = nglzs ('Yth) ) (15)

Theorem 3: If z > k™1, then Fwo;{s () = 1, and if = <
L it follows that

(14)

M—-—m+1 K1 Ko

n+1
Fyops () =1- Z > 22
m=1n=0,m+n>1v=1t=1
A A A
« 5 4 5 4 6
P34+ Py 4+ Ps + P, + 2
(1 — kx)? SPY
— — 16
(®5+x) PN ) (16)
where Q@ = Q; + Oy, O = (n4+m-1Q,

&3 = Qry,,/ (1 — kQr1,, ), P4 = Qriy,,/ (©2 — KQR1,)s
o5 = (Qr1,, + 1, ) / (O2 — £ (Qr1y, + Q1o ))s
6 = Qpr,, / (2 — £Qp1,, ), @7 = Qp1,, / (©2 — KD, ),

Q
As=(n+m-—1) C’X}_l 20R11y WD

o+ (n+m—2)Q

C]’r\]}[—m—&-l Q
y 1
(02 — K (1, + Op1,,)) (21 — KQR1,, )

— Qiarr,, ODI,,
Ay=(n+m—-2)Cy! 2+(n+m—22)ﬂ

n
C’]M—m—&-l QO

1
X I
(92 — K,QRIIV) (@2 — KR (QRhV + QDIQt))
Qqagy,,
B - m—1 m 1CRI;, &Dlsgy
As = (n+m—1)Cy CM—m+1(21 +(n+m-2)Q
1
X )
(02 — & (g1, + QDIZt)) (Q2 — kQp1,, )

QoaRry,, ODI,,
1+(n+m—-2)0

Ao = (ntm =2 O G g

1
" (65— 11,.) (B2 — # (i, + o))
Proof 5: The proof is presented in Appendix D.
Lemma 3: Without interference sources, i.e., by setting
Pr—0orrp — 0, and z < k!, the CDF Fyoms(-) can be
expressed as o

Fql}ons = Z (_1)n+1cj\n}_1CX/[—m+1
m=1n=0,n+m>1
Q
xexp( (ntm—1) —o ) (17)
1 — KX



Proof 6: From (D.3), (17) can be obtained.
Theorem 4: At high transmit SNR and assuming x < £~ 1,
the CDF Frrs(-) can be approximated by

M-m+1 K; K

'y~>+oo n+1
Fygps (@) D I
m=1n=0,m+n>1v=1t=1
As A
4 + + 6
@34—33 q)4+.13 (I)e—FZE (I)7+1‘
(1 — ka)?
. 18
Fry—— (18)

Proof 7: Note that, for high 7 values, (3) and (4) can be
approximated by (13). Hence, similar as obtained (13) from
(12), (18) can be attained by omitting the term exp ( @fz)
from (16).

Lemma 4: Without interference sources and considering x <
k1, the CDF Fyors(-) at high transmit SNR can be written

as
_ M—N+1
Y=o N Qx
A e

Proof 8: The proof is similar to that of Lemma 2.
From (19), one can attest that the diversity order of the ORS
strategy equals to M — N + 1.

19)

B. Average Channel Capacity

The average channel capacity can be mathematically defined

as
Cavg = 5 {logy (1 +v25) }
1
T 22 /0 In(1+2) fyy, (@)de,  (20)

where Y € {PRS,ORS}, £{. } symbolizes expectation, and
fyy, (+) denotes the PDF of V..
From (10) and (16), (20) can be rewritten as

oy __1 /K T1-Fyy ()
ws = 912 J,

1+
Proposition 1: In the presence of hardware impairments,
ie., k > 0, the average channel capacity of both PRS and
ORS methods is bounded by
CA

1 1
n(1+=).
avg = 57, 2“( +m>

Proof 9: From (3) and (4), it is easy to see that ¥, <
k™1 and 19, < k1, which implies in ¥Y%, < x~!. Thus,
combining with (20), (22) can be readily obtained.

Before calculating the average capacity of the PRS and ORS
strategies, the following integral will be introduced.

—1
® 1 Qx
Q, o) = _— — d
T (2, 2) /0 <I>—|—:1:eXp< 1—/<;:1c> *
o Qo B QP
= X _— _—
P dr+1 ! dr+1
Q Q
K K

dzx. 21

(22)

(23)

where F1(.) denotes the exponential integral function [29].
Proof 10: By interchanging the variable t = 1/(1 — kx),
J (k,Q, ®) can be rewritten as

_exp(QU/K) [T exp(—tQ/k)
T (k) = =573 /1 =1/ o+ 1)

QP o0 exp (—tQ/K)
- GPATBYE) gt
P (mb ¥ 1) /;;1 t

—exp <Q> /1+OO wdt.

K

Then, by using the definition of the exponential integral
function E; (x) = f;oo wdt, we can easily obtain (23).

1) Partial Relay Selection (PRS):

Theorem 5: The average channel capacity of the PRS
method can be expressed as (24), shown at the top of
next page, with §; = (1+/£<I>1)2/(<I>2 —®q) and 5y =
(14 k®y)° /(B — By).

Proof 11: The proof is presented in Appendix E.

Lemma 5: Without interference sources, the average channel
capacity of the PRS method is given by

M-m+1 Ki K

T Y 33

m=1n=0,m+n>1v=1t=1

X AlAgj (H, @1 + QQ, 1) .

PRS n+1

avg

(25)

Proof 12: Relying on (1), (21), and (23), Lemma 5 can be
easily proved.

Theorem 6: At high transmit SNR 7, the asymptotic average
channel capacity of the PRS method can be derived as (26),
shown at the top of next page.

Proof 13: (26) can be attained from (24) by performing
the appropriate substitutions, i.e., replacing J (k, ©1 + o, 1),
j(lﬂ:,@l + Q27(b1), and j(/i,@l + Qo, q)g) by j(m,O, 1),
J (k,0,®7) and J (k,0,Pq), respectively. In addition, note
that 7 (x,0,Q) = In ((1 + k) /D).

Finally, one can see that without interference sources, the
asymptotic average capacity of the PRS method is given as

in (22), i.e.,
1
n (1 + ) .
K

2) Opportunistic Relay Selection (ORS):

Theorem 7: The average channel capacity of the ORS
method can be given as (28), shown at the top of
next page, with 03 = (1+/£<I>3)2/(<I>5—<I>3), 04 =

27)

(1 + qu>5)2 / ((I)g — (1)5), (55 = (1 + H¢4>2 / (@5 — CI)4), 66 =
(14 k®s5)> ) (Py — ®5), 67 = (1+ ,@6)2! (5 — D), s =
(1+ k®5)* / (B6 — B5), 09 = (14 kD7) / (P5 — B7), and

610 = (1 + qu)5)2 / ((1)7 — @5).

Proof 14: The proof is presented in Appendix F .

Lemma 6: Without interference sources, the average channel
capacity can be rewritten as

M—-—m-+1
O(?Ulzs Z Z (_1)" CI\YZ_chT\Z—m+1
m=1n=0,n+m>1
X J(k,(n+m—1)Qz,1). (29)



M—m+1 K1 Ko

PRS n+1
CR = Sy SN ertan,
m=1n=0,m+n>1v=1t=1
x O L % e T (5,01 + Q1) — 2 T (5,01 + Qy, ®1) — o2 T (5,01 + Qa, ®5)| . (24)
‘I)l—l (1)2_1 s V1 2y @1—1 y V1 2, ¥1 @2_1 s V1 2y ¥2 .
'y~>+ M—-—m+1 K1 Ko
PRS o0 n+1
Cavg = 21n2 Z Z ZZ A1z
m=1n=0,m+n>1v=1t=1
01 d2 2 1+k 01 1+ K9y 02 1+ k®Py
1 — 1 — 1 . 2
X[<¢1_1+©2_1+K>n< KR ) (I)l—].n( K(I)l ) (I)Q—].n< KJ(I)Q ):| (6)
M—m+1 K1 Ko
ORS n+1
TP VD VD) S
m=1n=0,m+n>1v=1 t=1
Asds A5 A567 Agdg Agdy + Ayds + Asds + Agdio 9
X<q>3—1+<1>4—1 Dg—1 By —1 o5 — 1 (B3t B)r” | Tk, O2,1)
Ag3és Ay6s A567 Agbg
T (1.02,03) = ST (1,02, 04) = 5T (1,02, B5) — 5L (.02, 7)
Az + Ayds + Asds + Agd
N ( 304 4(;) 508 6 10> j(ﬁ,@2,¢5) ) (28)
5— 1
'Y*H* M—m+1 K, Ko
ORS o n+1
Cavg
m=1n=0,m+n>1v=1t= 1
A3d3 Ayds Asdy Agdg  Azds + Ayde + Asds + Agdio 9 1+k
X<<I>31+<I>41 o1 D1 -] +(As+ Ag)s” In | —
B Asds In 14 kd3 . A4l In 14+ kPy B Asd7 In 14+ kg B Agdg In 1+ kP,
(I)g —1 /Q(I)g @4 -1 K‘,(I)4 q)(j -1 I’m“be (137 —1 /Qq)7

@5 -1 /Qq)5

B <A3§4 + Aydg + Asds + A6(510> In (1 + k®P5

) . (30)

Proof 15: Based on (17), (21), and (23), Lemma 6 can be
readily proved.

Theorem 8: At high transmit SNR 7, the asymptotic average
channel capacity of the PRS method can be derived as (30),
shown at the top of next page.

Proof 16: The proof of Theorem 8 is similar to that of
Theorem 6.

One can easily prove that the asymptotic average capacity of
the PRS method at high 7 is given as in (27), i.e.,

1n<1+1>.
K

From (27) and (31), note that under the impact of hardware
impairment and without co-channel interference, the PRS and
ORS schemes have the same average channel capacity at high
transmit SNR.

(ORS g 1

31
avg 2In2 D

IV. NUMERICAL RESULTS AND SIMULATIONS

In this Section, representative numerical results are pre-
sented to illustrate the performance of the two proposed relay
selection schemes in the presence of hardware impairment
and CCI. Monte Carlo simulation results are also shown
to corroborate the proposed analysis. Without any loss of
generality, we set v, < k1.

In Fig. 2, the outage probability is plotted as a function
of transmit SNR 7. The following parameters are employed:
M=4 K =Ky=2,rp =1, v =1, Kk =0.075, Asr =
0.3, Agp = 0.5, /\th € {1,2}, and )\DIZt € {15,25} It
can be observed that the outage performance of the ORS and
PRS schemes is better if the system can select the best relay
for the cooperation (N = 1). In addition, when N = 1, the
outage probability of the ORS scheme is lower than that of
the PRS one. However, such a metric of the PRS is higher
than that of the ORS when N = 2. It is because that when
the best relay cannot be selected, the end-to-end SINR of the
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Fig. 2. Outage probability as a function of the transmit SNR % when M = 4,
Ki =Ko =27p =1 v, =1 r = 0075 Asr = 0.3, \gp = 0.5,
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Fig. 3. Outage probability as a function of the transmit SNR 7 when M = 3,
rp =0, Yth = 1.5, Kk = 0.08, )\SR = 1.1, and )‘RD =1.1.

ORS protocol is no longer maximum. Hence, PRS can provide
a higher end-to-end SINR than ORS. Finally, it can be seen
that the outage probability decreases when the transmit SNR
increases. However, the outage performance of both protocols
converges to positive constant at high SNR regime. Therefore,
we can conclude that the system obtains the zero-diversity
order when there are the interference sources in the network.

In Fig. 3, the outage performance is depicted as a function
of transmit SNR % when there is no interference source and
by setting M = 3, rp = 0, 7y, = 1.5, kK = 0.08 and A\gr =
Arp = 1.1. Note that the ORS scheme outperforms the PRS
one for both N = 1, 2, with the performance gap being higher
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Fig. 4. Outage probability as a function of the ratio rp when ¥ = 10dB,
M =6,N=2 K =Ky =1, vy, = 05,k = 008, Agg = 1,
>\R,D = 0.5, )\RIH = 1.5, and >\D121 = 2.
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Fig. 5. Average channel capacity as a function of the transmit SNR % when
M = 2, K1 = K2 =1, rTp = 1, kK = 0.075, >\SR =1.1, >\RD = 1.3, and
)‘RI11 = )\D121 =0.7.

for the case N = 1. The reason is that the diversity order* of
the ORS scheme equals to 3 for N = 1, while it is 2 for
N = 2. Indeed, for N = 2, the performance of both schemes
is almost the same at low and medium SNRs, and only at
high SNR region a practical difference in performance can be
detected.

In Fig. 4, we investigate the impact of the ratio rp (Pr/Ps)
on the outage performance of the proposed protocols. For
the illustrative purpose, we fix the parameters 7, M, N, K1,
KQ, Yths K» >\SRa )\RD’ )\RIH and >\D121 by 10 dB, 6, 2, 1,

4The diversity order of the PRS scheme is always 1, regardless of the value
of N.
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Fig. 7. Average channel capacity as a function of x when ¥ = 10dB,
M = 5, Kl = KQ =1, rp = 1, /\SR = )\RD =1, /\R111 = 0.5, and
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1, 0.5, 0.08, 1, 0.5, 1.5 and 2, respectively. It can be seen
from this figure that the outage performance of both protocols
decreases when the ratio rp increases. Different with the
results presented in Fig. 2, although the system can only select
the second-best relay for the cooperation, the ORS protocol
obtains better performance as compared with the PRS protocol.

Fig. 5 presents the average channel capacity of the PRS
and ORS protocols as a function of the transmit SNR 7.
In this figure, we fix the parameters as follows: M = 2,
Ky = Ky =1, 7rp = 1, Kk = 0.075 and Agg = 1.1,
Arp = 1.3, and Ag1,, = Api,, = 0.7. Similar to Fig. 2,
the ORS scheme achieves higher channel capacity than PRS
one when the system can select the best relay (i.e., N = 1) for

cooperation. Otherwise, for NV = 2, i.e., the system selects one
the second best relay for cooperation, the PRS strategy attains
better performance. Finally, note that the channel capacity of
both schemes converges to the asymptotic values at high SNR
region.

In Fig. 6, the effect of the hardware impairment level s on
the average channel capacity is investigated. It is assumed that
there is no CCI, i.e., rp = 0. The remaining parameters are
designed as follows: M = 4, N = 1, and Agg = Agp =
0.1. One can notice that the PRS and ORS schemes have the
same asymptotic channel capacity. In addition, it is shown that
both strategies obtain better performance as the value of
decreases, with ORS presenting better performance than PRS.

Fig. 7 presents the average channel capacity as a function
of Kk when ¥ = 10dB, M =5, K1 = Ko = 1, rp = 1,
ASR = Arp = 1, >\R111 = 0.5, and )‘RIM = 0.75. It can be
observed from this figure that the channel capacity of the PRS
and ORS protocols decreases with the increasing of x. Again,
we can obverse that the performance of the ORS scheme is
better than that of the PRS scheme when the best relay can
be selected for the cooperation.

V. CONCLUSIONS

In this paper, analyzing the impact of hardware impairment
and CCI, the end-to-end performance of dual-hop proactive
DF relaying networks with Nth PRS and Nth ORS is inves-
tigated. Exact and asymptotic closed-form expressions for the
outage probability and average channel capacity of both relay
selection schemes were derived. Insightful discussions were
provided. For instance, it was shown that, when the system
cannot select the best relay for cooperation, the partial relay
selection scheme outperforms the opportunistic method under
the impact of the same co-channel interference.
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APPENDIX A: PROOF OF THEOREM 1

Firstly, we rewrite Frrs (2) as follows

Fupss () = 1= (1= Py, (0)) (1= Py (@) . (AD)

e2e

Thus, in order to attain (A.1), the CDFs Fy, () and Fyp ,,(-)
are required. Considering first the CDF of 1gR, , we have that

F?/JSRb (z) = Pr (¢sr, <)

1; ifx >kt
= { YSRy, < xltzﬁil; ifx < Kjfl (AZ)
For z < k™1, (A.2) can be formulated as
“+o0
T+ xz1
Fpgp, (z) = Fig, <l—:r> [z, (z1)dz1. (A3)
0



Now, using the N-best order statistics [30], the CDF of ~sg,
can be written as

N
F’YSRb (y) = Z Cﬂ_l(l — exp (7912}/))M—m+1
m=1
N  M-m+l
2P DRD DI e
m=1n=0,n+m>1
x exp (= (n+m—1)hy), (A4)
where 3 = NoAggr/P and C} = ﬁ’ with @ and b being

integers and b > a.
Combining (7), (A.3) and (A.4), and after some algebraic
manipulation, it follows that

Fd)SRb () =1- Z Z Z (*1)n+1A1

m=1n=0,m+n>1v=1

1— &z O1x
— A.S
X<I>1—|-a:eXp< 1—/-@33)’ (A-5)
where Ch = (n+m—1)Qy, Aq =
Cri 'Cl_pmporn, /(©1 — #Qry,), and &1 =
Or1,,/ (01 — KQgr,,). For simplicity, we assume that

@1 — I'QQRIlv 75 0.
Similarly, one can see that, if © > 7', Fy, , (z) = 1,

while if < k1, then
K>
1—kx Oz
=1- A - A.6
R e T
Qpr, k), 2 =

where Qo = AgpNo/P, Az = ap,,/ (22 —
QDIZt/ (QQ — KQDI2t), and QQ — HQDI% 75 0.

Finally, by substituting (A.5) and (A.6) into (A.1), (10) is
attained, which completes the proof.

FwaD (

APPENDIX B: PROOF OF LEMMA 1

Without interference sources, (3) and (4) can be rewritten

as
- YSRy,
wSRb KSR, + 17
TRy, D
YR,D = ————. (B.1)
b KEYR,D + 1

Similar to (A.2)-(A.5), the CDFs Fyg, (-) and Fy, () can
be obtained as

(B.2)

Then, combining the above results with (A.1), the proof of
Lemma 1 is concluded.

APPENDIX C: PROOF OF LEMMA 2

From (A.1) in Appendix A, we can approximate F PES (z)
at high SNR region by

y—+o0

FwPRS ( ) ~

e2e

Fl/JSRb (I) + FllinD (l‘) ) (C.1

where ¥gr, and ¢¥r,p are given as (B.1) in Appendix B.
. . t—0 t—0
In addition, since 1 — exp(—t) ~ ¢ and exp (—t) ~ 1,
asymptotic expressions for (B.2) can be written as

M— 1
'y~>+oo Z C’m 1 le m+
’Ylb 1— kz

M—N+1
F=too N O +
M 1—kx ’

'y—>+oo Qox

F’Yzb (1’)

Combining (C.1) and (C.2), (14) is attained, which completes
the proof.

T ra (C2)

APPENDIX D: PROOF OF THEOREM 3

Firstly, it is easy to see that Fyors(,
Thus, considering the case when z < Kk~
rewritten as

Fyops (z) =1 —Pr(Ysgr, = #,¢¥r,p = )
T+ axZ T+ xZ
=1-Pr <7s11b > T2 gD > 2) . (D.1)
KT KT

):1whenx2/<f1
L (16) can be

1-— 1-

Since ysgr, and <yr,p are not independent, the method pro-
posed in [11] will be employed to calculate (D.1). Initially,
we will derive the probability Pr (ysr, > u1, Yr,D > u2). To
this end, similar to [11], this probability can be formulated as

T 0G (2) [T (2)

Pr > U1, YRLD > U2) = / dz.
(’YSRb 15 TRyD 2) . 92 Ir, (z)
(D.2)
In (D.2), Tmax = Nth rln2ax Mmin (VsR,., VR,,D)> 1IN

which its CDF can be expressed 31m11arly to (A4) as
M—-—m+1

D=1y Y -

m=1n=0,n+m>1
xexp(—(m+m—1)Qz), (D.3)

where ) = Qq + Q. Thus, the PDF of T,,,, can be derived
as

n+1 ~m—1
F,Tmax ) C CM m+1

M—-—m+1

-y Y -

m=1n=0,m+n>1

S (2 D" Cy i

x(m+n—1)Qexp(—(n+m—1)Qz). (D4)

By its turn, in (D.2), T; = min (ysgr,,YR;D), ¢ = 1,2, ..., M,
such that its PDF can be expressed as

fr, (2) = Qexp (—Q2). (D.5)

Finally, the term G(z) in (D.2) can be formulated as

G (z) = Pr(ysr;, > w1, YR;D > u2, min (Ysr;, YR;D) < 2) .

(D.6)



In order to calculate G(z), two cases will be considered:

e Case 1: uy > uo
In this case, G(z) can be obtained as
0; if z < usy
exp (—Qlul — QQUQ)
G(z)= —exp (—up — Qaz); fug <z<uy (D7)
exp (—Qlul — QQUQ)
—exp (—Qz); ifz>u
o Case 2: uy < uo
In this case, it follows that
0; ifz <y
exp (—Q1U1 — QQ’LLQ)
G(z) =1 —exp(—Qaug — Nz2); ifus <z<wu; (D.B)
exp (—Qug — Qaug)
—exp (—Q2); if 2z >y

Combining (D.4), (D.5), (D.7) and (D.8), and after some al-
gebraic manipulations, Pr (ysg,, > u1,Vr,D > u2) is derived
for Case 1 and Case 2 in (D.9) and (D.10), respectively, shown
at the top of next page.

Now, replacing u; = (z+xZ1)/(1 —kx) and us =
(x+2xZ3) /(1 — k) in (D.9) and (D.10), the outage prob-
ability Fyors (2) can be calculated as’

FT/J?QPQS (;v) =1- Sl - Sg, (D.ll)

where

+oo £
T+ xz T+ xz9
S1 :/ / Pr <VSRb > 17’ YRyD = )
0 0 — KT 1—-kzx

[z, (21) fz, (22) dzadz1,

i T+ x2 T+ xz

52 = / / Pr <’YSR1> - 1, TRyD Z 7 2>
— KT

[z, (21) fz, (22) dz1dzs.

By substituting (7) and (D.9) into (D.12), and after some
algebraic manipulations it follows that
M—m+1 K4 K2

As (1 - mf Ay (1= kz)?
(@3 +2) (D5 +2)  (Pat+2)(P5+2)

(D.14)

X exp (

Osx
1- fm) ’
where Oy n+m—-1)Q, &3 =
Qry,, /(1 — KQRIIV) ¢, = Qri,/ (02— KOy, ),
®5 = (Qry,, + Op1,,) / (O2 — £ (Qr1,, + Op1,, ), and

_ Qaori,, D1
Ax = -1 m—1n 1v 2t
s =t = DO g, e m - 2)9
1
>< b
(©2 — K (Qr1,, + b1y, ) (2 — KOR1,,)

Qiorr,, ODI,,
2+ (n+m—2)Q

A4 = (’I’L +m — 2) Oﬂn}_lc’]r\L/l—m—&-l Q

1
X .
(92 — K/Qth) (@2 — K (QRhV + QDIQt))

Sup > wuo is equivalent to Z7 > Za, and vice versa.

Similarly, from (7), (D.10) and (D.13), S3 can be obtained as
M—m+1 K, Ko

S5O SR 5 ST
m=1n=0, m+n>1v=1 t=1
As (1 — kx)? Ag (1 — k)?
(P6+2) (P5+2)  (P7r+2) (D5 +x)

X exp < 1(3223) ) (D.15)
where  ®g = Opr, / (2 — kb1, ), @7 _
b1,/ (02 — KQp1,, ), and

M agy,, ODL,

As=(n+m-1) Cﬂilcg/f—m—&-lg

1
>< b)
(@2 — K (Qr1,, + Op1,,)) (2 — KQp1,,)

i Qz0m1,, ODI,,
Ag=(n+m-2)Cy " 1+(n_|_lm_22)g

1+(n+m—2)Q

CM7m+1 Q
y 1
(02 — K1y, ) (O2 — K (Qr1,, + b1y, )

Finally, combining (D.11), (D.14) and (D.15), the proof is
concluded.

APPENDIX E: PROOF OF THEOREM 5
Firstly, we rewrite (10) as
M—m+1 K1 Ko

(MEESED YD DI 3 S EICINEe
m=1n=0,m+n>1v=1 t=1
01 P 9
x (¢1+$+®2+$+K>
X exp (_<61+Q2)l‘>7 (E.1)
1 —-kz
where 6, = (14+£®)%/(P3—®;) and 6 =

(14 Kk®3)° / (D1 — B).
(21), we have

Now, by substituting (E.1) into

M-m+1 K; K

Y Y 33

m=1n=0,m+n>1v=1t=1

PRS
avg

n+1 A1A2

/ <<1+ac>5<1<1>1+ac>+

52 T I€2 )
(1+2)(P2+2) 1+=x

Q
X exp (—Mc) da. (E.2)
1—kz
Next, rewriting (E.2) as
M-m+1 K; Ko
PRS n+1
s - Sy SN ertan,
m=1n=0,m4+n>1v=1 t=1
g 0, +9Q
X / Ly (z) exp (_(1—|—2)x> dx, (E.3)
0 1 —-kz
in which
01 1 1
L = —

52 1 1 /€2
+ — + .
Py —1\1+2x Dy+zx 1+x



N M—m+1

Pr(ysm, = u1, YR,D = u2) = Z Z

m=1n=0,m+n>1
y (n+m—1)Q
Qo+ (n+m—2)Q

exp (—Qup — (a2 + (n+m —2) Q) ug) +

()" Cy R

(n+m—-—2)0
Qo+ (n+m—2)Q

exp(—(n+m—1) Qul)] (D.9)

N M-m+1
Pr(ysr, = u1, YR,D = u2) = Z Z

m=1n=0,m+n>1
y (n+m—1)
Q4+ n+m—2)0Q

exp (—Qous — (U +(n+m—2)Q)uy )+

(=1)"CR R

(n+m—2)Qs
QD +n+m—2)Q

exp(—(n+m—1) QUQ):l (D.10)

Finally, applying (23) for the corresponding integral in (E.3),
we finish the proof of Theorem 5.

APPENDIX F: PROOF OF THEOREM 7

Firstly, we rewrite (16) as (F.1), shown at the top of
this page, where 03 = (14 k®3)>/(Bs—P3), 64 =
(14 k®5)° ) (B3 — Bs5), 05 = (1 + £Dy)° /(5 — D), 06 =
(14 k®5)° ) (D4 — @), 07 = (1 + m1>6)2! (®5 — D), 0g =
(14 k®5)° ) (B — D), 69 = (14 £P7)” / (®5 — P7), and
810 = (14 k®5)* / (@7 — ®5). Now, by substituting (F.1) into
(21), and after some algebraic manipulations, it follows that

M-m+1 K, K

SOy Sy

m=1n=0,m+n>1v=1t=1

ors _ _1
avy 2In2

-1

" ©
X /0 Lo (x) exp <_1—22x> de,

where Lo(x) is a function of x, which is given in (F.3),
shown at the top of next page. Next, applying (23) for the
corresponding integral in (F.2), the proof is concluded.

(F2)

REFERENCES

[1] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity
in wireless networks: Efficient protocols and outage behavior,” vol. 50,
no. 12, pp. 3062-3080, Dec. 2004.

[2] A. Bletsas, A. Khisti, D. P. Reed, and A. Lippman, “A simple cooperative
diversity method based on network path selection,” vol. 24, no. 3, pp.
559-572, Mar. 2006.

[3] Y.Zhao, R. Adve, and T. J. Lim, “Symbol error rate of selection amplify-
and-forward relay systems,” IEEE Commun. Lett., vol. 10, no. 11, pp.
757-759, Nov. 2006.

[4] A. Bletsas, H. Shin, and M. Z. Win, “Outage optimality of opportunistic
amplify-and-forward relaying,” IEEE Commun. Lett., vol. 11, no. 3, pp.
261-263, Mar. 2007.

[5] E. Beres and R. Adve, “Selection cooperation in multi-source coopera-
tive networks,” vol. 7, no. 1, pp. 118-127, Jan. 2008.

[6] D. S. Michalopoulos and G. K. Karagiannidis, “Performance analysis of
single relay selection in Rayleigh fading,” vol. 7, no. 10, pp. 3718-3724,
Oct. 2008.

[7] B. Maham and A. Hjorungnes, “Performance analysis of amplify-and-
forward opportunistic relaying in Rician fading,” vol. 16, no. 8, pp.
643-646, Aug. 2009.

[8] F. Xu, F. C. M. Lau, Q. F. Zhou, and D.-W. Yue, “Outage performance
of cooperative communication systems using opportunistic relaying and
selection combining receiver,” vol. 16, pp. 237-240, Apr. 2009.

[9] T. Q. Duong, V. N. Q. Bao, and H.-J. Zepernick, “On the performance of
selection decode-and-forward relay networks over Nakagami-m fading
channels,” vol. 13, no. 8, pp. 172-174, Mar. 2009.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

A. Adinoyi, Y. Fan, H. Yanikomeroglu, H. V. Poor, and F. Al-Shaalan,
“Performance of selection relaying and cooperative diversity,” vol. 8,
no. 12, pp. 5790-5795, Dec. 2009.

K. Tourki, H.-C. Yang, and M.-S. Alouini, “Accurate outage analysis of
incremental decode-and-forward opportunistic relaying,” vol. 10, no. 4,
pp- 1021-1025, Apr. 2011.

I. Krikidis, J. Thompson, S. McLaughlin, and N. Goertz, “Amplify-and-
forward with partial relay selection,” IEEE Commun. Lett., vol. 12, no. 4,
pp- 235-237, Apr. 2008.

D. B. da Costa and S. Aissa, “Capacity analysis of cooperative systems
with relay selection in Nakagami-m fading,” vol. 13, no. 9, pp. 637-639,
Sep. 2009.

K. Yan, J. Jiang, Y. G. Wang, and H. T. Liu, “Outage probability
of selection cooperation with MRC in Nakagami-m fading channels,”
vol. 16, no. 12, pp. 1031-1034, Dec. 2009.

D. B. da Costa and S. Aissa, “End-to-end performance of dual-hop
semi-blind relaying systems with partial relay selection,” vol. 8, no. 8,
pp. 43064315, Aug. 2009.

G. C. Alexandropoulos, A. Papadogiannis, and K. Berberidis, ‘“Per-
formance analysis of cooperative networks with relay selection over
Nakagami-m fading channels,” vol. 17, no. 5, pp. 1-4, May 2010.

H. Ding, J. Ge, D. B. da Costa, and Z. Jiang, “Diversity and coding
gains of fixed-gain amplify-and-forward with partial relay selection in
Nakagami-m fading,” vol. 14, no. 8, pp. 734-736, Aug. 2010.

H. Suraweera, M. Soysa, C. Tellambura, and H. Garg, “Performance
analysis of partial relay selection with feedback delay,” vol. 17, no. 6,
pp- 531-534, June 2010.

Y. Chen, C.-X. Wang, H. Xiao, and D. Yuan, “Novel partial selection
schemes for AF relaying in Nakagami-m fading channels,” vol. 60,
no. 7, pp. 3497-3503, Sept. 2011.

E. Costa and S. Pupolin, “m-QAM-OFDM system performance in
the presence of a nonlinear amplifier and phase noise,” IEEE Trans.
Commun., vol. 50, no. 3, pp. 462-472, Mar. 2002.

M. Mokhtar, A. Gomaa, and N. Al-Dhahir, “OFDM AF relaying under
I/Q imbalance: Performance analysis and baseband compensation,”
vol. 61, no. 4, pp. 1304-1313, Apr. 2013.

M. Mokhtar, A.-A. A. Boulogeorgos, G. K. Karagiannidis, and N. Al-
Dhahir, “OFDM opportunistic relaying under joint transmit/receive I/Q
imbalance,” vol. 62, no. 5, pp. 1458-1468, May 2014.

E. Bjornson, M. Matthaiou, and M. Debbah, “A new look at dual-
hop relaying: Performance limits with hardware impairments,” vol. 61,
no. 11, pp. 4512-4525, Nov. 2013.

M. Matthaiou and A. Papadogiannis, “Two-way relaying under the
presence of relay transceiver hardware impairments,” vol. 17, no. 6,
pp. 1136 — 1139, Jun. 2013.

A. Salhab, F. Al-Qahtani, S. Zummo, and H. Alnuweiri, “Exact outage
probability of opportunistic DF relay systems with interference at both
the relay and the destination over Nakagami-m fading channels,” vol. 62,
no. 2, pp. 920 — 927, Feb. 2013.

K. T. Hemachandra and N. C. Beaulieu, “Outage analysis of opportunis-
tic scheduling in dual-hop multiuser relay networks in the presence of
interference,” vol. 61, no. 5, pp. 1786 — 1796, May 2013.

E. Soleimani-Nasab, M. Matthaiou, M. Ardebilipour, and G. Karagianni-
dis, “Two-way AF relaying in the presence of co-channel interference,”
vol. 61, no. 8, pp. 3156 — 3169, Aug. 2013.



N M—m+1 K, Ko O
_ n+1 2
R =1-3 % VS0 ew (<)
m=1n=0,m+n>1v=1t=1
53 84 9 05 dg 9 o7 dg8 2
x A A A
3(‘1’3—1—33 (I)5+$+Ii T 54 ‘I)4+$+‘I)5+$+KJ T 8s ‘I)6+$+‘I)5+$+KJ
59 510 2
A . El
+ 6<¢)7+$+¢)5+x+/€ (F.D
S5 1 1 o4 1 1 K2
L =A _ _
2 (7) 3(<I>3—1<1+x <I>3+x)+(1)5—1<1+x <I>5+x)+1+x
o5 1 1 S6 1 1 K2
A — _
+ 4(@4—1(1+x <I>4—|—x>+<1>5—1<1—|—x <I>5—|—x>+1+x
) 1 1 ) 1 1 2
+ As ! - + - + =
@671 1+I’ (I)6+ZL' @571 1+£L‘ (I)5+$ 1+l‘
59 1 1 510 1 1 l€2
A . E3
+ 6(@7—1<1+x (I>7+x>+<1>5—1 142 P5+42 +1+x E3)

[28] A. Bletsas, H. Shin, and M. Z. Win, “Cooperative communications with
outage-optimal opportunistic relaying,” vol. 6, no. 9, pp. 3450-3460,
Sept. 2007.

I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series, and
Products, 6th ed. San Diego, CA: Academic, 2000.

S. Ikki and M. Ahmed, “On the performance of adaptive decode-and-
forward cooperative diversity with the nth best-relay selection scheme,”
in Proc. Global Telecommunications Conference, Honolulu, HI, Nov.-
Dec. 2009.

[29]

[30]

Tran Trung Duy was born in Nha Trang city,
Vietnam, in 1984. He received the B.E. degree
in Electronics and Telecommunications Engineering
from the French-Vietnamese training program for
excellent engineers (PFIEV), Ho Chi Minh City
University of Technology, Vietnam in 2007. In 2013,
he received the Ph.D degree in electrical engineering
from University of Ulsan, South Korea. In 2013, he
joined the Department of Telecommunications, Posts
and Telecommunications Institute of Technology
(PTIT), as a lecturer. His major research interests
are cooperative communications, cognitive radio, and physical layer security.

Trung Q. Duong (S’05, M”12, SM’13) received his
Ph.D. degree in Telecommunications Systems from
Blekinge Institute of Technology (BTH), Sweden
in 2012, and then continued working at BTH as a
project manager. Since 2013, he has joined Queen’s
University Belfast, UK as a Lecturer (Assistant
Professor). He held a visiting position at Polytechnic
Institute of New York University and Singapore
University of Technology and Design in 2009 and
2011, respectively. His current research interests
include cooperative communications, cognitive radio
networks, physical layer security, massive MIMO, cross-layer design, mm-
waves communications, and localization for radios and networks.

Dr. Duong has served as an Editor for the IEEE COMMUNICATIONS
LETTERS, IET COMMUNICATIONS, WILEY TRANSACTIONS ON EMERGING
TELECOMMUNICATIONS TECHNOLOGIES. He has also served as the Lead
Guest Editor of the special issue on “Location Awareness for Radios and
Networks” of the IEEE JOURNAL IN SELECTED AREAS ON COMMUNI-
CATIONS, the Lead Guest Editor of the special issue on “Secure Physical
Layer Communications” of the IET COMMUNICATIONS, Guest Editor of
the special issue on “Green Media: The Future of Wireless Multimedia
Networks” of the IEEE WIRELESS COMMUNICATIONS MAGAZINE, Guest
Editor of the special issue on “Millimeter Wave Communications for 5G”
and “Energy Harvesting Communications” of the IEEE COMMUNICATIONS
MAGAZINE, Guest Editor of the special issue on “Cooperative Cognitive
Networks” of the EURASIP JOURNAL ON WIRELESS COMMUNICATIONS
AND NETWORKING, Guest Editor of special issue on “Security Challenges
and Issues in Cognitive Radio Networks” of the EURASIP JOURNAL ON
ADVANCES SIGNAL PROCESSING. He was awarded the Best Paper Award
at the IEEE Vehicular Technology Conference (VTC-Spring) in 2013, IEEE
International Conference on Communications (ICC) 2014, and the Exemplary
Reviewer Certificate of the IEEE Communications Letters in 2012.




Daniel Benevides da Costa was born in Fortaleza,
Ceard, Brazil, in 1981. He received the B.Sc. degree
in telecommunications from the Military Institute of
Engineering, Rio de Janeiro, Brazil, in 2003 and
the M.Sc. and Ph.D. degrees in telecommunications
from the University of Campinas, Campinas, Brazil,
in 2006 and 2008, respectively. His Ph.D. disserta-
tion was awarded the Best Ph.D. Thesis in Electrical
Engineering by the Brazilian Ministry of Education
(CAPES) at the 2009 CAPES Thesis Contest. From
2008 to 2009, he was a Postdoctoral Research Fel-
low with INRS-EMT, University of Quebec, Montreal, QC, Canada. At that
time, he was the recipient of two scholarships: 1) the Merit Scholarship
Program for Foreign Students in Quebec and 2) the Natural Sciences and
Engineering Research Council of Canada Postdoctoral Scholarship. Since
2010, he has been with the Federal University of Ceard, Brazil, where he
is currently an Assistant Professor.

Prof. da Costa has authored or coauthored more than 60 papers in IEEE/IET
journals and more than 45 papers in international conferences. His research
interests lie in the area of wireless communications and include channel
modeling and characterization, relaying/multihop/mesh networks, cooperative
systems, cognitive radio networks, tensor modeling, physical layer security,
and performance analysis/design of multiple-input multiple-output systems.
He is currently an Editor of the IEEE COMMUNICATIONS LETTERS, the
IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, the EURASIP
JOURNAL ON WIRELESS COMMUNICATIONS AND NETWORKING,
and the KSII TRANSACTIONS ON INTERNET AND INFORMATION
SYSTEMS. He has also served as Associate Technical Editor for the IEEE
COMMUNICATIONS MAGAZINE. He served as the Lead Guest Editor for
EURASIP JOURNAL ON WIRELESS COMMUNICATIONS AND NET-
WORKING in the Special Issue on “Cooperative Cognitive Networks”, Lead
Guest Editor for KSII TRANSACTIONS ON INTERNET AND INFORMA-
TION SYSTEMS in the Special Issue on “Cognitive Radio Networks: Survey,
Tutorial, and New Introduction”, and a Guest Editor for IET COMMUNICA-
TIONS in the Special Issue on “Secure Physical Layer Communications”.
Also, he was a Workshop Chair of the 2nd International Conference on
Computing, Management and Telecommunications (ComManTel 2014) and he
served as a TPC chair for the IEEE GLOBECOM 2013, Workshop on Trusted
Communications with Physical Layer Security. He also acts as a reviewer for
major international journals of the IEEE and IET, and he has been Member
of the Technical Program Committee of several international conferences,
such as ICC, WCNC, GLOBECOM, PIRMC, and VTC. He is currently a
Scientific Consultant of the National Council of Scientific and Technological
Development (CNPq), Brazil, and of the Brazilian Ministry of Education
(CAPES). He is also a Productivity Research Fellow of CNPq. From 2010
to 2012, he was a Productivity Research Fellow of the Ceard Council of
Scientific and Technological Development (FUNCAP). Currently, he is a
member of the Advisory Board of FUNCAP, Area: Telecommunications. He
is also the recipient of three conference paper awards: one at the 2009 IEEE
International Symposium on Computers and Communications, one at the 13th
International Symposium on Wireless Personal Multimedia Communications
in 2010, and another at the XXIX Brazilian Telecommunications Symposium
in 2011. In 2013, he received the Exemplary Reviewer Certificate of the
IEEE Wireless Communications Letters and the Certificate of Appreciation
of Top Associate Editor for outstanding contributions to IEEE Transactions
on Vehicular Technology. He is Senior Member of IEEE, Member of IEEE
Communications Society, IEEE Vehicular Technology Society, and Brazilian
Telecommunications Society.

Vo Nguyen Quoc Bao was born in Khanh Hoa,
Vietnam, in 1979. He received the B.E. and M.Eng.
degree in electrical engineering from Ho Chi Minh
City University of Technology (HCMUT), Vietnam,
in 2002 and 2005, respectively, and Ph.D. degree
in electrical engineering from University of Ul-
san, South Korea, in 2010. In 2002, he joined the
Department of Electrical Engineering, Posts and
Telecommunications Institute of Technology (PTIT),
as a lecturer. Since February 2010, he has been
with the Department of Telecommunications, PTIT,
where he is currently an Assistant Professor. His major research interests
are modulation and coding techniques, MIMO system, combining technique,
cooperative communications and cognitive radio. Dr. Bao is a Member of
Korea Information and Communications Society (KICS), The Institute of
Electronics, Information and Communication Engineers (IEICE) and the
Institute of Electrical and Electronics Engineers (IEEE).

Maged Elkashlan (M’06) received the Ph.D. de-
gree in Electrical Engineering from the University
of British Columbia, Canada, 2006. From 2006 to
2007, he was with the Laboratory for Advanced
Networking at University of British Columbia. From
2007 to 2011, he was with the Wireless and
Networking Technologies Laboratory at Common-
wealth Scientific and Industrial Research Organiza-
tion (CSIRO), Australia. During this time, he held
an adjunct appointment at University of Technology
Sydney, Australia. In 2011, he joined the School
of Electronic Engineering and Computer Science at Queen Mary University
of London, UK, as an Assistant Professor. He also holds visiting faculty
appointments at the University of New South Wales, Australia, and Beijing
University of Posts and Telecommunications, China. His research interests fall
into the broad areas of communication theory, wireless communications, and
statistical signal processing for distributed data processing, millimeter wave
communications, heterogeneous networks, and security.

Dr. Elkashlan currently serves as an Editor of IEEE TRANSACTIONS
ON WIRELESS COMMUNICATIONS, IEEE TRANSACTIONS ON VEHICULAR
TECHNOLOGY, and IEEE COMMUNICATIONS LETTERS. He also serves as
Lead Guest Editor for the special issue on “Green Media: The Future of
Wireless Multimedia Networks” of the IEEE WIRELESS COMMUNICATIONS
MAGAZINE, Lead Guest Editor for the special issue on “Millimeter Wave
Communications for 5G” of the IEEE COMMUNICATIONS MAGAZINE, Guest
Editor for the special issue on “Energy Harvesting Communications” of the
IEEE COMMUNICATIONS MAGAZINE, and Guest Editor for the special issue
on “Location Awareness for Radios and Networks” of the IEEE JOURNAL ON
SELECTED AREAS IN COMMUNICATIONS. He received the Best Paper Award
at the IEEE International Conference on Communications (ICC) in 2014,
the International Conference on Communications and Networking in China
(CHINACOM) in 2014, and the IEEE Vehicular Technology Conference
(VTC-Spring) in 2013. He received the Exemplary Reviewer Certificate of
the IEEE Communications Letters in 2012.




