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Abstract—We consider a network-coded cooperative (NCC)
system that consists of N > 2 sources, M > 1 decode-and-
forward (DF) relays, and a single destination. The relays perform
network coding (NC) on the received sources’ symbols using
maximum distance separable (MDS) codes. For this system, we
propose the most generalized user-relay selection (GURS) scheme
in the literature that selects any arbitrary subsets of K users and
any arbitrary subsets of L relays subject to practical constraints
such as load balancing conditions and scheduling policy. Our
analytical results and design guidelines generalize and subsume
all existing results as special cases. To this end, we derive a
new closed-form outage probability (OP) expression, assuming
non—-identically and independently distributed (n.i.i.d.) Rayleigh
fading channels. The asymptotic outage expression at high signal-
to-noise ratio (SNR) regime is further derived, based on which,
the achievable diversity order and coding gain are quantified. The
theoretical derivations are also validated through Monte-Carlo
simulation.

Keywords—Generalized user-relay selection (GURS), network-
coded cooperative, outage analysis, diversity order.

I. INTRODUCTION

HE next generation of wireless communication systems

are expected to offer high data rate, ultra-reliable low
latency, and improved energy efficiency. Fifth generation (5G)
wireless technologies are under development. 5G can handle
billions of heterogeneous devices while providing very high
data rates at very low latency. International telecommunication
union (ITU) has specified a roadmap for 5G in term of
‘IMT-2020’. IMT-2020 vision aims to deliver up to 10-Gbps
peak data rates, 1 ms over-the-air latency, and 100X energy
efficiency improvement [1].

Cooperative communication, also called cooperative diver-
sity (CD), is a promising candidate to fulfill the requirements
for wireless technology 2020 and beyond. CD exploits spatial
diversity by forming a virtual antenna array through the spa-
tially distributed relay nodes [2]. Cooperative relay networks
have been thus adopted by several wireless system standards
[3] and are also considered as a key enabler technology for
future wireless communications [4].

The traditional repetition-based CD protocols, however,
entail the loss of system throughput since each relay transmits
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sources’ packets to the destination over orthogonal channels.
This spectral inefficiency is prohibitive, especially in cooper-
ative networks with a large number of sources.

Network-coded cooperation (NCC), a new class of CD
protocols, is a solution to this inefficiency in CD systems
[5]. Thus, NCC avoids separately re-transmitting each source
packet; instead, each relay employs network coding (NC) [6]
to combine packets received from multiple sources; generates
a new network-coded packet; and then transmits it to the
destination. This process decreases the number of channel
uses required by the relays and thus increases the system
throughput.

A. Related Literature

The design and analysis of NCC, in general, build upon
two error propagation models: i) the erasure channel model;
and ii) error channel model. In the former, the erroneous
sources’ packets are discarded at the relays and thus no error
propagation occurs'. In the latter, however, the erroneous
packets are allowed to propagate through the network, but error
propagation is counteracted at the destination with the aid of
appropriate “error-aware” demodulators. In what follows, we
will provide a summary of research works under these two
channel models.

The performance analysis of NCC under the erasure channel
model has been studied in [7]-[11]. In particular, the network
code design for generic multisource multirelay networks with
a single destination was studied in [7]. It is shown that
binary NC is not diversity optimal, while a non-binary g-
ary Galois field NC based on maximum distance separable
(MDS) codes provides the full diversity order irrespective of
the number of sources and relays. The outage probability (OP)
and diversity-multiplexing tradeoff (DMT) of NCC have been
also studied in [8]-[10], demonstrating that NCC provides a
better DMT compared to the traditional CD protocols. The
effect of outdated channel state information (CSI) on the
performance of relay selection (RS) based NCC has been
further investigated in [11].

Several other seminal works have also studied the per-
formance of NCC under error channel model. For instance,
[12], [13] investigated the performance of NCC with binary
modulation and binary NC. In particular, the average bit
error probability (ABEP) was computed for two types of
demodulaters; a hard decision based demodulator [12] and a
NCC maximal ratio combining (MRC) demodulator [13]. Fur-
thermore, guidelines for network code design were developed

This can be implemented in practice using a cyclic redundancy check
(CRO).
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and the impact of error propagation on the diversity order
and coding gain was quantified. Later, the performance of
repetition-based and RS-based NCC protocols were investi-
gated in [14], assuming NCC-MRC demodulator and arbitrary
modulation order and arbitrary Galois field size. Following
[14], the exact and asymptotic expressions of the OP for
single RS and multiple RS protocols were further derived in
[15]. The diversity analysis in [14], [15] reveals that RS-based
NCC achieves full diversity order under a restrictive condition
where the number of selected relays must be at least equal to
the number of sources. It is further shown that the design of
full diversity-achieving network codes is identical to that of
linear block codes based on MDS codes [14]. Finally, in [16],
the authors extended the results in [14], [15] by studying the
performance of RS in multiple-input multiple-output (MIMO)
NCC systems.

B. Motivation and Contributions

Multiuser diversity (MUD) is inherent in a network of
spatially separated users and thus provides a form of diversity
against fading. The basic premise of MUD is to exploit channel
variations among those users by allocating resources to the
best users experiencing good channel qualities. The application
of MUD to conventional CD has been studied [17]-[19],
demonstrating that MUD-based CD with RS exploits both
MUD and CD gains and thus offers substantial performance
improvement.

The application of MUD to NCC has tremendous potential
to further improve the the performance of NCC systems.
However, so far the performance analysis of such a system has
been only investigated in [20]. In particular, [20] is the first
paper that studies the performance of MUD-based NCC under
the erasure channel model®. One of the main contributions of
this work is to add to this literature and study the performance
of MUD-based NCC, assuming the error channel model.
Therefore, our analytical expressions are new and different
from those presented in [20].

Effective resource allocation strategies are key design con-
siderations in 5G and future cellular networks. From a spectral
efficiency perspective, the best solution is to allocate a resource
block to the best user experiencing the highest SNR, which
maximizes the cell throughput. Scheduling based on max-
SNR, however, does not account other important factors such
as fairness, cell-edge coverage, and energy efficiency. This
necessitates a flexible resource allocation mechanism that pro-
vides a good trade-off among different performance objectives
(e.g. throughput, delay, or energy). On the other hand, traffic
load disparity, inherited from scheduling schemes based on the
max-SNR criterion, inevitably leads to suboptimal resource
allocations across the network, particularly in Long Term
Evolution-Advanced (LTE-Advanced) heterogeneous networks
(HetNets) with diverse quality of service (QoS) requirements.
Under these circumstances, user/relay selection may be based
on factors other than SNR. Furthermore, there are several prac-
tical scenarios that selecting the best-SNR users/relays might

2The authors in [20] proposed a user-relay selection that selects the best
users and relays to exploit both MUD and CD gains in NCC systems.

be inefficient or even infeasible. For instance, the scheduler
may fail to select the best users/relays in the presence of im-
perfect CSI; the best-SNR users may not have any data packet
to transmit; and the best-SNR users/relays might run out of the
battery at the time of transmission. These observations suggest
that the ability to select an arbitrary set of users and/or relays is
beneficial. Thus, the performance of generalized user selection
[21]-[23] and generalized RS [24]-[27] have been separately
and extensively studied recently. However, the performance
analysis of generalized user-relay selection (GURS) has not
been investigated in the literature. The objective of this paper
is to remedy this gap. We propose the most GURS scheme
that selects any arbitrary subsets of users and any arbitrary
subsets of relays subject to any practical constraints. Our
analysis evaluates the performance loss incurred when sub-
optimal user-relay selection is performed and thus provides the
basis for better scheduling and efficient resource management
algorithms in 5G and future cellular networks.

In particular, we consider a dual-hop multiuser multirelay
cooperative network that consists of N > 2 sources, M > 1
relays, and a single destination. The relays use decode-and-
forward (DF) relaying and apply NC on received sources’
symbols, that are either correctly or incorrectly demodulated,
using the weighting coefficients forming an MDS code. The
proposed user-relay selection mechanism selects any arbitrary
subsets of K (out of V) users and any arbitrary subsets of L
(out of M) relays subject to any practical constraints such as
load balancing conditions, scheduling policy, and other factors.

The main contributions of the present paper are summarized
as follows:

e New closed-form OP expression is derived, assuming
non—identically and independently distributed (n.i.i.d.)
Rayleigh fading over all the wireless links>.

e We derive a concise high signal-to-noise ratio (SNR)
OP expression, based on which, the achievable diversity
order and coding gain are quantified; two system-design
parameters that govern the OP in the high-SNR regime.

e We show that our performance analysis and design
guidelines are applicable to a large set of situations
and generalize and subsume all existing results in the
literature as special cases.

o We further confirm our theoretical findings through ex-
tensive Monte-Carlo simulations.

C. Organization and Notations

The rest of this paper is organized as follows: Section II
describes the system and channel models. Section III presents
the detailed analysis of outage performance of GURS NCC.
Asymptotic analysis is provided in Section IV. Numerical
results are presented in Section V. Finally, we conclude in
Section VI.

35G wireless communication systems use two main frequency bands,
namely traditional sub-6 GHz band (< 6 GHz) and millimeter-wave (mm-
wave) band (30-300 GHz). In this paper, we consider sub-6 GHz 5G and
assume n.i.i.d. Rayleigh fading channels to model multipath fading environ-
ments. The Rayleigh fading model for the sub-6 GHz band, however, cannot
be applied to mm-wave band due to poor scattering propagation and significant
attenuation of mm-wave signals.
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Fig. 1. Timing diagram for GURS NCC.

Notations: Throughout this paper, the following notations
are used: Pr{A} and (}) = (n%k'),k, denote the probability
of an event A and the binomial coefficient, respectively. F,
denotes Galois field with size g. Addition and multiplication
in [F, are denoted by © and ®, respectively.

II. SYSTEM MODEL AND TRANSMISSION SCHEME

In this section, we first explain the system and channel mod-
els and thereafter describe the signal model and transmission
protocol in detail.

A. System and Channel Models

Consider a dual-hop multiuser multirelay network with NV
sources S = {Sn}nNzl, one destination D, and M DF relays
R = {Rm}%ﬂ. The direct links between sources and the
destination are available, and the relays assist the sources to
deliver the information packets to the destination. Each node
is equipped with a single antenna, transmits with power p, and
operates in the half-duplex fashion. The transmissions occur in
different orthogonal time-slots and the cooperation takes place
in two phases, namely i) the broadcasting phase; and ii) the
relaying phase. Fig. 1 depicts the timing diagram for GURS
NCC system. In the broadcasting phase, the it 5% ... 4th
best sources {S(ik)}le (amongst N sources) are selected to
transmit their messages to the destination in a round-robin
fashion. The source selection might include a set of K highest-
SNR sources or any other possible selection. This phase lasts
K time-slots. Thanks to the broadcast nature of the wireless
medium, the M relays also overhear the transmissions. In
the relaying phase, any arbitrary subset of relays of size L
(out of M available relays), the jiP jib .. jth best relays
{R(jl)}le, can be selected. More specifically, the selected L
relays employ NC to linearly combine K received packets and
then are assigned orthogonal channels to sequentially forward
the resulting network-coded packets to the destination. This
phase thus takes place in L time-slots.

The network subchannels are subjected to independent slow
and frequency non-selective Rayleigh fading. We consider
independent but non-identically distributed (i.e., asymmetric)
Rayleigh fading channels. In particular, the channel coefficient
of link ¢ — j is denoted by h;; and follows h;; ~ CN(0,03;);
a circularly-symmetric complex Gaussian random variable
(RV) whose mean is zero and whose variance is equal to U?j.
Furthermore, the additive white Gaussian noise (AWGN) term
of link ¢ — j is denoted by w;; and has mean zero and unit
variance i.e., w;; ~ CN(0,1). We remark that although the
transmit power and the noise variance are set to be symmetric
throughout the network, asymmetry cases can be lumped into
the fading variances.

In GURS NCC, (%) (]ZI ) different source-relay selections
are possible. It is customary to assume a centralized selection
method where the source-relay selection process is performed
by a central unit (this could also be the destination). This entity
requires instantaneous CSI of the source-to-destination links
for source selection, while it requires the CSI of source-to-
relay and relay-to-destination links for RS process*. The CSI
of the indirect source-to-relay links are estimated by the relays
using pilot sequences sent by selected K sources and then are
forwarded to the destination. The selection depends on load
balancing conditions, scheduling policy, and other factors.

B. Signal Model and Transmission Scheme

1) Broadcasting Phase: In this phase, the destination se-
lects sources {S(;,)}r_, for data transmission. The source
selection criterion is based on the instantaneous SNR of the
direct source-to-destination links. We define v(,,) as the nth
largest SNR of the source-to-destination SNRs. Specifically,
Y(n) Can be written as

h

(D

max {vys,p}-

_ tl
Ty =1 1<n<N

Let {7(;,)}t—; denote the ordered SNRs of any arbitrary
subset of {y(,)}3_, and T = {ik}szl being the set of indexes
of the elements in {’Y(ik)}kK:1 where i1 < i < ... < ix. For
the special case when the source selection includes the K
highest-SNR sources, we have Z = {1,2, ..., K'}.

Denoting €g,, € F, as the symbol transmitted by the
selected source S(k), k € Z, the received signal at relay R,,
(Vm) and D can be expressed as

2

YSuyD = /Phs DTs ;) + WS D,

3)

YSey Ron = VPS4 Ron TSy T WS ) Ron»

where g, is the modulated version of €S (k) -

2) Relaying Phase: This phase is based on the RS policy,
which minimizes the possible error of network-coded symbols
[14]. Under this selection strategy, the equivalent channel for
relay R,, is determined by the worst channel in the two-hop
source-relay-destination links. Let .4 denote the set of indexes
of the selected sources. The cardinality of A is K and the
number of all possible A’s is (). The “equivalent SNR” of

4In time-varying fading channels, due to a delayed feedback the instanta-
neous CSI used in user/relay selection may substantially differ from the CSI at
the data transmission instant. The outdated CSI may result in wrong selections,
and hence impact the system performance. The effect of the outdated CSI on
the performance of GURS NCC is an interesting research top and is left as a
future work.
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the channels between K selected sources, relay R,,, and the
destination can then be expressed as
Vg:inA = min {FYS(il)Rm ) 75(12)1%71,,7 ceey ’YS(iK)Rm 5 ’YRmD} .
“)
Define g(,,) as the mt" largest equivalent SNRs of relays.
Mathematically, this can be expressed as
gomy = m™ | max {370} (5)
In the relaying phase, relays {R(;)}{, take part in co-
operation. Let {g(;)}/~; denote the ordered SNRs of any
arbitrary subset of {g(m)}%[:l, where j; < jo < ... < jL.
As an example, assume that the number of relays M = 10
and J = {ji}f, = {1,3,7,9}. This implies that four relays
out of ten relays are selected whose SNRs are the first, third,
seventh, and ninth largest SNRs in {g(,)}2_;.
The selected relays R(l), [ € J, first decode the data
received from the K selected sources using the maximum
likelihood (ML) detector as follows

€S Ry = I8 min{|y5<k>3<z> = VPR Ry TS |2} , (6)
€s (k) ely

and then sequentially transmit their network-coded symbols
to the destination. The NC operation is applied to all correct
or incorrect received symbols [14]. In particular, relay R(;
linearly combines estimated symbols in F;, using the weighting
coefficients as,, r,, forming an MDS code. MDS codes al-
ways exist if the field size is sufficiently large and are proven to
be maximal-diversity-achievable in the uplink multiple-source,
multiple-relay cooperative systems. Such network codes sat-
isfy the Singleton bound and minimize the total number of
packets required at the destination to decode the sources’
packets. The network-coded symbol generated by relay R
can then be written as

€Ray = Z @ (O‘SWR(:) ®€S<k>3<z>) . 7

kel

Modulating €r,, to &g, the received signal from relay
R(l), l € J, at D can be expressed as

YRqyD = /PhRy DLR,, + WR, D (®)

Fig. 2 shows an example of GURS NCC scheme when N =
5 K =3, M=3,L=2 95D > 78D > Vs,D > VSsD >
Y50 T =A{L4,5% %350y > Wi354) > M50y 20
J =1{1,3}.

III. OUTAGE PROBABILITY

In this section, we derive closed-form expression for the
OP of GURS NCC system, assuming n.i.i.d. Rayleigh fading
channels over all wireless channels.

The following lemma is of important when it provides the
closed-form expression of the OP.

Lemma 1. Let X, Xs5,...,X,, be n independent and non-
identical RVs with probability density function (PDF)
fx,(z;) = A\je= Y%, Then,

n
Ay
PriX;>Xy>..>X,} = H [ :

SR
ps LA D )\z} ®

Fig. 2. System model for GURS NCC scheme. Example with N = 5, K = 3,
M =3,L=2,9s;D > ¥s,D > V5D > V53D > V540, L = {1,4,5},
V2l(3.5.4) > V3l(3,5.4) > M350y 24T = {13}

Proof. The proof is by induction.

« Base Case: The probability in (9) can be written in the
integral form as

Pr{X;>Xo>..>X,} =

o px1 pTa " Tp—1
/ / / / H[fX7(I’)] dzr,dr,_1...dx.
o Jo Jo 0 bl

(10)

We begin by verifying equation (9) for n = 2. For n = 2,
(10) can be obtaied as

o0 ]
Pr{X; > X5} :/ / e ME e A2 o day
0 0

= / Ae M (1 — e*’\”l) dxy
0
A2

-2 1
A1+ Az (b

which verifies that (9) is true for n = 2.
o Induction Hypothesis: Assume that (9) holds when n =
kie.,

k
A
Pr{X; > Xs > ..> Xi} =[] {} .
v=2 )\1 + Zi:2 )\Z

(12)
¢ Inductive Step: Now, we need to prove that (9) holds
when n = k + 1 using the assumption in (12):

Pr{X1 > Xo > o> Xk-i—l} =
Pr{Xl > X9 > > Xk} Pr{Xk+1 < X1, Xo, ,Xk} .

13)
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The probability 5 in (13) can be derived as follows

o k41

B:/ / / / I Ux. )] das...drya
0 Tht1 v Tht1 Tht1 o1
k+1

oo
—(A1HA2+ A
:)\k+1/ e~ Artdet.t k+1)1k+1dxk+1
0

_ Ak41
AL+ Ao+ o+ A ’

Substituting (14) into (13), we have

(14)

PI’{Xl > Xo > > Xk+1}

- ﬁ [ A ] [ Ak41
)\14‘22):2)\1' )\1+/\2+....+)\k+1

v=2
k+1 )\
-1 55

Thus, (9) holds for n =
induction step is complete.

(15)
k + 1, and the proof of the

By the principle of induction, (9) is true for all n > 2 which
concludes the proof>. [ |

Special Case 1. For the special case of i.i.d. RVsi.e., \; = A,
Vi, (9) is simplified to
1

Pr{Xi>Xo>..>X,} = prt (16)
Theorem 1. Consider a cooperative network that consists of N
users, M relays, and one destination. Assume the relays use
DF protocol and apply NC on the received users’ symbols. If
the destination selects the 7%, ith, ..., 7%} best users and the
gib, g8h ., 8 best relays, the OP of the system when K > L
can be formulated as

K—L-1 L n—1
Poutr = > Pr{E} Y[ Pr{€k_n} > Pr{Vi}
n=0 n=1 =0
a7
On the other hand, the OP when K < L is given by
K n—1
Pouts = Y _ | Pr{€x—n} > Pr{Vi} |, (18)
n=1 £=0

where Pr{&,} and Pr{),} are, respectively, given by (19) and
(20), as shown on the top of the next page, in which

Pr{Os,p} =1— e Asnp7th, 21)
with )\ij = W%
Furthermore, Pr{O,,|A} is given by
Pr{On|A} =1 — e Amiaren, (22)

SWe note that the result in Lemma 1 can be directly obtained using n-
fold integrals given by (10). The direct proof of the obtained result, however,
requires lengthy mathematical manipulations that do not bring much insight.
In the interest of space, we chose to provide the shorter proof based on
induction. In doing so, we first derived the results for small values of n using
(10). We noted that with mathematical manipulations they can be represented
in the simple form of (9), where we proved (9) by induction.
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with A, 4 being
Amla = A, R + -+ AsG Ry + AR,,D- (23)

Proof. In GURS NCC, the destination receives K + L packets;
K packets from selected users and L network-coded packets
from selected relays. Due to the severe channel fading some
of the links might be in outage and thereby only a subset of
packets can be successfully recovered by the destination. If the
destination receives at least K error-free packets, either from
the selected users or from the selected relays, it is capable of
recovering K original packets; otherwise, an outage occurs®.

The overall OP of GURS NCC thus depends upon the
outage events of direct user-to-destination links and dual-
hop indirect user-to-relay-to-destination links. Let &, and V,
denote the set of non-outage selected users and relays with
cardinality 7 and ¢, respectively. Mathematically, &, and V,
can be written, respectively, as

En 2 Sy €S 50D > Wen} (24)

VilA 2 { Ry € Rt > } - (25)

where ~;, is the threshold SNR.
The overall outage events of GURS NCC can then be
expressed as

o=0'Jo", (26)

where O’ corresponds to the outage events when K > L and
there are not enough non-outage selected users, 7, such that
even if £ = L, the destination is still in outage i.e., n < K —L.
On the other hand, O” stands for the outage events where
n > K — L, but the sum of non-outage selected users and
relays is less than K ie., n+ ¢ < K.

Now, we proceed to obtain Pr{&,} and Pr{V,}, based on
which, Pr{O’} and Pr{O"} can be derived.

An outage event occurs in a given link when its correspond-
ing instantaneous SNR falls below ;. The threshold SNR 7y,
can be written in terms of the transmission rate Ry (in bits
per channel use) as vz, = 2% — 1. Let O;; denote the outage
event of link ¢+ — j. The OP of ¢« — j link can be then written
as

Pr{Oi;} = Pr{vi; <y},
where ~;; = p|h;;|? is the instantaneous SNR of link i — j.

Noting that ~;; is exponentially distributed, (27) is readily
solved as

27)

Pr{0;;} =1- )\ije_A”'ydy =1—e MuMth  (28)
Yth
Applying order statistics properties and using (28), Pr{&,}
can be written as (19).
On the other hand, Pr{),} can be formulated using total
probability theorem as

Pr{Ve} =) Pr{Vi|A}Pr{A}, (29)
A

®We assume that the network codes are constructed over a sufficiently
large field size g. This ensures that the resulting network-coded messages
are distinct and mutually independent. The destination thus requires only K
messages (either from selected users or from selected relays) to jointly recover
K original messages.
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N—iy, Ay N
Pr{€}= > > [[Prios.oy [ @@-pPr{0s,p}) (19)
v=N—ipy1+1 \ a1, ,a,€{1,....,N} [n=a1 n'=1
a1# - FEay, n'#{a1,...,a,}
M—j, ay M
Pr{Vi} =) > > [l Prionlar  JI (1 =Pr{Ow.|A})
A v=M—jer1+1 \ a1, ,a,€{1,..., M} [m=ay m'=1
a17#...F£ay, m'#{a,...,ay}
N As., D
x 2 (20)
21,28 €{1,..,N} \n=2 ASZlD+ZiZ2/\SZfD
ZigseeZipe €A
M—j, ay M
PriVe|A} = ) > II Priomlar  JI (—Pr{O.|A} (30)

v=M—7jp4y1+1
a1 F#...#ay

a1, ,a,€{1,..,M} |m=a1

, m'=1
m'#{a1,...,a,}

where the sum spans over all (%) possible A4’s from the set of
N candidate users and Pr{Vy|A} is given by (30), as shown
on the top of this page. Further, Pr{A} can be derived as
(31) using Lemma 1. Note that the sum in (31) spans over
(N —K)!K! possibilities. For the special case of As, p ~ Asp,
Vn, we have Pr{A} ~ (Tl)

K

N

As., D
Pr{A} = > 11 2
21,028 €{1,...,N} \n=2 )\Sle+Zi:2/\SziD
217 F2ZN
Z,‘,l,...,ZiKEA

(31)

Now, plugging (30) and (31) into (29), the closed-form
expression of Pr{),;} can be obtained as (20).

Finally, using (19), (20), and (26) one can obtain the closed-

form expression for the OP as given by (17) and (18). Thus,

we complete the proof. ]

Special Case 2. The derived OP expression in (17) and (18)
is based on the assumption of asymmetric n.i.i.d. Rayleigh
fading channels over all wireless links and can be treated as
the generalized versions of semi-symmetric n.i.i.d. channels
or symmetric i.i.d. channels’. Furthermore, it subsumes all
existing results in the literature as special cases. In particular,
for K = N and L = M (NCC without user-relay selection)
and asymmetric n.i.i.d. channels, it reduces to (34) in [15].
When K = N and L highest-SNR relays are selected, it
reduces to (21) and (22) in [15]. For i.i.d. channels with

7Semi-symmetric n.i.i.d. subchannels refers to the case when As,,D ~
Asp, Vn, and Ag,, p = Agrp, Vm. This assumption can be applicable
to cooperative uplink cellular systems [20], [28] where the mobile users
and relays are formed as clusters. On the other hand, the channels are said
symmetric i.i.d. when Ag, p = AR,,D = As,, R,,» V1, M.
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K = N and any arbitrary relay selection, it coincides to (4)
and (7) in [26].

IV. ASYMPTOTIC ANALYSIS

In this section, we first derive the asymptotic outage ex-
pression at the high SNR regime to quantify the achievable
diversity order and coding gain. Then, we provide some
insights and guidelines that can be drawn from our diversity
analysis.

A. Asymptotic Outage Probability

In the previous section, closed-form expression of the OP

has been derived, which is still too complicated to learn
the relationship between OP and different system parameters.
To gain deeper insights about how the system parameters
impact on the outage performance, we now characterize the
asymptotic behavior of the OP in the high-SNR regime. From
the asymptotic expression, we extract two important system
design parameters, namely the diversity order and the coding
gain.
Theorem 2. Consider a cooperative network that consists of N
users, M relays, and one destination. Assume the relays use
DF protocol and apply NC on the received users’ symbols. If
the destination selects the 4%, ith, ..., it} best users and the
g3, jsh ..., 70 best relays, the achievable diversity order when
K > L can be obtained as

N —ig_+1,
Y < M +ig_p+1
N+ M — P42
VP> M +ig_p +1

Ga, = (32)
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and the the coding gain is given by
v, T R

Yth
PP < M +ig_p +1

1
\Illll_ N+M—yPa¥g2

Ge, = — (33)
P> MAig_r+1
(W + wy) TR
Yth ’
Y =M+ig-+1
where "> = HlaX{djn}g:l with ¥, = ig_ 11+ jy. Further,
AN —ig_p+1 1
v= ¥ I ()] o
A1, AN —ip 7 +1 n=ai O.SnD
al?é'“?éaN—iK_L-H
and
U= > Qy (35)

e

where Qg is given by (36) on the top of the next page and
= % + ...+ L + 2

2
Ton| A 03(1 Rom 5(1 yRm IRm D

On the other hand, the achlevable diversity order and the
coding gain when K < L can be obtained as

Gay = N+ M — 03> +2, (37)

and )

\If T N¥M—ypmax1g
Goy = 2, (38)
Vth
where

Ty= > Q (39)

7711%:1!)'}('“

Proof. In asymptotically high-SNR regime, the OP can be

written as
. p—00
lim Pout =~
p—r00

(Gep)™, (40)
where the variable G4 in (40) denotes the diversity order and
determines the slope of the OP curve. This is given by

IOg (Pout)
log(p)

On the other hand, . represents the coding gain and
quantify the SNR advantage of the asymptotic OP with respect
to the reference curve p~ .

To find the asymptotic expressions in the high SNR regime,
we use Taylor series expans10n of the exponential function

Gq=— lim (41)

p—+00

given by e = Zk 0 ,! . Plugging this expression in (21),
we have

Pr*{Os,p} = As, pVth- 42)
Similarly, (22) can be approximated as

Pre {Om|A} = )‘m\A"Yth' (43)

Substituting (42) and (43) into (19) and (20), and then keeping
dominant terms, we respectively have

AN —ipp1+1

Profe,} = > II soovn |, @4
ayp,:-- ,aN—in+1+1 n=ai
a1F - FAN iy 41
and
aM—jpyq+1
Pre{y} = Z Z H Al AVtR
A a1, AM —j, 41 +1 m=aj
a1F. FaM—j, 41
N As., D
X S
leZ,:ZN (TLUQ [Asle + Zi:Q ASZiD] )
Z1#...F#2ZN
Ziy yeeesZipe €A
(45)

By plugging (44), (45) into (17) and then retaining the
dominant terms, (17) can be approximated as

Pow, =Pr{Ex_rat+ Y Pr{Ex n}Pre{V, 1}
nim=np**
(46)
Now, based on the relationship between 7" and M +ix 1+
1, (46) in high SNRs can be derived as follows:
o Case 1: Y7 < M +ix_r + 1. In this case, P5y;
determined by the first term in (46) and is given by

N—ig_ 1
B \Ij/ ('Wh) KL+
out1 p

o Case 2: Y™ > M + ig_r + 1. In this case, P

outq
is determined by the second term in (46) and can be

expressed as
N+ Mm% 42
_ \If// <’7th> £
p

o Case 3: Y™ = M +ix_p + 1. In this case, Poy;,

is determined by the first and second terms in (46). The
asymptotic outage expression can then be written as

(47)

(48)

out1

N—ig_r+1
P, = (W) + 1Y) (”;h) . 49)

Finally, using (40), the diversity order and coding gain of
GURS NCC system when K > L are, respectively, given by
(32) and (33).

Now, we proceed to obtain the asymptotic outage expression
for K < L. Substituting (44), (45) into (18) and then retaining
the dominant terms, (18) in high SNRs can be written as

N+ M—qpex 42
th
=0 ()

Based on (40) and (50), the achievable diversity order and
the coding gain when K < L are, respectively, given by (37)
and (38). This concludes the proof. [ |

Special Case 3. The derived diversity order in (32) and (37)
is the most generic expression in the literature and includes all

(50)
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aN—iK7n+1+1

I1

n=ajy

Qy = >

A1, AN —ipe 141
A1FFAN —ige g1

)%

SAM — iy +1
a1 7. FaM —j, 41

AM —jp+1
> ()
2
m=ay Um|A

N As., D
)\Sle + Z’L 2 2 D

(36)
z1,.28€{1,...,N} n=2

existing results as special cases. More specifically, for K = N
and L = M, it reduces to G4 = M + 1 [7], [8], [14], [15].
When K = N and L highest-SNR relays are selected, the
diversity order for K’ > L and K < L reduces to G4, = L+1
and G4, = M + 1. This coincides with the diversity order
reported in [14], [15]. When K = N and any arbitrary relays
are selected, it reduces to the diversity order of G4, = L + 1
and Gg, = N+ M —jy+1for K > L and K < L,
respectively [26]. Finally, when K best users and L best relays
are selected, it coincides to the results in [20].

Special Case 4. The derived diversity order can also be
thought as a generalization of the all results available in the
non-NCC literature. For K = 1 and M = 0 (non-cooprative
multiuser case), the diversity order reduces to G4, = N—i;+1
which coincides to that of [23]. For V = 1 and the best relay
selection, it reduces to G4, = M + 1 [29]. For N = 1 and
the ji* best relay is selected, it reduces to Gy, = M — j; +2
which agrees with that of in [24]. When the best user and
the best relay are selected, it reduces to G4, = N + M. This
diversity order is identical to that of [17], [18]. For N = 1 and
any arbitrary relay selection, it reduces to Gg, = M — j; + 2.
This result is in agreement with the diversity order reported
in [27].

B. Insights and Guidelines

Here, we provide some insights and guidelines that can be
drawn from our diversity analysis and can help the understand-
ing and the design of practical NCC systems with user-relay
selection protocols.

From (32), the following remarks and guidelines can be

drawn:

Remark 1. From () (") different user-relay selections, A; =

N — K +1 distinct diversity orders can be achieved. Therefore,
the number of achievable diversity orders is a function of the
number of users N, number of selected users K, but it is
independent of the number of relays M and the number of
selected relays L.

Remark 2. The maximum and minimum diversity orders are

given by

The condition ix_; = K — L is the necessary (but not
sufficient) condition for achieving maximum diversity G7™*.

=N-K+L+1,

=L+1 Gb

Other user selections with ix_; # K — L cannot provide
delax. The condition ix_; = K — L is satisfied if and only if
the set of selected users includes K — L highest-SNR users. On
the other hand, the system has the minimum diversity Gg‘li“ if
ik-pr=N-—-LorypP*=N+M-L+1.

Remark 3. When ¢7** < M +ig_r + 1, the diversity is
determined by G4, = N — ix_r, + 1 which only depends on
the number of users N and the i%2_; best user. This indicates
that other system parameters such as number of relays M,
number of selected relays L, and any arbitrary relay selection
do not impact the achievable diversity order.

Remark 4. The number of user selections that always guar-
antee the diversity order of G4, = N — ix_r, + 1, no matter
how the RS proceeds, can be expressed as

(k- —1
&= (KL1>'

If user selection includes K — L highest-SNR users, we have
ix—1 = K — L which yields the maximum diversity order
of Gg** = N — K+ L+ 1 and § = 1. This implies that
only one user selection always guarantees maximum diversity
Ggllax, no matter which of L relays are selected. This user
selection is indeed the best user selection that includes K
highest-SNR users. On the other hand, when ix_; = N —
L, we have the minimum diversity order of Gg‘li“ =L+1
and ¢ = (NZE~1). This suggests that (¥ _F~1) number of
user selections, including the worst user selection, have always
minimum diversity Gfﬁi“ irrespective of RS process. Note that
the order of the selected relays only manifests its effect on the
coding gain, rather than the diversity. According to (33), if the
set of selected relays does not include the lowest-SNR relay
(i.e., j # M), the coding gain of any arbitrary relay selection
is identical to that of the best relay selection leading to the
same outage performance in the high-SNR regime.

Remark 5. When ¢7** > M 4+ ig_y + 1, the diversity
is determined by Ggq, = N + M — 9P + 2. In this
case, the diversity is a function of the number of users IV,
number of relays M, the gib o gth gt L best relays and the
zI?_L_H, z]}(‘_m_z, ...,1%8 best users. This implies that all the
system parameters impact the achievable diversity except the

ith st .. it best users.
Example 1. Consider a network with N =6, K =4, M =4,
and L = 2. These system parameters satisfy the condition

K > L. Al (2) (;1) = 90 user-relay selections with their

(52)
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TABLE I
DIVERSITY ORDERS FOR ALL POSSIBLE USER-RELAY SELECTIONS:
N=6K=4,M=4,L=2.

TABLE II
DIVERSITY ORDERS FOR ALL POSSIBLE USER-RELAY SELECTIONS:
N=4K=2,M=6,L=4.

e T N e T N N N L T N N Ny
Mo e F F S 8 S S S oo F 8 F F 8 8 8 8 8
NN N N N N e e e e e e (o T T S R R R S e T - B M I T
- = = = H A A H A A NN N NS — = H = H A H H A =+ NN NN o
e e Y e Y e e o e Y Y Y e
L | A (N T e | | | O [
HR R B BB BNNBRNRRRNBRNN ST T  B S T T T L T T T
J={12} 5 5 5 5 5 5 4 4 4 3 4 4 4 3 3 Z={1,2} 9 9 9 9 9 9 8 8 8 7 8 8 8 7T 7
J={1,3t 5 5 5 5 5 4 4 4 4 3 4 4 4 3 3 T={1,3} 8 8 8 8 8 8 8 8 8 7 7 7 71 71 6
J={1,4} 5 5 5 4 4 3 4 4 3 3 4 4 3 3 3 T={1,4 7 7 7 7 7 7 7 7 71 7 6 6 6 6 5
J={2,3} 5 5 4 5 4 4 4 4 4 3 4 4 4 3 3 =423} 8 8 8 8 8 8 7 7 71 6 7 7 71 6 6
J={2,4} 5 5 4 4 4 3 4 4 3 3 4 4 3 3 3 T={2,4 7 7 7 7 7 7 7 7 7 6 6 6 6 6 5
J={3,4} 5 4 3 4 3 3 4 3 3 3 4 3 3 3 3 T={3,44 7 7 7 7 7 7 6 6 6 5 6 6 6 5 5

corresponding achievable diversity orders (32) are reported in
Table I. As can be seen, there are A = N - K +1 =3
different diversity orders ranging from minimum diversity
Gg‘fn = L+ 1 = 3 to maximum diversity G7** = N —
K+ L+1 = 5. This confirms the statements in Remarks 1, 2.
In addition, the user selections with iy # 2 i.e., i = 3, 4 are
not capable of achieving the maximum diversity of five even
if the best relay selection is performed, confirming Remark 2.
Furthermore, there are six user selections that always achieve
the diversity order of G4, = N —ix_1+1, no matter which of
two relays are selected. More precisely, the best user selection
7 = {1,2,3,4} guarantees the maximum diversity of five.
There are also & = (%) = 2 (52) number of user selections that
always achieve the diversity of four i.e., Z = {1,3,4,5} and
7 =1{2,3,4,5}. Besides, £ = (i’) = 3 user selections always
have the minimum diversity of three. They are Z = {1,4,5,6},
T ={2,4,5,6} and the worst user selection Z = {3,4,5,6}.
This confirms the statements in Remark 4.

On the other hand, based on (37), we have the following
design insights and remarks.

Remark 6. All possible user-relay selections provide Ag =
N + M — K — L + 1 different diversities. Accordingly,
the number of diversity orders is a function of all system
parameters.

Remark 7. The diversity order depends on N, M, the
ith it ..t best users and the jiP jib ... 58 best relays.
Therefore, the 552, |, j5, ..., ji" best relays do not change the

achievable diversity order.

Remark 8. The maximum and minimum diversity orders are
given by (53). The diversity order of Ggi** = N — K+ M +1
can be achieved if and only if y** = K + 1, implying that
the set of selected users and relays must include K highest-
SNR users and K highest-SNR relays. On the other hand, the
system has the minimum diversity order of Gg‘;“ =L+1if
and only if YyR* =N+ M — L + 1.

max — N — K 4+ M + 1,

min

(53)
do = L + 1

Remark 9. The number of relay selections that achieve full
diversity order G7™* is given by

= M-K
\L-K )’
Remark 10. The relay selections that include K highest-
SNR relays has the minimum diversity of M + 1 when the
lowest-SNR user is in the set of selected users or equivalently

ix = N. Similarly, the worst relay selection has the minimum
diversity of L + 1 when i = N.

Remark 11. The term N — K + 1 in Gg** (v = 1,2) (51)
and (53) corresponds to the MUD and the remaining terms
L and M correspond to the CD. It can be readily checked
that G7'** increases when the number of users IV increases.
Further, it decreases when the number of selected users K
increases. Obviously, when K = NN the MUD gain vanishes
and only the CD gain can be achieved [20].

(54)

Example 2. Now, consider a network with N = 4, K = 2,
M = 6, and L = 4. These system parameters satisfy the
condition K < L. The achievable diversity orders (37) for all
(;) (2) = 90 user-relay selections are provided in Table II. It
can be seen that there are Ao = N+ M - K —-L+1=5
different achievable diversity orders; from the minimum di-
versity of Ggl;n = L+ 1 = 5 to the maximum diversity
of Gg*™ = N-K+M+1=91ie, Gg, = 5,6, 7,
8, 9. This confirms Remarks 6, 8. Besides, ( = (3) =6
(54) relay selections achieve maximum diversity Gg** = 9.
Furthermore, the relay selections that include K = 2 highest-
SNR relays have the minimum diversity of M + 1 = 7 when
io =41e,Z={1,4}, 7 = {2,4}, and 7 = {3, 4}. Similarly,
the worst relay selection J = {3,4,5,6} has the minimum
diversity of L + 1 = 5 when is = 4. This confirms the
statements in Remarks 9 and 10.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we provide numerical and simulation results
to verify the derived analytical expressions. Table III shows
the simulation parameters.
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TABLE III
SIMULATION PARAMETERS
Notation | Parameter Value
Ro Transmission rate {1, 2}
N Number of users {4,6}
M Number of relays {4, 6}
K Number of selected users {2, 4}
L Number of selected relays {2, 4}

A. Number of Selected Users Greater Than Number of Se-
lected Relays

Here, we consider the same system parameters as in Table L.
Specifically, we assume that number of users N = 6, number
of selected users K = 4, number of relays M = 4, and number
of selected relays L = 2. The transmission rate Ry is set one.
The randomly generated values for the channel variances of
the user-to-relay links are given in (55). Note that the effect of
different transmit power, noise variance, and path loss on the
received signal can be lumped into the fading variances [2].
In particular, the element at the n* row and the m™ column
of matrix Xgp corresponds to the variance of the channel
between user S, and relay R,,.

93 26 05 51
65 0.8 49 65
48 27 51 13
TSR= 139 39 07 52 (35)
37 42 21 1.1
96 1.9 35 43

Furthermore, the n'" and m'™ elements in the vector variances
Ysp (56) and X rp (57) correspond to the channel variance
of the link from user .S,, and Relay R,, to the destination D.

Sep=1[07 08 12 13 09 23], (56
Srp=[23 12 3.8 49]. (57)

In what follows, the derived analytical expressions for
the OP and diversity order are examined via representative
numerical plots and Monte-Carlo simulations.

Fig. 3 plots the OP of GURS NCC versus SNR p with
different sets of selected users and two highest-SNR relays
(J = {1,2}). One can observe that the analytical curves
perfectly match with simulation results, confirming the cor-
rectness of the derived expression (17). Furthermore, the
asymptotic curves accurately predict the behaviour of the
outage provability in the high-SNR regime. More specifically,
the slope of the asymptotic curves reveals that the maximum
diversity order of G** = N —K+L+1 =5 can be achieved
if i3 = 2. This is verified as the diversity for Z = {1, 2, 3,5}
and Z = {1,2,4,6} with i = 2 is equal to G7** = 5, while
that of Z = {1,3,4,5} and Z = {1,4,5,6} with i3 = 3 and
1o = 4 is equal to four and three, respectively. In conclusion,
the condition ix_j = K — L is the necessary condition for
achieving maximum diversity G, as shown in Table L

In Fig. 4, we plot the OP of GURS NCC for different user-
relay selections. It can be seen, the best user selection with
the highest- and lowest-SNR relays achieves the maximum
diversity order of G** = 5. When Z = {1,2,3, 5}, however,

Outage Probability

o Simulation

Analytical

— — - Asymptotic
. .

0 2 4 6 8 10 12 14 16

Fig. 3. OP versus p for N =6, K =4, M =4, L =2, J = {1,2} with
different user selections.

7=1{1,2,3,4}

Outage Probability
>

10 o Simulation 1
—— Analytical: J = {1,2}
Analytical: J = {3,4}
— — - Asymptotic
10712 L L L L L
0 5 10 15 20 25

p (dB)

Fig. 4. OP versus p for N = 6, K = 4, M = 4, L = 2 with different
user-relay selections.

the diversity order varies depending on the relay selection
process. More precisely, the diversity order for Z = {1,2,3,5}
with 7 = {1,2} is equal to five, while that of Z = {1, 2, 3,5}
with J = {3,4} is four. This indicates that the best user
selection always guarantees the maximum diversity order
G™, no matter how the relay selection proceeds, as shown
in Table I.

Fig. 5 illustrates the outage performance of GURS NCC
for 7 = {2,4,5,6} and different relay selections. As can be
seen, the slope of the curves is always proportional to the
number of users N and the %% ; best user which is reflected
by the parallel slopes of the asymptotic lines. This verifies
the theoretical observation that the diversity order is equal
to Gg, = N —ig_r +1 = 3 (cf. Table I). Interestingly,
this diversity is preserved, no matter which of two relays are
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Fig. 5. OP versus p for N =6, K =4, M =4, L =2,7 = {2,4,5,6}
and different relay selection sets.

selected. Furthermore, when the worst relay is not selected
i.e., jo # 4, the outage performance is exactly the same as
that of the best relay selection in the high SNR regime. On
the other hand, when the set of selected relays includes the
worst relay (jo = 4), the outage is always worse than that of
the best relay selection both in finite and asymptotic SNRs.

B. Number of Selected Users Less Than Number of Selected
Relays

Here, the same system parameters as in Table II are con-
sidered. In particular, we assume N = 4, K = 2, M = 6,
L = 4. These system parameters satisfies the condition
K < L. The variances of the user-to-relay, user-to-destination,
and relay-to-destination channels are generated randomly and
are, respectively, given by (58), (59), and (60). We set the
transmission rate as Ry = 2.

05 1.3 14 21 0.7 1.9

2.1 28 29 25 26 15
Tsr= 198 09 18 06 13 14|° ©Y

16 1.5 1.2 32 28 24
Ysp=[19 09 1.5 1.1], (59)
Serp=[1.2 2.7 33 22 09 26]. (60)

Fig. 6 shows the outage performance of GURS NCC when
the best/worst user and best/worst relay sets are selected. Once
again, the analytical curves are confirmed by simulations to
be exact and accurate. Furthermore, the asymptotic lines well
approximate the exact curves in the high SNR regime. In
addition, we can readily see that the best user-relay selection
achieves the maximum diversity of G™ = N—-K+M+1 =
9. On the other hand, the worst user-relay selection has
the minimum diversity of G = L + 1 = 5. Besides,
although the best-user worst-relay selection outperforms the
best-relay worst-user selection in terms of the coding gain,

Outage Probability

0 Simulation

107 Analytical: J = {1,2,3,4} 4
—e— Analytical: J = {3,4,5,6}
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Fig. 6. OP versus p for N =4, K =2, M = 6, L = 4 with the best/worst
user selection and the best/worst relay selection.

the diversity order for both cases is identical and is equal to
Gg, = M + 1 =7 (cf. Table II).

Finally, Figs. 7 and 8 present the outage performance of
GURS NCC for J = {1,2,5,6} and J = {3,4,5,6} when
different sets of selected users are considered. As can be seen,
three distinct diversities are achieved for J = {1,2,5,6}
and J = {3,4,5,6} depending on the set of selected users.
In particular, for 7 = {1,2,5,6}, the maximum diversity
of GE™ = 9 is achieved when the user selection includes
two highest-SNR users. Furthermore, when the user selection
includes the worst user (i.e., o = 4), the minimum diversity
order of G4, = M + 1 = 7 is achieved. Also, Z = {1, 3} and
T = {2, 3} have the diversity order of eight. On the other hand,
from Fig. 8, we observe that in the case of 7 = {3,4,5,6}
the diversity of G4, = M + 1 = 7 is achieved for Z = {1,2}.
Besides, when iy = 4 the diversity order of Gg, = L+1=5
is achieved. For both Z = {1,3} and Z = {2, 3} the diversity
is identical and is equal to six. These observations are in
agreement with the diversity orders reported in Table II.

VI. CONCLUSIONS

In this paper, we proposed generalized user-relay selection
in a multiuser multirelay NCC system. More specifically, we
considered N sources, M relays, and a single destination.
The destination selects the it", 35", ..., i'® best sources and the
gib gsh . 5t best relays subject to any practical consider-
ations. Considering n.i.i.d. Rayleigh fading channels, gener-
alized closed-form expression for the OP has been derived.
Asymptotic analysis has been further performed to quantify
the diversity order and coding gain of the considered system.
We showed that the derived diversity order is the generalized
version of the earlier results reported in the literature and
thus subsume all existing results as special cases. Our results
also revealed that if K > L, G4, = N —ixg_1 + 1, and
the set of selected relays does not include the lowest-SNR
relay i.e., jr # M, the coding gain of any arbitrary relay
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and different user selections.

selection is identical to that of the best relay selection. On the
other hand, when K < L and the relay selections include K
highest-SNR relays, GURS NCC has the minimum diversity
of G4, = M + 1 when the lowest-SNR user is in the sets of
selected users i.e., 1 x = N. Similarly, the worst relay selection
has the minimum diversity of G = L + 1 if ix = N.
Monte-Carlo simulations were also provided to corroborate the
accuracy of our analytical findings. Our results clearly provide
useful design insights and guidelines for practical cooperative
systems with user-relay selection protocols.

The derived OP and diversity order expressions can be
applied to investigate various new technologies, including
energy harvesting and cognitive radio. Furthermore, the pro-
posed GURS assumes perfect CSI for user-relay selection
process. Hence, performance loss due to outdated CSI on the

performance of GURS should be investigated. These tasks are
set aside for future work.
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