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Abstract

In this paper, a cooperative wireless system with unreliable wireless backhaul connections
is investigated. To increase the throughput and maximize the receiver signal-to-noise ra-
tio (SNR), a selection combining protocol is employed. Each transmitter is connected to
the control unit via independent but unreliable wireless backhaul connections. Simultane-
ously taking into account the reliability of each backhaul and different fading conditions of
Nakagami-m fading channels, the statistical properties of the effective-SNR at the receiver are
investigated. Closed-form expressions are derived for several performance metrics including
the outage probability, average spectral efficiency, and average symbol error rate. The effects
of backhaul reliability on these performance metrics are also investigated. The scaling rela-
tionship between the convergence behavior of these performance metrics and the conventional
diversity gain is also analytically investigated in the asymptotic high SNR regime. Monte-
Carlo simulations are conducted to verify the derived impact of backhaul reliability on the
performance.
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Abstract—In this paper, a cooperative wireless system with
unreliable wireless backhaul connections is investigated. To in-
crease the throughput and maximize the receiver signal-to-noise
ratio (SNR), a selection combining protocol is employed. Each
transmitter is connected to the control unit via independent
but unreliable wireless backhaul connections. Simultaneously
taking into account the reliability of each backhaul and different
fading conditions of Nakagami-m fading channels, the statistical
properties of the effective-SNR at the receiver are investigated.
Closed-form expressions are derived for several performance
metrics including the outage probability, average spectral effi-
ciency, and average symbol error rate. The effects of backhaul
reliability on these performance metrics are also investigated.
The scaling relationship between the convergence behavior of
these performance metrics and the conventional diversity gain is
also analytically investigated in the asymptotic high SNR regime.
Monte-Carlo simulations are conducted to verify the derived
impact of backhaul reliability on the performance.

Index Terms—Wireless backhaul, backhaul reliability, selec-
tion combining protocol, outage probability, average spectral
efficiency, average symbol error rate, scaling law, Nakagami-m
fading.

I. INTRODUCTION

RIVEN by data-intensive applications and emerging

paradigms such as smart cities and the Internet of Things,
wireless traffic volume is predicted to show an exponential
growth [1]. To meet the growing traffic demands, future
wireless network deployments are expected to get more dense
and heterogeneous [2]. With such a large-scale access point
(AP) deployment, the backhaul links connecting the APs to
the network backbone (or cloud) are also expected to get more
dense. In traditional networks, the backhaul infrastructure has
typically consisted of highly reliable wired (or fiber) links.
It seems less likely, though, that this wired backhaul infras-
tructure could be expanded to support future networks. This
can be attributed to the excessive capital injection required
for sustaining such a large-scale backhaul deployment, and to
topology and access-related issues [3], [4]. This leaves wireless
backhaul as a suitable alternative for the dense networks of
the future. The information exchanged over the backhauls,
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however, will now be intrinsically unreliable due to wireless
nature of the communication channel.

Recently, the investigation of unreliable and heterogeneous
backhauls has attracted considerable interest in the area of
the coordinated multi-point (CoMP) cooperation. The impact
of unreliable backhaul links on the average sum rate for a
CoMP system has been investigated in [3]. While prior work
typically uses the outage probability and spectral efficiency
as performance metrics, the impact of unreliable backhaul on
the delay performance of a heterogeneous cellular network has
also been investigated [5]. Another line of work studies the im-
pact of a finite-capacity backhaul on the system performance.
For the uplink of a cloud radio access network, it has been
shown that the capacity of the backhaul connection is one of
the key parameters that affect the sum-rate performance [6].
A game-theoretic approach is used to investigate the impact
of heterogeneous backhauls on the coherent downlink CoMP
cooperation in femtocells assuming highly reliable wired and
wireless backhauls [7]. It is shown that unreliable backhauls
can significantly limit the performance gains promised by the
CoMP cooperation.

While there are many preexisting studies that investigate
the impact of unreliable backhauls for CoMP based cellular
networks, we mainly focus on non-cellular systems in this
paper. Several papers considering non-cellular systems can be
found in the open literature. For example, in [8], the authors
investigate broadcast coding and distributed source coding
techniques including distributed compression for a cooperative
relay network with unreliable backhaul connections between
the relay and the destination. For a finite-sized network
under Nakagami-m fading, [9] provides an analytical outage
probability without transmitter cooperation. For an arbitrarily
shaped finite-sized wireless network, [10] investigates the
outage probability of the non-cooperative system with perfect
backhauls. For a finite backhaul capacity, data sharing is pro-
posed for the uplink cooperation in [11]. For two source nodes
connected by orthogonal limited-rate error free backhauls, the
outer bound on the capacity region for multicast relaying
is derived in [12]. In [13], the authors investigate coopera-
tive network coding for relay-assisted two sources and two
destinations networks assuming an ideal backhaul connection
between the source nodes. For the uplink one-way and two-
hop relaying network, a network precoding is proposed in [14]
to increase the throughput while achieving the full diversity. In
[3], the authors define an equivalent channel matrix based on
the link failure probability (LFP) and investigate the impact of
the backhaul LFP on the empirical ergodic capacity. In [15],



a distributed precoder is designed based on the channel state
information (CSI), which is impaired by backhaul latency and
limited capacity.

In this paper, to model the fading characteristics, we assume
Nakagami-m fading channels with different fading parameters,
and focus on investigating the impact of unreliable backhaul
on the performance of selection combining (SC)-assisted [16]—
[19] cooperative systems. In contrast to the preexisting work,
our main contributions are summarized as follows.

o« We employ a Bernoulli process to model backhaul re-
liability! in the proposed system; that is, we take into
account successful and failed reception of the common
message between the control unit (CU) and the transmit-
ters.

o Considering the receiver complexity and signaling over-
head, we employ the SC protocol [16]-[19] at the receiver
to select the maximum effective signal-to-noise ratio (e-
SNR) across all the received signals from the CU to the
receiver to achieve diversity gain without requiring CSI at
the transmitters. For this system, we define the e-SNR?
motivated by the work in [9], [10], and [17], which is
the product of the Bernoulli random process that models
backhaul reliability and the Nakagami-m random process
that models a fading channel from the transmitter to the
receiver. Different Nakagami-m m parameters® are used
to model different fading conditions across the nodes
in the system as in [9] and [27]. However, unlike [9]
and [27], the impact of the backhaul reliability on the
performance has been investigated in this paper, which
is one of the novel contributions. Based on the statistical
properties of the e-SNR, we derive the outage probability,
average spectral efficiency (ASE), and average symbol
error rate (ASER).

o Analytical performance analysis provides insights into the
scaling behavior of the considered performance metrics
in the asymptotic high SNR regime. Our findings show
that the rate of convergence to the asymptotic limit is
determined by the degrees of transmitter cooperation and
the Nakagami-m m parameter. We also confirm that
lower bounds on the outage probability and ASER are
exclusively determined by a set of backhaul reliability
levels.

Organization: The rest of the paper is organized as
follows. In Section II, we first detail the system and channel
model of the proposed system. Performance analysis of the
considered system is presented in Section III. Simulation
results are presented in Section IV and conclusions are drawn
in Section V.

IReliability is the capability of a system to execute required tasks within
certain constraints. It is measured as a probability that the proposed system
can perform its functions without error within a specific time period [20].
Thus, the backhaul reliability [21] is used to model a successful delivery of
the message which allows participation in the cooperative transmission.

’Note that the e-SNR is widely used in the SC protocol [16], [17],
opportunistic scheduling [22], [23], partial best relay selection (PBRS) [24],
[25], and best relay selection [26].

3For analytical analysis convenience, we limit to the case of Nakagami-m
fading with a positive integer value of m.

Notation: CN(u, 0?) denotes the complex Gaussian distri-
bution with the mean y and the variance 02; F,,(-) and f, (),
respectively, denote the cumulative distribution function (CDF)
and probability density function (PDF) of the random variable
(RV) ¢; E{-} denotes the expectation. Additional notation
used in this paper is summarized in Table 1.

TABLE I
NOTATION USED IN THIS PAPER
Notation | Description
Oout(0) Outage probability of the cooperative system
with unreliable backhauls at outage
threshold 0
ol .. Outage probability of the non-cooperative system
with unreliable backhauls at outage threshold 6
Oéi"tR 6) Outage probability of the cooperative system
in Rayleigh fading with unreliable backhauls at outage
threshold 0
0%, (9) Outage probability of the cooperative system
with completely reliable backhauls at outage threshold 6
o};ui(e) Outage probability of the non-cooperative system
with completely reliable backhauls at outage threshold 6
o5 () Asymptotic outage probability of the cooperative system
with completely reliable backhauls at outage threshold 6
0z () Asymptotic outage probability of the cooperative system
with unreliable backhauls at outage threshold 0
OMET () Outage probability of the cooperative system
with unreliable backhauls and MRT at outage threshold 6
Og"f\t/IRT(H) Outage probability of the cooperative system

with completely reliable backhauls and MRT at outage
threshold 0

OaS’MRT(G)

ont Asymptotic outage probability of the cooperative system

with unreliable backhauls and MRT at outage threshold 6

R Average spectral efficiency of the cooperative system
with unreliable backhauls
R! Average spectral efficiency of the non-cooperative system

with unreliable backhauls

RER Average spectral efficiency of the cooperative system

in Rayleigh fading with unreliable backhauls

Re Average spectral efficiency of the cooperative system
with completely reliable backhauls

RS Asymptotic spectral efficiency of the cooperative system
with unreliable backhauls
RMRT Average spectral efficiency of the cooperative system
with unreliable backhauls and MRT
S(e) Average symbol error rate with unreliable backhauls
S¢(e) Average symbol error rate with completely reliable
backhauls
S3s(e) Asymptotic average symbol error rate
with unreliable backhauls
SMET (¢) Average symbol error rate with unreliable backhauls and
MRT
SasMRT () | Asymptotic average symbol error rate

with unreliable backhauls and MRT

Laplace transform of the Meijer G-function: Since the
Laplace transform of a particular Meijer G-function [28, eq.
(07.34.22.0003.01)], [29, eq. (2.24.3.1)] is repeatedly used in
this paper, we summarize it in the following equation:
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G-function [30, eq. (9.301)].

II. SYSTEM AND CHANNEL MODEL
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Fig. 1. Block diagram of the considered cooperative system. A CU connected
to the core network provides reliable backhauls to the transmitters communi-
cating with a receiver.

Fig. 1 shows the block diagram of the considered system
consisting of a CU which is connected to the core network,
and provides unreliable wireless backhauls to K transmitters
communicating with a receiver (RX). The kth transmitter,
TX,., is connected with the receiver via a wireless channel
hy. All the transmitters and the receiver are assumed to be
equipped with a single antenna. The major assumptions are
listed below starting with the channel model.

e We do not apply coding, modulation, automatic repeat
request (ARQ), and power control when a backhaul
transmission is not successful. However, for cooperative
one shot communications, we assume that if the message
does not arrive in a reasonable time through the dedi-
cated backhaul, a transmitter refrains from transmission.
Thus, the kth transmitter, TXy, is participating in the
transmission if the message is successfully delivered
over its dedicated backhaul with probability s, whereas
it defers its transmission with probability 1 — s;. We
model the reliability of the kth backhaul [21] by using
an indicator function I, with Pr(I, = 1) = s; and
Pl"(Hk = 0) =1- Sk.

 Envelopes of a set of channels, {hj,Vk}, from K trans-
mitters to the receiver undergo Nakagami-m fading. This
assumption is fairly general and allows us to charac-
terize a wide range of channel models with Rayleigh
and Ricean as special cases. To further generalize our
channel model, Nakagami-m parameters are allowed to
be different across the nodes.

« By virtue of the SC protocol4 [16]-[19], perfect knowl-
edge of CSI is not required at the transmitters unlike the
case of the maximum ratio transmission (MRT) [31], [32].

o Signal constellations of M-ary phase-shift keying (M-
PSK) and square M-ary quadrature amplitude modulation
(M-QAM) are employed. Due to perfect synchronization
between the transmitters, the transmission symbol z is
transmitted from the transmitters simultaneously. For
these considered signal constellations, we assume that
E{x} =0 and E{|z|?} = 1.

Having applied the SC protocol, the received signal at the
receiver is given by

y =/ Pr(hi) (T )z + 2 (2
where
* 2
k* = arg 11;2{}{ |Tx Fo| 3)

is the index of the selected transmitter, Py is the maximum
transmission power at the transmitters, and z ~ CA(0,02).

III. PERFORMANCE ANALYSIS

After defining the e-SNR, we will first investigate its statisti-
cal properties in terms of the PDF and CDF. And then, we will
derive the outage probability, ASE, and ASER sequentially.

A. Derivation of the CDF of the e-SNR

From the received signal expressed by (2), the e-SNR is
defined as follows:

Prlg|hg|?
A= max (L‘Qk‘)é max (]Ik.)\k.) 4)
k=1,...K o2 =1,...K
A Prlhy? : .
where \j,=——_*~. From the Nakagami-m fading envelope

for hy, A\ is distributed according to the gamma distribution,
which is denoted by A, ~ Ga(myg, 1), where my, is the shape
of the gamma distribution which controls fading severity, and
nké%@“lz} is the scale factor which defines the average
fading power [33], [34]. The operating frequency, antenna
heights, polarizations, antenna separation distance, and relative
position of the scatters contribute in determining the fading
severity [34].

For a positive integer value of my, the PDF and CDF of A
are given, respectively, as

— ; m,k—l *%
I (x) = T 0me) () T e and
]:‘u ,/. p
Fy(x) = 1- W ®)

where 1"(93)é Jo e 't""'dt, and the upper incomplete

gamma function is defined by 1“u(mk,ac)é _f;c e~ ttme—1qt,

“Note that the employed SC protocol is similar to the opportunistic
scheduling [22], [23], in which a single transmitter providing the maximum
e-SNR is selected. To this end, the measured e-SNRs across all the channels
from the CU to the receiver should be fed back to the CU. In addition,
if we take into account e-SNRs over the channels from the transmitters to
the receiver while choosing a single transmitter for data transmission, the
employed SC protocol is similar to PBRS in the cooperative relay network
[24], [25].



Based on (4), I\, is distributed as the product of the Beroulli
random process for I and a random process which has
the gamma distribution with shape mj and scale 7. Thus,
the expression for the e-SNR is different from the existing
ones [33], [35]-[37] since the backhaul reliability and the SC
protocol are simultaneously incorporated in the definition of
the e-SNR.

Theorem 1: For independent Nakagami-m fading channel
envelopes, an independent Bernoulli random process that
models backhaul reliability, and the SC protocol, the CDF of
the e-SNR A\ is given by

K k
r) =1+ (-D'r]] (W} e %%zt (6)
k=1 t=1 NG

||l>
-

where (3 £y, and

K Mgy — Mgy —

> 3 Z ™

—k+
T2
Z: qr=qr—1+1 £,=0 £, =0
Proof: See Appendix A. |
Note that this theorem provides a general distribution of the
e-SNR allowing for any degrees of transmitter cooperation,
non-identical backhaul reliabilities as well as non-identical
Nakagami-m fading across the nodes in the system. Then, the
PDF of the e-SNR )\ can be immediately derived as follows:

3 TH(@ )

> (-1
(le‘ﬁle_l — Be‘ﬁg%l). (8)

k=1
Based on the derived PDF and CDF of the e-SNR, we
will investigate the impact of backhaul reliability on several
performance metrics such as the outage probability, ASE, and
ASER.

fa(z) =

B. Outage Probability Analysis

To predict the quality of service of the proposed system over
non-identical Nakagami-m fading channels, we first investi-
gate the outage probability. The outage probability Oyt (6)
for a given e-SNR threshold 6, that is, the probability that the
e-SNR falls below a given threshold 6, is given by

= F\(0) €))

so that the outage probability is the CDF of the e-SNR
evaluated at 0. We specialize the outage probability for the
following two cases of interest.

1) Non-Cooperative System:

Corollary 1: The outage probability of the non-cooperative
system, (i.e., K = 1), with unreliable backhaul is given by

Y(my, 0/m)
Ogu(0) =
T'(mq)
where the lower incomplete gamma function is defined by

’yl(mk,x)él"(mk.) — T (myg, ).

Oout(0)2Pr(\ < )

(1—81)-1—81 (10)

Proof: Using the CDF provided in (A.3), we can see that

1— 311“(5%,?)/711) =(1-51)+s vz(;l(ljl/)m)_ m

2) Cooperative System in Rayleigh Fading: The proposed
cooperative system with unreliable backhauls in Rayleigh
fading, my = 1, Vk, yields the outage probability as follows:

k
H 56
where &= ZK M ~~Z£:qk_l+1. At a given e-SNR

threshold 6, we can readily derive (11) from the CDF derived
in (6).

K

—1+Z

Oout ( 11 )

3) Cooperative System with Completely Reliable Back-
hauls:

Corollary 2: When the backhauls are completely reliable,
the outage probability of the proposed cooperative system is
given by

k
1 —
0, (0) =1+ kY <7) e ). (12)
0 =10 R I () o
Proof: From (6), we can obtain this expression by replac-
ing s4, with 54, = 1,Vt. u

Based on this corollary, the outage probability of the non-
cooperative system is given by

oL (0) = M
out T ( ml)
In order to get further insights, we provide a scaling result for
the asymptotic outage probability. We first derive an asymp-
totic outage probability expression in the following corollary
for the cooperative system with completely reliable backhauls.
Corollary 3: An asymptotic outage probability of the co-
operative system with completely reliable backhauls is given
by

(13)

Onco) = €y (Zry T

n

(14)

A K em ) mg
where C1=][;_, F('rn];;-'rl) (E{|hkk|2}) )

e-SNR threshold 6, the achievable outage diversity gain is
Gaq= Zi-(:l mg.
Proof: See Appendix B. |
Note that Corollary 3 verifies that the degrees of transmitter
cooperation and a set of Nakagami-m m parameters jointly
determine the overall diversity gain in the outage probability.
In contrast to Corollary 3, when backhauls are unreliable, an
intrinsic asymptotic outage limit exists.

. Thus, at a fixed

Theorem 2: The asymptotic outage probability with respect
to Pr/o? as Pr/o2 goes to infinity of the system with K
cooperative transmitters and with unreliable backhauls is given
by

K
A
O (0) = [T (1 = s0) = Ax. (15)
k=1
Proof: See Appendix C. |



Theorem 2 verifies that Ax gives a performance limit on the
outage probability when backhauls are unreliable and is solely
a function of the backhaul reliability levels.

C. Average Spectral Efficiency Analysis
Using the derived PDF expression for the e-SNR, the
closed-form expression for the ASE can be derived as follows:

1 o0
e /O (14 2) f(2)dz. (16)

With some manipulations, the closed-form expression for the
ASE is provided in the following theorem.

R = E{log,(1+\)} =

Theorem 3: The achievable ASE of the proposed coopera-
tive system with unreliable backhauls is given in (17) at the
top of the next page.

Proof: See Appendix D. |

Theorem 3 provides the ASE of the proposed system for a
wide range of scenarios with non-identical backhaul reliability
and any degrees of transmitter cooperation. When the backhaul
links are completely reliable, we can obtain R° by replacing
s with s = 1, Vk. Next, we will investigate the ASEs for the
non-cooperative system, ' = 1, and the system in Rayleigh
fading.

1) Non-Cooperative System: Setting K = 1 in (17), yields
the ASE for the non-cooperative system.

m1—1
— 1
R = 2 —
In(2) ; T(l+ 1)1
31/ 1 ’ =1, 1-1
<ZG2,3(771 07_17 _l )
1 4471 -1-1, =1 )
—Gya | — . 18
m 2’3(771 0,-1—1,-1-1 ) (1%

Note that as the backhaul reliability increases, a higher ASE
can be obtained. However, when the backhaul is completely
unreliable, it yields R!' = 0 due to s; = 0. Also, at a fixed
backhaul reliability, a higher ASE can be obtained as the value
of m; increases since signal power fluctuation decreases [38].

2) Cooperative System in Rayleigh Fading: In this par-
ticular scenario, we fix mj; = 1,Vk. Then the ASE of the
considered cooperative system with K transmitters in Rayleigh
fading is given by

1 & - -1, 0
KR _ _— 1k 3,1 ;
R = In(2) ;( b @H(St)BG273(5‘ 0,-1, -1

which can be derived via Egs. (1) and (11).

) (19)

3) Asymptotic Average Spectral Efficiency Analysis: The
asymptotic ASE as Pr/c2 — oo is given by

R* = /000 In(x) fi(x)d.

Substituting f»(x) with (8), and using [30, eq. (4.352.1)], (20)
can be evaluated as in (21) at the top of the next page.

(20)

D. Average Symbol Error Rate Analysis

We will use the CDF of the e-SNR in the derivation of the
ASER. For several signal constellations including M-PSK and
square M-QAM, the ASER is given by [39], [40]

S(e) = /Ooope(mm(x)dx (22)

where P.(x|\) denotes the conditional symbol error rate over
the e-SNR. For the considered signal constellations, it is given
that P.(z[\) = 2AQ(V2B\)°, where Q(-) denotes the Q-
function, and (A, B) are, respectively, given by [39], [40]

(1,Sin2(7T/M)),
(2= 2/VA0), i3

Based on this, the ASER is derived in the following theorem.

M-PSK,

(A,B) = (23)

square M-QAM.

Theorem 4: For M-PSK and square M-QAM signal constel-
lations, the ASER of the proposed cooperative system with
unreliable backhauls in Nakagami-m fading is given by

Nors

: Sar —(1+1/2)
1 (e ) re+ 26 +8) 2. o

t=1

K
S(e) =1+ A‘f > o (-1kr
k=1

Proof: See Appendix E. |
With completely reliable backhauls, the ASER, S*°(e) is
derived as

AVB &
Nor kzzl(_l)kT

k
1 <m) ra+1/2)(8+B) " es)
t— t

Se) = 1+

where S°(e) can be immediately obtained from S(e) by
replacing sy with s, = 1, Vk, so that we recover the achievable
asymptotic diversity gain from the ASER in the following
corollary.

Corollary 4: The achievable diversi%f gain by transmitter
cooperation is given by G ASER = 2,1 M-

Proof: See Appendix F. [ |
This corollary shows that the degrees of transmitter coopera-
tion and a set of m values of the Nakagami-m fading jointly
determine the achievable diversity gain.

Theorem 5: When unreliable backhauls are connected to the
cooperative system, the diversity gain is not achievable due to
the limit on the ASER. This limit is exclusively determined
by a set of backhaul reliability levels.

S(e) =  Ax = SE

P
L 00

(26)

SThis is an approximation in the high SNR region. Especially, this expres-
sion is the upper bound on the conditional SER of the square M-QAM [41].
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. K K—k+1 K—k+2 K k
Proof: According to (A.4), we have =A s1,
where = —).
Mo, Z X_: Z _Z: _Z ( 1:[ (1 - Sl'n,))
K Skr<mk7w) k=1 I lo=l1+1 lg=lp_1+1 n=1
F = 1— r E{Ihk]?} In addition, €2; ; is defined by
\(x) T .
P (my)
A my + ki — 1
 Fom n G ()
PTN 5k X(lj ) k=1,k#i ik
on T k=1 ( )
Tk é . i (31
since I‘(m;ﬁ %) PT/;“;*_}ooF(mk). Thus, we can (1— L D ymi+ki x () =cig x (m)! - G
have where X (7, j) denotes a set of K -tuples satisfying the follow-
K ing condition
Sk H 1—si) (27)
PT oo k=1 N i .
= X(z,j):{(kl,...,k:K):Zkk:mk—] with k; = 0}.

This theorem shows that system design parameters such as
the signal constellation and Nakagami-m fading severity have
no impacts on the ASER limit. However, at the same limit
on the ASER, the rate of convergence to Ax depends on
parameters such as the degrees of transmitter cooperation and
Nakagami-m parameter ms. This will be verified by the link-
level simulations.

E. Performance of the System with the MRT

Under the assumption that CSI is available at the trans-
mitters, the MRT is employed to maximize the SNR at the
receiver. With the use of the MRT, the received signal is given
by

K
Z v/ Prgphgvilgx + 2z (28)
k=1

A 2 AR .
where gk:%, % is the phase rotation of the

channel [42]. Also, we assume that z ~ CN (0,
e-SNR® is computed as follows:

K
E ]Ik )\gIRT
k=1
AMRT 2 Pr|hy|”
k= p)

where - is identical to A\;. After some manipu-
lations, the CDF of AMET is derived as follows:

k my

DR ”

1=1 j=1

02). Then the

)\I\JRT (29)

Fysrr () = A vwmwm

%Note that the non-coherent joint transmission [43] results in the same
expression for the e-SNR.

k=1

From (30), the PDF of A\MET is derived as follows:

._16_W)

(32)

k m; .

@+ )Y B

=1 j=1 1

P (x) = (

where §(-) denotes the Dirac delta function. Note that we can
readily derived (30) based on Appendix A, and then (32), so
that a detailed derivation is not provided. Since the outage
probability at a given threshold 6 is a particular value of the
CDF of A\MRT it is given by OMRT(9) = Fyurr (0).

Corollary 5: Completely reliable backhauls make the MRT
achieve the diversity gain GYRT = S°% .

Proof: See Appendix G. |
This Corollary verifies that the proposed SC protocol can
achieve the same diversity gain as the MRT under completely
reliable backhaul connections.

Similar to the SC-assisted cooperative system, the existence
of limits on the outage probability and ASE is inevitable to the
MRT-assisted cooperative system with unreliable backhauls.
This is provided by the following theorem.

Theorem 6. For Nakagami-m fading channels and unreliable
backhaul, the asymptotic outage probability limit and the
ASER limit of the MRT-assisted cooperative system are,
respectively, given by

O MR (9) — Aje and
Sas NIRT(e) — AK (33)

which shows that the outage probability limit and the ASER
limit are same as those of the SC-assisted cooperative system.
Proof: See Appendix H. [ |



From this theorem and Theorem 5, we can verify that only
a set of backhaul reliability levels exclusively determines the
asymptotic limits on the outage probability and asymptotic
ASER of the cooperative system employing either the MRT or
SC protocol. Also, the same asymptotic limits on the outage
probability and asymptotic ASER are existing for the non-
coherent joint transmission system.

IV. SIMULATION RESULTS

In the simulations, we use quadrature phase-shift keying
(QPSK), 16-QAM, and 64-QAM for signal constellations. We
use a fixed e-SNR threshold # = 0.1 dB in the computation of
the outage probability. Non-identical and identical Nakagami-
m fading channels are considered in the simulations. Perfect
selection combining is performed in the simulations. The
curves obtained via link-level Monte Carlo simulations are
denoted by Sim, whereas analytically derived curves are
denoted by An. Limits on asymptotic performance metrics
under unreliable backhauls are denoted by PjﬁgL and S*. The
performance curves obtained for the system employing the
MRT are denoted by MRT.

A. Outage Probability
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Fig. 2. Outage probability for various levels of backhaul reliability at various
degrees of transmitter cooperation and mys.

In Fig. 2, we first verify the analytically derived outage
probability comparing with that of the simulation. In this
figure, we assume (s7 = 0.96,s0 = 0.95), and (s; =
0.96,s2 = 095,83 = 0.94) for K = 2 and K = 3,
respectively, so that we have Ay = 0.002 and A3 = 1.2x 1074,
For K = 1, we assume s; = 0.998, so that A; = 0.002. This
figure shows that at the same value of the outage probability
limit, A; = Ay = 0.002, the cooperative system provides
a lower outage probability than the non-cooperative system
due to an increased receiver e-SNR. We can also see that the

- . as,L
outage probability asymptotically approaches Pi:” as Pr /o2
increases.
107" ;
my=1my=1
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Fig. 3. Outage probability for various values of mys at fixed K = 2 and
Ax =2 x 1076,
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Fig. 4. Outage probability for various values of mys at (K =
2x1076) and (K = 3,A3 =2 x 1076).

To see the effects of various system parameters on the out-
age probability, we assume Ay = 2x 1076 and Az = 2x107°
in Figs. 3 and 4. For K = 2, we assume s; = 0.999 and
s9 = 0.998, whereas we assume s; = 0.999, so = 0.995, and
s3 = 0.98 for K = 3 to have the same limit on the outage
probability. We can have several observations from Figs. 3 and
4 as follows:



o Two distinctive complementary regions (noise-limited
and non-noise-limited) can be observed.

e For K = 2, a lower outage probability in the noise-
limited region can be achieved with a bigger value of
the Nakagami-m m parameter. That is, the performance
of the considered system in Rayleigh fading is worst due
to the largest signal power fluctuation.

o As K or the degrees of transmitter cooperation increases,
a lower outage probability is achieved in the noise-limited
region in line with Corollary 3. At the same degrees of
transmitter cooperation, the rate of convergence to the
limit on the outage probability can be seen to be deter-
mined by min({my}). For example, (m; = 1,mq = 1)
has the same convergence rate as (m; = 2,ms = 1),
(m1 = 1,mg = 2), and (my = 3,mg = 1) from Fig. 3,
whereas (m1 = 2,my = 2) and (m; = 3,mgy = 2)
approach to A, faster than the previous case. In the
considered scenarios, (m1 = 3,m2 = 3) leads to the
fastest convergence to A due to the biggest min({my}).
Thus, min({ms}) is seen to be one of the key factors in
determining the rate of convergence to the limit.

o To see how convergence rate behaves in terms of the
degrees of transmitter cooperation and the values of
fading parameters mys, we use the same value of the
limit on the outage probability. For K = 3, we can see
that (my = 2,mg = 1,m3 = 1) has a faster convergence
to the limit on the outage probability comparing with
(m1 = 1, m9e = 2). Similar observation can be observed
by comparing (m; = 2,ms = 2,m3 = 2) with
(my = 2,mq = 2). That is, the degrees of transmitter
cooperation is another key factor in determining the
rate of convergence to the asymptotic outage probability.
Thus, the rate of convergence to the asymptotic outage
probability can be determined by K min({my}).

« This rate of convergence to the asymptotic outage proba-
bility also determines the performance of the outage prob-
ability in the noise limited region. For example, although
(my = 2,my = 2,m3 = 2) has the same asymptotic
outage probability A as (m; = 3,m2 = 3,m3 = 3),
(m1 = 3,m2 = 3,ms = 3) provides a lower outage
probability in the noise limited region.

In Fig. 5, we compare the outage probability of the SC-
assisted cooperative system with the MRT-assisted cooperative
system. Completely reliable and unreliable backhauls are
separately considered to investigate the achievable diversity
gain promised by two cooperative schemes. Based on the
diversity gain derived in Corollary 3 and Corollary 5, we see
that the SC-assisted cooperative system has the same diversity
gain as the MRT-assisted cooperative system with completely
reliable backhauls. By measuring the slope of the curves, we
can compute the diversity gain. Since the diversity gain is
given by G4 = Zszlmk, (mp = 2,me = 2) results in a
higher diversity gain than (m; = 1,m2 = 2). We can also see
that the MRT-assisted cooperative system results in a lower
outage probability than the SC-assisted cooperative system.
At a fixed Pr, we can also observe that the outage probability
of these two cooperative systems under unreliable backhauls
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Fig. 5. Outage probability for various values of mys at (K = 2,A2 =
2 x 1079).

approaches the outage probability with completely reliable
backhauls when o2 is large, whereas the outage probability
approaches the outage limit with imperfect backhauls when

2 .
oz is small.

B. Average Spectral Efficiency
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Fig. 6. ASE for various values of K at a fixed outage limit.

In Fig. 6, we first verify the accuracy of our derivation for
the analytical ASE comparing with the simulation for K =
1, m1 = 2 at the value of A; = 0.04. We can find a good match
between them. This figure also shows that at the same value of



the outage limit, A; = Ay = A3 = 0.04, more transmitters in
cooperation result in a higher ASE, for example, (m1 = 2, A1)
VS. (m1 = 2,7722 = 3,A2), and (m1 = 2,7’712 = 3,A2) VS.
(m1 = 2, mo = 3,’ﬂl3 = 3,A3).
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Fig. 7. ASE for various values of m1 and mg at fixed K’ = 2 and A2 = 0.02.

At a fixed value of As = 0.02, we see the ASE in Fig. 7
for two transmitters with different Nakagami-m m parameters.
As either of ms increases, a higher ASE can be achieved due
to reduced fluctuation of the signal power. Thus, the ASE in
Rayleigh fading has the lowest ASE. We also compare the
asymptotic ASE, R?*®, with the simulation in Rayleigh fading.
As Pr/o? increases, the difference between the asymptotic
ASE and the analytical ASE becomes unnoticeable. The ana-
Iytical ASE is also compared with the ASE of the cooperative
system with completely reliable backhauls, R¢. It can be
observed that as Pr /o2 increases, the difference between the
analytical ASE and R° increases. From Figs. 6 and 7, we
can have a higher ASE as either K or ) x—1 Mk increases.
Comparing with the SC-assisted cooperative system, the MRT-
assisted cooperative system is shown to achieve a higher ASE.

C. Average Symbol Error Rate

In Fig. 8, we first compute ASER of the systems that have
the same asymptotic limits on the ASER for different degrees
of transmitter cooperation and Nakagami-m m parameters.
QPSK is used as the signal constellation. In addition, we use
a same level of backhaul reliability s, which is determined
by s = 1— AE/K). At a fixed Ay = Ay, = 0.05, a more
transmitter cooperation results in a lower ASER in the noise-
limited region due to a higher receiver e-SNR, which is
promised by the SC protocol. Additionally, m; = 2 results
in a lower ASER in the noise-limited region over m; = 1
for the non-cooperative system due to a reduced fluctuation of
the signal power. For more reliable backhauls; for example,
Ay = Ay = 0.0025, similar behaviors in the ASER can be
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Fig. 8. ASER for various values of K and mys at different ASER limits.

observed. We also compare the ASER for the SC-assisted and
MRT-assisted cooperative systems. At a fixed Pr, the MRT-
assisted cooperative system has a lower ASER than the SC-
assisted cooperative system when o2 is large, whereas the
ASER differences become negligible when o2 is small. In this
region, the ASER of two systems depends only on backhaul
reliability.
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Fig. 9. ASER for various values of K and backhaul reliability.

At fixed Nakagami-m m parameters and QPSK signal
constellation, the impacts of backhaul reliability and degrees
of transmitter cooperation on the ASER of the systems with
completely reliable backhauls are presented in Fig. 9. We



assume mq = 1, mo = 2, and mg3 = 3 for this scenario.
We can see that the system with completely reliable back-
hauls can achieve the diversity gain, specified by Zle mg.
However, the system with unreliable backhaul starts to lose
performance as Pr /o2 increases. Additionally, it can be seen
that as backhaul reliability increases, the diversity gain can
be maintained up to a higher region of Pr/o2. However,
in all the cases, unreliable backhauls result in ASER limits
exclusively determined by (1—s)¥. Thus, at the same degrees
of transmitter cooperation, a lower ASER limit can be obtained
as backhaul reliability increases. In addition, at the same
backhaul reliability, a lower ASER limit can be obtained as a
more transmitter cooperation is involved in the system.
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Fig. 10. ASER in different signal constellations.

Fig. 10 illustrates the ASER for different signal constel-
lations. We compare analytical ASERs with their simulation
results. As a particular scenario, we assume K = 2, s = 0.95,
my1 = 1 and mo = 2. For QPSK constellation, the simu-
lation result provides almost perfect match to the analytical
result. However, since we use an approximate conditional
SER for square M-QAM signal constellations, the link-level
simulations result in lower ASERs over the analytical results.
However, in the region of high Pr/ ai, all simulations provide
perfect matches to the ASER limit, Ay = 0.0025. Thus, we
can see that the signal constellation only impacts the ASER in
the noise-limited region, whereas its impacts are unnoticeable
in the asymptotic region where the ASER limit dominates the
performance.

V. CONCLUSIONS

In this paper, we have examined the performance of coop-
erative systems with unreliable backhaul connections. In these
systems, the transmitters are connected to the control unit via
unreliable wireless backhauls, and the receiver employs the
selection combining protocol. We have presented a general

framework for non-identical Nakagami-m fading channels by
characterizing the statistics of the e-SNR at the receiver.
Based on the derived expression of the e-SNR, closed-form
expressions for the outage probability, ASE, and ASER have
been derived and validated using link-level simulations. We
have verified that the backhaul reliability is a key factor that
determines the asymptotic performance limits on the outage
probability and the ASER. Furthermore, the conventional
diversity gain is not achievable in the non-noise-limited region
due to unreliable backhaul links, nevertheless the diversity gain
is achievable in the noise-limited region with a limited impact
from unreliable backhauls. Under completely reliable backhaul
connection, SC-assisted cooperative systems have been shown
to achieve the same diversity gain as MRT-assisted cooperative
systems.

APPENDIX A: DERIVATION OF THEOREM 1
Let us start from the definition of the random variable A,
which is given by

A= max (T k)

(A1)

geens

where A\, ~ Ga(myg,n). In (A.l1), a particular random
variable [z \;, has the following PDF

foon (@) = (1 = sx)d(2) +

xmkflefm/nk

Sk
() (g )™
(A.2)

where §(-) denotes the Dirac delta function. In addition, the

CDF of I\ is given by

skl (M, /i)
L'(mx)

Thus, we can have the CDF of \ as follows:

Fy», (CC) =1- (A.3)
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Substituting the series expansions of the upper incomplete

gamma function [30, eq. 8.352.2], results in
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where we define the summation over all combinations of
links and Nakagami-m m values between the transmitters and
receiver.

APPENDIX B: DERIVATION OF COROLLARY (3)

For completely reliable backhauls, the asymptotic CDF of
A is given by

Fy(z) = ﬁ (1 _ M)

k=1 F(mk)
2 l
K mpoZe Mk 1(%)
’El( ST e )-®

At a fixed e-SNR threshold 0, and as Pr/ a,% — 00, the outage
probability is asymptotically given by [44]

>
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= (B.2)

which proves (14).

APPENDIX C: PROOF OF THEOREM 2

We use again (A.2) in the computation of the CDF as

follows:
( (1—sg)

K
1—8k H<1+18k

— S
k=1 k

yi(ma, 1’/%))
T ()

K
=11
K
1;[ " (71?(:;/)%) > (C.1)

Substituting the series expansions of the lower incomplete

gamma function [30, eq. 8.352.1], (C.1) is equal to (C.2)

at the toP of the next page. At a given e-SNR threshold 6,
7Ylk0'

e PTEU’%‘E} ~ 1, and K is dominated by the [ = 0 term as

Pr/o2 — oo, so that

ORS

2 (0) = Ak (C.3)

APPENDIX D: PROOF OF THEOREM 3

To solve the integral in (17), we express In(1 + z) of the
integrand in terms of the Meijer G-function according to [28,
€q.(07.34.03.0456.01)]:

1,1 )
1,0 /°

(1 + ) = Ggg(x (D.1)

11

Using (D.1), the ASE is computed as follows:

6/ e~z lG” ‘ 1(1) )d:c). (D.2)

K3

Applying (1), K2 and K3 are computed as follows:

and

Ky =1(8)~0¢ (6‘ 101’1’1)

B3 )

Using the translation formula of the Meijer G-function [28,
eqs. (07.34.17.0011.01) and (07.34.17.0012.01)], K2 and K3
are equivalent to the followings:

K3

= B8(8)" Vg (D.3)
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Now substituting (D.4) into (D.2), we can derive (17).

(D.4)

APPENDIX E: DERIVATION OF THEOREM 3

According to [39], [40

as follows:
/ P2 \) f(2)da

], (22) can be alternatively expressed

= T et 24, E.l
\/ﬂ NOE (E.1)
Using again F)(x), we can compute the ASER as
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so that we can obtain (24).
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APPENDIX F: DERIVATION OF COROLLARY 4
We use again (B.1) for the asymptotic analysis of the ASER.
As Pr/o2 — oo, it is given that [44]

K ( mknit )mk
2
F(t) = [ A

I'(my +1) ED

k=1

Now replacing Fj(t) with F{*(t) in the computation of the
ASER, we can have
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APPENDIX G: DERIVATION OF COROLLARY 5

In the high SNR region, we can approximate the outage
probability as

(zz’“;i‘;m <9>f‘>

k
11 Csi(ox) " = (Hcg,k) (P—2) =R G
k=1 n k=1 Tn

where C3 and C3 ) are constants. Note that we use an
approximation of the incomplete gamma function [44].
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APPENDIX H: DERIVATION OF THEOREM 6

Based on the derivations used in Appendix G, we can have

e (flen &) )
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Also, we can derive the ASER of the MRT-assisted cooperative
system for QPSK signal constellation in (H.2) at the top of
the next page. A constant term Ay becomes dominating as

the second term in the right hand side of (H.2) is diminishing

which is noticeable as S—T increases. Thus, the ASER perfor-

mance is limited by Ag. For other signal constellations, we
can derive the same limit.
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