OprpTiMUM ML DETECTION FOR DF COOPERATIVE
DIVERSITY NETWORKS IN THE PRESENCE OF
INTERFERENCE

T1AN LU

A thesis submitted to the
Department of Electrical and Computer Engineering
in conformity with the requirements for

the degree of Master of Applied Science

Queen’s University
Kingston, Ontario, Canada

July 2014

Copyright (©) Tian Lu, 2014



Abstract

Unlike the existing detectors for decode-and-forward (DF) relaying in the ideal case
without interference, this thesis considers a more practical scenario where arbitrary
interference is present. We consider a DF cooperative diversity network consisting of
one source, multiple relays, one destination and multiple interferers affecting the relays
as well as the destination. Under this scenario, for the first time in the literature, we
develop the exact closed-form rules for optimum maximum-likelihood (ML) detectors
for DF systems employing any one- or two-dimensional modulations in the presence
of interference. In particular, we derive the optimum ML detection rules for two
transmission schemes: simultaneous transmission and orthogonal transmission. In
each transmission scheme, we derive the detection rules by considering two different
cases of the instantaneous channel state information (CSI): the CSI of the second-hop
is known or unknown at the relays. Numerical results demonstrate that the developed
optimum detectors significantly outperform the conventional detector which simply

ignores the existence of interference.
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Chapter 1

Introduction

1.1 An Overview of Cooperative Communication

In the conventional point-to-point wireless communications, the continuous commu-
nication between the transmitting device to the receiving device is not guaranteed as
the channel links may suffer high level multipath fading. Then the cooperative com-
munication with the assistance of relay nodes was proposed as a solution to broaden
the coverage, mitigate fading impairment, and increase the data rate at a low cost.
In a cooperative wireless network, each mobile device can function as a source termi-
nal transmitting its own signal, or a relay terminal to assist other device to forward
signals to the destination. In particular, relay transmission helps combat heavy path
loss and provides additional diversity without requiring the multiple antennas at the
source and destination. Then, two most well-known relay protocols were developed
in [14] for cooperative diversity networks: amplify-and-forward (AF) protocol, and
decode-and-forward (DF) protocol. In the AF protocol, the relay node receives a noisy
version of the signal from a source terminal, and then amplifies and forwards the re-

ceived signal to the destination for decoding. In the DF protocol, the relay decodes
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the received signal first, and then retransmits the detected signal to the destination.
Through each protocol, multiple independent replicas of the transmitted signals due
to cooperation among users result in spatial diversity, which can significantly improve
the network performance and robustness. Then we will introduce the measurements

we take to evaluate the performance of the cooperative communication.

1.1.1 Performance Measures and Detection Rules

To evaluate the performance of the cooperative communications, we introduce some
most general performance measures and decision rules here.
Error Probability
In wireless transmission, error occurs when some bits of a data stream going over
the channel have been altered due to noise, interference and distortion. The symbol-
error-rate (SER) and the bit-error-rate (BER) are the two most commonly used error
probability measures in digital communication. The instantaneous BER or SER can
be computed in terms of the instantaneous signal-to-noise ratio (SNR) « as follows
16, 18]:

P. = aQ(\/B), (1.1)

where o and [ are the constants depending on the modulations. In (1.1), the SNR
v is a function of the channel coefficient h which is a random variable. Due to
the randomness from the channel coefficient, it would be more desirable to find the
average BER/SER, where we take expectation of the instantaneous BER/SER with

respect to v, as shown as follows [9]:

E[P] = a / QB f, (2)de. (1.2)
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where f,(z) is the probability density function (PDF) of ~.

Diversity Gain

Providing multiple independent replicas of the same information yields diversity gains.
In addition to the information from the direct link, each parallel relay also provides
an independent copy of the same information to assist the decision-making in the
destination. The diversity gains improve the performance of the system because as
we supply more copies of the information to the receiver, the probability that all
the signal components will fade simultaneously is reduced considerably. Consider a
network with L independent branches, the average error probability in (1.2), at high

SNR, can be approximated as [23]

E[P.] ~ <2LL_ 1) (ai), (1.3)

where a is a modulation-dependent constant, and the SNR exponent L represents
the diversity gain. As we can see from (1.3), increasing the diversity gain L would
dramatically decrease the error probability.

Spectral Efficiency

Spectral efficiency is a measure of how efficiently a frequency spectrum is utilized,

which can be computed as [23]

p=t. (bps/Hy) (1.4)

where R is the information bit rate and W is the bandwidth.
Detection Rules

As signal transmitted over a channel, it may be corrupted by noise or interference.
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Thus, we wish to design a signal detector at the receiver that makes a decision on the
transmitted signal such that the probability of a correct decision is maximized. We

consider a received signal given by
r=s,+n m=1--- M (1.5)

where r, s, and n are N x 1 vectors. We first introduce maximum a posteriori
probability (MAP) decision rule, which is based on selecting the signal corresponding

to the maximum of the set of posterior probabilities P(S,,|r), as given by [18,22]
= arg mex Pr(s,,|r), (1.6)

where Pr(s,,|r) is the posterior probability. Applying Bayes’ rule, (1.6) can be ex-
pressed as

m = arg EIllaXMp(I‘|Sm) Pr(s,,), (1.7)

where p(r|s,,) is called the likelihood function. If we assume the transmitted signals
are equiprobable with Pr(s,,) = ﬁ, then the MAP rule becomes maximum-likelihood

(ML) decision rule given as follows [18]:
m= argmirll’z}?iMp(ﬂsm). (1.8)

In other words, the ML decision is based on determining the maximum of the like-
lihood function, p(r|s,,), over the M signals. To this end, we consider an additive

white Gaussian noise (AWGN) channel, and the corresponding likelihood function is
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given by [18]
1 ||I‘ - Sm| |2
plrlsn) = (ro2)N P l—T : (1.9)
After substituting (1.9) into (1.8), we can obtain [18§]
arg miﬂf}?fMp(ﬂsm) = arg min%x’M log p(r|sy,)
—arg_max (~Nlog(ro?) — 2= nll (1.10)
m=1,-,M 72

=arg min [|r—sy|.

) )

The final expression in (1.10) is called the minimum Euclidean distance (MED) de-
cision rule, which is based on finding the signal s, that is closest in distance to the
received signal vector r. In summary, the MAP decision rule is equivalent as the
ML decision rule when the transmitted signals are equally probable. Then, for an
AWGN channel only, the ML decision rule is equivalent as the MED decision rule.
In particular, if the transmitted signals are equiprobable, and the channel is AWGN,

MAP, ML and MED are basically the same optimum decision rules.

1.2 Literature Review

In recent years, cooperative diversity has been studied as a promising technique to
broaden the coverage range, increase the channel capacity, and mitigate fading im-
pairments, emerging as a reliable potential candidate for wireless communications.
There are two most well-known relaying strategies developed for cooperative diversi-
ty networks: amplify-and-forward protocol, and decode-and-forward protocol [14,21].

Extensive research has been done on these protocols with respect to various aspects:
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performance analysis [20], diversity gain [5,28] and optimum /sub-optimum detection-
s [24,25], etc. Due to the ease of combining with channel codes and incorporating
into network protocols, we will focus on DF relaying strategy in this thesis.

The majority of the previous works regarding the detection, however, have been
intensively focused on a relatively ideal scenario, where interference was completely
ignored. That was because, in the presence of interference, the system model becomes
onerously complicated, and the mathematical analysis becomes more challenging. In
the literature, there are optimum and many sub-optimum schemes for the interference-
free environment [4,5,20,24,25]. The maximum-likelihood (ML) detection rule for DF
cooperative systems was first presented in [15] for binary phase shift keying (BPSK)
constellation. Then, in [4, 5], both coherent and noncoherent ML detections for DF
systems with binary frequency shift keying (BFSK) were studied, and the piecewise
linear (PL) combiner was introduced as a useful alternative for ML detector. In [3], an
ML detector for the DF protocol was developed for arbitrary constellations. Since the
ML detector has the exponential detection complexity and non-linear characteristic,
various sub-optimum detectors with lower complexity but degraded performance were
proposed: the A maximum-ratio-combining (A-MRC) [20], the cooperative maximum-
ratio-combining (C-MRC) decoder [24], and the link-adaptive regeneration (LAR)
detection rule [25]. However, it is questionable whether ignoring interference would
be a realistic assumption for practical wireless networks.

Due to the broadcast nature of wireless signal transmissions, interference always
exists over a wide range of frequency bands in almost all practical wireless commu-
nication systems. For example, interference may come from other authorized users

of the same spectrum, or from other frequency channels injecting energy into the
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channel of interest. In addition, in many of the emerging wireless systems, such as
ad-hoc and sensor networks, mesh networks, cognitive networks, femtocells, heteroge-
neous networks and cellular networks with multihop coverage extensions, interference
typically exists and may affect the system performance. Thus, interference is a ma-
jor and unavoidable issue in practical wireless transmissions. Although the issue of
interference has been considered in some recent works, most of them were not ad-
dressing the detection problem. For example, in [29], the outage performance for a
DF network was analyzed, assuming the destination is noise-ignorant and corrupted
by co-channel interference while the relay is not affected by any interference. The
authors of [10,11] have analyzed the outage performance and error probability of
AF and DF relaying systems with co-channel interference. The interference align-
ment technique was performed in [2,26], where interference can be canceled within
the multiple-input multiple-output (MIMO) systems. Even the remaining very few
works on detection are restricted to the AF network with interference affecting only
the relays such as in [19]. To the best of our knowledge, the problem of performing
optimum ML detection in the presence of interference under the DF framework has

never been studied.

1.3 Contributions of Thesis

In this thesis, we derive the optimum ML detectors in closed-form for a DF system in
the presence of interference. Specifically, we consider a general system model, where
a source transmits information to a destination via multiple intermediate relays in

the presence of multiple interferers affecting the relays as well as the destination. We
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adopt M-pulse amplitude modulation (PAM) and M-quadrature amplitude modula-
tion (QAM) as the modulation schemes for the desired signal and the interference.
We begin by developing detection rules in two transmission schemes: simultaneous
transmission and orthogonal transmission. In particular, we consider system-wise
optimum DF scenario: the ML detection is employed both at the relays and at the
destination to avoid any performance degradation in the DF cooperative system. Al-
s0, it is assumed that only partial channel state information (CSI) for the interferers
is available at the relays and the destination. For each transmission scheme, we derive
the exact optimum detection rules in closed-form by considering two different cases:
the instantaneous CSI of the second hop is known or unknown at the relays. Nu-
merical results demonstrate that the derived detectors significantly outperform the

conventional scheme which completely ignores the interference.

1.4 Organization of Thesis

The rest of this thesis is organized as follows: In Chapter 2, we introduce the system
model and describe the transmission schemes. In Chapter 3, we derive the detection
rules for two transmission schemes. Numerical results are presented in Chapter 4 and
conclusions are drawn in Chapter 5.

Notation: We use A := B to denote that A by definition, equals B. Also, n; ~
CN(p1,%1) indicates that m; is a circularly symmetric complex Gaussian (CSCG)
random vector with mean vector p; and covariance matrix ;. Similarly, no ~
N (2, X9) indicates that mo is a real Gaussian random vector with mean vector
pe and covariance matrix 3. For random variable X, f(x) denotes its probability

density function (pdf). Moreover, (-)¥ denotes the operator of conjugate transpose,
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(-)* denotes the operator of conjugate, (-)7 denotes the operator of transpose and E|']
is the expectation operator. The operators R[], 3[-], det(-) and log(-) denote the real
part, imaginary part, matrix determinant, and logarithm, respectively. In addition,
Iy, denotes an Nj x N, diagonal matrix with diagonal elements being one. Finally, for
a row vector a = [aq,- - ,a,], Diag(a) denotes the diagonal matrix with [aq,- -, a,]

on its main diagonal matrix and zero elsewhere.



10

Chapter 2

System Model

Consider a cooperative diversity communication system with one source, L interferers,
K relays, and a destination, where each node is working in the half-duplex mode, as
illustrated in Fig. 2.1. The k-th relay node has Ny (INy > 1) antennas, whereas
other terminals including the source, the destination, and the interferers have only
one antenna. Let hy, represent the fading coefficient of the direct-path channel from
the source to the destination, hgy = [he1, -, han)’,k = 1,..., K, denote the
first-hop channel from the source to the k-th relay with N, antennas, and hpy =
[Pras -+ s hkan, )tk =1,..., K, denote the second-hop channel from the k-th relay
to the destination. Let g, ~ CN (0,9, Iy,) denote the complex channel coefficient
from the j-th interferer to the k-th relay for j = 1,--- | L;k =1,--- , K. Also, let
gip ~ CN(0,€,p) denote the complex channel coefficient from the j-th interferer to
the destination. The fading coefficients associated with different wireless channels are

independent with one another.
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Figure 2.1: Multi-branch decode-and-forward cooperative diversity network with
multiple interferers and AWGN at both the relays and the destination.
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It is assumed that for the coherent detection of the desired signal xg, the instanta-
neous CSI hgy, hg,, and hyg are known at the destination for k = 1,..., K. As for the
relays, we assume that the instantaneous CSI of the first-hop, hg, is known at the
relays, and we consider two possibilities for the instantaneous CSI of the second-hop:
i) hyq is known at the relays, or ii) hyg is not known at the relays. For CSI signaling of
hsa, hirq, and hg, to the destination, the source and each relay are required to transmit
pilot symbols [12]. Tt is assumed that we have hgg ~ CN(0,5q), hsp ~ CN (0, O Iy, ),
and hypg ~ CN(0,0aIy,). For CSI of the interferers, however, we assume that the
relays and the destination only have the partial CSI, i.e., the channel variance €2
and Q;p.

Throughout the thesis, we only consider the uncoded system. Let g € Sy denote
the desired signal transmitted from the source with E[|zg|?] = 1, where Sy is the signal
constellation. Let x§t) €S, j=1,---,L denote the interference signal transmitted
from the j-th interferer with E[|$§t) ] = 1 in time slot ¢, where S; denotes its constel-
lation. For M-PAM, S; is given by SPAM(M) = {+dy, £3dy, - , (M — 1)do}, j =
0,1,---, L. Similarly, for M-QAM or I x J-QAM (M = I x J), the inphase com-
ponent R[z| and the quadrature component x| of each element of S; are selected
independently from S[(I) and S (J) respectively, for j = 0,1,---, L. In the

constellations, 2dy is the Euclidean distance between two adjacent signal points given

/3
m, fOI' M—PAM,
\/m, for I x J—QAM

In this thesis, we will consider two different transmission schemes for the cooperative

as follows:

diversity networks: simultaneous transmission and orthogonal transmission.
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2.1 Simultaneous Transmission

In simultaneous transmission, the transmission is completed within two time slots.
In the first time slot, the source broadcasts its desired signal /Eyzo to all the relays
and the destination. Meanwhile, all the interferers also transmit their own signals
\/E7]I xgl , which are overheard by all the relays as well as the destination. In the first

time slot, the signal ystli received by the destination is given by

ysd =V EOhsdmO + Z \/ g]Dx( ) + Nsd, (22)

where ngq is the additive white Gaussian noise (AWGN) at the destination with
nsq ~ CN(0,02). In the first time slot, the signal vector y'}) = [yi,lc),l, e ,yi?Nk]T

received by each relay with N antennas is given by

ysk =/ Eohg.xo + Z \VE g]k:c ) 4 ng k=1,--- K (2.3)

where ny = [ng1,...,nen, " is the AWGN at each relay with ny ~ CN(0,021y,).
Note that the interferers affect the relays as well as the destination.

In the second time slot, each relay node assists the communication from the source
to the destination using the DF protocol, where each relay detects the transmitted
symbol by ML detection and retransmits the detected signal zg; to the destination.
Meanwhile, all the interferers also transmit their own signal \/E7JI x?) in the second
time slot. Hence, the signal yf,z) received by the destination in the second time slot is

given by
R

K
E
97(121) Z ]\;g wyhgaZor + Z \VE g] ( )+ Nords (2.4)
k
k=1
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where E}J is the total transmission energy for the k-th relay with N, antennas and n,4
is the AWGN at the destination with n,q ~ CN(0,032). Note that the received signal
ygl) contains only the detected symbol Zg, from the relay, not the original symbol xq
transmitted from the source. The vector wy in (2.4) denotes a weighting vector of

dimension N, x 1, which is designed based on the available CSI of the second-hop.

The determination of the optimum weighting vector will be discussed later.

2.2 Orthogonal Transmission

In orthogonal transmission, each relay is designed to transmit in different time slots
to yield the best diversity performance. In the first time slot, the transmissions of the
source and the interferers are exactly the same as in the simultaneous transmission:
the source broadcasts its desired signal xy to all the relays as well as the destination,
while all the interferers also transmit their own signals and they affect every relay node
as well as the destination node. Therefore, the signal ygl) received from the direct

link, and the signal yi?

received from k-th relay are exactly the same as in (2.2) and
(2.3), respectively. In contrast to the simultaneous transmission, however, from the
second time slot, each relay transmits data in an orthogonal fashion. Specifically, in

time slot K4+ 1,k =1,--- , K, only the k-th relay detects the transmitted symbol by

ML detection and retransmits the detected signal Zg; to the destination. Meanwhile,

all the interferers also transmit their own (k+-1)-th signal / E x§-k+1) and it is received
by the destination. Thus, the signal y,(CZH), k=1,---, K, received by the destination

in the (k + 1)-th time slot is given as

ER ) L
v | =\ o wehwador + Y Elgpel ™ f g, k=1, K. (2.5)
k -
J=1
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Similarly, the weighting vector wy is designed based on the available CSI of the
second-hop, which will be discussed later. By deriving the optimum ML detectors for
the two transmission schemes, we will determine their corresponding advantages and

disadvantages later.
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Chapter 3

Exact Optimum ML Detection in Closed-Form

In this chapter, we study the optimum ML detection in the presence of interference
for the two transmission schemes: simultaneous transmission and orthogonal trans-
mission. In order to achieve truly optimum end-to-end performance in a DF network,
we require all the terminals including the relays and the destination to perform the
optimum ML detection. Thus, the end-to-end optimum detection consists of three
key steps: i) ML detection at each relay, ii) forwarding the ML-detected signals from
the relays to the destination, and iii) the ML detection at the destination. Since the
first two steps are the same for the two transmission schemes, we present them in the
first two subsections. Specifically, we begin this chapter by demonstrating the exact
ML detection performed at each relay. Subsequently, the analysis of forwarding the
detected signals from the relays to the destination is provided, where the transition
probability is derived. In the last two subsections, we finally study the ML detections
at the destination for the simultaneous transmission and the orthogonal transmission,

respectively.
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3.1 Exact ML Detection at Each Relay

In this section, we study the exact ML detection rule at each relay considering the
interference. Note that each relay detects its own signal independently. Thus, we only
consider a single relay in our analysis. In the following lemma, we first derive the ML
detection rule in the presence of interference.

Lemma 1: With the partial CSI of the interferers, the optimum ML detector at

the k-th relay is given by

o = 1 Iy = vEohaiao?
Lok —a1g aglea;é Z Z L pro 1M 2\ Ny, P\ "L EIQ. |22 2 |
Mg, 2Wes (Zj:l j jk’|xj 2 +0%) Zj:l j jk|$j ? + o}
1 12 L
(3.1)

Proof. See Appendix A.1. m

Note that (3.1) is truly optimum and valid for any type of M-PAM and M-QAM
modulation. The term Zle EJI ij|x§1)|2, which appears in the denominators inside
and outside of the exponent in (3.1), stands for the interference. This interference
term varies depending on the modulation of the interference signal, rather than being
fixed. The detected signal Zg, obtained by (3.1) is used as the transmitted signal at
the k-th relay to assist the formation of the received signals of yg) for the simultaneous
transmission and ygyl) for the orthogonal transmission at the destination.

In order to proceed to the ultimate destination detection, we have to do further
performance analysis utilizing the relay’s ML detector of (3.1). However, due to the
complicated expression of (3.1) including the L summations of the interference signals,
it is difficult to directly use (3.1). In the following lemma, we derive a much simpler,

yet mathematically equivalent, ML detection form.
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Lemma 2: (3.1) is equivalent to the following:

H, 1) 2
-~ o : hskysk
Tor = arg min |rg —

T0€50 VE|lhg|?*|
Proof. See Appendix B. m

Note that, even with the variation in the interference signal and modulation, the
equivalence is always hold between equations of (3.1) and (3.2). More specifically, the
equivalence here means that the ML estimates, Zox, obtained by (3.1) and (3.2) are
mathematically the same, where no inequalities or no approximations were applied.
The disclosure of the equivalence is unanticipated as the equality is always true despite
of the number of interferers and the variation in the denominators inside and outside

of the exponents in (3.1).

3.2 Transition Probability

Using the result obtained by (3.2), we now derive the instantaneous signal-to-interference-
plus-noise-ratio (SINR) of the ML detector at the relays. Firstly, by substituting (2.3)

into (3.2), we can derive a soft estimate Zoy of xg, which is in the form of

Zox = o + Lok + Mok, (3.3)
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where the interference component Zy; and the additive noise component 7y are given

by

L 1
hi Zj:l \/ E]Igjkx;‘ )

Top — , 3.4

: Vol (34)
hin

Mok = sk 2k (3.5)

VEs|[heak >

Note that, given the instantaneous CSI hg, the noise component g is CSCG.
In addition, given hg; and {g;x }f;lle, the interference component Zy is also CSCG
when it is conditioned on the interfering signals {xg-l)}le. As a result, conditioned on
hg;., {gjk}]ille, and {a:g-l) le, the interference plus noise component Noy := Zor+1ok

is CSCG with N ~ CN(0,Q), where

L 1
Y Bl + o

O, = 3.6
: Enllhac P 30
Therefore, the instantaneous SINR, vsivri, given hgy, {gjk}]ilj;l, and {xy)}f:l,
are obtained by
~ Efjzol*)
YSINRk = Q
' (3.7)
Eol|hus||? '

S BfQlag 2+ of
The next step is to analyze the transition probability. Considering the potentially
undetected errors at the relay, the transition probability is the probability that the
relay detects symbol T, when xy was in fact transmitted by the source. Firstly,

considering the case of M-PAM, it is possible to derive the transition probability as
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follows:

Prapam(Zolzo) = V(xo, o, v, M, dp)

Q(V2v(Jzo — Zo| — 1)dy), if o = (M — 1)do,
=\ QW2 (lzo — @0l — 1)do) — Q(v/27(|wg — Zo| + 1)do),

if i‘oG{ﬂ:(M - 3)d0, ZE(M - 5)d07 ceey :]:].} 5

(3.8)

\

where v is the instantaneous signal-to-noise-ratio (SNR) and dj is given in (2.1).
Proof. See Appendix C. n

As we discussed earlier in this section, the interference plus noise component of
(3.3) has a Gaussian distribution, from which we derived our instantaneous SINR.
Thus, this SINR, vsrvrx has a mathematically equivalent meaning of SNR. Conse-
quently, we substitute vs;yrx into v in (3.8).

Since the demodulation of an arbitrary I x J-QAM signal is equivalent to the
demodulation of two independent PAM signals, I-ary PAM of the in-phase signal
R[xo] and J-ary PAM of the quadrature signal [zo]. Thus, using the transition
probability of M-ary PAM, we can obtain the transition probability of I x J-QAM
accordingly. For instance, the transition probability for the in-phase component is
given in the same form of (3.8) with M replaced by I, z( replaced by R[], and 7
replaced by R[7o]. In summary, for I x J-QAM, the transition probability can be

obtained by

PTIXJ-QAM(*%O‘Z'O) = ‘I’(%[%],%[%L%Ldo)X‘I’(%[ﬂfo]a%[io],%t],do)- (3-9)
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With the derivation of the optimum detection at each relay and the transition prob-
ability, we will investigate the ML detections at the destination for two transmission

schemes in the following two sections.

3.3 Exact ML Detection at the Destination for Simultaneous Transmis-

sion

In this section, for simultaneous transmission scheme, we study the ML detection rule

at the destination in the presence of interference. Let 257 denote the ML estimate

of xy at the destination based on the two received signals: yiil) in (2.2), which comes

directly from the source, and yi? in (2.4), which comes from the relays.

Theorem 1: For simultaneous transmission, the ML detection rule at the desti-

nation is given in closed-form as follows:

257 = arg max Z Z Z %XA('YSINR,IC)

1) (2) T S
z; €S; x; €S kxzﬂﬁe 7O
]:17 7L j:17 7L

ygl) Y EOhsd'TO

L
1 I @ 1
XeXP{—T ZEijD (257, =] @ x |EE ho i
Jj=1 Yrd = 22k=1 kak kdTok

2
2 K ER
yi? -V EOhsdx0’ + yﬁ? — Z —kwkhkdi'(Jk ,

2
+0
d Nk
k=1

(3.10)
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where
L
T = Jg—i—ag (ZEJIQ]'D(‘.’L'EDF‘{‘ ’x§2)‘2)> (3.11)
j=1

+ 3 BB (12 P2 — o0 @) (@) al?)),
J#
(

K
[T ¥ (zo, Zok, Ysinme, M, do),  if xg, xop € M-PAM;
fe=1

K
AWSUVRJ?) =TT Y (R[zo], %[fOk],’YSINRk,[, do)xW (o], g[fOk],’YSINR,mJ, do)<,3'12)
k=1

if xg, zor € I X J-QAM,

and U(-) is given in (3.8).
Proof. See Appendix D. O

Note that, the ML detection rule in (3.10) is truly optimum and closed-form. The
derived detector can be applied for the most practical scenarios of multiple interferers
and multiple relays with multiple antennas (including the single antenna case) and
the most general rectangular QAM modulations.

Depending on different CSI conditions, the weighting vector wy, in (3.10) can be
determined accordingly. If the instantaneous CSI from all the relays to the destination
is unknown at the relays, the weighting vector is simply set as wy = 1 = [1,--- , 1].
However, if the relays have the knowledge of the CSI from all the relays to the
destination, we can enhance the performance of the ML detector by employing w, =
\/MHZ_:HZH Given {Zo}& ,, this weighting vector is optimum in the sense that the
SINR or SNR is maximized. Because the channel from the relays to the destination is

a multiple-input-single-output (MISO) channel, the weighting vector is also optimum
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in the ML sense. With the optimum w;,, we are able to allow all the signal components
to be constructively added at the destination.

We now consider an important special case where the interferers are far away from
the destination, i.e., the channel gains from the interferers to the destination are zero.
This is the case that the interference only affects the relays. For the described model,
the ML detection at the destination is given in the following corollary:

Corollary 1: For simultaneous transmission, the ML detection at the destination
with interference affecting only the relays is given in closed-form as follows:

20€So 03

2
yi? -V EOhsdIO‘ )

1 1
ng:arg max — exp | ——
04

2

K
1 1 Ef A
X E —exp | —— yﬁi) — E kakhkd%k X E A(VsINRE),
O_d Od k=1 k

ZokESo Z(I)GSJ'
k=1, K j=]1,"-,L
(3.13)
where A(ysrnr) is the transition probability given by (3.8) and (3.12). In the above

1) 2)

equation, we set g;p = 0 in y ; given in (2.2), and g;; # 0 in yrz given in (2.4).

Proof. See Appendix E. m

Another special case is that the interferers are far away from the relays and they
affect only the destination. We obtain the following corollary by setting the channel
gains from the interferers to each relay to be zero.

Corollary 2: For simultaneous transmission, the ML detection at the destination
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with interference affecting only the destination is given in closed-form as follows:

2

2
yiil) Y EOhsd«IO‘ )

1 1
257 —arg max —; exp (——2
d

ToESH Ud
2
K 3.14
1 1] o EE (3:.14)
X Z —exp | == |Ypg — — WihgaTor x AMysNRk),
torcSo O 9d k=1 k

where we set g;jp # 0 in yi,(li) given in (2.2), and g, = 0 in yffl) given in (2.4). Note

that the transition probability here, A(ysyrk), is in terms of the SNR instead of the
SINR since all the relays are interference free. [
A final special, yet important, scenario is the case of no-interference, where the
interferers are far away from the destination as well as all the relays. We obtain the
following corollary by setting the channel gains from the interferers to the destination
and from the interferers to each relay to be zero.
Corollary 3: For simultaneous transmission, the ML detection at the destination

without interference is given in the same form of (3.14) with g;p =0 in yi}l) given in

(2.2), and gjz =0 in yﬁ? given in (2.4). |
Note that even this special result of Corollary 3 has not been explicitly reported
in the literature to the best of our knowledge, although some numerical results were

available in [3]. Thus, our result in Theorem 1 can be considered as a very general

one compared to the results in the literature.

3.4 Exact ML Detection at the Destination for Orthogonal Transmission

For the orthogonal transmission, we study the ML detection at the destination con-

sidering interference. Let 297 denote the ML estimate of xy at the destination based
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on the (K + 1) received signals: yi? in (2.2), which comes from the direct link, and
yﬁ), yéi’l), e ,ygzﬂ) in (2.5), which come from the relays in (K) time slots.
Theorem 2: For orthogonal transmission, the ML detection at the destination is

given in closed-form:

0T _
29" =arg g}lggé{ > > A(ysivek)
w(-t)GS' ZokESo
5 €5 =K
21 L
=1, K41 (3.15)
exp (- (YT 0Ty € (YO - ) }
X )

det(€)

where vectors YO and p®7T are defined as follows:

VEohsato ye
R A~
?V_llwlhldzm ?Jﬁl)
R
pot = V ]zsv_zw2h2df02 L YO = yg:l) ‘ (3.16)
Ellf,w Rt (K+1)
i Ny WKRKaToK | | Ykd ]
In (3.15) above,
L
€:=> ElQp{x S ()"} + Diag (03,03, ,0d)), (3.17)
j=1

where

2 = [ o0 2@, .. g T (3.18)
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Proof. See Appendix F. O

Note that the above ML detection rule is truly optimum, and it can be applied
to most practical scenarios of multiple interferers, and multiple relays with multiple
antennas. Similarly to the previous section, we now consider three special cases in
the following:

Corollary 4: For orthogonal transmission, the ML detection at the destination

with interference affecting only the relays is given in closed-form as follows:

N 1 1
deT =arg max —exp|——
04

ysd \/th' dx()‘ ) Z

20€S) 02
0%=20 d Zor €S0
k=1, K
« 2
R
1 1 k+1 Ek: h A
X —exp | —— —wihpaTok X (’YSINR,k)a
& 9d =1 N (1)
= Z; ES]'
jil,"',L

(3.19)
where we set gjp = 0 in ygil) given in (2.2), and g;; # 0 in y,(C ) given in (2.5). W
Corollary 5: For orthogonal transmission, the ML detection at the destination

with interference affecting only the destination is given in closed-form as follows:

. 1 1
deT =arg max -— eXp ——2
ToE€ESH Ud d

v — V' Eohs d%‘) > A(snre)

Zor€So
k=1, K

) (3.20)

K
R
1 1 (k+1 Ek h
X —exp | —— E ——wihygTo )
o2 o Ny
d d k=1

where we set g;p # 0 in ysi) given in (2.2), and g;;, = 0 in y,g ) given in (2.5). M
Corollary 6: For orthogonal transmission, the ML detection at the destination

without interference is given in the same form of (3.20) with ¢g;p = 0 in ygl) given in
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2.2), and g;x = 0 in 5™ given in (2.5). ]
( gj Yea 8

Again, even this special result of Corollary 6 has not been explicitly reported in
the literature. Therefore, the result of Theorem 2 is a very general one.

Comparisons between the two transmission schemes are provided in Table 3.1.
Under the same M-ary modulation, the simultaneous transmission achieves high-
er spectrum efficiency compared to the orthogonal transmission. The orthogonal
transmission, however, taking advantage of the orthogonal channels, obtains better
diversity order compared to simultaneous transmission when the second-hop CSI is
unknown at the relays. With the additional condition of knowing the second-hop CSI
at the relays, both transmission schemes have the same diversity order. With both
schemes, one can improve the performance by increasing the diversity orders and
constructively adding all the signal components at the destination. The derivations

of diversity orders are given in Appendix G.
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Table 3.1: Comparisons between Two Transmission Schemes

Simultaneous Orthogonal

Transmission (ST) | Transmission (OT)

) log, M log, M
Spectral effi bps/H : :
pectral efficiency (bps/Hz) 5 11
Diversity order (Dy;;) when second-hop
2 K+1
CSI is unknown at the relays
Diversity order (Djyr) when second-hop K K
1+ > Ny 14+ > Ny
k=1 k=1

CSI is known at the relays
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From Table 3.1, we can conclude that simultaneous transmission is better than
orthogonal transmission when the second-hop CSI is known at the relays, because
simultaneous transmission achieves higher spectral efficiency and the same diversity
order. On the other hand, when the second-hop CSI is unknown at the relays, orthog-
onal transmission can be better than simultaneous transmission in high SNR, because
the orthogonal transmission achieves higher diversity order, which would lead to a
performance advantage in high SNR. This can be confirmed numerically in Fig. 4.3

in Chapter 4.
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Chapter 4

Numerical Results

4.1 Numerical Results

In this chapter, we present simulation results of ML performance for the two trans-
mission schemes under different CSI assumptions. Let Dy, ; denote the distance from
the j-th interferer to the k-th relay, D, ; denote the distance from the j-th inter-
ferer to the destination, and Dgyj denote distance from the k-th relay to the des-

tination for j = 1,...,L;k = 1,..., K. Assuming the path loss exponent to be

— (Drjy—4 — (Dajy-4 : :
four, we set Q= (52)™* and Q;p = (5)~*, where Dy is the reference distance.

We assume constellations with equiprobable symbols, i.e., Pr(:cgt)) = 1/M;. We set

02 =0} = 0% and Eff = Ey. The SNR in the first hop is defined as SNR; := £ and
the interference-to-noise ratio (INR) is defined as INR; := f—;l In the second hop,
the SNR per relay is defined as SNRy := f—’g; and thus, we have SNR; = SNR»,
which will be simply denoted by SNR in the following. By varying the value of this
SNR, we can plot the average SER for the proposed ML schemes with uniform power

allocation as well as for the conventional ML scheme. In this paper, the conventional
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ML scheme indicates the existing ML detector which was developed by not consider-
ing any interference: interference was completely ignored at the relays as well as the
destination, given in Corollary 3 for simultaneous transmission and Corollary 4 for
orthogonal transmission'. But we will run the simulation under the same interfer-
ence environment for all the schemes. Firstly, we investigate the performance of our
developed ML detectors by presenting the simulated SER results for various scenar-
ios. Moreover, we compare the performance between the two transmission schemes
considering different CSI conditions.

First of all, we compare the performance of our derived ML detectors with the
conventional scheme where interference was completely ignored. Note that the sim-
ulation was running under the same multi-interference environment for our derived
ML detectors and the conventional ML detectors. In the following simulations, we
assume Ny = No = -+ = Ny = Nand Mg = My = --- = M;, = M. It is also
assumed that we employ the symmetric networks with Dy ; = Dy, Dy = Dy, and
Dy;=Dyforj=1,--- ,L;k=1,--- , K. In Fig. 4.1, the performance of the derived
ML detectors is presented with different antenna numbers, N = 1,--- |5, while with
K =2 L =1, and M = 4, for the simultaneous transmission with the second-hop
CSI knowing at the relays. When N = 1, the simultaneous transmission scheme with
the second-hop CSI at the relays are equivalent to the scheme without the second-hop
CSI at the relays, both of which significantly outperform the conventional scheme. As
the number of antennas increases, the performance difference gets bigger. The poor
performance of the conventional scheme can be seen from the error floor exhibited

in medium and high SNR range. That is because the conventional scheme simply

'Recall that the explicit expression of Corollary 3 and 4 have not been reported in the literature,
although some numerical results for Corollary 3 were presented in [3]
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Figure 4.1: Average SER of Simultaneous Transmission (ST) with CSI hy, at the
relays versus the SNR ~ for a 2-relay network with the direct link in
Rayleigh fading, for 2o € 4-QAM and 2\ € 4-QAM.

ignores the interference even through interference is the dominating factor in high

SNR.
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(SNR)? (SNRP and m were drawn to show the diversity order.
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Fig. 4.2 demonstrates the effects when we vary the number of relays for K = 1, 2, 3,
in the orthogonal system without knowing the second-hop CSI at the relays, while
with N =2, L =1, and M = 4. From the result, one can see that the developed
ML detector significantly outperforms the conventional scheme. As the number of

relays increases, the diversity order increases, which yields better performance. In

il “ and s
(SNR)?’ (SNR)? (SNR)*’
show that each of them is parallel to each curve in high SNR range of ML detector with

the figure, the lines of respectively, were drawn to
different number of relays, where ¢y, co and c3 are positive constants. The parallelism
further confirms the diversity order of K + 1 for orthogonal transmission without the
second-hop CSI at the relays, as shown in Table 3.1.

Now, we compare the performance of two transmission schemes. First of all,
we need to guarantee that our comparison is carried on under the same spectrum
efficiency. If, for instance, we have 2 relays (K = 2) in both systems, M*7 = 4 and
MOPT = 8 could be one of the candidates to achieve the equivalence of the equation
above, according to Table 3.1. All the comparisons below are under the setups with

the same spectral efficiency.
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Figure 4.5: Average SER of Orthogonal Transmission (OT) with and without CSI
hyq at the relays versus the SNR v for a 2-relay, 2-antenna network with
the direct link in Rayleigh fading, for o € 8-QAM and ! € 4-QAM.
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In Fig. 4.3, we compared 3 schemes under the same spectral efficiency: conven-
tional ML scheme, simultaneous transmission scheme without CSI at the relays, and
the orthogonal transmission scheme without CSI at the relays. Both of the proposed
ML detectors significantly outperform the conventional scheme. As can be seen in
the figure, the curve of the ML detector in orthogonal transmission yields a better
performance than the one in simultaneous transmission in the high SNR range (e.g.,
greater than 10 dB). That is because, with the orthogonal transmission, increasing
the number of relays will increase the diversity order. Whereas in the simultaneous
transmission, increasing the number of relays will not change the diversity order. Ac-
cording to Table 3.1, the orthogonal transmission without CSI at the relays obtains
a diversity order of K + 1 = 3, whereas the ST without CSI at the relays obtains
a diversity order of 2. The lines of (5]67—11%)2 and (5]3—2]%)3 were drawn to show the
parallelism for the diversity order.

Fig. 4.4 shows the ML performance for the simultaneous transmission with and
without second-hop CSI at the relays. As can be seen in the figure, the ML scheme
with the additional knowledge of hy; outperforms the ML scheme without the knowl-
edge of hyy. That is because the optimum designed weight along with the second-hop
CSI can greatly increase the diversity order to yield a better performance. Similarly,
Fig. 4.5 shows the ML performance for orthogonal transmission with and without
second-hop CSI at the relays. Simulation result shows that, knowing hy, at the relays,
the ML detector yields a better performance due to the constructively added signal
components. In addition, with the second-hop CSI, the antennas form the effective

orthogonal channels, which contributes to the diversity order. When we increase

the number of antennas for each relay, the performance difference gets even bigger
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between these two schemes.
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Chapter 5

Conclusions

5.1 Conclusion

In this thesis, we have derived the optimum ML detectors for decode-and-forward
cooperative networks in the presence of interference where only partial CSI of the
interferers is known. A key feature of the detection rules is their relative generality
and practicality, so that they can be applied to the most general systems of multiple
interferers and multiple relays with multiple antennas (including the single case).
In addition, the derived detectors are applicable for the most practical scenarios
with various signal and interferer modulation/constellation, such as M-QAM, M-
PAM. We have considered two transmission schemes: simultaneous transmission and
orthogonal transmission. In each scheme, we began by deriving the ML detection
at the relays, and further developed the detection algorithm at the destination. We
have proved that, depending on the setup, one scheme can yield a better performance
than the other. Thus, a transmission scheme should be chosen carefully according
to different conditions. As a special case, the ML detectors for the interference free

case have been obtained, whose expressions had not been reported in the literature
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to the best of our knowledge. Numerical results showed that the developed ML
detectors significantly and extensively outperforms the conventional scheme where the
interference was completely ignored. Throughout our analysis, no approximation or
inequality was applied. Therefore, we can claim that, by employing the ML rule, the
developed detectors guarantee the true optimality when considering the interference,

and no other detector would achieve better performance.

5.2 Future Work

I believe the work presented in this thesis has potential to be extended further in
different ways. First of all, despite the fact that we are the first one in the literature
developing ML detectors for DF systems in the presence of interference, the detec-
tors were derived based on an important yet reasonable assumption: we do not know
the interference channel, and only partial CSI for the interferers is available at the
relays and the destination. Thus, possible detectors can be developed by reducing
the current assumption. More specifically, the CSI of the interferers is completely
unknown at the relays and the destination, and channel estimation might be required
to further assist the development of detectors. Similarly, the noncoherent detection
was not considered in the thesis, thus possible detectors can be derived under nonco-
herent detection where the destination does not have the access of the instantaneous
CSI hgq, hg and hyg.

In addition, the detectors for AF protocol in the presence of interference may
be developed in the following steps. In [19], the authors proposed a detector for
AF network with interference affecting only the single-antenna relays in orthogonal

transmission. As an extension to the existing work, we may consider detection rules
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for the interference affecting relays as well as the destination under AF protocol.
Then, it would be very useful to explore the multi-antenna relay model. In that case,
the channel distribution would be changed from exponential distribution to chi-square
distribution, which would definitely add difficulty in the mathematical performance
analysis. Later on, the simultaneous transmission and orthogonal transmission should
be considered to compare the spectral efficiency and diversity gain trade-offs.

Thirdly, despite the achievement of strong performance, the optimum ML detec-
tors considering interference come with high computational complexity. It is there-
fore possible to develop suboptimum detectors or extending the existing suboptimum
detection rules to reduce the computational complexity, yet causing small perfor-
mance loss under interference environment. We have already provided a solution by
extending the existing C-MRC detector into a detection rule which applies to the
multi-antenna relay system in the presence of interference, provided in (G.7). Simi-
lar work could be done to extend the LAR detection rule or A-MRC detection rule
to consider interference. We could even develop new detection algorithms to reduce
computational complexity while considering interference.

Moreover, for the current system, we have uniform power on every relay with
the same modulation. For future improvement, we may consider an optimum relay
power allocation scheme or modulation optimization problem. Alternatively, relay
selection could be another way to improve the performance and to efficiently locate
the transmission power. We can either create our own relay selection scheme based on
maximizing the first-hop SINR or adopt some suitable existing relay selection schemes.
There is also possibility to extend our system model to MIMO by employing multiple

antennas on the source node and the destination node. Under MIMO system, more
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transmission approaches should be considered: all the antennas on the source node
transmit the same desired signal or they can transmit completely different signals.
Then beamforming techniques can be employed at the first-hop and second-hop to
enhance the overall performance.

Finally, an emerging hot topic called Energy Harvesting or Simultaneous Wireless
Information and Power Transfer (SWIPT) can be incorporated into our develope-
d detectors. Energy harvesting is an emerging solution for prolonging the lifetime
of a battery or an energy-constrained mobile device in wireless networks. As the
radio-frequency signals can carry information and energy, the relay nodes can take
advantage of this fact to process the information and harvest energy from the received
signals to become self-sustain. Most of the existing works on energy harvesting do not
consider interference [1,7,8,13,17,27,30]. However, it is quite interesting to consider
interference, as the interferers’ signals can help the relays to scavenge even more en-
ergies. In other words, under energy harvesting, the interference is not a completely
bad factor, as the relay transmission can be powered by the interferer’s signals. In
that case, the trade-offs in the performance analysis might be shown once we increase
the number of interferers. On the other hand, most of the existing works on energy
harvesting are restricted to analysis on power allocation, outage probability, capacity
and throughput [1,7,8,13,17,27,30]. It would be a great angle to study the detection

rules by employing energy harvesting.
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Appendix A

Proofs

A.1 Proof for Lemma 1

We start by assuming that the complete instantaneous CSI from all terminals includ-
ing L interferers were available at each relay. For the time being, it is assumed that
we are interested in detecting all signals including the interference signals. Then the

optimum ML detection at the relay is given by
K

(£, 21, -+ W) = arg max [T M. (A1)

onSo,.IEDESl,m ,m(Ll)ESL k=1

where

vV 2
|y§i) — VEohgwo — ZJ[;I \/ Efgjkxf)ﬂ >
2 .

O

1
M = —exp (— | (A.2)
Ok
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As the instantaneous CSI of g;; is unknown, we now take expectation of M with

respect to g;i1. Then we have

1 ®y,.||°
Egm[Mk] :; exXp <_M>

k Ok

Iv/Elgal" |2 — 2R{(®14)*/Elgupal’}
g1 [EXP| — 2

O
WA LN
o o

IV Elguat” 1PR(gi]? — 2R{(® )"V Elgual” }R[gx]
XEgig,,) |€xp| —

2
Ok

Y

H vV E{glkJng)HZ%[glk]z - 2%{<(I’1k)*\/ Ellglkxgl)}%[glk] }
2

Ok

XEgigy] [GXP <—

(A.3)

where

L
Py, = yi? — v Eohgxo — Z \/Ejlgjkx;l). (A.4)

=11
Since R[g1x] ~ N(0,,/2) and I[gix] ~ N(0,Q1,/2), we can apply the following

property in (A.3), if W ~ N(0,£/2). The property is given as

Ey[exp(26W — aW?)] = (A.5)
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After some manipulations, we can obtain

@ 1] )
P <_ o2 s SE g D)2
Egm[Mk] = £ ) eXp( (%{(Q)lk) Elglk 1 }) Qlk)

o2(1 4+ II\/_glkfrl )||2 ot + azH\/Efnggl)HQQM

» eXp<(»‘{ ¢1k \/_191kx§1)})291k> (A.6)

ot + 02|/ ElguatV |2

_ 1 oxp [ - ®ul”
0% + ElQu |V |2 0% + ElQu |V |2

Based on the same approach, we keep taking expectations with respect to gox, -+, gri

for each relay k, and we will get

Iy, — VEohg.ol)®
exp L EIO (1))2 2
Zj:l i jk|xj 2+ o}

Eguc o 'EglL [Mk] = I3 1
>y Il 2 + of

(A.7)

After substituting (A.7) into (A.1), we would achieve the optimum ML detection at
each relay with partial CSI information for detecting all the signals. By re-considering
(A.1), we are interested in detecting our desired signal, xo. Thus, we take expectation

of (A.1) with respect to {:1: 1, and the detection rule becomes (3.1).

B Proof for Lemma 2

Let a({z{"}2,) = Y20 BIQu|al) Pro? and Yo = [y —v/Eohaol|> = Eol|hurl|?| 20—
2

hh
SkySk , where Yy > 0. For M-QAM or M-PAM, the defined a({x ) isa

VEo|[ha|?
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positive variable. Now, we re-write (3.1) as

i = arg ¢ (o ate 1) | (B.1)

where

C(%,a({$§-1) ]Lzl)) = > > 11 ))Nk exp (a({xglyo ) (B.2)

O’ L
«Ves,  aMesy (CL({%‘ j=1 1—1)

Clearly, ¢(Y5, a({xﬁ-l)}le)) is a monotonic decreasing function of —Y; for any positive
a({x§1) _1). The realization of monotonicity can be easily seen from its definition,

whether a({xg-l) ) is a constant or variable. Then it can be seen that

arg max{monotonic decreasing function of (—Yy)} = arg max{—Yy}
Yo Yo (B.3)
= arg min{Yy}.
Yo

C Proof for Transition Probability

Since the demodulation of an arbitrary I x J-QAM signal is equivalent to the de-
modulation of two independent PAM signals, I-ary PAM of the in-phase signal and
J-ary PAM of the quadrature signal. Thus, by achieving the transition probability of
I-ary PAM, we can obtain the transition probability of I x J-QAM accordingly. Let
us define a received signal y = /Eyx + n, where n is the AWGN with n ~ CA(0, 02).
For I-PAM, let the original signal x and the detected signal  selected from the
set SPAM(T) = {&d,+3d,--- ,+(I — 1)d} = \/%{11,13,--- (- 1)) =

0,1,---, L, where 2d is the Euclidean distance between two adjacent signal points
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defined in [6]. An error occurs when the detected signal & resides in the wrong
decision region of I-PAM signal constellation. There are two cases for an error to
occur: the wrong decision region belongs to the end regions of the signal constel-
lation (z = 4(I — 1)d), and the wrong decision region belongs to the middle re-
gions of the signal constellation (z € {+d, £3d,--- ,£(I — 3)d}). If for the case of

T € {£d,£3d,--- ,£(I — 3)d}, the transition probability that the relay detects Z

when in fact x was transmitted by the source, can be obtained as follows:

Pr(z|z) = Pr(v/ Eod(z — 1) < R[y] < / Eod(z + 1)|x)

3E0 3E‘O
:Pr< p_l(:c—x—l) Rln] <4/ 5 <x—x+1>> (C.1)
—Q( [ %Fo ‘/ —zl+1 )

If for the case of & = (I —1)d, the transition probability can be obtained as follows:

Pr(é = (I — 1)d|z) = Pr(R[y] > /Eod(z — 1)|z)

6 Eo ) '
=Q< mﬂx—ﬂ—l)) 7

Pr(i = —(I — 1)d|z) = Pr(Rly] < /Eod(& + 1)|z)

(C.2)

If we substitute d, which is defined in (2.1), into (C.1) and (C.2), we can obtain (3.8).
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D Proof for Theorem 1

Since the detection at the destination is based on two dependent received signals of
yi? and yﬁ?, we need to employ the ML joint detection rule. Firstly, we define the

following vectors based on (2.2) and (2.4),

Vv Eohsqzo 1 .

ST __
K o R
K Ef B
Zkzl N, WkIkdTok

(D.1)

Yo [ . ] [ Eolesto + 32501 V E; ng“";'l) T Mg ]
= — . A |
yff,) Zszl \V N_I;wkhkdx% + Zle ,/Efngxg.z) + Ny

where g;p ~ CN(0,Q;p), YT ~ CN (5T, X), and ¥ is the covariance of the depen-

dent signals of yé}i) and yf,?, derived as

3 — ]E{(YST _ uST)(yST _ ,U'ST>H}
1 1 2)\ %
[ S Bl P 4ol S Bl (@) ] (D.2)

L 2 1)\ % L 2
S B paP V), S Bl P 4 o)

We denote det(X) as the determinant of the covariance and can find

L L
det(X) = (Z EijD|x§1)|2 + 0’2) (Z E]IQJD|2E§-2)|2 + 02)

j=1 j=1

L L
_ (Z B eV (x§2>)*> (Z EIQ;pal? (:c§1))*> :
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After some manipulations, we can get the following:

L
det(X) =0 + o3 <Z E;ij(|$§-1)]2 + \x§2)|2)>

j=1

(D.4)
+ BB (Ja PP — o @) (o) 2 )
JFi
With the partial knowledge of CSI at the destination, we need to take expectations
with respect to gix, . .., grk, which are the similar steps we have derived in Appendix

A.1. Due to the space limitation, we skip the steps for expectations with respect to

{gjk}féljle as well as {:v;t)}le. Finally, the optimum ML detection would be given

‘%gT =arg maX Z f ysd Jyrd)|x07{'rj ) ] j= 17hsd7{hsk7hkd}k 1)

“)es
—1,2
‘7:1""’L
(2nh L
= arg max E E FL y& o, ois 17{903 L2 M hsas { sk, Pa Y ey

=20 (~t)€S ZokESo

J kzl:"':
i=1,2
=L L

K
X H Pr(fﬁOk‘xO? {xg'l)}jl'/:b hsk)7
k=1
(D.5)

where Pr(Zox|zo, {xg-l)}le, h) represents the transition probability. Now we denote

0= f(ygd)ayrd ’$0>{$0k’}k 1,{% 5 ;2 JL:phsd,{hsk,hkd}kK:])-

We would like to pursue a close-form expression for © so that the ML detection rule
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will be easily determined. Then we have

1 Yy ST _ [, ST\H
Xexp(_( )

T det(D) det(3)
2
S Efuple?? + ok =S B ey () YT _ o)
— S EIQpaP (@), S BNl + 0
(D.6)

where det(X) was derived in (D.4) and (Y57 — p5T)# can be found in (D.1). Due to
the complication of the three matrices multiplication and expansion, we partitioned
all the terms into two groups: terms associated with the interference and terms
containing the noise variance. By factoring out all the common terms in each group,

we achieve a closed-form expression for © as

L 2
:ﬁ exp |- - 12 ZEfQjD [:z:§-2) _xg;)]{ ysd vV Eohsaxo }
- et( ) et( )jzl yy(q(zi) — Zk:l A/ N—’Zwkhkdi'()k

2
2
det(E) (|ysd v Eohsazol|® + Iy( ) Z wkhkdI0k| >

(D.7)
After substituting (D.7) and (D.4) into (D.5), we obtain the ML detection rule of
(3.10).

E Proof for Corollary 1

When the channel gains of the interferers to the destination are zero, the detection
at the destination is based on two independent received signals of y d ) and y d Due

to the independence, the ML detection rule has a major change in the likelihood
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function. Instead of (D.5), we have

iy = arg max Z F s yid loo Yo hsas (ks Bra} )

zoESo (

J

j—l,---,L
1 2 A
= arg max FO w0, haa) x> FE Hao sy, hia) (E.1)
0€S0 iiokeso
X Z Z HPI' [Eok|l’0,{$( )}] 1’ )

(1)651 (1)€SL

By determining each likelihood function, we obtain the expression of (3.13).
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F Proof for Theorem 2

From (3.16), we have YT ~ CN(u°T, ¢) and £ is the covariance of the dependent

(2) (K+1)

signals of ygj), Yids s Yra - derived as

OT)(YOT OT)H}

¢ =E{(Y

— —

L L
K+1 1)\ % K+1 2)\ % K+1
> BN @) S B e @Dy S BIQp[a YR 4 62
Li=1 j=1 J=1 .
C EOI 1)/, (2)\x @)/ (K+1)yx ]
ZE]- (IL‘]- ), CUj (l’j )7 ) xj ('rj )
L ), () @)/ (2)\4 @) (K+1)\x
7 (xy )", 7 (x), e, w (s
= ElQp ' ('J ) s (57) ) 1 Diag(p2,02, - ,02)),
j=1
K+1 1)\ 5 K+1 2\ K+1 K+1)\ %
o @) @@y e 2l @y
V)
L e
=Y EjQp |’ [<x§”>*, (¢, (@) | + Diag ([o3, 03, ,03]) -
j=1
(K+1)
R
(F.1)

With a:§.t) defined in (3.18), we can finally obtain the

G Proof for Table 1

ZEIQJ 212 4 o2, zmﬂﬂ Y@y,

EEIQ RO ZE;QjD|xj 2402, -
j=1

, zm o) (@)

ZE[Q 372( (K+1))

covariance, &, in (3.17).

In this appendix, we only present the diversity order analysis for the orthogonal

transmission scheme.

The diversity analysis for the simultaneous transmission is
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similar and is not presented due to the space constraint. Directly deriving Dy,
is difficult because ML detectors are non-linear. Thus, our approach is to derive an

upper and lower bound of the diversity gain. Specifically, we use the following bounds:
DCfMRC S DML S Dmax; (Gl)

where Dy, is the maximum diversity gain that can be achieved for the system. Also,
Dc_prre is the diversity gain of the C-MRC detection scheme, which is known as a
best suboptimum scheme [24].

For the two cases with and without second-hop CSI at the relays, we first determine
Dyyax. When the second-hop CSI is available at the relays, Dy, is simply 1+ZkK:1 Ny,
which is the total number of physical (source-to-destination) channels in the systems.
When the second-hop CSI is not available at the relays, substituting wy, = 1, =
[1,---,1] into (2.5), the received signal at the destination, which was relayed by the

k-th relay, is given by:

L
e = v Efhiator + Z \/E][ngxyCH) +ngg, k=1, K, (G.2)
=1

where hyg = \/LNT ZZ,V:’“I hia,r. Since hyg ~ CN (0, @yq) is Gaussian distributed, y,gyl), k

1,---, K, of (G.2) represent K received signals through K relays where each relay
equivalently has a single antenna. Including the direct channel of (2.2), therefore,
the total number of equivalent channels that are independent is K + 1. Thus, when
second-hop CSI is not available at the relays, Dy is K + 1.

We now derive D¢o_jprre in the following. In the literature, the C-MRC scheme

was developed only for single antenna relays for the interference-free case. Therefore,
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we first develop the C-MRC scheme for our system model: multiple-antenna relays in
the presence of interference. To that end, the SINR for each hop must be determined.
The SINR for the direct link is given by v54 = Folhed|” -. Also, the SINR

L I (k+1)
=1 EiQple; [2+03

for the first-hop, vsivrk, is given in (3.7), which has a chi-square distribution. The

second-hop SINR is given as follows:

( 1 Eif\hwal® .
L B0, (hil) X 5—, if second-hop CSI is unknown at relays;
Z i—1 : 2]‘D‘|37< |2 +1 04
oT _ J= oy J
e ! Bl |
L E%p, (hiD) X 5——, if second-hop CSI is known at relays.
Qb o
kzj'zl JU{%—] |-Tj |2 +1 d

(G.3)
Note that, without the CSI at the relays, 727 has an exponential distribution. With

T

the CSI at the relays, however, v2T has a chi-square distribution. Then, the two-hop

source-to-relay and relay-to-destination channel has end-to-end bit error probability

(BER) given by:

Pfq(’YSINR,m’Y;Qf) =[1- Pb(’YSINR,k)}Pb(%%T) +[1 - Pb(”YkOdT)]Pb(’YSINR,k)- (G.4)

For each of the two-hop channels through relays, one can think of an equivalent

one-hop channel whose SINR is given by:

L,
72;]:; = E{Q 1[P(fq(IYSINR,k7’ylgiT)]}2? k= 1’ e 7K7 (G5)

where « is a constant depending on the constellation, and Pebq(vglNR,k, 7T is given

in (G.4). By defining v9L := min{y2}, vsrvrx}, it can be shown that the equivalent

min
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one-hop SINR can be bounded as follows [24]:

3.24
Vo — — < Ve <5 (G.6)

Considering the interference, it can be shown that C-MRC detector is given as follows:

2
igg MRC =281 mln ¥ ysd +Z BI?dTyl(cZH 1V Eohsa+ ZB \/ wkhkd Zo|,
(G.7)

where the weights 89 and 897 are given as
or _ vV Eoh,
sd T I )
Zj:l EJIQJ'D + 03

ER "
or %% V w, (wihid) (G.9)

kd —
de ZJ IEIQJD—I—Ud

(G.8)

Note that the developed C-MRC detector is a generalized one in the sense that mul-
tiple antennas at the relays and the presense of interference are considered. With the
above detector, we first analyze their error performance for single-relay BPSK case.
For the extensions to the general constellations and multiple relays, the approach
in [24] will be used.

Let the C-MRC output defined as:

C—MRC _ (k+1
Yq = B89 ysd + 8ot yk;d )

'E 7
\/thsdxo + ﬁkd N, —* wiphiadon (G.10)
Z,/ gJDx )+ ng) + 8ot Z\/ QJDI M)
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where the interference and noise components Z i1 WV E g] Dx + Nsa) +
Z] \/E ng:c Ut nka) ~ CN(0, ) and the variance is given as N; =
<| OT |2+ |BOT ) (S, B + 02).
Let us define P*©T as the BER for the C-MRC detector for the orthogonal trans-

mission, and we can obtain:

OT \/Eohsq + B h
POT =1 — Q(\/27s1nr 1))@ — \/» \/>wk H

O \/Bohaa — BT/ S wyh
sd 07tsd kd N, Wrltkd
+ Q( V 2’YSINRJ€)Q \/N> 2 )
Ng
2

(G.11)

2 o oT
- QT | YRt )

2
\/ (Pd%d + (’quw >

\/é (Pd%d - ’Yeoq?;g)

+ Q(\/27siNrE)Q

10y . . . .
where pg = 1 + Zle EJJ;D. Using (G.6), after some mathematical manipulations,
d
we can obtain an upper-bound for P97 as follows:

P1+P27 lf’}/ k<7m1n<78da
pPhoT < “ (G.12)

P17 if Vsd = < ’len’
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where

Ph=Q <\/2(pd'75d + 73&)) :

V2 (pavsa — 79 (G.13)
Py = Q(\/2vsinr k)@ ( 1) :
paYsa + 15

From (G.12), we will prove that E[P; + P] achieves full diversity, which means that
the C-MRC detector achieves full diversity. Applying Chernoff bounding and taking

expectations over the instantaneous SINRs, we obtain

1,162 1 1 1 L
2€ ~ (k
2 1+papsa <Nk(1+pkusk)Nk T 1+Pd#kd> (F17) 7%,

if CSI is unknown at the relays;
B[R] < (G.14)

1,162 1 1 1 ~ ~\—(Ng+1)
1, ~ (k
2 1+papisa (Nk(l-l-pkusk)lvk + Nk(1+Pded)Nk > ( 27) )

if CSI is known at the relays,

L BjQj Eo?® Eo9 Bl 9yq
where p, = 14>/ Jafk’ Psd = %7 Hsk = %7 and pigqg = I}Td Also, k; and ks
are the constants which depend on the variance of interference plus noise, and 5 = %
d

denotes the average SNR. Similarly, we take expectations over the instantaneous

SINRs to obtain the following;:

ElR)] = / / / P fparvea (V1) frsinmi (02) fr0r (93) dyadyadys,
71=0 v v2=0 Jv3=0 (G.15)

<A+B,
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where
2
:/ J J X ( ( - ) ) fﬂd“/sd (,Yl)f’YSINR,k (VQ)fyl?dT (’73)d’71d'72d737
¥2=0/v3=0/y1= vmm M1+ Ymin
Ymin e -2 (G16)
:/ / fpd’st (,yl)f’YSINR k (72>f'y]?dT (’73)d'71 dyadys,
v2=0 Jv3=0 Jy1=0

where Vi, = min(ys,73). In the following, we derive an upper-bound of E[P,] for
the two CSI assumptions.
Orthogonal Transmission with Second-hop CSI at the Relays

Note that 7,4 has an exponential distribution, and both ys;ng, and ykodT have chi-
square distributions with degree of freedom Ny. Let us define A\yg = pafisa, Ask =

Prfbsk, and A\gg = papirg- Then we can rewrite A as follows:

.,4:1 / / Nk 1 Nk 1
4 Xsd(Ns )N’“(/\kd )V (Nk) Jryy=0 Jrs= I

1 (G.17)
X exp (—72(1 + )) exp(—22) X fa(Ymin)d11dy2ds,
Ask Akd
where we can find an upper bound for f4(Ymin)
o] 2
7 - /man
fA('me) = / 6Xp(—)\l )exp (_M) d’71

< (1 + /Tmim) exp(— 7;;")
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After some mathematical manipulations and integrations, we can obtain that E[P,]

A + B, where

1 )\sd N
A< x 1 1
ANsa(Aske) Y+ T2 (N,) Asd + Akd Ni(1+ + + 5= )2
1

1
o Fy 12N Ny 41, — ded
1+ 3=+ 55+ 5=

1
W
+ o1 (172Nk,Nk+1, sd kd >
Ask Akd
1 1 \Ng
LT ( Asd >Nk (= + 52 ) VD2V + 1) )
2 \ Asa + Aka Nk(l—{—ﬁ"i_ﬁ"i"_)ZN’“H

Akd

X o <1a2Nk+1,Nk+1’ Asd Akd >

L+ 5=+ 50+ 5

Ask )‘_kd

2 Mk (N + 1) +—+n+

1+ + 5=
XgFl 12Nk—|—1 Nk+2 = N y

_ ! AST2(NG) ( A )Nk (5= + 1= )MT(2N,)
20 T2 (Ng) | (14 A) ™ Asd + Akd Ni(1+ 5 . )2Ne
As + A
X oF) |1,2Ny, Np + 1, sd lkd

o (G.20)

N
Mo (N (L4 55 + 2 + 52 )2

1 1
% oF, | 1,2N,, N, + 1 L aa g
b b ’1+ﬁ+%+L b

where I (+) is the Gamma function defined as T' (z f s le

~sds. Also, o F} (a, b;c; z)

is the hyper-geometric function defined as oF (a,b;¢;2) == > o, %2—7 Thus,

E[P] < A+ B ~ (ky7) ™+ and PPOT = B[P, + Py ~ (ky3)~ ™+ has full



G. PROOF FOR TABLE I 66

diversity order of Ny + 1.

We have proved that, with the second-hop CSI at the relays, Do_yrre = Dmax =
Ni + 1 in (G.1). Thus, we can conclude that Do_prre = Dy = Diax = Ny + 1 for
the single-relay BPSK case. Note that the diversity analysis of Do_jre for BPSK
readily generalizes to higher order constellations through the concepts of worst-case
Euclidean distance among constellation points, as in [24]. Furthermore, the diversity
analysis of D¢_jrre for a single-relay network readily generalizes to the case of multi-
branch network due to the independence among different branches [24]. Overall, it
can be shown that the ML detector achieves full diversity order of 1 + 21[::1 Ny, for

K relays, regardless of the underlying constellations.

Orthogonal Transmission without Second-hop CSI at the Relays

Using the same approach above, we can determine the diversity analysis when the
second-hop CSI is not available at the relays. Recall that in (G.14), we have shown
that E[P;] has a diversity order of 2 when single-relay BPSK is considered. Now, the

YsiNRx has a chi-square distribution with the degree of freedom Nj; and both 7,4 and

T

9T have the exponential distributions. After some mathematical manipulations, we

can obtain the following:

E[Py] < (ks7y)~MetL), (G.21)

where ks is a constant. Therefore, we have P*CT = E[P, + P»] ~ (koy)™2 +
(ks7)~Ws*D) which gives diversity order of 2. For the single-relay and BPSK case, us-
ing the result of D ., = K+ 1 = 2, we can conclude that D,,.. = Dy, = Do_yvre =
2. Finally, extension to any general constellations and K relays is done following

the same approach as in [24]. Overall, for K relays with any general constellations,
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our ML detector without second-hop CSI at the relays achieves full diversity order of
K +1.



