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Abstract

In this project, the adaptive modulation techniques are studied for multi-antenna amplify-

and-forward relay networks with optimal transmit-receive pair selection. Multiple-antenna

technology and relay networks are being studied for fourth and subsequent wireless commu-

nication standards. Specifically, the multiple-input multiple-output (MIMO) relay networks

are currently receiving significant research interest, and they are being developed for opti-

mizing the trade-offs among the various important performance metrics of cellular networks

including the spectral efficiency, coverage, outage probability, and average bit error rate.

Moreover, the adaptive modulation techniques have been integral components of modern

wireless systems and have been shown to significantly improve the achievable spectral effi-

ciency. Further, antenna selection for MIMO systems is an attractive, simple and low cost

transmission strategy. Due to the aforementioned benefits and potential impact, in this

project, the performance of MIMO relay networks with adaptive modulation and transmit-

receive antenna pair selection is studied.

To be more specific, in this project, the joint effect of optimal transmit-receive antenna

selection and adaptive modulation for MIMO relay networks is studied by deriving impor-

tant performance metrics. The design criterion for the transmit-receive pair selection is to

maximize the end-to-end signal-to-noise ratio (SNR) and thereby to minimize the achiev-

able outage probability. Moreover, the key design aspect of the adaptive modulation is to

adapt the modulation scheme of the transmit symbols according to the channel state infor-

mation of the wireless relay channel by virtue of a feedback channel. In order to quantify

the performance of this system setup, the end-to-end SNR is first statistically characterized

by using the tools from communication theory, and probability and stochastic theory. Then

these probability statistics are employed to derive important performance metrics such as

the outage probability, average spectral efficiency, and average bit error rate in closed-form.



Moreover, rigorous numerical examples are provided by plotting these aforementioned per-

formance metrics against the average SNR by employing Monte-Carlo simulation methods

via Matlab programing. Finally, valuable insights and intuitions are drawn from the anal-

ysis and corresponding numerical results, and they may be useful in practical MIMO relay

network design.
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Chapter 1

Introduction

Wireless communication technologies have become vital today, and the world is moving to-

wards wireless communication. Various services provided by cellular networks, broadband

networks and personal area networks have been extensively utilized in achieving daily basis

activities. The demand for high speed and ubiquitous wireless access is increasing expo-

nentially with the recent proliferation of data-centric smart phones, tablets and portable

computing devices.

For example, as per CISCO survey, the global mobile data traffic has grown 70 percent

in 2012 as compared to 2011 and this is twelve times more as compared to mobile traffic

in 2000 [1]. In fact, this data traffic demand has reached 885 petabytes per month at the

end of 2012, which is an increase of 520 petabytes per month over that of at the end of

2011. Moreover, CISCO has also claimed that in 2017, the monthly global data traffic will

surpass 10 exabytes in 2017. CISCO has also predicted that by the end of 2013, the number

of mobile-connected devices will exceed the number of people on earth, and there will be

nearly 1.4 mobile devices per capita by 2017.

Thus, it is absolutely evident that in future the demand for wireless data rates, coverage

and link reliability will be remarkable. To meet this future demand, new wireless com-

munication standards such as Long-Term Evolution (LTE), Worldwide Interoperability for

Microwave Access (WiMAX) and Wireless Fidelity (WiFi) are intensively studied, and there
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is extensive research going on these technologies, in order to enhance the quality, reliability

and coverage of wireless communications [2–4]. To this end, adaptive wireless transmission

strategies, which are capable of adapting power, data rate, and link reliability according to

the wireless channel conditions, have gained increasing attention recently [5–7]. For example,

the purpose of adaptive modulation is to estimate the channel at the transmitter and feed

this estimate back to the receiver, so that the transmission scheme can be adapted based

on the channel characteristics. Specifically, adaptive modulation schemes have been utilized

in latest wireless communication standards such as WiMAX and LTE [8–10]. Moreover,

more sophisticated adaptive modulation schemes are researched for next generation wireless

communication standards namely 4G and 5G. In particular, adaptive modulation schemes

increase the overall achievable data rates of wireless systems while maintaining a required

level of link reliability in terms of average bit error rate.

As the demand for ubiquitous coverage, increased data rates and improved link reliability

for wireless networks in increasing unprecedentedly, the traditional wireless communication

system architecture deemed not sufficient [5]. Thus, in order to improve the coverage, data

rate, link reliability and power efficiency under pre-specified trade-offs, wireless relay net-

works have recently emerged [11–13]. In relay networks, the traditional point-to-point wire-

less link architecture is replaced by deploying intermediate relays in between base-stations

and user-nodes and hence constitutes multi-hop wireless link architecture. Thus, in relay

networks the transmitted signals are first received by the intermediate relay nodes and then

pre-processed signals are forwarded to the destinations. The relays can operate either in

amplify-and-forward (AF) mode or decode-and-forward (DF) mode. To be more specific,

AF relays just amplify the received signals by a specific relay amplification gain before for-

warding the source signals to the destination. Whereas DF relays first decode the received

signals and then re-encode them prior to forwarding to the destination. In practice, AF

relay deployments are more cost effective as the signal processing and additional electronic

circuitry are apparently cheater than those of in DF relays.

Thus, in this project, adaptive modulation schemes are investigated for multiple-input
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multiple-output (MIMO) amplify-and-forward (AF) relay networks. The main motivations

for studying adaptive modulation for MIMO AF relay networks are as follows: Adaptive

modulation systems improve rate of transmission (throughput) and bit error rate (BER) of a

network, by exploiting the channel information that is present at the transmitter. Especially

over fading channels which model wireless propagation environments, adaptive modulation

systems exhibit great performance enhancements compared to systems that do not exploit

channel knowledge at the transmitter. Adaptive modulation techniques have the ability to

significantly escalate the spectrum efficiency and also to provide different levels of service to

the users, in the modern day wireless communications.

1.1 Previous Related Research

In [11–14], the cooperative relay networks have been introduced for achieving better trade-offs

among the achievable coverage, power efficiency and quality-of-service of wireless networks.

Transmit-receive antenna selection strategies have been studied extensively as a low-cost,

simple MIMO transmission strategy for more than a decade for single-hop point-to-point

wireless MIMO networks [15–17]. Recently, transmit-receive antenna selection strategies

have been employed in MIMO relay networks as well to reap further benefits [18–23]. More-

over, adaptive modulation techniques have been utilized in wireless systems for obtaining

higher spectral efficiencies by adapting the transmit modulation schemes according to the

channel fading conditions [5, 7]. The prior related research on transmit antenna selection

and adaptive modulation for relay networks are as follows:

In [5], the variable-rate and variable-power M-QAM modulation scheme for high-speed

wireless data transmission over fading channels has been proposed by reviewing the Shannon

capacity of fading channels which is achieved by using various adaptive transmission tech-

niques. Further, in [5], it has been mentioned that there is a constant power gap between

the spectral efficiency and the channel capacity, and this gap is a simple function of bit-

error rate (BER). The reference [6] studies the performance of constant-power variable-rate
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M-QAM schemes over Nakagami-m fading channels. In [6], closed-form expressions have

been derived for outage probability, spectral efficiency and average BER assuming negligi-

ble time delay and perfect channel estimation. In [24], the upper bound expressions are

derived for the outage probability, achievable spectral efficiency, and error rate performance

for the amplify-and-forward cooperative system over both independent and identically dis-

tributed (i.i.d.) and non-i.i.d. Rayleigh fading channels by using an accurate upper bound

on the effective signal-to-noise ratio (SNR) at the destination. The reference [25] proposes

the two-way amplify-and-forward relaying along with adaptive modulation in order to im-

prove spectral efficiency of relayed communication systems while monitoring the required

error performance. In [26], an adaptive modulation and coding protocol has been studied for

amplify-and-forward relay networks for achieving a better performance by allowing the two

sources adapt the most suitable modulation and coding technique based on the information

provided by the feedback channel. In [27], the performance of multi-user relay networks with

specific switching thresholds for adaptive modulation with feedback relays is analyzed.

1.2 Objectives

In this section, the key objectives of this project is enumerated as follows:

1. To investigate the performance of joint transmit/receive antenna selection for MIMO

AF relay networks operating over fading channels.

2. To design/analyze adaptive modulation schemes for MIMO AF relay networks with

joint transmit/receive antenna selection.

3. To investigate the performance improvements of MIMO AF relay networks operating

under adaptive modulation schemes.

4. To quantify/simulate the essential performance metrics such as the outage probability,

the average bit error rate, and the average spectral efficiency for MIMO AF relay

networks with adaptive modulation and joint transmit/receive antenna selection.
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5. To compare and contrast the performance of the proposed transmission strategy with

existing similar techniques.

1.3 Potential impact

Multi-hop relaying technology is a vital component of next generation wireless standards

[1, 11, 28]. Adaptive modulation schemes can be deployed to extend the coverage of the

wireless network, improve the link reliability, and enhance the power efficiency of the overall

wireless network. Moreover, multi-hop relaying is a cost effective alternative to achieve

ubiquitous, high speed wireless access in current cellular and broadband wireless networks.

The joint transmit antenna and receive antenna selection at the relay terminal require only

one RF chain and hence significantly reduces the network deployment cost. Moreover, the

optimal joint user and antenna selection improves the overall quality-of-service of the wireless

network. Thus, the outcomes of the proposed project will contribute to the evolution of

wireless multi-antenna relay networks and would facilitate furthering the multi-hop relaying

strategies in next generation practical wireless networks.
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Chapter 2

System Model and Problem

Formulation

In this chapter, the system, channel and signal models pertaining to this project are described

in detail. Moreover, the basic problem formulation is also presented. To begin with, a simple

dual-hop relay is considered and the corresponding channel and signal models are described.

Next, the system model pertinent to the multiple-input multiple-output (MIMO) relay net-

work with transmit-receive antenna pair selection and adaptive modulation is presented.

The transmit-receive antenna pair selection is performed to maximize the end-to-end SNR

and hence to minimize the outage probability. Moreover, the transmit modulation schemes

are adapted to maximize the achievable spectral efficiency. Thus, the underlying joint effect

of optimal transmit-receive antenna pair selection and adaptive modulation selection is to

maximize the spectral efficiency while minimizing the outage probability.

2.1 Basic dual-hop relaying

In this section, the system, channel, and signal models for a basic dual-hop amplify-and-

forward (AF) relay network is presented in detail. Here, we consider the three terminal

dual-hop relay network shown in Fig. 2.1. In this particular system set-up, the source (S)
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communicates with the destination (D) via an intermediate relay (R). This relay operates in

amplify-and-forward mode [12]. Each terminal in this system operates in half-duplex mode

and hence the end-to-end signal transmission takes two time-slots. The fading channels

in this system model is modeled as Rayleigh fading and the receiver noise is modeled as

Gaussian noise.

In the first time-slot, the source transits its signal to the relay. The received signal at

the relay is given by

yR =
√

PSxh1 + nR, (2.1)

where h1 is the channel coefficient from the source-to-relay and nR is the Gaussian noise at

the relay. Here, h1 and nR are modeled as h1 ∼ CN (0, 1) and nR ∼ CN (0, σ2
R). Moreover,

PS and x are the transmit power and the transmit symbol at the source.

S D

R

h1 h2

Figure 2.1: Schematic diagram of a basic three terminal dual-hop relaying

The relay amplifies its received signal by an amplification gain defined as follows [12]:

G =

√

PR

PS|h1|2 + σ2
R

, (2.2)

where PR is the transmit power at the relay and σ2
R is the noise variable at the relay. The

transmitted signal by the relay is then written as follows:

(yR)tx = GyR. (2.3)

11



The received signal at the destination is given by

yD = h2(yR)tx + nD, (2.4)

where h2 ∼ CN (0, 1) is the channel coefficient of relay-to-destination channel, and nD is the

Gaussian noise at the destination. By substituting (2.3) and (2.2) into (2.4), the received

signal at the destination can be expanded as follows:

YD = G(
√

PSxh1 + nR)h2 + nD. (2.5)

By using (2.5), the end-to-end signal-to-noise ratio (SNR) at the destination can be written

as follows:

γeq =
G2PRPS|h1|2|h2|2E [|x|2]

G2PR|h2|2σ2
R + σ2

D

. (2.6)

By first assuming that the average power of x is normalized to unity and then by substituting

(2.2) into (2.6), the end-to-end SNR can be derived in a simple form as follows:

γeq =
PRPS|h1|2|h2|2

PR|h2|2σ2
R +

σ2
D

G2

=

(

PS |h1|2
σ2
R

)(

PR|h2|2
σ2
D

)

(

PS |h1|2
σ2
R

)

+
(

PR|h2|2
σ2
D

)

+ 1
. (2.7)

Let us now define the average SNR of the source-to-relay channel and relay-to-destination

channel as γ̄1 =
PS

σ2
R

and γ̄2 =
PR

σ2
D

, respectively. Then, the end-to-end SNR at the destination

is written in a simple form as follows:

γeq =
γ1γ2

γ1 + γ2 + 1
, (2.8)

where γ1 = γ̄1|h1|2 and γ2 = γ̄2|h2|2 are the instantaneous SNRs of the source-to-relay

channel and relay-to-destination channel, respectively.
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2.2 System and channel model for multi-antenna re-

lay network with transmit-receive antenna selec-

tion and adaptive modulation

NS

S D

ND

NR NR

R

TAS

TAS

th transmit antenna 

at Source

th transmit antenna 

at Relay

th

RAS

RAS

th receive antenna 

at Relay

th receive a

t R l

th transmit antenna 

at Destination

th transm

Feedback Channel For Adaptive Modulation and Antenna Selection

Figure 2.2: Schematic diagram of the MIMO relay network with transmit-receive antenna

selection and adaptive modulation.

In this section the system and channel model corresponding to multi-antenna relay net-

work with transmit-receive selection and adaptive modulation is presented.

Here, we consider a dual-hop multi-antenna relay network with a source (S), relay (R),

and destination (D) having Ns, Nr, and Nd antennas, respectively. The channel between

the transmit and receive antenna pair is modeled as Rayleigh fading, and the noise at each

receiver is modeled as Gaussian noise. For instance, the channel between the ith transmit

antenna at the source and the jth receive antenna at the relay is denoted by h
S,R
j,i where

j ∈ {1, · · · , NR} and i ∈ {1, · · · , NS}. Moreover, hj,i is modeled as hj,i ∼ CN (0, 1). Besides,

the additive noise at any receive antenna at the relay and the destination is modeled as

nR ∼ CN (0, σ2
R) and nD ∼ CN (0, σ2

D). The feedback channel for the antenna selection and

the adaptive modulation is assumed error and delay free. Each terminal of this system setup
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operates in half-duplex mode and hence the end-to-end signal transmission takes place in

two time-slots.

By employing a similar signaling model to that in Section 2.1, whenever the indices of the

transmit-receive antenna pairs at the source-to-relay and relay-to-destination channels are

{i, j} and {k, l}, respectively, the end-to-end SNR at the destination is derived as follows:

γeq =

(

PS |hS,R
j,i |2

σ2
R

)(

PR|hR,D
k,l

|2
σ2
D

)

(

PS |hS,R
j,i |2

σ2
R

)

+

(

PR|hR,D
k,l

|2
σ2
D

)

+ 1

. (2.9)

2.3 Problem Formulation

In this section, the optimal transmit-receive antenna selection and adaptive modulation

strategies are mathematically formulated.

2.3.1 Optimal transmit-receive antenna pair selection

To begin with, the end-to-end transmit-receive antenna selection for the multiple-input

multiple-output (MIMO) relay network is formulated to maximize the end-to-end SNR and

hence to minimize the overall outage probability as follows:

{I, J}, {K,L} = argmax
i∈{1,··· ,Ns}, j,k∈{1,··· ,Nr} k∈{1,··· ,Nd}

(γeq)

= argmax
i∈{1,··· ,Ns}, j,k∈{1,··· ,Nr} k∈{1,··· ,Nd}









(

PS |hS,R
j,i |2

σ2
R

)(

PR|hR,D
k,l

|2
σ2
D

)

(

PS |hS,R
j,i |2

σ2
R

)

+

(

PR|hR,D
k,l

|2
σ2
D

)

+ 1









, (2.10)

where {I, J} and {K,L} are the transmit-receive antenna-pairs at the source-to-relay channel

and relay-to-destination channels. In order to make the analysis tractable, the end-to-end

SNR in (2.9), can be upper bounded as follows:

γeq ≤ min

(

PS|hS,R
j,i |2

σ2
R

,
PR|hR,D

k,l |2
σ2
D

)

= γub
eq . (2.11)
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The aforementioned optimal antenna pair selection strategy can be readily decomposed as

follows: The optimal transmit-receive antenna-pair selection at the source-to-relay channel

hop is given by

{I, J} = argmax
i∈{1,··· ,Ns}, j∈{1,··· ,Nr}

(

|hS,R
j,i |
)

, (2.12)

where I and J are the optimal transmit and receive antenna indices at the source and relay,

respectively. Similarly, the optimal transmit-receive antenna-pair selection at the relay-to-

destination channel hop is given by

{K,L} = argmax
k∈{1,··· ,Nr}, k∈{1,··· ,Nd}

(

|hR,D
k,l |

)

, (2.13)

where K and L are the optimal transmit and receive antenna indices at the relay and

destination, respectively. Thus, the upper bound for the end-to-end SNR at the destination

under optimal transmit-receive antenna selection is given by [29]

γub
eq = min

(

γ
S,R
I,J , γ

R,D
L,K

)

, (2.14)

where γ
S,R
I,J = max

i∈{1,··· ,Ns}, j∈{1,··· ,Nr}

(

γ̄2|hS,R
j,i |2

)

, and γ
R,D
K,L = max

k∈{1,··· ,Nr}, l∈{1,··· ,Nd}

(

γ̄1|hR,D
l,k |2

)

.

2.3.2 Adaptive modulation strategy

In this subsection, the adaptive modulation strategy utilized in this project is elaborated. To

this end, the optimal modulation mode is selected based on the upper bounded instantaneous

end-to-end SNR (2.11). Here, the M-array (N -mode) discrete rate adaptive modulation

is employed; Mn = 2bn, where Mn is the constellation size, n is a positive integer (n ∈
{1, 2, · · · , N}), and bn is the number of bits per a transmitted symbol.

Specifically, the adaptive discrete rate modulation is deployed at the source by splitting

the SNR region into N + 1 regions, partitioned by switching thresholds γ1 = 0 ≤ γ2 ≤
· · · ≤ γN ≤ γN+1 = ∞. In particular, whenever the end-to-end SNR falls below the lowest

switching threshold γ1, no signal is transmitted by the source. Whereas, if the end-to-end
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Table 2.1: Five-Mode Adaptive M-QAM Parameters

SNR 0≤γ<γ1 γ1≤γ<γ2 γ2≤γ<γ3 γ3≤γ<γ4 γ4≤γ<γ5
n 0 1 2 3 4

Mn 0 2 4 16 64

bn 0 1 2 4 6

mode No Tx BPSK QPSK 16-QAM 64-QAM

SNR is greater than the largest switching threshold γN+1, the source transmits its symbols

by using the highest modulation scheme.

In this project, a five-mode M-QAM modulation scheme is selected for the sake of brevity

as shown in Table 2.1 [5, 30].

The fixed partitioned switching thresholds or region boundaries for achieving the preset

target bit error rate (BER) (BER0) can be calculated as follows [7]:

γ0 = 0

γ1 =
[

erfc−1(2BER0)
]2

γn = −2

3
ln(5BER0)(2

n − 1), n = 2, 3, · · · , N

γN+1 = +∞. (2.15)

Under the aforementioned problem formulation (Section 2.3), the performance of MIMO

relay networks with optimal joint transmit-receive antenna-pair selection and adaptive mod-

ulation is analytically and numerically studied in Chapter 3 and 4, respectively.
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Chapter 3

Performance Analysis

In this chapter, the performance of joint optimal transmit-receive antenna pair and adaptive

modulation selection for MIMO AF relay networks is presented. To begin with, the end-

to-end SNR is first statistically characterized. To this end, the probability density function

(PDF) and the cumulative distribution function (CDF) of an upper bound of the end-to-

end SNR are derived. Then, the corresponding PDF and CDF are used to derive important

system specific performance measures. To be more specific, tight lower bounds for the outage

probability and the average bit error rate are derived. Moreover, tight upper bound for the

average spectral efficiency is derived in closed-from.

3.1 Statistical characterization of the end-to-end SNR

In order to derive performance metrics in closed-form the upper bound of the end-to-end

SNR derived in (2.11) is used. To this end, the instantaneous SNRs of the first hop and the

second hop are denoted as follows:

γ
S,R
j,i =

PS|hS,R
j,i |2

σ2
R

= γ̄1|hS,R
j,i |2 and γ

R,D
l,k =

PR|hR,D
l,k |2

σ2
D

= γ̄2|hR,D
l,k |2 (3.1)

The PDF and CDF of γS,R
j,i are given by

f
γ
S,R
i,j

(x) =
1

γ̄1
e
− x

γ̄1 and F
γ
S,R
i,j

(x) = 1− e
− x

γ̄1 . (3.2)
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Similarly, the PDF and CDF of γR,D
l,k are given by

f
γ
R,D
l,k

(x) =
1

γ̄2
e
− x

γ̄2 and F
γ
R,D
l,k

(x) = 1− e
− x

γ̄2 . (3.3)

After performing the optimal transmit-receive antenna pair selection as per (2.12), the opti-

mal SNR of the source-to-relay channel is given by

γ
S,R
I,J = max

i∈{1,··· ,Ns}, j∈{1,··· ,Nr}

(

γ̄1|hS,R
j,i |2

)

, (3.4)

where I and J are the indices of the optimal transmit and receive antennas at the source

and relay, respectively. Similarly, the optimal SNR of relay-to-destination channel is given

as follows:

γ
R,D
K,L = max

k∈{1,··· ,Nr}, l∈{1,··· ,Nd}

(

γ̄2|hR,D
l,k |2

)

. (3.5)

Next, by using the Theorem A in Appendix, the CDF of γS,R
I,J is given by

F
γ
S,R
I,J

(x) =
Ns
∏

i=1

Nr
∏

j=1

F
γ
S,R
i,j

(x)

=

[

1− exp

(

− x

γ̄1

)]NsNr

=

NsNr
∑

p=0

(

NsNr

p

)

(−1)pexp

(

−xp

γ̄1

)

. (3.6)

Similarly, the CDF of γR,D
K,L is derived as

F
γ
R,D
K,L

(x) =
Ns
∏

i=1

Nr
∏

j=1

F
γ
R,D
k,l

(x)

=

NrNd
∑

q=0

(

NrNd

q

)

(−1)qexp

(

−xq

γ̄2

)

. (3.7)

Then the CDF of the upper bound of the end-to-end SNR given in (2.14) can be derived by

using the Theorem A in Appendix as follows:

Fγub
eq
(x) = 1−

[

1− F
γ
S,R
I,J

(x)
] [

1− F
γ
R,D
K,L

(x)
]

. (3.8)
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By substituting (3.6) and (3.7) into (3.8), the CDF of Fγub
eq
(x) can be expanded as follows:

Fγub
eq
(x) = 1−

NsNr
∑

p=1

NrNd
∑

q=1

(

NsNr

p

)(

NrNd

q

)

(−1)p+qe
−x

(

p
γ̄1

+ q
γ̄2

)

. (3.9)

3.2 Outage probability

The outage probability is defined as the probability that the instantaneous received SNR

drops below a predetermined SNR threshold. It is an important measure for the performance

evaluation in fading channel. Thus, under the proposed adaptive modulation scheme, an

outage event occurs whenever the instantaneous SNR falls below γ1 (see Table 2.1). Thus,

the outage probability for the proposed transmit-receive antenna and adaptive modulation

selection, the lower bound for the outage probability is derived as follows:

P lb
out = Pr(γub

eq ≤ γth) = Fγub
eq
(γth), (3.10)

where γth = γ1 and Fγub
eq
(γth) is the CDF of γub

eq evaluated at γth. Next, by using (3.8), a

closed-form expression for the lower bound of the outage probability can be derived as

P lb
out = 1−

NsNr
∑

p=1

NrNd
∑

q=1

(−1)(p+q)

(

NsNr

p

) (

NrNd

q

)

e
−γth

(

p
γ̄1

+ q
γ̄2

)

. (3.11)

3.2.1 Average Spectral Efficiency

The achievable average spectral efficiency for adaptive modulation ofM-QAM can be defined

as follows:

SE =
N
∑

n=1

bnδn, (3.12)

where δn =
∫ γn+1

γn
fγub

eq
(x)dx = [Fγub

eq
(γn+1) − Fγub

eq
(γn)] is the probability that the effective

SNR is in the nth region. The upper bound of spectral efficiency can be expressed in closed

form as

SE =
N
∑

n=1

bn[Fγub
eq
(γn+1)− Fγub

eq
(γn)]. (3.13)
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By using (3.9), the average spectral efficiency of MIMO AF relay networks with joint

transmit-receive antenna and adaptive modulation selection is derived in closed-form as

follows:

SE =
N
∑

n=1

bn

[

NsNr
∑

p=1

NrNd
∑

q=1

(−1)(p+q)

(

NsNr

p

)(

NrNd

q

)[

e
−γn

(

p
γ̄1

+ q
γ̄2

)

− e
−γn+1

(

p
γ̄1

+ q
γ̄2

)
]

]

. (3.14)

3.2.2 Average Symbol Error rate

The average error rate is an important performance measure of digital communication sys-

tems. Under the adaptive modulation selection, the average error rate is defined as the ratio

between the average number of bits in error and the total number of bits transmitted. For

the adaptive modulation with M-QAM, the average BERadr is then quantified as [7, 30]

BERadr =

∑N
n=1 bn Pn,QAM
∑N

n=1 bnδn
(3.15)

where Pn,QAM is the average BER in [γn, γn+1] and can be expressed as

Pn,QAM =

∫ γn+1

γn

Pmn,QAM(x)fγub
eq
(x)dx (3.16)

where Pmn,QAM(x) is the BER for square M-QAM constellation over additive white Gaussian

noise (AWGN) channel with Gray coding and coherent detection, which is given as

Pmn,QAM(x) =
N
∑

p = 1

ApQ(
√
apx) (3.17)

where Q(.) is the Q-function, x is the received SNR at the destination, and modulation level

dependent parameter Al and al are listed in Table 3.1 [7, 27].

By substituting (3.17) into (3.16), Pn,QAM can be derived in closed form as follows:

Pn,QAM =

∫ γn+1

γn

N
∑

p=1

Ap Q (
√
apx)fγub

eq
dx, (3.18)

where Q(x) is the Gaussian Q function and is defined as

Q(x) =
1√
2π

∫ ∞

x

e−
(

u2

2

)

du. (3.19)
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Table 3.1: M-QAM BER Parameters

Mn Mode {(Al, al)}
2 BPSK {(1, 2)}
4 QPSK {(1, 1)}
16 16−QAM {(3

4
, 12

5
), (2

4
, 3

2

5
), (−1

4
, 5

2

5
)}

64 64−QAM {( 7
21
, 12

21
), ( 6

12
, 32

21
), (−1

12
, 52

21
), ( 1

12
, 92

21
), (−1

12
, 13

2

21
)}

Thus, Q(
√
apx) becomes

Q(
√
apx) =

1√
2π

∫ ∞

√
apx

e−(u
2

2
) du. (3.20)

By substituting (3.20) into (3.18), Pn,QAM can be expanded as follows:

Pn,QAM =
N
∑

p=1

Ap

∫ γn+1

γn

Q(
√
apx)

d

dx

[

Fγub
eq
(x)
]

dx

=

[ N
∑

p=1

Ap Q (
√
apx)Fγub

eq
(x)

]γn+1

γn

(3.21)

−
N
∑

p=1

Ap

∫ γn+1

γn

Fγub
eq

(x)
d

dx

[

Q (
√
apx)

]

dx.

Now the derivative of Q(
√
apx) is given by

d

dx

[

Q(
√
apx)] =

d

dx

[

1√
2π

∫ ∞

(
√
apx)

e−(u
2

2
) du

]

=
1√
2π

[

− √
ap

1

2
x− 1

2 e−(
apx

2
)

]

. (3.22)

By substituting (3.22) into (3.21), the Pn,QAM can be further simplified as follows:

Pn,QAM =

[ N
∑

p=1

Ap Q (
√
apx) Fγub

eq
(x)

]γn+1

γn

+
N
∑

p=1

Ap

2

√

ap

2Π

∫ γn+1

γn

Fγub
eq
(x) x− 1

2 e−
apx

2 dx (3.23)
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By using the definition of the cumulative complementary distribution function (CCDF),

(3.23) can be expanded as

Pn,QAM =

[ N
∑

p=1

Ap Q (
√
apx) Fγub

eq
(x)

]γn+1

γn

+
N
∑

p=1

Ap

2

√

ap

2π

∫ γn+1

γn

[

1− F̄γub
eq
(x)

]

x− 1

2 e−(
apx

2
)dx, (3.24)

where F̄γ(x) = 1−Fγ(x) is the CCDF of γ. Again, (3.24) can be further simplified as follows:

Pn,QAM =

[ N
∑

p=1

Ap Q (
√
apx) Fγub

eq
(x)

]γn+1

γn

+

N
∑

p=1

Ap

2

√

ap

2π

∫ γn+1

γn

[

[

x− 1

2 e−(
apx

2
)
]

−
[

x− 1

2 e−
apx

2π F̄γub
eq
(x)

]

]

dx (3.25)

By evaluating the first integral of (3.25), Pn,QAM is presented in a single integral form as

follows:

Pn,QAM =

[ N
∑

p=1

Ap Q (
√
apx) Fγub

eq
(x)

]γn+1

γn

+
N
∑

p=1

Ap

2

√

ap

2π

[

(ap

2

)− 1

2

Γ

[(

1

2
,
γn ap

2

)]

]

−
(

ap

2

)− 1

2

Γ

(

1

2
,
γn+1ap

2

)

−
N
∑

p=1

Ap

2

√

ap

2Π

∫ γn+1

γn

x− 1

2 e−(
apx

2
) F̄γub

eq
(x) dx.(3.26)

Next, (3.26) is further simplified as

Pn,QAM =

[ N
∑

p=1

Ap Q (
√
apx) Fγub

eq
(x)

]γn+1

γn

+

N
∑

p=1

Ap

2
√
π

[

Γ

(

1

2
,
apx

2

)]γn

γn+1

−
N
∑

p=1

Ap

2

√

ap

2π

∫ γn+1

γn

x− 1

2 e−(
apx

2
) F̄γub

eq
(x) dx. (3.27)

Now, we let the integral in (3.27) defined as follows:

I =

∫ γn+1

γn

x− 1

2 e−(
apx

2
) F̄γub

eq
(x) dx. (3.28)
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Next, by substituting the CCDF of γub
eq from (3.9) into (3.28), the integral I is written as

I =

∫ γn+1

γn

NsNr
∑

c=1

NrNd
∑

d=1

(−1)(c+d)

(

NsNr

c

)(

NrNd

d

)

e
−x[ c

γ̄1
+ d

γ̄2
]
x− 1

2 e−(
apx

2
)dx

=
NsNr
∑

c=1

NrNd
∑

d=1

(−1)(c+d)

(

NsNr

c

)(

NrNd

d

)
∫ γn+1

γn

x− 1

2 e
−x(

ap

2
+ c

γ̄1
+ d

γ̄2
)
dx. (3.29)

Next, the integral of (3.29) can be solved as follows:

I =

NsNr
∑

c=1

NrNd
∑

d=1

(−1)(c+d)

(

NsNr

c

)(

NrNd

d

)

[

(

ap

2
+

c

γ̄1
+

d

γ̄2

)− 1

2

× Γ

[

1

2
, x

(

ap

2
+

c

γ̄1
+

d

γ̄2

)]

]Γn

γn+1

. (3.30)

By substituting (3.29) into (3.27), Pn,QAM can be presented in an alternative form as follows:

Pn,QAM =

[ N
∑

p=1

Ap Q (
√
apx) Fγub

eq
(x)

]γn+1

γn

+

N
∑

p=1

Ap

2
√
π

[

Γ

(

1

2
,
apx

2

)]γn

γn+1

−
N
∑

p=1

Ap

√

ap

2π

NsNr
∑

c=1

NrNd
∑

d=1

(−1)(c+d)

(

NsNr

c

)(

NrNd

d

)(

ap

2
+

c

γ̄1
+

d

γ̄2

)− 1

2

×
[

Γ

[

1

2
, x

(

ap

2
+

c

γ̄1
+

d

γ̄2

)]

]γn

γn+1

. (3.31)

By applying some mathematical manipulations into (3.31), Pn,QAM can be presented in a

compact form as follows:

Pn,QAM =

N
∑

p=1

Ap

[

Q (
√
apx) Fγub

eq
(x)

]γn+1

γn

+

N
∑

p=1

Ap

2
√
π

[

Γ

(

1

2
,
apx

2

)]γn

γn+1

−
N
∑

p=1

NsNr
∑

c=1

NrNd
∑

d=1

(−1)(c+d)

(

NsNr

c

)(

NrNd

d

)

Ap

2

×
√

ap

2π

(

ap

2
+

c

γ̄1
+

d

γ̄2

)− 1

2

[

Γ

[

1

2
, x

(

ap

2
+

c

γ̄1
+

d

γ̄2

)]

]γn

γn+1

(3.32)

Next, the average error rate is given by (3.15)

BERadr =

∑N
n=1 bn Pn,QAM
∑N

n=1 bnδn
, (3.33)
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where Pn,QAM is given by (3.32) and δn is given by

δn =

∫ γn+1

γn

fγub
eq
(x)dx = [Fγub

eq
(γn+1)− Fγub

eq
(γn)]. (3.34)

By substituting (3.9) into (3.34), δn can be derived in closed-form as follows:

δn =

[

NsNr
∑

p=1

NrNd
∑

q=1

(−1)(p+q)

(

NsNr

p

)(

NrNd

q

)[

e
−γn

(

p
γ̄1

+ q
γ̄2

)

− e
−γn+1

(

p
γ̄1

+ q
γ̄2

)
]

]

. (3.35)

Finally, by substituting (3.32) and (3.35) into (3.33), the average error rate of MIMO relay

network with transmit-receive antenna selection and adaptive relay selection can be obtained

in closed-form.

In Chapter 4, the numerical results corresponding to MIMO AF relay networks with

optimal transmit-receive antenna pair selection and adaptive modulation is presented by

using the analytical expressions for the outage probability, average spectral efficiency, and

average bit error rate, which are derived in (3.11), (3.14), and (3.33).
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Chapter 4

Numerical Results

This chapter presents the numerical results corresponding to the proposed transmit-receive

antenna selection and adaptive modulation techniques for MIMO AF relay networks. Specif-

ically, the system defining performance metrics including the outage probability, average bit

error rate, and spectral efficiency are studied by plotting the analytical lower bounds and

exact curves by using Matlab. In particular, the analytical curves are plotted by using our

analysis in (3.11), (3.33), and (3.14). Whereas the exact curves are plotted by using the

Monte-Carlo simulation results.

To be more specific, the outage probability, average spectral efficiency, and average bit

error rate curves are plotted for several system configurations. These performance metrics

reveal the benefits of the joint effect of optimal antenna and adaptive modulation selection

strategies for MIMO relay networks. Hence, the valuable insights and conclusions are drawn

from these numerical results, and they may render themselves useful in designing practical

MIMO AF relay networks with transmit-receive antenna selection and adaptive modulation

strategies.

25



4.1 Outage Probability

In this section, the numerical results corresponding to the outage probability of MIMO relay

networks with optimal transmit-receive antenna pair selection and adaptive modulation is

presented.

4.1.1 The effect of number of antennas at all three nodes

−10 −5 0 5 10 15 20 25 30
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

10
1

Average SNR of First Hop

O
ut

ag
e 

P
ro

ba
bi

lit
y

 

 
Exact − Simulation
Lower Bound − Analytical

(Ns=1 ; Nr=1 ; Nd=1)

 (Ns=2 ; Nr=2 ; Nd=2)

(Ns=4 ; Nr=4 ; Nd=4)  (Ns=3 ; Nr=3 ; Nd=3)

Figure 4.1: The effect of joint antenna selection and adaptive modulation on the achievable

outage probability.

In Fig. 4.1, the outage probability of MIMO relay networks with optimal antenna and
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adaptive modulation selection for several antenna configuration is plotted. By changing the

number of antennas at source (Ns), relay (Nr) and destination (Nd), four different curves

are plotted for outage probability. Moreover, the Monte-Carlo simulation results are used

to plot the exact outage probability curves. On the other hand, the lower bounds for the

outage probability are plotted by referring to the result in (3.11). If we increase the number

of antennas at the each node in the system set-up, the outage probability of the whole

system is improved. For example, at an outage probability of 10−4, the single-antenna

system set-up (i.e., Ns = 1;Nr = 1;Nd = 1) provides almost 20 dB SNR gain over the triple-

antenna system set-up (i.e., Ns = 3;Nr = 3;Nd = 3). Similarly, at an outage probability

of 10−5, triple-antennas setup provides an SNR gain of 4 dB over the quad-antenna setup

(i.e., Ns = 4;Nr = 4;Nd = 4). The lower the SNR, the better the performance of a system.

Thus, Fig. 4.1 clearly reveals that the joint transmit-receive antenna selection for MIMO

relay networks provides substantial performance gains over single-antenna relay networks.

Moreover, our analytical outage lower bounds are tighter to the exact curves in moderate-to-

high SNR regimes, and hence Fig. 4.1 clearly illustrates that our outage analysis can be used

as benchmarks in order to investigate the performances of different MIMO relay networks

with joint antenna selection.

4.1.2 The effect of number of relay antennas

In Fig. 4.2, the outage probability of MIMO relay networks with optimal antenna and

adaptive modulation selection for several antenna configurations is plotted. By keeping the

number of source antennas and destination antennas constant and variating the number of

relay antennas, four outage probability curves are plotted. Monte-Carlo simulation results

are used to plot the exact outage probability curves. Also, the outage lower bound is plotted

by referring to the result in (3.11). If we keep the number of source and destination antennas

constant and increase the number of relay antennas of the system, the outage probability

of the system is improved. For example, the outage curves corresponding to antenna set-

ups (Ns = 2;Nr = 2;Nd = 2) and (Ns = 2;Nr = 1;Nd = 2) reveals that at an outage
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Figure 4.2: The effect of number of antennas at the relay on the achievable outage probability.

probability of 10−3, the dual-antenna relay provides almost 10 dB SNR gain over that of the

single-antenna relay. Furthermore, at an outage probability of 10−5, the quadruple-antenna

relay (Ns = 2;Nr = 4;Nd = 2) provides almost 4 dB SNR gain over the triple-antenna relay

(Ns = 2;Nr = 3;Nd = 2). Again, Fig. 4.2 clearly illustrates that our outage probability

lower bounds can be used as a standard in order to investigate the performances of MIMO

relay networks with different relay antenna counts with joint antenna selection.
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4.2 Average Spectral Efficiency

This section provides the numerical results corresponding to the achievable average spectral

efficiency of MIMO relay networks with optimal transmit-receive antenna pair selection and

adaptive modulation.

4.2.1 The effect of number of antennas at each node
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Figure 4.3: The average spectral efficiency of MIMO AF relay networks with optimal

transmit-receive antenna selection and adaptive modulation.

In Fig. 4.3, the average spectral efficiency of MIMO relay networks with optimal antenna
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and adaptive modulation selection for several antenna configurations is plotted. By changing

the number of antennas at source (Ns), relay (Nr) and destination (Nd), three different

curves are plotted for average spectral efficiency. The spectral efficiency upper bound is

plotted by referring to the equation (3.14). If we increase the number of antennas in the

system, the spectral efficiency of the system is improved. For example, at an average SNR

of 10 dB, the dual-antenna (Ns = 2;Nr = 2;Nd = 2) and the quadruple-antenna (Ns =

4;Nr = 4;Nd = 4) system set-ups provide almost three and six times spectral efficiency

improvements, respectively, over the single-antenna system set-up (Ns = 1;Nr = 1;Nd = 1).

Fig. 4.3 also reveals that the maximum possible average spectral efficiency is about 6 b/s/Hz

and this maximum is independent of both the antenna configurations and average SNR as

well.

4.2.2 The effect of number of antennas at the destination

In Fig. 4.4, the effect of the number of antennas at the destination on the average spectral

efficiency of MIMO relay networks with optimal antenna and adaptive modulation selection is

studied. To this end, the average spectral efficiency curves for several antenna configurations

are plotted by using our analysis and Monte-Carlo simulation results. Here, three different

spectral efficiency curves are plotted by keeping the number of antennas at the source and

the relay the same, while changing the number of antennas at the destination as Nd = 1,

Nd = 2, and Nd = 4. The upper bound of the average spectral efficiency is plotted by

referring to our closed-form upper bound in (3.14). Again, the exact curves are plotted by

using Monte-Carlo simulations. Fig. 4.4 shows that the average spectral efficiency improves

as the number of antennas at the destination increases. For example, at an average SNR

of 15 dB, the dual-antenna destination provides a spectral efficiency of almost 2.5 times the

spectral efficiency of the single-antenna destination. However, by increasing the destination

antennas beyond two would not provide substantial spectral efficiency improvements, and

this observation is clearly seen from the curves corresponding to dual-antenna destination

and quadruple-antenna destination.
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Figure 4.4: The effect of number of antennas at the destination on the achievable average

spectral efficiency.

4.3 Average Bit Error Rate

In this section, the numerical results corresponding to the average bit error rate of MIMO

relay networks with optimal transmit-receive antenna pair selection and adaptive modulation

is provided in detail.
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Figure 4.5: The average BER of MIMO AF relay networks with optimal transmit-receive

antenna selection and adaptive modulation.

4.3.1 The effect of number of antennas at each node

In Fig. 4.5, the average bit error rate of MIMO relay networks with optimal antenna and

adaptive modulation selection is plotted for several antenna configuration. By changing the

number of antennas at source (Ns), relay (Nr) and destination (Nd), three different curves

are plotted for average bit error rate by using our closed-form lower bound in (3.15) and

Monte-Carlo simulations. Fig. 4.5 clearly reveals that the average bit error rate improves as

the number of antennas at each terminal increases. For example, at a bit error rate of 10−5,

the dual-antenna and triple-antenna system set-ups provide 10 dB and 12 dB, respectively,
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SNR gains over the single-antenna system set-up. However, in low-to-moderate SNRs (i.e.

from 0 dB to 20 dB), the corresponding average BER improvements are negligible. Again,

our analytical BER bounds are considerably tighter to the exact curves, and hence, they

may render themselves useful as benchmarks for the BER of practical system set-ups.

4.3.2 The effect of number of antennas at the source
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Figure 4.6: The effect of number of antennas at the source on the average BER.

In Fig. 4.6, the impact of number of source antennas on the average BER performance of

MIMO relay networks with optimal antenna and adaptive modulation selection is studied.

To this end, three BER curves are plotted by changing the number of antennas at the source
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as Ns = 1, Ns = 2, and Ns = 4, while keeping the number of antennas at both the destination

and relay the same. Here, Fig. 4.6 clearly reveals that a significant BER improvement can

be obtained by changing the number of antennas at the source from one to two. For instance,

at an average bit error rate of 10−4, the dual-antenna source provides almost 10 dB SNR

gain over that of single-antenna source. However, further increase of source antennas would

not provide considerable BER improvements as the curves corresponding to dual-antenna

and quadruple-antenna source system set-ups reveal. Here, at an average BER of 10−5, only

a 3.5 dB SNR gain is provided by doubling the number of antennas at the source (i.e., from

two to four). Again, our average BER bounds are tighter to the exact curves in the useful

SNR regime and hence they would be useful for the research community.
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Chapter 5

Conclusion

5.1 Brief summary of the analytical results

In this report, the important performance metrics of MIMO relay networks with joint antenna

pair selection and adaptive modulation are studied. First, the exact end-to-end SNR at the

destination is derived in closed-form. The derivation of the exact performance metrics by

using this closed-form SNR appears mathematically inflexible. Hence, a tight upper bound

of the end-to-end SNR is obtained by following a similar approach to results of [29] (Eq.

(2.14)). This end-to-end SNR upper bound has been shown to be asymptotically exact at

the high SNR regime [29]. Then, this SNR upper bound is statistically characterized by

deriving its CDF (3.9). Next, the performance metrics (the outage probability (3.11), the

average spectral efficiency (3.14), and the average bit error rate (BER) (3.33)) are derived

by using the statistical characterization of this SNR upper bound. The lower bounds for

the outage probability and the average BER, and the upper bound for the average spectral

efficiency are asymptotically exact in the high SNR system [29]. This behavior is further

witnessed in the numerical results in Chapter 4.

Summarizing the analytical results; the multi-antenna AF relay networks with joint

transmit-receive antenna selection and adaptive modulation provide significant performance

gains over single-antenna relay networks with fixed-modulation transmissions.
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5.2 Quantitative summary of numerical results

The main objective of this project is to investigate the performance gains of joint transmit-

receive antenna selection and adaptive modulation transmissions for MIMO AF relay net-

works. To achieve this, lower bounds of the important performance metrics that include

outage probability, average spectral efficiency and average BER are derived in closed-form

in Chapter 3. These lower bounds are then plotted in Chapter 4 by using Monte-Carlo

simulations. According to the results in Chapter 4, the following quantitative summary is

formulated.

Initially we summarize the numerical results related to the outage probability. The outage

probability of dual-hop AF relay networks can be improved significantly by using multiple-

antenna terminals with joint transmit-receive antenna selection. This statement can be

proved on the basis of this example; the dual-hop AF relay network with single-antenna

terminals achieves an outage probability of 10−2 at an average SNR of 29 dB. However,

the dual-hop AF relay network with dual-antenna terminals with transmit-receive antenna

selection achieves the same 10−2 outage probability at an average SNR of 13 dB (Fig. 4.1).

Thus, it can be clearly evaluated that, by first doubling the antenna count at each terminals

and then employing transmit-receive antenna selection; a SNR gain of 16 dB can be obtained.

Similarly, by deploying triple- antenna and quadruple-antenna terminals with joint antenna

selection for AF relay networks provide 20 dB and 22.5 dB SNR gains over the single-antenna

terminal. The above observation also reveals that the SNR gain provided by the quadruple-

antenna relay network over the triple-antenna counterpart is only about 2.5 dB at an outage

of 10−2. On the basis of these results, it can be concluded that further increase in the

number of antennas would result in diminishing SNR gains. In another perspective, we can

see that by first increasing the antenna count at each terminal and then by utilizing the

transmit-receive antenna selection, the outage probability can be considerably minimized.

For instance, at an average SNR of 20 dB, the outage probabilities of the dual-antenna and

single-antenna relay networks are 10−1 and 10−5, respectively (Fig. 4.2). This observation
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clearly verifies that the dual- antenna relay network provides almost 104 times lower outage

probability than that of the single-antenna counterpart at an average SNR of 20 dB. Thus,

our analysis can be used as a benchmark in order to enhance the performance of MIMO

relay networks with joint antenna selection.

We next summarize the numerical results corresponding to the average spectral efficiency.

The dual-hop AF relay networks with transmit-receive antenna selection and adaptive modu-

lation provide significant improvement in the spectral efficiency. This conclusion can be quan-

titatively validated as follows; for example, the single-antenna, dual-antenna, and quadruple-

antenna relay networks provide spectral efficiencies of 1.25, 3.2, and 4.65 (bits/s/Hz/), re-

spectively, at an average SNR of 15 dB (Fig. 4.3 and Fig. 4.4). Thus, the dual-antenna

relay network provides 2.5 times the spectral efficiency whereas the quadruple- antenna re-

lay network provides 3.7 times the spectral efficiency improvements over the single-antenna

counterpart. Interestingly, doubling the antenna count from two to four at each terminal

only provide a spectral efficiency gain of 1.4 times at the SNR of 15 dB. Thus, it can also

concluded that the amount of spectral efficiency improvement gradually diminishes with in-

creasing number of antennas at each terminal. Thus, for instance, by increasing the number

of antennas from five to ten would only provide very marginal improvement in the spectral

efficiency of the system.

Finally, we summarize the average bit error rate results quantitatively. Again, average

BER of dual-hop relay networks can be minimized significant by employing multiple-antennas

with transmit-receive antenna selection and adaptive modulation. For instance, the single-

antenna, dual-antenna, and the triple-antenna relay networks achieve the average BER of

10−4 at 35 dB, 26 dB, and 23 dB, respectively (Fig. 4.5). Thus, it is evident that at an

average BER of 10−4, the triple-antenna and dual-antenna relay networks provide about 12

dB and 9 dB SNR gains over the single-antenna counterpart. However, by going from dual

antennas to triple-antennas provides only 3 dB SNR gain (Fig. 4.6). Again, this observation

verifies that the largest performance gain is achieved by doubling the antenna count from

one to two. However, further increase in number of antennas at each terminal would only
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provide diminishing performance gains with the antenna count.

By using the aforementioned quantitative summary of numerical results, the important

conclusions and insights are highlighted quantitatively. The multi-antenna relay networks

with transmit-receive antenna selection and adaptive relay networks provide significant per-

formance gains in comparison to the single-antenna counterpart. The most significant perfor-

mance improvement is achieved by going from all single-antenna terminals to all dual-antenna

terminals. Increasing the number of antennas beyond a certain limit only provide marginal

performance improvements.

It is worth noticing that enabling multiple-antennas require implementing dedicated RF

chains per antenna and additional signal processing. Thus, multi-antenna technology in-

creases both cost and implementation complexity of wireless networks, though they provide

significant performance gains compared to single-antenna terminals. Although the additional

signal processing (related to hardware and firmware/software) is becoming cheaper, the RF

elements such as the RF amplifiers, down converters, and digital-to-analog converters are

still expensive (as they do not follow Moore’s law). Therefore, it is important to achieve

the optimal trade-off between the performance gains, the system implementation complexity

and overall deployment cost of the system. As per this argument, the aforementioned con-

clusions and insights, which were obtained by using our numerical results, would be useful

in designing practical multi-antenna relay networks.

5.3 Summary of the report

In this report, the performance of multi-antenna AF relay networks with joint transmit-

receive antenna selection and adaptive modulation is investigated.

In the first chapter, the future demand for wireless data rates, link-reliability, and ubiq-

uitous coverage is discussed in detail. Moreover, the current research on how to keep up

with demand in wireless industry is discussed by providing examples for fourth-generation

wireless standards. Then, a general introduction into the multi-antenna relay networks and
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adaptive relay networks is presented. Further, the previous related research is described by

providing adequate number of references. Finally, the objectives and the potential impact

of the results of this project are discussed in detail.

In the second chapter, the system, channel, and signal models of dual-hop AF relay

networks are described in detail. Firstly, the end-to-end SNR of the basic dual-hop relaying

is derived and thereby the corresponding end-to-end SNR of the optimal transmit-receive

antenna selection is obtained. Secondly, the adaptive modulation strategy utilized in this

project is described in detail. Lastly, the problem formulation of jointly selecting the optimal

transmit-receive antenna pair selection, and adaptive modulation strategy for multi-antenna

AF relay networks is provided.

In chapter three, important performance metrics of the proposed joint antenna and adap-

tive modulation selection are derived. Initially, a statistical characterization of the end-to-

end SNR is presented followed by the derivations of closed-form of the outage probability,

achievable average spectral efficiency, and the average bit error rate of BPSK.

In chapter four, several numerical examples are provided in order to investigate the per-

formance improvements of joint antenna and adaptive modulation selection. Here, the outage

probability, spectral efficiency, and average bit error rate curves are plotted for specific system

antenna configurations at the source, relay and destination by using Monte-Carlo simula-

tions whereas the lower bounds are plotted by using the closed-form expressions derived in

chapter three.
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Appendix A

Theorem 1

LetX1, X2, . . .XN beN independent random variables having CDFs as FX1
(x), FX2

(x), . . . FXN
(x),

respectively. Let Y = max(X1, X2, . . .XN ), then the CDF of Y is given by [31]

FY (x) = FX1
(x). FX2

(x) . . . FXN
(x)

FY (x) =
N
∏

i=1

[FXi
(x)].

Theorem 2

Let X1,X2, . . . XN be N independent random variables having CDFs FX1
(x), FX2

(x), . . . FXN
(x),

respectively. Let Y = min(X1,X2, . . . XN ), then the CDF of Y is given by [31]

FY (x) = 1−
N
∏

i=1

[1− FXi
(x)]

= 1−
N
∏

i=1

[F̄Xi
(x)],

where F̄Xi
(x) is the complimentary cumulative distribution function of Xi.

The above mentioned Theorem 1 and Theorem 2 have been borrowed from [31]. They are utilized

in this report for deriving the analytical expressions for the outage probability, the average spectral

efficiency, and the average bit error rate.
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