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ABSTRACT

Energy-Efficient AF Relay Assisted OFDM with Index Modulation

To broaden the application scenario and reduce energy consumption, we propose

an energy-efficient fixed-gain (FG) amplify-and-forward (AF) relay assisted orthog-

onal frequency-division multiplexing with index modulation (OFDM-IM) scheme in

this thesis. The proposed system needs neither instantaneous channel state informa-

tion (CSI) nor performing complicated processing at the relay node. It operates based

on a new design of power allocation that minimizes the sum of transmit power at both

source and relay node, given an outage probability constraint. Considering the actual

situation and combining with the characteristics of normalization research, the pro-

posed scheme can be discussed in two scenarios regarding to whether the subcarriers

are interfered with by fading and noise independently. Based on the consistency of

statistical CSI for each subcarrier, through a series of problem transformation and

simplification, this thesis converts the original power allocation problem to a relaxed

version and solve the relaxed problem using the convex optimization techniques. To

reveal the computing efficiency of the proposed power allocation scheme, we analyze

its computational complexity. Numerical simulations substantiate that the proposed

optimization scheme has a neglectable loss compared with the brute force search,

while the computational complexity could be considerably reduced. As for the sce-

nario about the independence of statistical CSI for each subcarrier, an approach of

artificial neural network (ANN) based on deep learning is incorporated into the sys-

tem, enabling the proposed scheme to achieve a high accuracy comparing perfect

optimization scheme. In the processing of power minimization, this study utilizes the

adaptive moment estimation (Adam) method to implement back-propagation learn-

ing and achieve the power allocation needed.
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Chapter 1

Introduction

1.1 Background

Wideband digital transmissions have always been the key technology in wireless com-

munication, especially for multicarrier transmission. As a classical multiplexing tech-

nology which allows parallel signals to convey over orthogonal channels in different

subcarriers, Orthogonal Frequency-Division Multiplexing (OFDM) has also raised the

attention of researchers [1]. Specifically, the mechanism of OFDM is to ensure that

the peak of each channel corresponds to the null of the sideband of two adjacent chan-

nels in case of inter-channel interference (ICI). On the one hand, OFDM is able to

increase the spectrum efficiency utilizing orthogonal subcarriers simultaneously. On

the other hand, it is well-suited to achieve system robustness by avoiding frequency-

selective fading. Meanwhile, OFDM forms the basic signal format used in 4G Long

Term Evolution (LTE) and 5G and plays an integral role in IEEE 802.16 standards.

Concurrently, spatial modulation (SM), which is to utilize the spatial domain

including the wave-beam of antennas and also the signal constellation to carry the

information is proposed and widely studied [2]. The principle of SM is to use the

phase shift keying or quadrature amplitude modulation to convey information, fur-

thermore, the indices of antennas selection is also regarded as an additional dimension

of signaling. Later, Space Shift Keying (SSK) modulation which utilizing only the

antennas is put forward [3]. SM/SSK is strongly employed to OFDM by replacing

the indices of subcarrier with antenna.
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Combining the SM/SSK and OFDM, a novel concept named Subcarrier-Index

Modulation OFDM (SIM-OFDM) by indicatively activating orthogonal subcarriers

of OFDM symbols can be employed to convey information [4]. In this scheme, the

group of orthogonal subcarriers is divided into two parts and is used in an on-off

keying (OOK) fashion. Some of the subcarriers are with the subset of bit-value

information and are selected to be modulated while the others are regarded as inactive.

In addition, Enhanced Subcarrier Index Modulation OFDM (ESIM-OFDM) [5] is

proposed later which only activates one subcarrier among two adjacent subcarriers at

the same time comparing with SIM-OFDM.

Considering the high Doppler frequency shift of fast mobility situations, the users

may have trouble for working effectively utilizing the OFDM system since the overlap-

ping of adjacent subcarriers causing the ICI. Meanwhile, for aiming to a high spectral

efficient system, SIM-OFDM and ESIM-OFDM seems helpless. Based on the similar

principle, but with different method about subcarrier selecting compared with the

OFDM family systems above, Basar came up with a novel scheme as OFDM with

Index Modulation (OFDM-IM) [6]. The fundamental principle is to utilize some sub-

carriers indices as a source of information and is still to make silent for the remaining

subcarriers. Contrasting with classical OFDM, not only this system can decreases

the peak-to-average power ratio (PAPR) by avoiding using the majority amount of

subcarriers, but also it reduces the probability of subcarrier overlapping for mobility

users. In addition, the spectral efficiency (SE) under certain modulation can still ap-

proach that of classical OFDM and this property shows spectrum-efficient comparing

to SIM-OFDM and ESIM-OFDM[7]. In a word, OFDM-IM is a frequency-domain

extension of SM and has been regarded as one of the most promising candidate mod-

ulation schemes for next generation communication networks [8, 9]

Recently, to improve the coverage and reliability of OFDM-IM systems, the relay

assisted OFDM-IM system was first investigated through numerical results in [10]. A
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number of works have been published following this groundbreaking work to evaluate

relay assisted OFDM-IM, mainly incorporating decode-and-forward (DF) relaying

protocols [11, 12, 13, 14, 15]. However, the DF relaying is employed in most works,

which requires received signal to be decoded at the relay node by instantaneous

channel state information (CSI), resulting in elevated system complexity. Despite

that the DF relaying has superior performance compared to the amplify-and-forward

(AF) relaying, due to the relay node’s energy and complexity constraints, DF relay

system may not be supported in practice. Therefore, researchers currently dedicate

more efforts to AF relay assisted OFDM-IM [16, 17, 18, 19, 20, 21, 22].

1.2 Motivation and Contribution

To further improve the energy efficiency of fixed gain (FG) AF relay assisted OFDM-

IM systems, we propose an energy-efficient FG AF relay assisted OFDM-IM scheme,

which is capable of reducing the total transmit power given an outage probability

constraint. Specifically, the proposed system is divided into two groups to study

based on whether the subcarriers are affected by fading and noise independently.

In the First system with the same statistical CSI for each subcarriers, we convert

the original power allocation problem to a relaxed problem that can be solved by

convex programming techniques within polynomial time. Numerical simulations cor-

roborate that the converted problem can yield comparable solutions with considerably

reduced computational complexity compared to the brute force search and classical

AF FG scheme.

As for the second system, because of the independence of statistical CSI for each

subcarrier, the traditional convex optimization tool seems a bit helpless which will be

explained in the following sections. With the rapid development of Artificial Intel-

ligent (AI), we construct an artificial neural network (ANN) based on deep learning

to achieve a power allocation scheme. For a detailed process, the adaptive moment
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estimation (called Adam) method becomes the major backpropagation update learn-

ing. Comparing with the perfect optimization scheme by brute force searching can

also verify the accuracy of outage performance.

1.3 Organization

The rest of the thesis is organized as follows.

• Chapter 2 first reviews the literature and techniques related to SIM-OFDM as

a background for its ancestor and then introduces the development track of

OFDM-IM in detail, as well as analysis and evaluation of this scheme. Mean-

while, the relay-assisted cooperative network, as another important consistent

of our thesis is also introduced in detail, especially for two classic relaying pro-

tocols.

• In Chapter 3, we analyze the outage performance of relay assisted OFDM-IM

system first, and the propose a power allocation scheme based on convex opti-

mization and iterative method for energy efficiency. To be specific, converting

the original power allocation problem to a relaxed problem by several mathe-

matical skills also details in this chapter. To reveal the computing efficiency of

the proposed power allocation scheme, we analyze its computational complexity.

• Different form the system in Chapter 3, we first update the system and problem

formulation first according to the changes in parameters and principles. Then,

we propose an ANN scheme to achieve the energy efficiency of the OFDM-

IM relaying system with a mathematically more complex condition in Chapter

4. The detailed algorithm including Adam back-propagation and loss function

model are also presented.

• Chapter 5 provides simulation and numerical results for both two conditions. It
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also gives the evaluation and analysis of the comparison between the proposed

scheme with other benchmarks.

• In Chapter 6, we summarise the thesis and points out promising future direc-

tions related to our work.
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Chapter 2

Literature Review

2.1 Index Modulation and Its Ancestor

The concept of SIM-OFDM was first proposed in 2009 [4] as a new information

transmission approach in the OFDM system, which became the innovative develop-

ing inception of the OFDM system in the subcarrier layer. Although it has some

drawbacks in propagation and demodulation parts, the potentials of ICI reduction

and spectral-efficient lead a span-new direction to provide the performance improve-

ment. Later in 2011, an advanced scheme based on SIM-OFDM was developed to

figure out the deficiency named ESIM-OFDM [5]. It adjusted the selection of subcar-

riers to strengthen the stability and provides the advantage of reducing the PAPR,

but the spectral efficiency is affected.

By taking a different approach based on SIM-OFDM and ESIM-OFDM, OFDM-

IM was formally first proposed in 2012 [6] for selective fading channels. It aroused a

great response in the communication academic community with extensive discussion

and research. Most importantly, later in 3 years, researchers investigated evaluated

this system in different ways and verified the importance of this technique in the next

generation of communication. Especially in 2016, [7] provides a theoretical proof that

the superiority of OFDM-IM over classical OFDM is better in certain modulation.

Besides, [23] experimentally supports this scheme with practical implementation and

testing. Figure 2.1 gives a rundown about the research review related to the OFDM-

IM history and then we summarize the detailed and comprehensive survey about
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Figure 2.1: Illustration of the work done on OFDM-IM in literature.

OFDM-IM and its ancestor in the following sections.

2.1.1 Subcarrier Index Modulation OFDM

In classical OFDM, modulation techniques always transfer a specified number of in-

formation bits to constellation symbols which represent the information bits, such as

BPSK and QAM. In generally speaking, in an M -ary modulation, N× log2M bits are

transferred onto N subcarriers with N-point Fast Fourier transform (FFT). This is a

2-D signal mapping while SIM-OFDM adds a new dimension to conveys information.

In the SIM-OFDM scheme whose block diagram is given in Fig 2.2, compared to

the classical OFDM, the two most major differences include that the incoming data

is split into two equal-length bit blocks and there’s an additional module named SIM
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Figure 2.2: Block diagram of SIM-OFDM transmitter.

modulator. In particular, with N subcarriers and M -QAM modulation scheme, each

of two equal-length bit blocks has a length of N
(
log2

M
2

+ 1
)

respectively. Each of

them is divided into two strings where these two parts have different functions. The

first string of size N bits is used to decide the locations of active subcarriers and

the majority bit value, which named BOOK . The majority bit value is dependent on

OOK fashion. Then the second string of size N log2M/2 bits is mapped to QAM

symbols and respectively modulated onto active subcarriers, which named BQAM . In

a word, the group of subcarriers conveys information modulated by the second string

BQAM and is selected to be active by the first string BOOK . Based on the simulation

result, SIM-OFDM scheme provide a better bit error rate (BER) performance and

significantly decrease the ICI while keeping the spectral efficiency.

However, SIM-OFDM still suffers from several problems. First of all, the poten-

tial for burst errors occurs since bit error propagation. Specifically, even if only tiny
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minority detection errors, not only will cause the incorrect demodulation of corre-

sponding information, but the whole subsequent QAM symbols will be completely

incorrect demodulated since the unknown of active and inactive subcarriers. Sec-

ondly, power allocation also becomes an issue since the difficulty of finding a proper

demodulation threshold. The condition that the threshold must below the lowest

power of M -QAM symbol leads the system to distinguish activeness of subcarriers

arduously, even with an average significant power allocation to subcarriers for M -ary

constellation symbols. Fortunately, ESIM-OFDM provides a modification of the new

encoding scheme in string BOOK and the review is detailed in the next section.

2.1.2 Enhanced Subcarrier Index Modulation OFDM

Contrasted with SIM-OFDM, ESIM-OFDM reduces half bits to indicate the subcar-

riers’ activeness by encoding in the states of two consecutive subcarriers. In a word,

the subcarrier pair indicates replaces one-bit encoding shown as in Figure 2.3. To be

specific, whenever each binary one is encountered in BOOK , the first of pair subcar-

riers is set as active while the second one switches off, and vice versa for each binary

zero. That exactly one of the adjacent subcarriers is active is a significant superiority

in decoding. This means that bits from string BQAM can no longer be misplaced

to decode due to the error detection of previous bits from string BOOK . Hence, to

suppressing burst errors, ESIM-OFDM also provides the advantage of reducing the

PAPR. Moreover, we don’t need to set a threshold for demodulation since the number

of active subcarriers within each pair is always one. Obviously, this scheme lead to a

better performance to recognize activeness of subcarriers especially with higher power

in subcarriers pair.

However, the major drawback of this scheme, compared to SIM-OFDM or classical

OFDM, is spectral efficiency reduction which also leads to higher order modulations

requirement to achieve the same spectral efficiency as that of classical OFDM. It
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Figure 2.3: Block diagram of ESIM-OFDM transmitter.

is a challenging problem since green communication is one of the key direction of

next generation wireless communication systems. Then, OFDM-IM reserch review is

provide in the next section, which is a good solution to it.

2.1.3 OFDM with Index Modulation

Utilizing the concept of spatial modulation, combining with the OFDM method, and

following a novel approach from that of SIM-OFDM and ESIM-OFDM, researchers

proposed a brand-new modulation technique named OFDM-IM [6]. Due to the at-

tractive superiority in terms of energy and spectral efficiency as well as hardware

simplicity, the potential of becoming major candidates for next-generation wireless

networks encourage more researchers to study and improve this scheme [8]. The
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Figure 2.4: Block diagram of the OFDM-IM transmitter.

block diagram of the OFDM-IM system is shown in Figure 2.4. It provides a system

to transmit m bits per OFDM frame over a frequency selective Raleigh fading channel

and the process can be described as follows.

Fist we assume the total number of OFDM subcarriers by N and divide them into

G subblocks. In this case, the number of subcarriers per subblock is given by

n =
N

G
. (2.1)

In classical OFDM, each subcarriers in an OFDM subblock carrys in an M -ary

signal constellation symbols which means all subcarriers are active, while in OFDM-

IM, some subcarriers set as passive. In such a way, in OFDM-IM, not only active

subcarriers but also the indices of active subcarriers carry information. For any given

subblock, only T out of n sub-carriers are utilized with T ≤ n. Then these m bits are

splited into G groups and every group has p bits and the incoming p bits are divided
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into two parts given as

p =
m

G
= p1 + p2. (2.2)

And the maximum number of each bits group are respectively by setting,

m1 = p1G =
⌊
log2 CT

n

⌋
G (2.3)

and

m2 = p2G = T (log2M)G, (2.4)

where CT
n denotes the number of T combinations from a given set of n elements.

As a consequence, a single block of OFDM-IM scheme can achieve the maximum

number of bits as

m = m1 +m2 =
⌊
log2

(
MTCT

n

)⌋
G (2.5)

To be specific, the first part has p1 bits which are used to determine the indices of

active subcarriers, and is fed to the Index Selector with the mapping to a combination

of T active subcarriers. Look-up table method and combinatorial mathematics are

two implementation mapping methods for index selection. For ∀1 ≤ g ≤ G and

∀1 ≤ t ≤ T , the set Ig represent the K indices of the active subcarriers of the g-th

OFDM subblock as

Ig = {ig,1, ig,2, . . . , ig,t, . . . , ig,T} (2.6)

where ig,k ∈ [1, . . . , n] and ig,k1 6= ig,k2 if k1 6= k2.

Besides, the second part is used for modulation through the M -ary Mapper to

obtain constellation symbols. The set of constellation symbols sg , for ∀1 ≤ g ≤ G

and ∀1 ≤ t ≤ T , is the output of the Mapper corresponded to Ig as

sg = {sg,1, sg,2, . . . , sg,t, . . . , sg,T} (2.7)
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and belongs to the set of M -ary constellation symbols. In addition, the constellation

symbols are normalized to unit average power as

E
{
sgsgH

}
= T, (2.8)

where E{·} stands for the expected value of the random variable enclosed and (·)H

denotes Hermitian transposition.

By N -point inverse fast Fourier transform (IFFT) with the insertion of sufficiently

long cyclic prefix, independent OFDM block covering all N subcarriers for transmis-

sion is yielded and can be written as x(k) = [x(1), x(2), . . . , x(N)]T ∈ CN×1, where [·]T

denotes the transpose operation of vectors/matrices. As for the receiver, the active

indices are detected by several types of detectors including: the Maximum Likelihood

(ML) detector, Log-likelihood Ratio (LLR) detector, ICI self-cancelling block and

Signal Power (SP) detectors, etc.

2.1.4 OFDM-IM Analysis and Evaluation

With the developing of OFDM-IM, evaluating the performance and studying the

variants of OFDM-IM raise the attention of researchers. First of all, in the paper

firstly proposed the OFDM-IM [6], Basar studied the pairwise error probability (PEP)

under ideal channel conditions and derived an approximate closed-form expression.

Based on the comparison with ESIM-OFDM and classical OFDM at the same spectral

efficiency, improvements in error performance is significant. Besides, the analysis

of the effects of channel estimation errors on the error performance also provided,

which shows that it can be used to predict the BER behavior. Considering mobility

conditions, the simulation result also proves that OFDIM-IM achieves better BER

performance than ESIM-OFDM and classical OFDM.

The achievable rate of OFDM-IM was investigated in [7] to theoretically prove
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the feasibility of OFDM-IM. An interleaved method for subcarrier grouping was first

proposed and demonstrated the way to enhance the performance. The impact of

modulation types on the ergodic capacity of OFDM-IM was studied to compare and

discover a proper modulation model for the OFDM-IM scheme. Phase Shift Keying

(PSK) was proven that it can help the OFDM-IM to achieve higher rates compared

to classical OFDM. In contrast, there’s only minority improvement with Quadrature

Amplitude Modulation (QAM).

In 2017, with the real-time experiments of data transmission implementation, the

spectral efficiency of the OFDM-IM technique is verified in [23]. In order to assess

their suitability to real-time applications, the performances of different systems are

measured in terms of bit error rate (BER) and spectral containment. Accordingly

combining with simulation results, a beneficial perspective of OFDM-IM is able to be

comprehensively demonstrated.

Moreover, the implementation of the OFDM-IM concept in the dual-hop OFDM

based relay system is presented in [24]. This became the beginning of a combination

of cooperative networks and the OFDM-IM scheme, although it only considers about

decode-and-forward (DF) relay system. Later in [16], the amplify-and-forward (AF)

relay system, even the relay-assisted networks obtained fully researched and expanded.

In the next section, we will concentrate on the review of the relay-assisted cooperative

network.

2.2 Relay-assisted Cooperative Network

Contrasted to conventional point-to-point networks with direct transmission links

between source and destination, cooperative networks utilize relaying nodes to as-

sist transmissions[25]. The primitive cooperative network is always presented in a

classic three-node model, including source, relay, and destination, proposed in [26].

After the source node broadcasts the information signal to both relay and destina-
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tion, the relay node receives and forwards the information signal to the destination

based on a certain protocol. At the destination node, reception and estimation can

utilize two information signals from the relay node and the source node, respectively.

Different application scenario demand corresponding communication performance re-

quirements, resulting in numerous relaying protocols. The AF and DF relay, as the

most common two relay protocols, were widely investigated. In the following section,

we will provide review details about them.

2.2.1 Amplify-and-Forward Relaying

With the superiority of signaling overhead and relatively low delay, the AF relay

performs the simplest process to extend the transmission distance [27]. However, the

drawbacks of this protocol are also obvious. First, the amplified processed signal

includes noise, resulting in distortion in the retransmitted signal when noise power

is large. Secondly, energy efficiency becomes a challenging problem since the energy

consumption in the multi-hop transmission scenario.

Two categories of the AF relay include fixed-gain (FG) AF and variable-gain (VG)

AF relaying, depending on the different amplification gains. As for the FG AF relay,

information signal and noise are simultaneously amplified by a fixed gain regardless

of channel statement information (CSI). Then the end-to-end SNR of a two-hop FG

AF relay network can be expressed as

SNRFG−AF =
G1G2PtPr−FG

(Pr−FGG2 + 1)N0

, (2.9)

where Pr−FG is the transmit power of the relay node, which can be regarded as the

fixed amplification gain; Pt represents the transmit power of the source; Gi denotes

the channel gain of the ith hop with average power µi; Pr−FG =
√

Pt

Ptµ1+N0
represents

the fixed amplification gain according to [27].
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Contrasted to FG AF relay, VG AF relay requires the instantaneous CSI and its

amplification gain is based on the channel conditions [25]. With the dynamic update,

VG AF can better adapt to the unstable channel leading to improved performance

than FG AF relay. We can express the end-to-end SNR of a two-hop VG AF relay

network as

SNRVG−AF =
G1G2PtPr−V F

(Pr−V FG2 + 1)N0

, (2.10)

where Pr−V G =
√

Pt

PtG1+N0
is the variable amplification gain.

2.2.2 Decode-and-Forward Relaying

Unlike AF relaying, DF relaying employs relays with a different protocal as decoding

first and then forwarding. Every relay node is regarded as a sub-destination with

estimation requiring the instantaneous CSI first [28]. Then, the decoded bit stream

from the received signal is re-encoded to broadcast to other relay nodes or directly

to the destination, with a new form of signal. The end-to-end SNR of a two-hop DF

relay network is expressed as

SNRDF =
Pt
N0

min {G1, G2} . (2.11)

Although the noise can be mostly eliminated at each DF relay node, some draw-

backs are thereby yielded. Obviously, once there exists any erroneously decoding

in the link of relay nodes, the re-encoded signal from that node will lead to the

erroneously receiving in the following relay nodes till the destination. This error

propagation could cause a challenging problem to obtain a satisfying communication

performance as AF relay. Moreover, the complex decoding and encoding process-

ing probably performes transmission delays. In addition, the availability of original

message decoding at any relay node also leads to secrecy and security problems.
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Although it’s evident that both AF and DF relay have their own edge, the draw-

backs can not be neglected. A combination of the OFDM-IM technique with the

cooperative relay-assisted network develops into a proper role to improve communi-

cation quality.

2.2.3 Relay System and Energy Efficient Optimization

Researchers currently dedicate more efforts to AF relay assisted OFDM-IM [16, 17,

18], which study the error and outage performance as well as the comparison between

fixed-gain (FG) relaying protocol and variable-gain (VG) relaying protocol, while

these studies to some extent omit the optimization of the system from the energy-

efficient perspective.

For cooperative systems, utilizing energy as efficiently as possible plays a crucial

role at the source and relay nodes [29]. In this regard, there exist numerous energy-

efficient optimization schemes suited for different cooperative applications. Convex

programming with partial CSI provides a prospect to approach optimal power alloca-

tion for AF relay systems [30]. Meanwhile, the iterative algorithm is also proposed to

maximize the system energy efficiency for relay selection [31]. To further reduce the

computational complexity, the sub-optimal solution can also be regarded as asymp-

totically optimal in certain applications, which develops into a new means to optimize

the energy efficiency of relay systems [32].
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Chapter 3

Power Allocation by Convex Optimization and Iterative

Method

3.1 Basic Model

A classic three-node cooperative transmission model without direct transmission link

is investigated in this thesis, where N subcarriers in the set N are utilized to con-

vey information from source to destination via an FG AF relay node shown in Fig-

ure 3.1. Following the modulation rules specified in [33], we regulate that T out

of N subcarriers are chosen to be active and a subcarrier activation pattern (SAP)

is thereby established via a subset of active subcarriers T (k). It can be easily de-

rived that by such an SAP, an extra bit stream with length BS = blog2

(
N
T

)
c can

be transmitted, and BM = T log2M is the length of bit stream modulated by con-

ventional amplitude-phase modulation (APM) scheme on T active subcarriers, where

M is termed the APM order. Here, we assume the incoming bit stream with length

B = BM +BS is equiprobable for simplicity. By N -point inverse fast Fourier trans-

form (IFFT) with the insertion of sufficiently long cyclic prefix, independent OFDM

block covering all N subcarriers for transmission is yielded and can be written as

x(k) = [x(m1, 1), x(m2, 2), . . . , x(mN , N)]T ∈ CN×1, where [·]T denotes the transpose

operation of vectors/matrices and 1 ≤ mn ≤ M is the index of APM symbol carried

on the nth subcarrier. Here, we employ M -ary phase shift keying (M -PSK) as the

APM scheme owing to its preferable property of constant envelope, and stipulate that

for active subcarriers we have x(mn, n)x(mn, n)∗ = 1, and x(mn, n) = 0 otherwise.



28

������

�����	��
���
�����������

�
���

�������

������

�����

�����

��
������

���
�	�����

�������

�������

����

��������������

������  ���!
�����
����


Figure 3.1: Three-node relay-assisted system based on the OFDM-IM design.

Assuming perfect CSI1 and synchronization in the time and frequency domains,

and neglecting the node mobility, we further suppose that all channels keep invariant

within one complete transmission interval. Further assuming a Rayleigh fading envi-

ronment, the end-to-end received OFDM block contaminated by noise terms can be

expressed as [34]

y(k) = [y(m1, 1), y(m2, 2), . . . , y(mN , N)]T

=

√
Pr
T

√
Pt
T

H1H2x(k) +

√
Pr
T

H2w1 + w2,

(3.1)

where Pr is the transmit power of the relay node, which can be regarded as the

1Considering practical hardware constraints, we assume that instantaneous and statistical CSI is
perfectly known at the destination and the relay node, respectively.
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fixed amplification gain and is controllable at the FG AF relay node according to

the statistical CSI; Pt is the transmit power of the source; Pr and Pt are uniformly

allocated over T active subcarriers; wi is the complex additive white Gaussian noise

(AWGN) vector at the receiving side of the ith hop with average noise power ηi =

E{w2
i }, where E{·} denotes the expected value of the random variable enclosed;

Hi = diag {hi(1), hi(2), . . . , hi(N)} is the diagonal channel state matrix (DCSM) of

the ith hop. Because the Rayleigh fading environment is assumed, we can have the

probability density function (PDF) and the cumulative distribution function (CDF)

of the channel power gain (CPG) Gi(n) = |hi(n)|2 to be

fi(ξ) = exp (−ξ/µi) /µi ⇔ Fi(ξ) = 1− exp (−ξ/µi) , (3.2)

where µi is the average CPG of the ith hop, which captures the average channel

quality in the ith hop and is dependent on per-hop distance, large-scale fading,

and terrain, etc. As a consequence of the assumption of independent subcarriers,

Gi(1), Gi(2), . . . , Gi(N) regarding all subcarriers are supposed to be independent and

identically distributed (i.i.d.). That is, there is no frequency and cross-hop correla-

tion.

According to (3.1) and the assumptions of transmission channel given above, the

independent end-to-end signal-to-noise ratio (SNR) regarding an arbitrary active sub-

carrier is expressed as follows:

γ(k, n) =
PtPrG1(n)G2(n)

TPrG2(n)η1 + T 2η2

, ∀ n ∈ T (k). (3.3)

3.2 Formulation of Outage Probability

Since OFDM-IM is different from classic OFDM and the outage probability is an

important indicator of system reliability that is adopted as an optimization constraint
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in this letter, we briefly analyze the outage performance of FG AF relay assisted

OFDM-IM systems in this section. First, we define the outage event of an OFDM

transmission block as follows:

Definition 1. An outage event of an OFDM transmission block happens if the end-

to-end SNR of any active subcarrier is lower than a preset outage threshold s.

By this definition of outage event, we can write the average outage probability

that characterizes the end-to-end reliability of the proposed relay assisted OFDM-IM

system to be

Po(s) = E
k

P

 ⋃
n∈T (k)

{γ(k, n) < s}


 , (3.4)

where P{·} represents the probability of the random event enclosed.

Because of the union relation linking all subcarrier-wise outage events, we can

resort to the subcarrier independence and the inclusion-exclusion principle to derive

Po(s) = E
k

1−
∏

n∈T (k)

(1− P{γ(k, n) < s})

 . (3.5)

Since the fading channels of all subcarriers are statistically independent, we have

Φ(s) = P {γ (k, n1) < s} = P {γ (k, n2) < s} = · · · = P {γ (k, nT ) < s},

n1, n2, . . . , nT ∈ T (k), which further simplifies Po(s) to be

Po(s) =
2BS∑
k=1

{[1− (1− Φ(s))T
]
/2BS

}
= 1− (1− Φ(s))T , (3.6)

where Φ(s) is the subcarrier-wise outage probability. That is, the average outage prob-

ability can be regarded as independent from SAP and the total number of subcarriers

N . Instead, the average outage probability of the proposed system is dominated by
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the number of active subcarriers T . Subsequently, we can determine Φ(s) by [34]

Φ(s) = 1− 2T

√
sη2

µ1µ2PtPr
exp

(
−sTη1

µ1Pt

)
K1

(
2T

√
sη2

µ1µ2PtPr

)
, (3.7)

where Kv(·) denotes the vth-order modified Bessel function of the second kind. Sub-

stituting (3.7) into (3.6) yields the closed-form expression of the average outage prob-

ability for the relay assisted OFDM-IM systems utilizing FG AF relaying.

3.3 Optimization Problem Analysis

For energy-efficient communication systems, the total power utilized should be mini-

mized, while maintaining outage probability Po(s) below a predetermined constraint

Ψth. Meanwhile, the power supply is also constrained by the practical hardware on

each node. Pmax
t and Pmax

r specify the maximum power available at the source and

the relay, respectively. As a result, the optimization problem can be formulated as

minimize Pt + Pr

subject to Po(s) ≤ Ψth,

0 ≤ Pt ≤ Pmax
t , 0 ≤ Pr ≤ Pmax

r .

(3.8)

Notice that for a non-negative random variable X, E{X} =
∫∞

0
(1− FX(x)) dx

according to Lebesgue-Stieltjes integration [35]. Then the relation validates the equiv-

alence between max {Φ(s)} and min {E {γ(k, n)}}. Subsequently, we can determine

E {γ(k, n)} as

E {γ(k, n)} =
∫ ∞

0
2T

√
sη2

µ1µ2PtPr
exp

(
−sTη1

µ1Pt

)
K1

(
2T

√
sη2

µ1µ2PtPr

)
ds

=
µ1Pt
Tη1

+
µ1η2Pt
µ2η2

1Pr
exp

(
η2

η1µ2Pr

)
Ei

(
− η2

η1µ2Pr

)
,

(3.9)

where Ei (·) returns the one-argument exponential integral defined as Ei (x) =
∫ x
−∞

et

t
dt.

According to Markov’s inequality P(X ≥ α) ≤ E(X)
α

, ∀α > 0, we have E {γ(k, n)} ≥
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s(1− Po(s))1/T , which means that there is an equivalence between max {Po(s)} and

min {E {γ(k, n)}}. Therefore, the optimization constraint given by Po(s) ≤ Ψth can

be equivalently transfered to E {γ(k, n)} ≥ γth. However, the specific numerical re-

lationship between Ψth and γth is not straightforward to obtain. We present details

steps to approximate the transformation between outage probability and average SNR

in Appendix A.

Meanwhile, because of mathematical intractability of E {γ(k, n)}, we find an alter-

native to approximate E {γ(k, n)} for obtaining a tractable and sub-optimal solution.

Let µi take place of Gi(n), and then we obtain an alternative indicator of average end-

to-end SNR γ̃(k, n) as γ̃(k, n) = PtPrµ1µ2
TPrµ2η1+T 2η2

. However, this indicator above is not

close enough to E {γ(k, n)}. In Appendix B, we derive the gap denoted as δ between

E {γ(k, n)} and γ̃(k, n), and we can further update the constrain as γ̃th = γth + δ.

Based on the above updated constraints, we can transfer the original power allocation

problem to a relaxed form, given the condition that γ̃(k, n) must be larger than the

predetermined threshold γ̃th. Then, the relaxed optimization problem is given by

minimize Pt + Pr

subject to γ̃(k, n) ≥ γ̃th,

0 ≤ Pt ≤ Pmax
t , 0 ≤ Pr ≤ Pmax

r .

(3.10)

By analyzing the monotonicity and linearity, we can easily observe that the ob-

jective function and constraints are all convex in terms of Pt and Pr. Additionally,

because the objective function and γ̃(k, n) are monotonically increasing with the

powers, the optimal solutions can be attained only if γ̃(k, n) = γ̃th . Since the other

constraints are affine, Slater’s condition is satisfied, by which we can prove the strong

duality of the formulated problem. As a result, we employ the Lagrange multiplier

to derive the sub-optimal solutions and formulate the Lagrangian function as
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L (Pt, Pr, ρ) = Pt + Pr + ρ

(
γ̃th −

PtPrµ1µ2

TPrµ2η1 + T 2η2

)
, (3.11)

where ρ is the Lagrange multiplier. Taking the derivative of the Lagrangian function

with respect to Pt and Pr and equating it to zero give

1− ρPrµ1µ2

T 2η2 + TPrµ2η1

= 0, (3.12)

and

1 + ρ

(
TPrPtµ1µ

2
2η1

(T 2η2 + TPrµ2η1)2 −
Ptµ1µ2

T 2η2 + TPrµ2η1

)
= 0. (3.13)

Also, by the Karush-Kuhn-Tucker (KKT) conditions, we can obtain

γ̃th −
PtPrµ1µ2

TPrµ2η1 + T 2η2

= 0. (3.14)

Solving (3.12), (3.13) and (3.14) yields the optimal solution as

Pt =

[
ρT 2µ1η2

µ2 (ρµ1 − Tη1)2

]Pmax
t

0

, (3.15)

Pr =

[
T 2η2

µ2 (ρµ1 − Tη1)

]Pmax
r

0

, (3.16)

and

ρ =
T

µ2

(
η1 +

√
µ1η2

µ2γ̃th

)
, (3.17)

where

[x]mn =


m x ≥ m,

x m > x ≥ n,

n x < n.

(m > n) (3.18)

The sub-optimal solutions derived above verify the potential that the proposed



34

Algorithm 1 Algorithm for the Proposed Iterative Method.
Input: T, η1, η2, µ1, µ2, γth, P

max
t , Pmax

r

Output: Pt, Pr

Initialisation: Pt = 0, Pr = 0, ε = 10−4, ω = 1;

1: while ω = 1 do

2: δ ← PtP 2
r Tη1µ1µ

2
2

(TPrη1µ2+T 2η2)2
;

3: γ̃th ← γth + δ;

4: ρ← T
µ2

(
η1 +

√
µ1η2
µ2γ̃th

)
;

5: P ∗t ←
[

ρT 2µ1η2
µ2(ρµ1−Tη1)2

]Pmax
t

0
;

6: P ∗r ←
[

T 2η2
µ2(ρµ1−Tη1)

]Pmax
r

0
;

7: if (|Pt − P ∗t | < ε & |Pt − P ∗t | < ε) then

8: ω ← 0;

9: else

10: Pt ← P ∗t ; Pr ← P ∗r ;

11: end if

12: end while

scheme can provide power allocation based on statistical CSI. Subsequently, we can

resort to a simple iterative method presented in Algorithm 1 to obtain a specific

allocation strategy for arbitrarily system and channel configurations. Note that, al-

though the scheme stipulated above is described in the context of a single subblock

of subcarriers, it can be easily extended to the whole cooperative OFDM-IM system

consisting of multiple subblocks by repeating the scheme by multiple times, because

of the mutual independence among all subblocks [33].

3.4 Computational Complexity Analysis

For comparison purposes, we analyze the computational complexities of the brute

force search and the proposed scheme in this section. First, we set a uniform accuracy

ε = 10−4, which is consistent with the precision specified in Algorithm 1. Based on
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the principle of the brute force search, we simplify the function seeking the optimized

solution as F(α) and denote the set of object data including Pr and Pt as α. Obviously,

this is a sub-linear coverage approaching problem aiming to ensure

F (ακ)−F∗ ≤
θ√
κ
, (3.19)

where F∗ is the optimal solution; κ denotes the number of searching rounds; θ is set

as a constant depending on hardware platform configurations and optimization re-

quirements. Let θ√
κ
≤ ε, and then we obtain κ ≥ θ2

ε2
, which leads to the computational

complexity expressed as O
(

1
ε2

)
.

As for the proposed power allocation scheme, it is in essence a linear coverage

problem that can be expressed as

‖ακ − α∗‖ ≤ θ(1− q)j, (3.20)

where α∗ is the converged results; the ratio q is within the range of (0, 1) and j

denotes the iterative epochs. Similarly, we set the upper bound of the right side as

θ(1− q)j ≤ ε. Then, solving it yields the result as j ≥ 1
q

(
log(θ) + log

(
1
ε

))
, by which

we can derive the computational complexity as O
(
log
(

1
ε

))
.

This shows a significant superiority in terms of computing efficiency over the brute

force searching that has exponential complexity. The traditional FG AF relay power

allocation proposed in [34] provides an established gain as Pt

Ptµ1+Tη2
. For a given

constraint of outage probability, the optimization strategy is to adapt the source and

relay transmit power allocation in a distributed manner. As a result of the distributed

nature, it frequently leads to power overflow at the source and/or the relay end, so

that outage performance becomes unsatisfactory (this can be shown by the simulation

results presented in the following section). Although the traditional method has much

lower complexity given by O (1), it is inapplicable for reliability-critical cooperative
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Table 3.1: Computational complexities and precision requirements of different power
allocation schemes.

Schemes Complexity Precision Requirement

Brute force Search O
(

1
ε2

)
YES

Proposed scheme O
(
log
(

1
ε

))
YES

Traditional method O (1) NO

networks. For clarity, we compare these three power allocation schemes by listing

their computational complexities and precision requirements in Table 3.1.
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Chapter 4

Power Allocation by Artificial Neural Network

4.1 System Model and Problem Formulation

4.1.1 Basic Model

Similar to the system model in Chapter 3, we still utilize a classic three-node coop-

erative transmission model without a direct transmission link to design this system.

The setup of the parameters keep the same as before, where N subcarriers in the set

N are utilized to convey information from source to destination via an FG AF relay

node. We still regulate that T out of N subcarriers are chosen to be active and a SAP

is thereby established via a subset of active subcarriers T (k). Then, the incoming

bit stream with length B = BM +BS is equiprobable for simplicity, with that length

BS = blog2

(
N
T

)
c can be transmitted, and BM = T log2M is the length of bit stream

modulated by conventional M -ary APM scheme on T active subcarriers. By the same

N -point inverse fast Fourier transform (IFFT) method, the independent OFDM block

is yielded and can also be written as x(k) = [x(m1, 1), x(m2, 2), . . . , x(mN , N)]T ∈

CN×1. Here, we employ M -ary phase shift keying (M -PSK) as the APM scheme

owing to its preferable property of constant envelope, and stipulate that for active

subcarriers we have x(mn, n)x(mn, n)∗ = 1, and x(mn, n) = 0 otherwise.

Then, with the independent CSI among different subcarriers, the end-to-end re-

ceived OFDM signal y(mi, i), ∀i ∈ 1, 2, ...N , contaminated by noise terms becomes
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different as

y(mi, i) =
√
Pr,iPt,ih1(i)h2(i)x(mi, i) +

√
Pr,ih2,iη1,i + η2,i, (4.1)

where Pr,i is the ith subcarrier transmit power of the relay node, which can be regarded

as the fixed amplification gain and is controllable at the FG AF relay node according

to the statistical CSI; Pt,i is the ith subcarrier transmit power of the source; ηj,i,

∀j ∈ 1, 2 is the average noise power on the link from the source to the relay node and

fro the relay node to the destination respectively, as ηj,i = E{w2
j,i}, where wj,i denotes

the complex additive white Gaussian noise (AWGN) vector on the corresponding link;

hj,i, ∀j ∈ 1, 2 represents the channel fading gain at the link from the source to the

relay node and from the relay node to the destination respectively for each subcarrier

i. Based on the assumed fading environment, we can have the PDF and the CDF of

the CPG Gj(i) = |hj(i)|2 to be

fj,i(ξ) = exp (−ξ/µj,i) /µj,i ⇔ Fj,i(ξ) = 1− exp (−ξ/µj,i) , (4.2)

where µj,i is the average CPG and there is no frequency and cross-hop correlation.

Similar to (3.3), in this case, the independent end-to-end SNR regarding to an

arbitrary active ith sub-carrier is expressed as follows:

γ(k, i) =
Pt,iPr,iG1(i)G2(i)

Pr,iG2(i)η1,i + η2,i

, ∀ i ∈ T (k). (4.3)

Therefore, by the Definition 1 and (3.4), the average outage probability of the

proposed relay assisted OFDM-IM with independent CSI among different subcarriers
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can be written as

P ∗o (s) = E
k

P

 ⋃
i∈T (k)

{γ(k, i) < s}




= E
k

1−
∏

i∈T (k)

(1− P{γ(k, i) < s})


=

2BS∑
k=1


1−

∏
i∈T (k)

(1− Φi(s))

 /2BS


(4.4)

where Φi(s) is the outage probability for the ith subcarrier. And according to the

(3.7), Φi(s) is determined by

Φi(s) = 1− 2

√
sη2,i

µ1,iµ2,iPt,iPr,i
exp

(
− sη1,i

µ,i1Pt,i

)
K1

(
2

√
sη2,i

µ1,iµ2,iPt,iPr,i

)
. (4.5)

4.1.2 Problem Statement

From an energy-efficient communication systems perspective, a total power minimiza-

tion problem with independent CSI for each subcarrier is formulated as follows,

minimize
∑
i∈T (k)

Pt,i + Pr,i

subject to P ∗o (s) ≤ Ψth,

0 ≤ Pt,i ≤ Pmax
t−sub,∀i ∈ T (k),

0 ≤ Pr,i ≤ Pmax
r−sub, ∀i ∈ T (k).

(4.6)

The major constrain requires outage probability P ∗o (s) below a predetermined

threshold Ψth. Meanwhile, aiming at the specific power allocation of each subcarrier,

Pmax
t−sub and Pmax

r−sub play key roles to limit the upper bound of available power at the

source and the relay, respectively.

Due to the independence of CSI among the subcarriers, the form of average outage
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probability P ∗o (s) becomes non-linear, leading that the constrain functions are devel-

oped into non-convexity. Although the convexity of the objective function facilitates

the simplification of the optimization process, in general, it’s hard to approach a con-

vex approximation of inequality constraints about Pt,i and Pr,i and then establish a

convex optimization problem. For seeking the optimal solution aiming at non-convex

programming, genetic algorithm, and other exhaustive searching and iterative scheme

always achieve a satisfying outcome. However, requiring a majority time to converge

makes the scheme unsuitable for real-time communication. Artificial Neural Net-

work (ANN) based on deep learning provides the potential to obtain power allocation

instantly after self-training for a period of time [36].

4.2 Optimization by ANN

An ANN can be defined as a human brain-based reasoning model [36]. The brain

consists of a densely interconnected group of nerve cells or basic information process-

ing units called neurons. Each connection acts like a synapse in a biological brain,

transmitting signals to other neurons. The artificial neuron that receives the signal

then processes it and sends signals to the neurons connected to it. Although each neu-

ron has a very simple structure, it has powerful processing power made up of a large

number of such elements. Ina addition, ANNs have the ability to back-propagation

”learn”, meaning they can use experience to improve performance. Gradually, in the

field of machine learning and cognitive science, ANN develops into a mathematical

or computational model that mimics the structure and function of biological neural

networks and is used as estimate or approximate functions.

4.2.1 A Framework of ANN

Prior to devising a specific structure based on the deep learning approach scheme, we

first briefly introduce the framework of ANN [37]. As shown in Figure 4.1, a typical
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Figure 4.1: An example of the ANN framework.

ANN consists of a hierarchical structure of layers, and the neurons in the network

are arranged with these layers. The neurons connected to the external environment

form input and output layers. Modifying the weights makes network input/output

behavior consistent with environmental behavior. To be specific, the architecture

design of ANN involves an input layer, a set of hidden layers and an output layer.

Especially, the number of neuron nodes in the hidden layer is indefinite, but the

larger the number of neuron nodes, the more significant the non-linearity of the

neural network, and the more robust the neural network performs.

Focus on such a situation that every neuronit receives multiple signals from its

input link, calculates a new activation level, and sends it as an output signal through

the output link. The input signal to a certain neuron can be the raw data or the

output of other neurons. The output signal can be regarded as the final solution to

the problem, while it can also become a signal input to other neurons. Figure 4.2

shows a typical behavior of a neuron. Considering that our proposed system model is
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Figure 4.2: An example of the Neuron.

not a binary structure, the step and sign activation functions, often used in decision-

making neurons for classification and pattern recognition tasks, are not suitable. The

sigmoid function, converting any value between positive and negative infinity to a

reasonable value between 0 and 1, fits well as a back-propagation tool in our ANN

system. To be specific, the sigmoid function is shown as

U sigmoid =
1

1 + e−V
(4.7)

4.2.2 Data Preparation Part

As far as we know, the ANN technology based on deep learning can be regarded as

a comprehensive tool to obtain knowledge from sufficient empirical data. Therefore,

a sub-optimal result can be derived from a large number of data samples, resulting

in an approximation of the optimal solution. Firstly, we assume that there exist T

activated subcarriers and the four categories CSI coefficients including h1(i), h2(i),

η1,i, and η2,i are randomly generated. And then, we employ the the exhaustive and it-

erative searching such as brute-force search to determine the optimal power allocation

solution. Then the input and output data can be determined as
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V =



h1(1) . . . h1(i) . . . h1(T )

h2(1) . . . h2(i) . . . h2(T )

η1,1 . . . η1,i . . . η1,T

η2,1 . . . η2,i . . . η2,T


, (4.8)

and

U =

 Pt,1 . . . Pt,i . . . Pt,T

Pr,1 . . . Pr,i . . . Pr,T

 . (4.9)

Note that the total number of matrix elements of V is 4T and matrix U is consisted

of 2T elements and we need to approximate the 2T output elements. Then we will

construct a 4T -to-2T ANN to seek the sub-optimal solution based on a set of training

samples.

4.2.3 Model Training Part

After obtaining sufficient training samples in the previous section, we now start train-

ing to seek an ideal model based on the ANN. The training process is divided into

unsupervised learning and supervised learning and we will begin with supervised

learning.

Adam [38], considered as the most mainstream back-propagation method, is uti-

lized in our proposed training deep neural networks. Developing from the stochastic

gradient descent method, Adam computes individual learning rates for different pa-

rameters. The estimations of the first and second moments of the gradient are used

to adapt the learning rate for each weight, leading to the name as adaptive moment

estimation and then to Adam.

Similar to the stochastic gradient descent method, this algorithm starts from
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getting the gradients gt with respect to the stochastic objective at timestep t as

gt = ∇θft (θt−1) (4.10)

where f(θ) is denoted as the stochastic objective function with weight θ; ∇θ is the

gradient function in terms of weight θ.

For next step, the exponential moving averages of the gradient mt and the squared

gradient vt are updated by two hyper-parameters β1,2 ∈ [0, 1). In a word , the algo-

rithm update biased first moment estimate and biased second raw moment estimate.

In addition, the vectors of these two coefficients are initialized with zeros at the first

iteration and the form of them can be expressed as

mt = β1mt−1 + (1− β1) gt, (4.11)

and

vt = β2vt−1 + (1− β2) g2
t . (4.12)

Then the algorithm we need to correct the estimator and this step is usually

referred to as bias correction. The final formulas for two estimators m̂t and v̂t, which

respond to mt and vt respectively, will be as follows:

m̂t =
mt

1− βt1
, (4.13)

and

v̂t =
vt

1− βt2
. (4.14)

Eventually, the only thing left is to use estimators m̂t and v̂t to scale learning rate
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individually for each parameter. To perform weight update we do the following:

θt = θt−1 − α
m̂t√
v̂t + ε

(4.15)

where α is the step size, also called learning rate in deep learning; ε is denoted as the

terminating threshold.

As for the second stage of the training process about supervised learning, we need

to fine-tune the parameters based on the comparison between output of the training

sample and real output of the trained model. Mean squared error (MSE) is the

most commonly used loss function, which is the mean overseen data of the squared

differences between true and predicted/estimated values. Now we denote Ûl as the

output after the lth training epoch, and D as the number of the training samples.

Then, with the MSE function, the process can be mathematically formulated as

Ll(U, Ûl) =
1

D

D∑
l=0

(
U − Ûl

)2

. (4.16)
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Chapter 5

Simulation and Numerical Result

In this section, numerical results are provided to evaluate the performance of our

proposed two power allocation approach respectively based on convex optimization

and ANN for minimizing the total transmit power.

5.1 Simulation and Analysis with the Same CSI among Dif-

ferent Subcarriers

To verify the effectiveness of the proposed optimization scheme, we carry out the

numerical comparison between the sub-optimal solutions given in (3.15-3.17) with

the optimal solutions generated by the brute force method as well as the traditional

FG AF relay power allocation scheme proposed in [34], which is also shown in (2.9).

First, we set the simulation configurations as η1 = 1.3, η2 = 1.1, µ1 = 1.3,

µ2 = 1.5, and Pmax
t = Pmax

r = 100 dBW. As for the brute force search, we utilize

10−4 dBW as the incremental basis to calculate the minimum total power that satisfies

the conditions via a two-dimensional discrete grid corresponding to ε = 10−4. When

we activate 4 and 8 subcarriers, the numerical comparison results are presented in

Fig. 5.1 and Fig. 5.2, which in particular focus on the relations between the total

transmit power Pt+Pr and the outage probability constraint Ψth as well as the outage

threshold s.

In Fig. 5.1, given outage threshold s as 5 dB, the performance curves reflect a

declining trend of the minimum total transmit power Pt + Pr with an increasing of
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the outage outage probability constraint Ψth. The solid and dashed lines show the

variations in total power when the number of active subcarriers is 4 and 8, respectively.

The curve corresponding to the proposed scheme is in the midst of the other two,

which almost overlaps the one of the brute force search, and is relatively separated

from the one of the traditional scheme. Another group with 8 active subcarriers

demonstrates analogous trends. Observing the numerical results, we can find that

the proposed scheme possesses an obvious gain in the energy efficiency compared to

the traditional scheme, and meanwhile, is close to the brute force search. Turning

the target to the outage threshold s, Fig. 5.2 fixes the outage probability constraint

to be 10−3. As the outage threshold s raises, the total power Pt + Pr is boosted.

Meanwhile, the relations among different curves are similar as those shown in Fig.

5.1.

From these two figures, we can easily summarize that the proposed power alloca-

tion strategy can achieve comparable performance as the optimal performance yielded

by the brute force search. In addition, in comparison with the traditional FG AF relay

power allocation scheme, our proposal is able to significantly reduce the total power

required to achieve certain outage performance, which leads to a much higher energy

efficiency and is thereby in line with the goal of green communications. Further tak-

ing the polynomial-time complexity nature into consideration, the effectiveness of the

proposed power allocation scheme can be verified.

5.2 Simulation and Analysis with the Independent CSI among

Different Subcarriers

Similar to the last section, we study the effectiveness of the proposed ANN approach

by comparing the predicted result with that obtained by the brute force search. For

this study, we consider an example of ANN architecture with 6 hidden layers and

each layer includes 128 artificial neurons. Then we fix the parameter setup and
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Figure 5.1: Total transmit power vs. outage probability constraint, given s = 5 dB.

performance threshold as follow: Ψth = 10−2 and s = 1.

As for the OFDM-IM SAP, we assume it activates 2 subcarriers from a 4-subcarrier

block, leading that the number of CSI coefficients becomes 8 including µ1,1, µ1,2, µ2,1,

µ2,2, η1,1, η1,2, η2,1, and η2,2. After randomly generating 6561 groups of input training

samples for these 8 values in the range of [0.5, 5], we utilize brute force search to seek

corresponding 6561 groups of output data samples for Pt,1, Pt,2, Pr,1, andPr,2 based

on (4.4), then achieving a set of complete training samples.

In ANN parameter setup, especially for Adam back-propagation method, two

hyper-parameters β1 and β2 are fixed as 0.9 and 0.999 respectively. In addition, the

learning rates and the terminating threshold are respectively set to be α = 0.0001

and ε = 10−8. Moreover, we set the number of training epochs to be 10000.

We mainly compare the differences between the proposed ANN approach and the

brute force search method. In addition, we generate another 1000 groups of samples to
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Figure 5.2: Total transmit power vs. outage threshold, given Ψth = 10−3.

test the accuracy of our trained ANN model. The percentage error rate verification of

all data has always played an important role in deep learning. It can be seen in Figure

5.3 that the error percentage is getting lower with the increasing of training epoch

and is trending to about 6 percent which is acceptable to some extent. Moreover, by

providing the other 9 results, shown as in in Figure 5.4, from the different samples

and different trained models, the ANN scheme verifies its potential to approach the

optimal solution with the superiority of less time.

On the other hand, as the initial object of the proposed optimization problem,

total transmit power is also studied and analyzed. Based on three total power results

from the random test samples, the ANN scheme performs a neglected gap comparing

with the optimal solution. Figure 5.5, Figure 5.6, and Figure 5.7 jointly confirm and

validate the effectiveness of the ANN scheme. The reliability of power allocation from

this scheme is also validated.
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Figure 5.3: Performance of error percent for the proposed ANN approach.
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Figure 5.4: The other 9 results about the performance of error percent.
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Figure 5.5: Comparable evaluation of total power from optimal solution with that
from the proposed ANN approach 1.
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from the proposed ANN approach 2.
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Chapter 6

Concluding Remarks

6.1 Summary

In this thesis, we proposed two energy-efficient FG AF relay assisted OFDM-IM

schemes, aiming at reducing the total transmit power given an outage probability

constraint, with different CSI condition. In the first condition with the same CSI

among different subcarriers, we investigated the formulated power allocation problem

and relaxed it by some approximations. The relaxed problem can thus be solved

by convex programming techniques within polynomial time and the yielded solutions

are comparable to the solutions generated by the brute force search. The analysis of

computational complexity was also provided to verify the computing advantage of the

proposed power allocation scheme for real-time communications. As for another con-

dition, based on the similar formulated power allocation problem, utilizing ANN deep

learning method becomes a proper scheme. Performance evaluation of the proposed

approach and brute force search also validates the reliability of energy efficiency.

6.2 Future Research Work

The work and results presented in this thesis may be extended to some future research

directions in the following subsections.

• In our schemes, we first pre-set a simple and classic OFDM-IM SAP, meaning

that we don’t consider the event that SAP selection may affect the result of

power allocation. In [39], the author proposed an optimal selection strategy of
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OFDM-IM to aiming at maximizing the energy efficiency. It’s a promising re-

search direction to combine this work with our relay assisted OFDM-IM system.

Not only that power allocation based on this combined system employes good

potential, but also performance evaluation including BER, spectral efficiency or

other indices are attractive targets.

• OFDM with type-1 generalized index modulation (OFDM-GIM1) [40], as one of

the families of OFDM-IM, support a different SAP selection that the number of

active subcarriers in each OFDM subblock may be different. To achieve higher

spectral efficiency and better BER performance, even in [41], there exists a

proposed upgraded version of OFDM-GIM1 where the constellation symbols

may be different in each OFDM subblock. They can both significantly boost

the spectral efficiency, however, the energy efficiency is not considered. We can

modify our scheme from these schemes, and it will be an interesting challenge

to seek a proper tradeoff between power allocation and spectral efficiency.
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APPENDICES

A Objective Transformation between Outage Probability

and Average SNR

In order to facilitate the following analysis, we define two parameters as

a = 2T

√
η2

PtPrµ1µ2

b =
Tη1

Ptµ1

(A.1)

Accordingly, we obtain

Po(s) = 1−
(
a
√
s exp (−bs)K1

(
a
√
s
))T

, (A.2)

and

E {γ(k, n)} =
1

b
+

a2

4b2
exp

(
a2

4b

)
Ei

(
−a

2

4b

)
. (A.3)

Then, according to the asymptotic formula from [42] as

Kv(x) ∼ 1

2
Γ(v)

(x
2

)−v
(v > 0, x→ 0), (A.4)

where Γ(·) returns the complete gamma function. We can further approximate Po(s)

to
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Po(s) ∼ 1−

(
a
√
s exp (−bs)1

2
Γ(1)

(
a
√
s

2

)−1
)T

= 1− exp (−bs)) < Ψth.

(A.5)

Considering (A.3), we combine it with the asymptotic formula from [43] as

e−xEi (x) ≥ − log

(
1− 1

x

)
, (A.6)

and finally we have that

E {γ(k, n)} ≥ 1

b

(
1− a2

4b
log

(
1 +

4b

a2

))
. (A.7)

Considering the function f(x) = 1 − x log
(
1 + 1

x

)
which is obviously shown that

when x→ 0, f(x)→ 1, we can obtain the approximal of min {E {γ(k, n)}} as 1
b
. By

(A.5 ), we can derive a result as

b <
log
(

1
1−Ψth

)
sT

, (A.8)

which can be substituted here. Without loss of generality, we let

γth =
sT

log
(

1
1−Ψth

) . (A.9)
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B Derivation of the Gap between E {γ(k, n)} and γ̃(k, n)

In order to derive a specific numerical value of the lower bound on average SNR

E {γ(k, n)}, we use Jensen gap [44] to approach it, which is given by

δ = |E {γ(k, n)} − γ̃(k, n)| . (B.1)

According to (3.3), we can express E {γ(k, n)} in an alternative form as

E {γ(k, n)} = PtPrµ1E

{
1

TPrη1 + T 2η2
G2(n)

}
. (B.2)

To align with the form given above, we define an auxiliary function as

g(G2(n)) =
1

TPrη1 + T 2η2
G2(n)

(B.3)

to facilitate the following analysis. We can also easily obtain the derivative of g(G2(n))

with respect to G2(n) as

g′(G2(n)) =
T 2η2

(T 2η2 + TPrη1G2(n))2 . (B.4)

According to the lemma in [44], we obtain

δ ≤ sup
x

{
g(x)− g(µ2)− g′(µ2)(x− µ2)

(x− µ2)2

}
Var[G2(n)]PtPrµ1, (B.5)
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where Var[X] denotes variance of X. Finally we we obtain

δ ≤ PtP
2
r Tη1µ1µ

2
2

(TPrη1µ2 + T 2η2)2 . (B.6)
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