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Verily, in the creation of the heavens and the earth, and in
the alternation of the night and the day, and in the ships
(and vessels) which sail through the ocean carrying cargo
profitable for the people, and in the (rain) water which
Allah pours down from the sky, reviving therewith the
earth to life after its death, and (the earth) in which He has
scattered animals of all kinds, and in the changing wind
directions, and in the clouds (that trail) between the sky
and the earth, duty-bound certainly, (in these) are (many)
signs for those who put their reason to work.

(Al-Baqarah : 164)
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Abstract

In this work, we present a novel method which employs joint Au-
tomatic Repeat reQuest (ARQ) mechanism for Partial Automatic
Repeat reQuest (PARQ) in multiple-input multiple-output (MIMO)
systems with orthogonal frequency division multiplexing (OFDM)
signaling. The thought behind PARQ is to retransmit only par-
tial copy of information symbols sequence rather than retransmit-
ting the whole sequence. The receiver makes use of joint detec-
tion by exploiting observations from multiple transmissions. As a
direct consequence of partial retransmission, the bandwidth and
power efficiency of the overall system is improved considerably
without much decrease in the performance. The channel estima-
tion is pivotal to any communication system and its estimation er-
ror directly affects the performance of MIMO-OFDM system. In
order to acquire channel knowledge, conventional communication
systems rely on pilot assisted approaches at the expense of band-
width and power resources. In this work, we omit training se-
quence during retransmission and combine both blind and training
based strategies to estimate channels in semi-blind fashion. In or-
der to evaluate efficacy of the proposed PARQ method, we also pro-
vide throughput comparison between Chase-Combining hybrid-
ARQ (CC-HARQ) approach with proposed partial ARQ method.
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Chapter 1

Introduction

1.1 Motivation

In recent years, exponential growth in demand for higher data rate in wire-
less networks has sparked cross-layer receiver design. Diversity techniques
in communication system through MIMO are the core of modern communi-
cation standards. The use of multiple antennas both at transmitter and re-
ceiver can combat many problems including fading and interference. MIMO
systems offer advantages like spectral efficiency, capacity [1], beamforming
and space time coding [2]. Along with MIMO systems, various techniques are
combined to achieve further enhancements like high data rates and power effi-
ciency. Among all the methods, one of these is Orthogonal Frequency Division
Multiplexing.
In MIMO OFDM signaling, a frequency-selective wide-band spectrum is di-
vided into several parallel flat-fading equal bandwidth sub-channels in order
to combat inter-symbol interference (ISI) [2] . That results into low complex-
ity receiver. This makes channel equalization and receiver design very simple.
Due to simple receiver design under OFDM signaling, OFDM is an emerging
technology for future wireless standards. In particular, many wireless stan-
dards such as WiMAX, Long Term Evolution (LTE), LTE Advanced, DVB (Dig-
ital Video Broadcast) have adopted OFDM technology [3].
Automatic Repeat reQuest (ARQ) has been used to ensure system reliability by
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INTRODUCTION

retransmitting the data packets which are not correctly received during first or
subsequent transmissions. Capacity achieving channel codes such as low den-
sity parity check (LDPC) and Turbo codes along with ARQ techniques enhance
the robustness of the wireless communication systems. In order to maximize
throughput for all kinds of channel conditions, hybrid ARQ (HARQ) has been
of great interest in research and development community [4]. A HARQ sys-
tem consists of conventional ARQ method with forward error correcting codes
(FEC) for error detection and correction. Function of FEC in HARQ is to reduce
the number of transmissions by correcting errors. HARQ method is further
classified into type-I and type-II hybrid ARQ methods [5]. In type-I HARQ,
receiver does not combine data from multiple transmissions for joint detec-
tion. However, in type-II HARQ, receiver keeps data from multiple transmis-
sions for joint detection. Type-II HARQ is further classified into Chase Com-
bining (CC) and Incremental Redundancy (IR). In CC-HARQ [6], if receiver
can recover corrupted bits, it saves received data and generates retransmission
request for the transmitter. In response to retransmission request, transmit-
ter retransmits full original packet and receiver combines multiple copies of
the same packet for joint detection. In IR-HARQ scheme, transmitter sends
more parity bits in response to retransmission requests. Type-II HARQ [6, 7]
is set to be part of both the present and future wireless standards like long
term evolution(LTE) [3], advanced LTE and Worldwide Interoperability for Mi-
crowave Access(WiMAX) [8]. Due to efficacy of type-II HARQ, it is adopted
in WIMAX, LTE and advanced LTE standards. Most attention has been paid
to HARQ methods that involve FEC codes along with ARQ. However, very
few work has been done on HARQ techniques that involve modulation layer
of the wireless system [9, 10, 10, 11]. In CC-HARQ, after the packet has been
received and evaluated whether it is received error free or a retransmission is
necessary, CC-HARQ enables transmitter to send a full copy of data packet. In
many situations only a few errors occur during transmission, so it would be
power and bandwidth efficient to retransmit only a portion of sequence rather
than retransmitting the whole sequence. In method proposed for single-input
single-output SISO OFDM system [10], a decimated copy of the original OFDM
symbol is transmitted against retransmission request. This method is named as

2



INTRODUCTION

Partial ARQ (PARQ) and improves bandwidth and power efficiency by jointly
detecting data from multiple transmissions.

1.2 Problem Statement

In our work, we extend work in [10] to MIMO OFDM systems. Previous works
ignored the involvement of modulation layer of the wireless systems.In many
situations only a few errors occur, so it is desired to transmit only some por-
tion of the data packet. In our simulation results, we demonstrate that PARQ
based joint detection scheme for OFDM MIMO systems can significantly re-
duce the BER of single transmission. We also expect that PARQ is power and
bandwidth efficient as compared to full retransmission due to the fact that we
omit training during retransmission and retransmit decimated copy of original
information sequence.

In traditional ARQ, for distortive channels, channel estimation is carried
out for each retransmission. Training sequences are often used for channel es-
timation for every retransmission which is costly especially for MIMO systems
and are prone to inter-symbol interference. So, it is desired to conserve the
bandwidth if retransmission uses least number of training sequences. In pur-
suit of saving the bandwidth, joint channel estimation is introduced but we
make use of joint semi-blind channel estimation that promises to be spectrally
efficient in partial ARQ.

In this dissertation, we address that joint semi-blind estimation can achieve
comparable results to training based estimation. It takes advantage of training
symbols during first transmission and blind subspace based channel estima-
tion is used during retransmissions. Particularly, we exploit both training and
second order statistics to formulate a semi-blind algorithm achieving better
performance.
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INTRODUCTION

1.3 Dissertation Outline

The organization of remaining dissertation is as follows:
Chapter 2 introduces the concepts of MIMO and OFDM. Issues and advan-
tages relating MIMO systems are discussed. A comprehensive overview of
OFDM is also presented in this chapter.
Chapter 3 summarizes the incentives of using HARQ by evaluating the short-
comings of the methods used previously like ARQ. The protocol of HARQ is
given along with different types of HARQ. Puncturing in the HARQ frame-
work is linked with the next chapter by providing its need.
Chapter 4 provides the details of proposed algorithm for PARQ Transceiver
with MIMO OFDM. New Signal detection algorithm is presented in this chap-
ter. A new modified technique for semi-blind channel estimation is also dis-
cussed in this chapter.
Chapter 5 consists of the simulation results and performance analysis of the
proposed PARQ method. The results demonstrate that the proposed algorithm
for signal detection and channel estimation provide a bandwidth and power
efficient alternative.
Chapter 6 concludes this dissertation by providing a brief summary of major
achievements and suggestions for possible extensions to the present work.

4



Chapter 2

MIMO OFDM

Over the past few years, there has been increasing demand for high data rates
in wireless communication systems. This demand has attracted research com-
munity to provide solutions of exploding demands of users. OFDM has re-
cently evolved as main signaling technique to achieve high throughput at low
receiver complexity. In particular, OFDMA signaling is adapted by LTE due to
its potential to achieve high throughput. OFDM is basically a type of multi-
carrier transmission technique. MIMO OFDM systems offer many advantages
such as simple implementation, multi-user system access, robustness to nar-
row band interference and increase in capacity for slow fading channels. Due
to these advantages, MIMO OFDM systems have gained attention in recent
standards like LTE, DAB and DVB. The main attraction of OFDM is its prop-
erty of converting frequency selective channels into multiple and orthogonal
frequency flat sub-carriers. Thus, the equalizer at the receiver has a very low
complexity. The use of guard band in OFDM further helps to combat against
ISI.

2.1 Characteristics of Mobile Channel

The quality of communication in mobile radio systems mainly depends upon
behavior of the channel. Different obstacles cause reflections to the transmit-
ted signal. Hence, the received signal arrives with different gains and delays.

5



MIMO OFDM

TransmitterReceiver

Figure 2.1: Multipath Propagation

Due to these reflections, mobile communication channel or medium is mostly
characterized by non-line-of-sight (NLOS). Reliable wireless communication
becomes a difficult task when the transmitted signal is degraded by inter sym-
bol interference along with multipath fading. To fully understand the concepts
of wireless communication, one must clearly understand the basic propagation
characteristics of channel and techniques applied. A description of inherent
properties governing wireless communication systems is discussed in the next
section.

2.1.1 Multipath Propagation Model

Mostly in mobile radios, communication occurs through medium that is rich in
scattering. Such mediums are known as NLOS mediums. The presence of var-
ious objects like trees, buildings, houses in the environment affect the signals
in different ways. These affects include reflection, diffraction and scattering.
Due to the reflections from obstacles radio waves travel along different paths
and arrive at different times at the receiver as illustrated in Figure 2.1. The
interactions between waves introduce multipath fading and when these are
combined at any location, their strengths vary depending on the constructive

6
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frequency(a)Single Carrier

frequency(b)Multi Carrier

Transmission Bandwidth

Subcarrier 1 Subcarrier 2 Subcarrier 3 Subcarrier 4

Figure 2.2: Single vs. Multiple Carrier Transmission

and destructive combination. Thus the received signal can vary significantly
both in amplitude and phase.

The fading is normally classified into two parts; large-scale fading and
small-scale fading [12, 13]. Large-scale fading materializes in shadowing and
path loss, which attenuates average signal power over large areas. Small-scale
fading exemplifies itself by the drastic changes in signal amplitude and phase
because of the small variations in the environment. To mitigate these fading
effects various transmission techniques have been put forward. The analysis
of these transmission techniques is presented next.

2.1.2 Single Carrier versus Multi-carrier Transmission

In single carrier transmission, transmitted signal is spread over the whole
bandwidth and single information symbol is released at a time as is depicted
in Figure 2.2. Consider N symbols each having symbol period T, i.e. data
rate R= 1

T , are transmitted through channel having bandwidth B. For reliable

7
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communication at data rate R, the minimum bandwidth required is R
2 . It is

evident that due to high data rate requirement, wider bandwidth with its effi-
cient use is needed to meet the aforementioned need. As the signal bandwidth
becomes larger than the coherence bandwidth the multipath effects become
more significant, resulting in inter-symbol interference (ISI). The complexity
of the receiver increases drastically with the increase in ISI. So, single carrier
transmission doesn’t offer a feasible solution due to high complexity of the
receiver.

To resolve the issues of single carrier transmission, multiple carrier trans-
mission was introduced in order to achieve higher data rates with low com-
plexity receiver [14]. The basic idea behind multi-carrier transmission is shown
in Figure 2.2, in which a wideband channel is approximated by several nar-
rowband channels, each at a different center frequency and each signal can
be modulated independently [14]. This converts frequency selective channels
into frequency flat channels which significantly reduces the complexity of the
receiver. Multi-carrier transmission schemes are opted with MIMO systems in
almost all of the recent standards.

Tx0

Tx1

Tx Nt Rx Nr

Rx1

Rx0

MIMO System

Figure 2.3: MIMO System
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2.1.3 Multiple Input Multiple Output (MIMO)

The deployment of multiple antennas both at transmitter and receiver, com-
monly known as Multiple Input Multiple Output (MIMO) has significantly
improved the overall throughput of any communication system in a cost effec-
tive manner. The data rate can be significantly increased by sending multiple
streams through different antennas each of them treated independently. A pic-
torial description of MIMO system is shown in Figure 2.3.

The concept of MIMO has been under the radar for many years for all kinds
of systems such as array signal processing for beamforming. The concept was
first introduced in 1984 [15]. In this seminal work, multiple antennas are used
to transmit data from multiple users over the same channel. Many works have
been published and implemented since then [16, 17]. MIMO systems offer
many advantages including diversity, array gain, spectral efficiency and ca-
pacity.
Diversity
A MIMO system is capable of achieving transmit diversity by transmitting
copy of the same information through independent transmit antennas by con-
structing space-time block code [17, 18]. At the receiver, signals from multi-
ple antennas can be combined to reduce amplitude variations from multipath
hence increasing the throughput. On the same lines, multiple antennas can be
installed at the receiver to introduce receive diversity. The information from
multiple receive antennas can be combined to decrease the probability of error.
Array Gain
By exploiting the correlation characteristics between the combined signals from
multiple antennas both at transmitter and receiver, Signal to noise ratio(SNR)
can be increased. This increase in signal power is termed as array gain and it
increases with the number of antennas.
Spectral Efficiency and Capacity
Data rates can be increased by transmitting multiple streams through multi-
ple antennas at same time without consuming more bandwidth or power. As
the number of transmitters and receivers increase spectral efficiency, system
capacity also increases [16].
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Precisely due to the above mentioned advantages, MIMO technology is the
critical part of present and future wireless standards. A large amount of focus
has been laid on the enhancements in MIMO systems like beamforming [19].
A complete overview of MIMO enhancements and their performances can be
viewed in [20]. Latest standards like 3GPP release 8 LTE has included MIMO
as a critical technology even in its development stage. New releases have also
accepted the advantages of MIMO and it is set to be integral part of almost
every future standard. Multiple antennas are part of discussion under OFDM
signaling in the next section.

2.2 OFDM Basics

Orthogonal Frequency Division Multiplexing is specifically a type of multicar-
rier transmission scheme which offers an attractive solution for high data rate
communication systems. OFDM converts the frequency selective channel into
multiple frequency non-selective channels. The channels are overlapping but
still orthogonal. Orthogonality of sub-carriers overcomes the need for guard
bands between sub-channels and makes it highly spectral efficient. In addition,
the orthogonality allows the receiver to separate the sub-channels. As a result,
the receiver complexity is low in OFDM systems. Due to promising features
of OFDM, LTE adapted OFDM together with channel coding. More insight
on the background and theoretical model of OFDM is given in the following
section.

2.2.1 OFDM Background

OFDM has emerged as a strong candidate for recent standards both in wired
and wireless environments. OFDM has been adopted by recent and future
standards like WiMax, LTE and DVB [3]. It has also been the part of wired
standards such as Asymmetric Digital Subscriber Line (ADSL) and High bit
rate Digital Subscriber Line (HDSL) [21]. The idea of OFDM was first intro-
duced by Chang in 1966 [22].
In traditional Frequency Domain Multiplexing (FDM) techniques bandwidth
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is divided into non overlapping sub-carriers which are independent of other.
Thus, each sub-carrier can be modulating separately and interference is re-
duced. In OFDM, sub-carriers overlap with the neighboring sub-carriers but
are still orthogonal to each other. This overlapping conserves valuable band-
width if the orthogonality remains intact. In the early days of OFDM sinu-
soidal sub-carriers were used which required signal generators and other hard-
ware, but the complexity and cost of hardware were increased by increase in
the number of sub-carriers. It was not until 1971 that a modified OFDM system
has been proposed by Weinstein and Ebert [23], which used Discrete Fourier
Transform (DFT) to generate orthogonal signals as sub-carriers. This signifi-
cantly reduced the complexity of OFDM system. Inverse Digital Fourier Trans-
form (IDFT) is used to modulate the signals while demodulation is carried out
by taking the DFT. This ensures both the overlapping and orthogonality prop-
erty. Another notable advancement in OFDM system was made by Peled and
Ruiz [24] in the year 1980. They have introduced the notion of cyclic prefix
(CP) which is essentially a null or guard band appended cyclically either at the
end or beginning of every OFDM symbol. Addition of CP is vital to mitigate
inter block interference of OFDM symbols and maintain orthogonality of sub-
carriers [2].
OFDM in LTE(3G) and LTE Advanced (4G) allows adaptive modulation and
channel coding (AMC) to enhance spectral efficiency. Furthermore, multi-user
OFDM in LTE called OFDMA [25] is key to QoS and spectral efficiency.

S/P FFT

P/S

CP

Bits To 

Mapper

Figure 2.4: OFDM Tranmitter
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2.2.2 OFDM System Model

In a wireless environment, the receiver may incur ISI due to the multipath
where each path has different delay. OFDM is an alternative to counter this ISI.
In OFDM, the serial data bk is first converted into N parallel streams. This con-
version transforms the symbol time to be greater than maximum delay spread
of channel. This increase in the symbol time reduces the effect of inter-symbol
interference. Moreover, the receiver complexity is also reduced significantly,
provided the channel response remains constant during the transmission of
one OFDM frame. System model of OFDM transmitter is depicted in Figure
2.4. Let us consider MIMO OFDM system with nr and nt receive and trans-
mit antennas, respectively. Each transmit antenna will have the information
sequence of length N. Note that N is number of OFDM sub-carriers. The sym-
bols before the FFT operation are of the form sk ∈ Cnt(N)×1, where k is the
time index of the OFDM symbol. It is important to note that each sub-carrier
among the modulated streams can be modulated independently using Phase
Shift Keying (PSK), Quadrature Amplitude Modulation (QAM) or any other
modulation technique. But in our case we are restricting to same modulation
scheme during whole communication. Some of the ISI is removed due to se-

OFDM symbol OFDM symbol 

CP CP 

Ts Tcp

Tofdm

n
th

(n+1)
th

Figure 2.5: Cyclic Prefix

rial to parallel (S/P) conversion, the remaining ISI is removed by inserting a
guard band to the time domain signal. The guard band known commonly as

12
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cyclic prefix, is inserted by adding a copy of last Lcp values either at the end
or beginning of every OFDM symbol. After the insertion of CP, OFDM symbol
results in total length of N + Lcp symbols. The length Lcp of CP is chosen such
that it is greater than the maximum delay spread of channel. The process of
addition of CP is shown in Figure 2.5. One added advantage of CP is that it
turns the linear convolution into circular convolution. This advantage makes
the implementation of FFT at the receiver very simple [2].
N point FFT is applied to the modulation symbols to get the symbols s̃k ∈
Cnt(N+Lcp)×1 as the output of the OFDM transmitter. These symbols are trans-
mitted through the channel.

FFT

S/P

Remove

CP

Xk[0]

Xk[1]

Xk[2]

Xk[N-2]

Xk[N-1]

Yk[0]

Yk[0]

Yk[LCP-1]

Yk[1]

Yk[LCP-2]

Yk[LCP-1]

Receive

Antenna

Yk=H........

Figure 2.6: OFDM Receiver

Let us denote hnr,nt as the channel response vector from any transmit an-
tenna nt to the received antenna nr. The length of each vector will be L+ 1. Due
to the transformation from linear to circular convolution, the channel matrix of
MIMO OFDM will be block circulant. The noise introduced by the channel is
considered to be Gaussian. Let wk ∈ Cnt(N+L) be the additive white Gaussian
noise. At the receiver, exactly the inverse operations are performed. System
description of OFDM receiver is shown in Figure 2.6. Firstly, Lcp many sym-
bols, which were placed at the end of every OFDM symbol at the receiver, are

13
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removed from the modulated signal. The remaining samples are converted
into frequency domain by the implementation of FFT.

The CP added into the OFDM symbol converts this linear convolution into
circular convolution. The circular convolution is efficiently implemented by
FFT by simple multiplication. Thus, the received signal can be written in sim-
plified form

xk = Hs̃k + wk, (2.1)

where, for the MIMO transmission the channel matrix will be of the form:

H =


H(1,1) . . . H(1,nt)

... . . . ...
H(nr,1) . . . H(nr,nt)

 , (2.2)

where

H(nr,nt) =



h0 h1 . . . hL 0 . . . 0

0 h0 h1 . . . hL
. . . ...

... . . . . . . . . . . . . . . . ...

0 . . . 0 h0 h1 . . . hL

hL
. . . . . . 0 h0 . . . hL−1

... . . . . . . . . . . . . . . .
...

h1 . . . hL 0 . . . 0 h0


. (2.3)

The transformation of convolution into multiplication makes equalization
very simple. The detailed equalization process will be discussed in Section 2.3.

2.3 OFDM Receiver

Transmitted information symbols can be estimated by the receiver in optimal
and sub-optimal fashion. The information symbol vector can be estimated us-
ing matrix model of k − th sub-carrier in Equation (2.1). There is always trade-
off between complexity and performance in the receiver design.
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2.3.1 Symbol Detection

Consider a MIMO system with nr and nt receive and transmit antennas, re-
spectively. The received signal is given in (2.1). Linear receiver design can be
implemented as lower complexity ZF and MMSE equalizers. However, opti-
mal ML detection can be carried out at the expense of complexity. Sub-optimal
ZF receiver can be written as

ŝk = H†xk (2.4)

where
H† = (HHH)

−1
HH (2.5)

is pseudo inverse of channel matrix Hk of the k − th sub-carrier. In some appli-
cations, no compromise in the performance can be tolerated. In such applica-
tions, optimal detectors which use exhaustive search in their implementation
are used. The non-linear optimal ML detector is the most commonly used. Let
ŝML

k be the ML estimate of the respective symbol vector written as :

ŝML
k = arg min

sk∈A
∥ xk − H · sk ∥2 (2.6)

where A is the set of the constellation symbols. Note that aforementioned op-
timal and sub-optimal receivers assume full channel knowledge. Receiver can
acquire channel knowledge at the expense of bandwidth resource by transmis-
mitting training sequence known to the receiver.

2.3.2 Channel Estimation

Non-Coherent signal detection doesn’t require any channel knowledge. But
in most practical systems, coherent signal detection is the only option. For
non-coherent detection, estimation of the channel is required which affects the
overall receiver performance. Channel estimation uses training or pilot sym-
bols known to both the transmitter and receiver to estimate the channel.
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2.3.2.1 Training based Channel Estimation

To achieve good performance, training symbols are used to estimate the chan-
nel. The receiver has complete information about the training symbols. Based
on the received signal passed through the channel, the channel is estimated.
The tradeoff between better performance is the symbols used in training which
reduce the efficiency. The training symbols are embedded in a frame which
consists of payload and training symbols. In traditional single antenna sys-
tems training symbols constitute only a fraction of the frame. Assuming that St

training symbols are transmitted, the received vector Yt after passing through
the channel h can be represented by

Yt = Sth + w, (2.7)

where w is the additive white Gaussian noise. The least square estimate [26]
for training based estimation can be given by

ĥ = min
h

∥yt − Sth∥2. (2.8)

2.4 Summary

In this chapter a brief overview of the OFDM system is presented. The gain of
using multi-carrier transmission scheme for transmission is also analyzed. The
need and advantages offered by the use of MIMO are presented as well. The
receiver design for MIMO OFDM system is the focus of this chapter. Receiver
design includes the process of signal detection for coherent systems. Optimal
and sub-optimal signal detection is investigated. To conclude, channel estima-
tion based on the training symbols for non-coherent systems is also evaluated.
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Chapter 3

Hybrid ARQ

Hybrid- ARQ is basically a technique to ensure system reliability and through-
put by combining ARQ and FEC, respectively. As opposed to conventional
ARQ method,HARQ receiver combines information from multiple transmis-
sions to improve overall performance. A little attention has been paid on FEC
in this work. Our focus is solely on the ARQ method.

3.1 Retransmission Need

The fundamental objective of any communication system is to transmit data
from one location to another without errors at higher data rate. Many ap-
proaches exist in literature and implemented in existing communication sys-
tems to achieve this objective. In wireless systems, multipath introduces ISI
and the noise effects make it very difficult to detect the information sequences
at the receiver. When few errors occur, FEC can help to correct the errors if they
fall within the error correcting capability of the FEC. In this way the number of
retransmissions can be reduced significantly. To further improve the through-
put of system many approaches can be considered. One approach is to use
more powerful FEC at the transmitter which improves the system reliability.
However, such strong coding introduces large amount of redundancy. Also, in
case of severe channel, even the powerful coding is not sufficient to guarantee
error free communication. Thus, it is necessary to retransmit the whole data if
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errors occur during communication.

3.2 Automatic Repeat reQuest (ARQ)

Automatic Repeat reQuest is basically a feedback method from the receiver to
transmitter. It makes use of acknowledgment (ACK) and Negative acknowl-
edgments (NACK) signals for controlling the transmission flow from the trans-
mitter. The process continues until the maximum number of retransmissions
are reached which is termed as timeout. An acknowledgment can be defined
as a message which is a feedback that assures the successful transmission of
packet. If the receiver fails to detect correctly, it feedbacks a negative acknowl-
edgment (NAK) to the transmitter or if the transmitter doesnt receive any ACK
within a specific time it retransmits declaring the packet transmitted as erro-
neous. An ARQ system can be decomposed into three major types depending
on the latency and ways in which packets are retransmitted. These three types
are Stop and Wait, Go Back N and Selective ARQ. A brief description of all of
them is covered in this section.

A B C D E F G H I

A B C

A B C D E F

A B C D E F

D E F G H I

ACK
(C)

NAC
K(E)

Transmitter Receiver

D E F G H I

A B C D E F G H I

G H I

ACK
(F)

Figure 3.1: Stop and Wait Scheme over Four Transmissions
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3.2.1 Stop and Wait

In Stop and Wait, the transmitter sends only one packet consisting of code-
words at any given time. After sending the packet, transmitter waits for either
the ACK or NACK signal. If ACK is received at the transmitter, this implies
that the packet has been successfully delivered. The transmitter sends the next
packet after successful transmission of previous packet. If NACK is received,
the transmitter retransmits the same packet. Figure 3.1 illustrates the proce-
dure of Stop and Wait ARQ. Stop and wait ARQ method suffers from through-
put loss as transmitter stays in idle mode while waiting for ACK/NACK. As a
result, it introduces large latency in the performance of overall system. More-
over, the efficiency of the overall system using Stop and Wait is considerably
lower. The issue of throughput loss can be addressed by Go Back N method
discussed next.

3.2.2 Go Back N

Unlike the Stop and Wait scheme, N numbers of packets are transmitted on
the channel. The transmitter doesnt wait for ACK or NACK. Also, an ACK of
L − th packet ensures that all pevious L-1 packets are successfully delivered
to the receiver. Figure 3.2 illustrates the Go Back N scheme. The acknowledg-

A B C D E F G H I

A B CA B C D E F G H I

A B C D E F

A B C D E F G H I

A B C D E F G H I

A B C D E F G H I

D E F G H I

G H I

G H I

ACK
(C)

ACK
(F)

NAC
K(H

)

ACK
(I)

Transmitter Receiver

Figure 3.2: Go back N
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ment and negative acknowledgments of respective packets in this scheme are
differentiated with a number. The main problem with Go Back N design is
that whenever an error occurs, the transmitter has to retransmit all the pack-
ets since the last acknowledgment. Although among these N retransmitted
packets, only a few packets can be in error while the rest are already received
successfully. In a communication system, normally the packet size is large so
large data sequences will be retransmitted as an overload. This decreases the
overall throughput of the system considerably.

3.2.3 Selective Repeat

A B C D E F G H I

A B CA B C D E F G H I

A B C D E F

A B C D E F G H I

A B C D E F G I

A B C D E F G H I

D E F G H I

G H I

H

ACK
(C)

ACK
(F)

NAC
K(H

)

ACK
(H)

Transmitter Receiver

Figure 3.3: Selective Repeat

The issues relating to Go Back N method can be solved by retransmitting
only the packets which correspond to negative acknowledgment. This tech-
nique is termed as Selective Repeat as only selected erroneous packets are re-
transmitted. Figure 3.3 illustrates the Selective Repeat scheme. Selective Re-
peat mechanism needs buffers at both the transmitter and receiver to save data
from previous transmissions. The ACKs and NACKs are numbered as was
done in Go Back N to represent a particular packet. This scheme increases
the throughput of the system substantially. The ARQ schemes are combined
with forward error correcting codes to form HARQ which further improves
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the throughput.

3.3 Hybrid ARQ

Although ARQ ensures error free communication but the throughput is vari-
able depending on the channel. In wireless communication, mostly the chan-
nels are frequency selective. These channels require large number of retrans-
missions and throughput of ARQ will be lowered. Moreover, irrespective of
the number of errors.For instance, if only a few errors occur during transmis-
sion, ARQ will have to retransmit. To minimize such retransmissions, ARQ
is combined with FEC to formulate HARQ [27]. In the case of limited errors,
FEC can help to decode the information sequences correctly. Thus, decreasing
the number of retransmissions. The throughput of the overall system can be
enhanced considerably by using HARQ.

Data

sent

Channel

Coding

Channel

Buffer

Buffer
Combin

ing

Channel

Decoding

Evaluati

onACK/NACK

Data

decoded

Hybrid

Combining all

transmissions

Store data

Received correct

or erroneous

Figure 3.4: HARQ System Diagram

3.3.1 Protocol

The main idea behind HARQ is combining information from both the erro-
neous first transmission and retransmission to decode the particular packet.
Prior to HARQ, the erroneous packet was considered to be useless. In HARQ
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protocol, the erroneous packet is saved in a buffer until the retransmission,
and information from both transmissions is used to jointly decode the packet.
A graphical view of HARQ protocol is shown in Figure 3.4. When the receiver
gets the packet, the first task is to decide whether the packet is transmitted for
the first time or retransmission has taken place. This is done by matching the
packet number of the current packet with the packets in the buffer. In case
packet numbers match, both the packets are combined and forwarded to the
decoder. In case of mismatch, the packet is simply forwarded with a copy of
packet being stored in the buffer for future use. If the decoding of any packet is
successful, the receiver will send ACK to the transmitter and delete that packet
from the buffer.

3.3.2 Types of HARQ

HARQ is mainly classified into two types Type I (Chase Combining) and Type
II (Incremental Redundancy).

Code Rate=

3/5

1st Tx

 

Coded bits

2nd Tx 3rd Tx

Transmitted

Bits

Transmitted

energy Eb 2Eb 3Eb

Figure 3.5: Chase Combining

3.3.2.1 Type I (Chase Combining)

In Chase combining (CC), same packet is retransmitted again if NACK is re-
ceived at the transmitter. This technique was named after D. Chase [6] who
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introduced it for first time. The data from the first transmission is saved and
data from retransmission of same ensemble are combined for decoding at the
receiver. The schematic diagram of CC-HARQ is shown in Figure 3.5. The
packets are combined using a method commonly known as maximal ratio
combining (MRC). Each packet is combined after assigning a weighting fac-
tor chosen according to the reliability of estimate. Chase combining uses SNR
statistics from all transmissions which makes packets into easily decodable.
The code rate during the retransmission is same unlike other approaches of
HARQ. The main drawback of Type I HARQ is the inability to provide coding
gain.

1st Tx

Info

Redundancy

InfoInfo Info

Coded bits

2nd Tx
3rd Tx

Redundancy Redundancy

Figure 3.6: Incremental Redundancy

3.3.2.2 Type II (Incremental Redundancy)

In incremental redundancy (IR), only parity bits are retransmitted unlike CC.
The data from subsequent transmissions is combined and decoding is done
using this combined data. The selection of bits for retransmission is based on
different criteria like channel norm or condition number and varies with appli-
cation need. The code rate during retransmission is lower than the rate during
first transmission. Figure 3.6 shows the working of Type II HARQ. At first,
data is encoded by any coding scheme to generate a full codeword sometimes
referred as mother-code. Some portion of packet after adding redundancy is
transmitted during first transmission. If the transmitter gets NACK, a new re-
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dundancy is added to same bits. The receiver combines data from both trans-
missions to form a codeword of lower rate R2 less than R1, where R1, R2 is
the rate of first and second transmission, respectively. IR method provides
coding gain as opposed to CC, thus its performance is much better than the
prior. But this is not true in general. A performance comparison between CC
and IR is demonstrated by Dimitris [28]. It is concluded in [28] that CC and
IR can perform better based on that application complexity can be kept rea-
sonable. In real HARQ systems, forward error correcting codes (FEC) are also
used for reliable communication. The basics of forward error correcting codes
is discussed in the next section 3.4.

3.4 Low Density Parity Check(LDPC)

Low Density Parity Check codes have been included in many recent wireless
communication standards like IEEE 802.16e, IEEE 802.20, IEEE 802.3 and DVB
standards. The reason for their inclusion is their ability to approach the chan-
nel capacity limits. LDPC codes were first proposed by Robert Gallager in
1962. LDPC codes have many other added advantages like code of any rate
and length can be constructed by parity check matrix. The ease of construction
as opposed to turbo codes are making LDPC codes a popular entity in present
research. The parity check matrix of LDPC codes is sparse i.e it contains only
a few number of 1′s as compared to 0′s. Parity checks are used for the validity
of codewords, even if errors occur. Moreover, low density parity check codes
use iterative decoding algorithms with the complexity much lower than turbo
codes.

3.5 Puncturing

Instead of either retransmitting the whole packet or adding different parity
bits, HARQ provides the flexibility to transmit only a portion of data (punc-
turing). Puncturing serves the benefit of saving overhead, bandwidth and
increasing the throughput. This problem is identified and explored recently
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by many researchers [9], [27]. In the next chapter we propose a new HARQ
scheme based on puncturing the data packet.

3.6 Summary

In this chapter need for the retransmission is discussed at first. Then conven-
tional method of ARQ is presented. Brief overview of techniques used in ARQ
are presented. Furthermore, HARQ protocol is reviewed. Two types of HARQ
i.e IR-HARQ and CC-HARQ, with their benefits and their demerits are investi-
gated. Within HARQ puncturing or partial retransmission of data is explored.
The importance of LDPC codes within the framework of HARQ is also dis-
cussed.
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Chapter 4

HARQ Transceiver Design

The previous chapters gave the basic understanding of MIMO systems, OFDM
and HARQ process. In this chapter, a novel method is proposed which in-
tegrates Partial Automatic Repeat reQuest (PARQ) with the orthogonal fre-
quency division multiplexing (OFDM) employing multiple input multiple out-
put (MIMO) systems. The motivation behind this work is to retransmit only
some fraction of the data instead of retransmitting the whole sequence. At the
receiver, joint detection is employed on the observations from multiple trans-
missions. The bandwidth and power saving of the overall system are the direct
benefits we get from the proposed method. It is worth noting that the perfor-
mance remains still comparable. The channel estimation is an integral part of
any communication system and its performance has direct consequence on the
overall performance of the system. Conventional systems use pilot based ap-
proaches for channel estimation which require resources like bandwidth and
power. In the proposed work, we omit training symbols during retransmis-
sions. Semi-blind channel estimation is performed at the receiver. The com-
plete PARQ system description is presented next.
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4.1 PARQ System Model

4.1.1 System Model

We consider MIMO-OFDM system equipped with nr and nt receive and trans-
mit antennas, respectively with N sub-carriers depicted in Figure 4.1. There
are nt information symbol streams of length N each transmitted from nt trans-
mit antennas. Let skj = [skj(1), . . . , skj(ℓ) . . . skj(N)]T ∈ CN×1 be the symbols
vector obtained by mapping information bits onto constellation set A of car-
dinality M. Note that vector skj is transmitted from the j-th transmit antenna,
where j = 1, . . . , nt and k is the time index. After OFDM modulation, signal
vector s̃kj ∈ C(N+L)×1 is transmitted over frequency selective channel vector
hi,j shown by top branch in Figure 4.1. The channel vector hi,j is assumed to
be of order L from j-th transmit antenna to the i-th receive antenna.

The stack of symbol vectors skj and modulated signals s̃kj are

sk =
[

sT
k1 . . . sT

knt

]T
and s̃k =

[
s̃T

k1 . . . s̃T
knt

]T
. (4.1)

In the case of retransmission, instead of retransmitting the same OFDM mod-
ulated signal s̃k, the signal vector xk is decimated to obtain xp

k before adding
cyclic prefix (CP) as shown by lower branch in Figure 4.1. Thus, in response to
retransmission, CP added OFDM modulated signal s̃p

k ∈ Cnt(
N
2 +L)×1 is trans-

mitted. For the sake of simplicity, we decimate the data symbols by a factor of
2.

The top branch in Figure 4.1 represents the typical MIMO-OFDM trans-
mission. For MIMO-OFDM system, the channel matrix will be block circulant
matrix because of the addition of CP to maintain orthogonality of OFDM sub-
carriers [30]. The bottom branch describes the retransmission procedure. Due
to large delay between the first and subsequent transmissions, we assume that
channel for each retransmission corresponding to an OFDM symbol is inde-
pendent. Also, we denote hp

i,j as the channel response vector for the partial
retransmission from j-th transmitter to i-th receiver. It is eminent that L is the
length of CP. We denote additive white Gaussian noise during the first and
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Figure 4.1: System model of PARQ method for MIMO-OFDM signaling

second transmission by wk ∈ Cnt(N+L)×1 and wp
k ∈ Cnt(

N
2 +L)×1, respectively.

4.1.2 Problem Formulation

A typical erroneous packet has fewer errors. The retransmission of bad packet
in full is unnecessary. Thus, most of the times, little more information (par-
tial packet) is sufficient for the receiver to recover from the errors. The pro-
posed method retransmits partial copy of the original data to achieve band-
width and power efficiency. We generate partial copy of original OFDM frame
by decimating output of inverse fast Fourier transformation (IFFT) block. For
example, with decimation factor 2, retransmission of partial packet achieves
50% of both bandwidth and energy saving. The receiver preserves observa-
tion from the first transmission of a bad packet for joint detection. The joint
detector exploits observation from the multiple transmissions at modulation
level to enhance reliability of the decoded data. Due to large latency between
first transmission and retransmission of a packet, we assume that their chan-
nel realizations are independent. The joint detection achieves diversity gain
discussed in Section 4.3.

In our problem formulation, for simplicity and without the loss of gen-
erality, we consider single retransmission of an erroneous packet. Extension
to multiple retransmissions is straightforward. Let FFT and IFFT matrices be
F and FH of order N × N for conventional SISO-OFDM system with N sub-
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carriers. For MIMO-OFDM system, we define F̃ ∈ Cnr N×nr N and F̂ ∈ Cnt N×nt N

as block FFT and IFFT matrices. The block circulant matrices H ∈ Cnr N×nt N

and Hp ∈ Cnr
N
2 ×nt

N
2 correspond to the first transmission and subsequent re-

transmissions, respectively [30]. Each block of the circulant matrix is con-
structed from the corresponding frequency selective channel of order L. We
also define block diagonal FFT matrix F̃p of nr diagonal block, where each
block is a FFT matrix Fp of order N

2 × N
2 to be applied at the receiver side of

the PARQ based MIMO-OFDM system. In order to generate decimated copy
of the original data for partial retransmission, we define block IFFT matrix
F̂p ∈ Cnt

N
2 ×nt N as follows:

F̂p =


PFH . . . 0

... . . . 0
0 . . . PFH

 ∈ C
nt

N
2
× ntN

,

where PFH =
[

FH
p FH

p

]T
is block matrix of N

2 -point IFFT matrix.
The relationship between the received signal after removing cyclic prefix

(CP) and the transmitted vectors for the first transmission and partial retrans-
mission with decimation factor of 2 as shown in Figure 4.1 can be written in
matrix form as

zk = F̃HF̂sk + F̃wk, (4.2)

zp
k = F̃pHpF̂psk + F̃pwp

k , (4.3)

It is clear from (4.2) and (4.3) that partial (punctured) retransmission of origi-
nal packet transmits fewer symbols that saves bandwidth and fewer symbols
translates into less energy. The joint detection by combining observations from
multiple transmissions improves detector quality at the expense of moderate
increase in complexity. The memory requirement to save data packet for joint
detection is same as that of conventional CC-HARQ. Similar to CC-HARQ
method, PARQ method also saves full packet observations for joint detection.
To achieve further bandwidth saving, we also propose joint semi-blind chan-
nel estimation by omitting pilot signal during partial retransmission discussed
in Section 4.4. Next, we discuss joint detection by combining observation of
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multiple transmissions of packet.

4.2 JOINT DETECTION

In this section, we develop joint detection model for MIMO-OFDM system
with PARQ method. The joint detection model for SISO system is presented
in [10]. In order to exploit observation from the first and subsequent trans-
missions, first, we develop joint detection model for PARQ receiver. Then, we
discuss complexity of the maximum likelihood (ML) and zero-forcing (ZF) re-

ceivers. Let z̃k =
[
zT

k (zp
k )

T
]T

∈ C
3Nnr

2 ×1 be the observation vector constructed
from the first transmission and partial retransmission of information symbol
vector sk for MIMO-OFDM system. The matrix form of system model for joint
detection is

z̃k = Hsk + w̃k,

where

H =

[
F̃HF̂

F̃pHpF̂p

]
and w̃k =

[
F̃wk

F̃pwp
k

]
.

Due to the fact that FFT bases diagonalize circulant matrix [30], we have

FH(i,j)F
H = D(i,j) =

[
D0

(i,j) o

o D1
(i,j)

]
∈ CN×N,

where H(i,j) is a circulant matrix corresponding to the channel from transmit
antenna j to receive antenna i. The diagonal matrix D(i,j) is split into two di-
agonal blocks D0

(i,j) and D1
(i,j) of size N

2 × N
2 each. Note that the elements of

diagonal matrix D(i,j) are coefficients of N-point FFT of channel vector from
transmit antenna j to receive antenna i during the first transmission. Similarly,
FFT bases can convert circulant matrix for partial retransmission into block
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diagonal matrix as follows:

FpHp
(i,j)PFH = FpHp

(i,j)

[
FH

p FH
p

]
=
[

FpHp
(i,j)F

H
p FpHp

(i,j)F
H
p

]
D̂p

(i,j) =
[

Dp
(i,j) Dp

(i,j)

]
∈ C N

2 ×N,

where diagonal elements of Dp
(i,j) are coefficients of N

2 -point FFT of channel
vector from transmit antenna j to receive antenna i during partial retransmis-
sion. Thus, joint channel matrix H can be written as block matrix

H =



D(1,1) . . . D(1,nt)
... . . . ...

D(nr,1) . . . D(nr,nt)

D̂p
(1,1) . . . D̂p

(1,nt)
... . . . ...

D̂p
(nr,1) . . . D̂p

(nr,nt)


∈ C 3

2 nr N×nt N.

Note that problem of joint detection of ntN symbols can be further divided into
N
2 smaller problems of joint detection of 2nt symbols each. For example, under
MIMO-OFDM system with 2 transmit antennas and 2 receive antennas, joint
detection of 2N symbols can be decoupled into N

2 smaller problems of joint
detection of 4 symbols each. As a result, computational complexity of both
sub-optimal and optimal detection is significantly lowered. Let D(i,j)(ℓ) be the
ℓ-th diagonal element of N point FFT of channel vector hi,j and represents gain
of ℓ-th sub-carrier, where ℓ = 1, . . . , N. The matrix model of joint detection
of m-th vector of four symbols for 2 × 2 MIMO-OFDM system under PARQ
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scheme with decimation factor of 2 is

z̃k(m) =



D11(m) 0 D12(m) 0
0 D11(m + N

2 ) 0 D12(m + N
2 )

Dp
11(m) Dp

11(m) Dp
12(m) Dp

12(m)

D21(m) 0 D22(m) 0
0 D21(m + N

2 ) 0 D22(m + N
2 )

Dp
21(m) Dp

21(m) Dp
22(m) Dp

22(m)




sk1(m)

sk1(m + N
2 )

sk2(m)

sk2(m + N
2 )

+ w̃k(m)

(4.4)

z̃k(m) = H(m)sk(m) + w̃k(m), (4.5)

where m = 1, . . . , N
2 . The matrix model for joint detection in (4.5) represent

flat-fading MIMO system of order 3nr × 2nt. The implementation of N
2 joint de-

tectors for flat-fading MIMO systems can be carried out using well-known ML
(optimal) or ZF (sub-optimal) detector [30, 31]. The complexity of the ZF re-
ceiver is lower than the ML receiver at the expense of performance loss. Next,
we discuss complexity of ZF and ML joint receivers for the proposed PARQ
method for MIMO-OFDM signaling.

4.2.1 Zero Forcing Detection

The ZF detector of the m-th joint detection model in (4.5) of MIMO-OFDM for
PARQ method is

ŝk(m) = H†(m)z̃k(m), (4.6)

where H†(m) is Moore-Penrose pseudo inverse of block matrix H(m) of the m-
th joint detector. The joint ZF detector for CC-HARQ method has almost same
complexity as that of single transmission. The ZF joint detection of nt symbols
for CC-HARQ with nt transmit antennas involves pseudo inverse of channel
matrix and has complexity O(n3

t ) [32]. Note that ZF joint receiver involves
channel matrix H(m) ∈ C3nr×2nt under decimation factor of 2. Therefore, the
complexity of ZF joint detector for proposed PARQ method is O(8n3

t ) [32].
Next, we discuss joint ML detection under PARQ of OFDM-MIMO system.
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4.2.2 ML Detection

For nr × nt MIMO-OFDM system with proposed PARQ method of N sub-
carriers, joint detection in (4.5) is modeled as N

2 parallel MIMO flat-fading sys-
tems of order 3nr × 2nt. There are N

2 smaller joint detectors of 2nt symbols
each. Thus, ML estimate of the m-th symbol vector as a result of joint detection
of m-th detector, where m = 1, . . . , N

2 , is

ŝk(m) = arg min
sk(m)∈Ã

∥z̃k(m)−H(m)sk(m)∥2, (4.7)

where Ã is set of M2nt vectors of length 2nt each. In (4.7), H(m) ∈ C3nr×2nt

is flat-fading channel matrix constructed from FFT coefficients of the channels
from the first and second transmissions for joint detection given in (4.5).

The number of multiplications of ML detector of MIMO system with nr

and nt receiver and transmit antennas, respectively, are 4nrntMnt + 2nrntMnt .
For CC-HARQ, the number of multiplications of N joint ML detectors of or-
der 2nr × nt are 8NnrntMnt + 4NnrntMnt . There are N

2 joint ML detector for
PARQ method of order 6nr × 2nt. Thus, the number of multiplications of the
joint ML detection of PARQ method of MIMO-OFDM system is 8NnrntM2nt +

3NnrntM2nt . The complexity of ML detector for PARQ and CC-HARQ meth-
ods is O(M2nt) and O(Mnt), respectively.

Next, we provide diversity analysis of proposed PARQ retransmission ap-
proach.

4.3 Divesity Analysis

In this section, we present diversity analysis of the proposed PARQ method for
SISO-OFDM and MIMO-OFDM systems. First, we show that PARQ method
for SISO-OFDM system achieves diversity of full retransmission (Chase com-
bining). Note that diversity of joint detector of CC-HARQ method for SISO-
OFDM system is 2. The following proposition provides diversity of PARQ joint
receiver.

Proposition 1. Joint detection of partial ARQ method for SISO-OFDM signaling
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achieves diversity of full retransmission.

Proof. For SISO-OFDM system, the channel matrix H(m) and information sym-
bol vector sk(m) in (4.5) of joint detector of PARQ method reduce to 3× 2 chan-
nel matrix and 2× 1 vector, respectively. The matrix form of model in (4.5) can
be rewritten as follows:

z̃k(m) =

 sk(m) 0 0
0 sk(m + N

2 ) 0
0 0 sk(m) + sk(m + N

2 )


 D(m)

D(m + N
2 )

Dp(m)

+ w̃k(m)

z̃k(m) = S(m)H⃗(m) + w̃k(m), (4.8)

There are M2nt possible codewords in codebook U . For simplicity and without
loss of generality, we omit index m from (4.8). Probability that codeword Sq is
detected when codeword Sp is transmitted for a given channel vector H⃗ is

Pr

(
Sp −−→

p ̸=q
Sq

)
= Q

√∥ △ SpqH⃗∥2

N0

 , (4.9)

where N0
2 is the noise variance and Sp − Sq = ∆Spq is an error matrix. The el-

ements of joint channel H⃗ are independent identically distributed (i.i.d.) with
normal distribution due to the fact that elements of H⃗ are obtained by applying
orthogonal FFT matrix on frequency-selective channel vector with i.i.d. coeffi-
cients of normal distribution. The averaged probability of error in (4.9) over H⃗
is

EH⃗

[
Pr

(
Sp −−→

p ̸=q
Sq

)]
≤
(

1
4σ2

)−N
.
N
∏
k=1

λ−1
k , (4.10)

where λ1, . . . , λN are N non-zero eigen values of ∆SH
pq∆Spq. Let M̃ =| U | and

M̌ =| Ǔ | be the number of the codewords and error matrices respectively.
Assuming that all codewords are equally likely to be transmitted, then the
union bound is

Pu =
1
M̃

M̌
∑
i=1

Q

√∥ (∆Si) H⃗∥2

2σ2

 , (4.11)
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Figure 4.2: Union bound for SISO and MIMO-OFDM systems with PARQ and
CC-HARQ methods with 4-QAM constellation

where ∆Si is the i-th error matrix of a codeword. Notice that typically M̌ ≫
M̃. The union bound averaged over random H⃗ is

Eh̃ [Pu] ≤ 1
M̃

M̌
∑
i=1

(
1

4σ2

)−N
.
N
∏
k=1

λ−1
(k,i), (4.12)

where λ(k,i) is the k-th eigen value of the i-th error matrix. Note that N is the
rank of error matrix ∆Si. Clearly, the minimum rank of an error matrix ∆Si

is 2. That is, when two codeword matrices Sp and Sq differ by one informa-
tion symbol, the resultant error matrix ∆Spq has the smallest rank, which is 2.
Therefore, PARQ retransmission method achieves diversity of CC-HARQ for
SISO-OFDM.

The rank of error matrix ∆Si for both full and PARQ method for SISO-
OFDM signaling is 2. However, PARQ approach suffers from some diversity
loss under MIMO-OFDM signaling when compared with CC-HARQ method.
For MIMO-OFDM system with nr × nt = 2 × 2 under the proposed PARQ
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scheme, the matrix model of m-th joint detector in (4.5) can be rearranged as

z̃k(m) =

([
S̃k(m) 0

0 S̃k(m)

]
= S(m)

)[
D1(m)

D2(m)

]
+ w̃k(m), (4.13)

where

D1(m) =
[

D11(m) D12(m) D11(m + N
2 ) D12(m + N

2 ) Dp
11(m) Dp

12(m)
]T

(4.14)

D2(m) =
[

D21(m) D22(m) D21(m + N
2 ) D22(m + N

2 ) Dp
21(m) Dp

22(m)
]T

(4.15)

Note that in skj, k is the time index and j is index of the transmit antenna. It is
obvious from (4.13) that if two codewords Sp and Sq differ by single symbol,
then the rank of error matrix ∆Spq is 6, which is smaller than the rank of error
matrix of joint detector under CC-HARQ. Note that the rank of joint detector of
4 symbols with CC-HARQ method is 8. Thus, the proposed PARQ method for
MIMO-OFDM system achieves diversity gain as compared to single transmis-
sion and is lower as compared to CC-HARQ method. Figure 4.2 compares the
union bound of PARQ and conventional CC-HARQ retransmission methods
for SISO-OFDM and MIMO-OFDM systems. As shown in Figure 4.2, SISO-
OFDM system under PARQ achieves full diversity similar to CC-HARQ re-
transmission method. Although PARQ method suffers from some diversity
loss as compared to CC-HARQ method, the impact of diversity on bit error
rate (BER) appears at high signal-to-noise ratio (SNR) where BER is low (10−5).
The effect of BER improvement on throughput at high SNR is marginal. Next,
we discuss semi-blind channel estimation to improve bandwidth efficiency.

36



HARQ TRANSCEIVER DESIGN

4.4 Joint Channel Estimation

For coherent signal detection, receiver requires estimate of CSI. The accuracy of
channel estimation directly affects the overall receiver performance. In chan-
nels with long delay spread, specifically for MIMO communication systems,
training based channel estimation consumes precious power and bandwidth
resources. In some scenarios, channel knowledge is acquired using blind meth-
ods which have inherent estimation ambiguity [33–35]. In our proposed PARQ
approach for MIMO-OFDM system, pilot assisted method is used for chan-
nel estimation during the first transmission. We omit pilot insertion during
subsequent retransmissions against ARQ. Our semi-blind channel estimation
method combines training based least square (LS) cost with noise subspace
based blind cost to uniquely estimate channel. Therefore, we proceed channel
estimation in two steps. First, we use observations from the first and second
transmissions to estimate noise subspace for blind channel estimation using
second order statistics [33]. Secondly, we make use of training data to resolve
the ambiguity and improve channel estimate.

4.4.1 Data Model

As shown in Figure 4.1, signals s̃k and s̃p
k are transmitted after adding CP dur-

ing the first and second transmission, respectively, over MIMO frequency se-
lective channels of the corresponding transmissions. Note that even after ap-
plying IFFT on i.i.d. input vector sk, the IFFT vector s̃k remains i.i.d. Let H̃
and H̃p be the convolution block matrices of nrnt blocks for the first and sec-
ond transmission, respectively. Note that Ĥ(i,j) and Ĥp

(i,j) are the convolution
channel matrices between the j-th transmit antenna to the i-th receive antenna
for the first and second transmission, respectively. As shown in Figure 4.1, yk

and yp
k are the observation vectors of the first and second transmissions, re-

spectively. The system for both transmissions can be combined to formulate
single system of higher order as

ỹk = H̃s̃k + w̃k,
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where ỹk =

[
yk

yp
k

]
, H̃ =

[
H̃
H̃p

]
and w̃k =

[
wk

wp
k

]
. We use ỹk to

estimate noise subspace to formulate blind channel estimation problem in the
next section.

4.4.2 Blind Channel Estimation

The blind channel estimation is an extension of subspace based channel esti-
mation carried out for HARQ systems in [10, 11]. The basic procedure is to
generate the second order statistics of the observation vector yk. The space
spanned by eigen vectors of auto-covariance matrix Ry of joint observation
from both transmissions ỹk can be decomposed into two complementary sub-
spaces. They are noise subspace and signal subspace. The generation of or-
thogonal complement noise and signal subspaces requires joint channel matrix
to be full column rank.
Let

Rs = E
[
s̃k s̃H

k

]
= σ2

s .I(L+m1)nt (4.16)

Rw = E
[
w̃kw̃H

k

]
= σ2

w.I(m1+m2)nr (4.17)

and
Ry = H̃RsH̃H + Rw = UΛyUH, (4.18)

where Ry, Rs and Rw are the covariance matrices of observation, source and
noise signals, respectively. Since H̃ and Rs are full rank matrices, the signal and
noise subspace are orthogonal complements of space spanned by Ry. Another
underlying assumption is that the noise wk is independent of input signal sk.
The null space separated by singular value decomposition (SVD) of observa-
tion from multiple transmissions is further used to estimate the channel. That
is,

Λy = diag(λ1, λ1, . . . , λ(m1+L)nt , σ2
n, . . . , . . . , . . . , σ2

n︸ ︷︷ ︸
(m1+m2)nr−(m1+L)nt

), (4.19)

with m1 and m2 as smoothing factors for the estimation of noise subspace [11].
The first (m1 + L)nt eigen vectors corresponding to the largest eigen values
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span the signal subspace Us while the remaining (m1 + m2)nr − (m1 + L)nt

vectors represent the noise space Un. The basic equation to identify the channel
using the null space can be given by

UH
n H̃ = 0. (4.20)

Next we study the procedure for the solution of the above equation.

4.4.3 Algorithm Implementation

Now we describe the procedure to solve the linear equation (4.20). After the
determination of eigen vectors of the noise subspace Un, a block toeplitz matrix
from each eigen vector of noise subspace is formed. The channel matrices of
the first and second transmission is converted into a column vector. The signal
and noise subspaces are

U = [Us Un],

where Us = [U1, . . . ,U(m1+L)nt ] and Un = [U(m1+L)nt+1, . . . ,U(m1+m2)nr ]. Also,
Ui is i-th eigen vector of auto-covariance matrix Ry. The set of homogeneous
equations given in (4.20) can be converted into a more manageable form in
which channel matrix is transformed into a column vector as follows

h̃TU = 0. (4.21)

For simplicity and without loss of generality, we consider 2 × 2 MIMO-OFDM
system and extension is straightforward. The i-th basis vectors Ui of noise
subspace can be partitioned into four sub-vectors ui,1, ui,2, ui,3 and ui,4 having
lengths m1, m1, m2 and m2, respectively. That is,

Ui =
[

uT
i,1 uT

i,2 uT
i,3 uT

i,4

]T
, (4.22)
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where

ui,1 =


ui,1

...
ui,m1

 , ui,2 =


ui,m1+1

...
ui,2m1

 , ui,3 =


ui,2m1+1

...
ui,2m1+m2

 and ui,4 =


ui,2m1+m2+1

...
ui,2m1+2m2

 .

For the 2× 2 MIMO system, (4.20) for the i-th eigen vector of noise subspace
takes the form

UH
i H̃ =

[
uH

i,1 uH
i,2 uH

i,3 uH
i,4

]


Ĥ1,1 Ĥ1,2

Ĥ2,1 Ĥ2,2

Ĥp
1,1 Ĥp

1,2

Ĥp
2,1 Ĥp

2,2

 . (4.23)

Note that (4.23) can be rewritten as

UH
i H̃ = h̃H

[
VT

i,1 VT
i,2 0 0 VT

i,3 VT
i,3 0 0

0 0 VT
i,1 VT

i,2 0 0 VT
i,3 VT

i,3

]T

, (4.24)

where h̃ =
[

hH
1,1 hH

2,1 hH
1,2 hH

2,2 h̄H
1,1 h̄H

2,1 h̄H
1,2 h̄H

2,2

]H
, h̄ij = hp

ij. Also, Vi,j is a
convolution matrix constructed from ui,j. Now we can rewrite (4.24) as

UH
i H̃ = h̃H

[
Vi

Vi,p

]
, (4.25)

where

Vi = Int ⊗
[
Vi,1

Vi,2

]
and Vi,p = Int ⊗

[
Vi,3

Vi,4

]
.

Here ⊗ is kronecker product. We can use all eigen vectors corresponding to
noise subspace in order to estimate noise subspace U , which is orthogonal
complement of signal subspace, to formulate eigen value problem as

ˆ̃h = min
∥h̃∥=1

h̃HÛ h̃, (4.26)
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where Û =
k2

∑
i=k1

ViVH
i and k1 = (m1 + L)nt and k2 = (m1 + m2)nr. Note that

the solution of (4.26) is simply the smallest eigen value of noise subspace esti-
mate Û . Now we are ready to discuss semi-blind channel estimation.

4.4.4 Semi-blind Channel Estimation

Training assisted channel estimation using least square (LS) method is the most
common practice and has low complexity. However, training based chan-
nel estimation consumes precious bandwidth and power resources. The least
squares (LS) channel estimate ĥ of channel vector h of the first transmission
can be achieved by minimizing

ĥ = min
h

∥yt − Sth∥2, (4.27)

where St ∈ CTL×(L+1) is the block toeplitz convolution matrix constructed from
TL training symbols and yt is noisy observation vector corresponding to the
training signal.

In practical situations, training based estimates are far superior than blind
estimation. The semi-blind approach makes use of both the training and sub-
space method to estimate channels. In our proposed method, training is used
during the first transmission while we omit training sequence for the subse-
quent transmissions. We combine observations from the PARQ transmission
with the first transmission for joint blind channel estimation. Blind channel
estimation has inherent ambiguity. This ambiguity can be resolved by com-
bining least squares (LS) cost functions of (4.27) and subspace cost in (4.26) to
formulate the semi-blind channel estimation problem as follows:

ˆ̃h = min
h

∥ yt − Sth ∥2 +h̃HÛ h̃. (4.28)

The optimal joint channel estimate can be expressed by setting the gradient
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with respect to h̃ to zero. Finally, by solving (4.28), we get

ˆ̃hopt =

([
SH

t St 0
0 0

]
+ Û

)−1 [
SH

t yt

0

]
. (4.29)

The complexity of semi-blind channel estimation is O((nrntL)3), where L is
order of channel vector.

4.5 Summary

In this chapter, we have presented our new transceiver design under the frame-
work of MIMO OFDM. It is shown that PARQ is very effective when complex-
ity and bandwidth is limited. A detailed description of PARQ system is given
in this chapter. Signal detection by zero forcing detection offers less complex
solution with performance compromise. Maximum likelihood detection per-
forms optimal but offers a complex solution. Semi-blind method offers a viable
solution for channel estimation. It offers many advantages like reduced com-
plexity, bandwidth saving through reduced overhead and comparable perfor-
mance. The simulation results to verify theses advantages are described in the
next chapter.

42



Chapter 5

Results and Discussion

This chapter presents the simulation results and discussion on the findings of
the proposed method. The performance of channel estimation and signal de-
tection techniques derived in Chapter 4 is viewed here with the help of MAT-
LAB simulations. The performance of signal detection implemented in the
MATLAB environment, is viewed in terms of bit error rate (BER). Three cases
of signal detection are considered which are single transmission, full retrans-
mission and proposed partial retransmission technique. PARQ is compared
with both single transmission scenario and full retransmission case. The per-
formance of semi-blind channel estimation is also observed. The proposed
scheme is compared with training based channel estimation as performance
benchmark. Finally, we provide BER comparison with and without PARQ al-
gorithm when LDPC (FEC) is used.

5.1 Simulation Setup

For the implementation of HARQ transceiver design, the parameters for sim-
ulation are given in this section. QPSK modulation is used to modulate the
binary symbols. The channel considered is frequency selective Rayleigh fad-
ing channel with length 20. By frequency selective we mean that the symbol
period is greater than the maximum excess delay. The number of sub-carriers
used in the OFDM are 128. These number of carriers correspond to the size
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of Fourier transformation. We assumed that the channels don’t change dur-
ing transmission. The effects of bit over loading are considered to be out of
the scope of this dissertation. Respective OFDM symbols are assumed to be
synchronized. Our simulations is independent of the coding scheme used in
HARQ systems for forward error correction.

5.2 Performance of PARQ Signal Detection

The performance of signal detection for HARQ Transceiver design proposed in
Chapter 4 is analyzed. Perfect Channel State Information (CSI) is assumed for
signal detection. For clarity, we proceed in two steps. First, the performance is
evaluated for SISO OFDM systems. Secondly, it is extended for systems with
multiple antennas. The performance is measured in terms of probability of
error or BER versus Eb

N0
.

5.2.1 Signal Detection for SISO OFDM

The performance for the proposed method in terms of BER is compared with
single and full retransmission case under SISO OFDM is shown in Figure 5.1
for SISO OFDM systems. The upper most solid line shows simple SISO OFDM
transmission for Rayleigh fading channel. The lower most solid line repre-
sents probability of error when full retransmission takes place. Dashed lines
represent proposed PARQ technique. The upper dashed line shows PARQ sig-
nal detection when zero forcing equalization is used. The lower dashed line
stands for maximum likelihood detection in our partial retransmission case.
It is clear that, although full retransmission offers the best performance but
it suffers from significant use of valuable bandwidth. Figure 5.1 shows that
our partial retransmission scheme provides gain of around 4dB over single
transmission when linear detector is used. The linear detector provides low
complexity solution. If ZF detection is used together with PARQ the minimum
performance gain is 5dB. These gains are further improved when multiple an-
tennas are placed which is discussed next.
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Figure 5.1: BER performance of SISO Partial and Full Retransmission using
Perfect Channel State Information.

5.2.2 Signal Detection for MIMO OFDM

The performance of signal detection by any scheme becomes prominent when
it is measured with multiple antennas. For the sake of simplicity, we have
selected the number of antennas at transmitter and receiver as 2. The results
follow the same behavior for any general number of antennas either at trans-
mitter or receiver. First we analyze a simple MIMO OFDM system without
any retransmission. Zero forcing and maximum likelihood detection is ap-
plied to that system. Figure 5.2 shows the performance of traditional MIMO
OFDM system. Figure 5.2 depicts that non linear maximum likelihood detec-
tion performs overwhelming better than linear zero forcing detection when
MIMO systems are installed. The performance gap between ZF and ML de-
tection increases at higher SNR. Next, the performance of our PARQ scheme
is evaluated for MIMO OFDM system with 2 antennas at the transmitter and
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Figure 5.2: BER performance of MIMO system using perfect channel state in-
formation for single transmission

receiver. Figure 5.3 shows the comparison of proposed scheme with single
transmission scheme. The solid lines represent single transmission MIMO sys-
tem. The top most line shows zero forcing detection while the bottom solid
line expresses the maximum likelihood detection. The dashed lines display
the performance of our signal detection mechanism for linear and non linear
detection in order from top to bottom. It is clear that our algorithm provides
a gain of around 8dB over single transmission when we install two antennas.
This performance gain increases significantly at higher SNR. The gain can be
increased further if more number of antennas are used at the receiver. Note
that for 2 × 2 MIMO OFDM system, problem of joint detection under PARQ
can be divided into N

2 joint detection of four symbols each. There is 50% band-
width saving because of retransmission of half of the symbols, with marginal
performance loss as compared to full retransmission. Perfect channel estima-
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Figure 5.3: BER performance of PARQ MIMO system using perfect channel
state information

tion was considered during the signal detection but real systems apply channel
estimation techniques. The performance of our technique with the integration
of channel estimation is explained in the next section.

5.2.3 Channel Estimation

In this section we discuss the performance of our proposed scheme embedded
with semi-blind channel estimation technique. During first transmission the
training sequence of length 10 is used for the estimation process. Increasing the
training length improves the overall estimation of channel during first trans-
mission. Training symbols are only sent during first transmission. The perfor-
mance metric used for the channel estimation is normalized mean square error
(NMSE) given by
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Figure 5.4: MMSE Channel Estimation

NMSE = E

[
∥ ˆ̃h − h̃ ∥2

∥ h̃ ∥2

]
. (5.1)

Figure 5.4 shows the performance of training and semi-blind channel es-
timation. The results demonstrate that semi-blind method provides the best
performance because it includes both training and most of the data informa-
tion can be used. The semi-blind estimation is also much stable than the blind
estimation for all transmissions because it uses training information as well.
The estimation can be made more accurate by increasing the number of train-
ing symbols. Next, we compare the effect of various parameters on the per-
formance of channel estimation which include the variations in channel, frame
and training lengths.
Figure 5.5 compares normalize mean-square error (NMSE) of semi-blind and
training based channel estimation for different channel lengths. In this simu-
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Figure 5.5: Effect of Channel length on semi-blind and training assisted chan-
nel estimation under 512-subcarriers OFDM system with training length TL of
16 symbols

lation, we fix training length TL and number of sub-carrier of OFDM system to
16 and 512, respectively. It can be noticed from Figure 5.5 that for larger chan-
nel length, semi-blind method has lower NMSE as compared to training based
least square estimator (LSE). However, for smaller channel length (L = 2), LSE
performs marginally better than semi-blind channel estimation because of the
presence of training based estimation.
Effect of frame (data) length on semi-blind channel estimation is shown in
Figure 5.6. NMSE of semi-blind method decreases by increasing number of
observations (data length) from 128 data points to 256 point. This gain in per-
formance is not linear in data length. That is, improvement in NMSE when
data points are increased from 512 to 1024 is subtle as compared to when data
points are increased from 128 to 256. This trend is due to well known behav-
ior of blind channel estimation methods. Figure 5.7 provides comparison be-
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Figure 5.6: Effect of OFDM frame length FL (observation length of semi-blind
method) on NMSE of semi-blind channel estimation with training length TL
and channel length of 16 symbols and 4-taps, respectively

tween joint semi-blind and training assisted channel estimation methods. As
shown in Figure 5.7, NMSE gap between joint semi-blind channel estimation
and training based LSE reduces by increasing the number of training symbols.
For training length of 32 symbols, both methods have similar performance.
Figure 5.8 shows effect of semi-blind channel estimation on the BER perfor-
mance for ML and ZF algorithm under PARQ transmission. In this simulation,
16 training symbols are used for OFDM system over 4-tap Rayleigh fading
channel. Semi-blind channel estimation is better suited for low signal to noise
ratio regime.
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Figure 5.7: Comparison of semi-blind and training based LSE channel estima-
tion for different training length TL under 512-subcarriers OFDM system with
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5.3 Performance of PARQ with LDPC

In Figure 5.9, we present performance comparison between partial ARQ and
full ARQ with rate R=1

2 low density parity check (LDPC) FEC code of code-
word length 648 over frequency selective Rayleigh fading under OFDM sig-
naling. As it can be noticed, the performance gap between partial transmission
and full transmission is very small as compared to single transmission. The
similar trend is seen for frame error rate (FER) comparison between partial
and full transmission in Figure 5.10.Consider operating Eb

N0
of 4.5dB of MIMO

OFDM system that suffers from FER of approximately 5%. By just partial re-
transmission, effective frame error rate is almost one frame after 10,000 frame,
which saves 50% of bandwidth.
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PCSI for 128 OFDM subcarriers with channel length of 4 symbols and training
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5.4 Summary

The proposed PARQ retransmission scheme provides a better trade-off be-
tween bandwidth saving and performance. Results showed that PARQ method
is an efficient method for signal detection and channel estimation. Signal de-
tection through PARQ scheme provides with better performance than single
transmission and better throughput than full retransmission. The through-
put can further be increased by integrating with the uper layer protocols and
adapting to the application requirements.
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Figure 5.9: BER performance of PARQ and FARQ using FEC ( LDPC) with
PCSI.
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Chapter 6

Conclusion and Future Work

In this thesis, we have presented a PARQ retransmission scheme within the
framework of OFDM. The presented scheme gives good tradeoff between band-
width usage and performance of detection over MIMO channels. Using infor-
mation from multiple transmissions, we have developed an optimal ML de-
tector. A low complexity ZF equalizer for signal detection is also investigated.
Higher layer protocols can adapt to the tradeoff between PARQ signal detec-
tion performance and the bandwidth usage according to the requirements of
a particular application. This results in improved throughput of the overall
system.
The problem of joint channel estimation has also been investigated. First,
blind channel estimation algorithm was presented based on only the second
order statistics exploiting observations from multiple transmissions. Blind
channel estimation suffers from significant performance loss when channel
length is long so the channel estimation was extended to include the semi
blind case. Semi-blind channel estimation doesn’t require training during re-
transmissions. It offers a comparable performance to training based channel
estimation with manageable complexity. It gives better performance for long
channels as compared to blind channel estimation.
In certain applications, a fraction of data like parity bits is retransmitted only.
The presented PARQ scheme is best suited for these applications. The pro-
posed method can be easily integrated into existing HARQ systems without
much alteration. Following section summarizes few of the possible extensions
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to the presented work in future.

6.1 Future Work

The work can be further extended to observing the effect of our proposed
PARQ method on overall throughput of the system. We have noticed signif-
icant performance gain in BER performance in simulation results. Improve-
ment in BER performance should lower the retransmissions after FEC.
Retransmission can be made more affective based on the condition number of
channel matrix. This can be implemented by channel feed-back to the transmit-
ter. The gains symbols can be adaptively adjusted based on channel condition
of each sub-carrier. This will help to further improve the bandwidth efficiency.
Instead of simply adding cost functions of LS and blind channel estimation,
we can also study performance of semi-blind channel estimation by weighted
sum of the aforementioned cost functions.
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