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Abstract

Abstract

In this thesis, space-time block codes originally developed for multiple antenna systems are
extended to cooperative multi-hop networks. The designs are applicable to any wireless
network setting especially cellular, adhoc and sensor networks where space limitations
preclude the use of multiple antennas. The thesis first investigates the design of distributed
orthogonal and quasi-orthogonal space time block codes in cooperative networks with single
and multiple antennas at the destination. Numerical and simulation results show that by
employing multiple receive antennas the diversity performance of the network is further
improved at the expense of slight modification of the detection scheme. The thesis then
focuses on designing distributed space time block codes for cooperative networks in which
the source node participates in cooperation. Based on this, a source-assisting strategy is
proposed for distributed orthogonal and quasi-orthogonal space time block codes. Numerical
and simulation results show that the source-assisting strategy exhibits improved diversity
performance compared to the conventional distributed orthogonal and quasi-orthogonal

designs.

Motivated by the problem of channel state information acquisition in practical wireless
network environments, the design of differential distributed space time block codes is
investigated. Specifically, a co-efficient vector-based differential encoding and decoding
scheme is proposed for cooperative networks. The thesis then explores the concatenation of
differential strategies with several distributed space time block coding schemes namely; the
Alamouti code, square-real orthogonal codes, complex-orthogonal codes, and quasi-
orthogonal codes, using cooperative networks with different number of relay nodes. In order
to cater for high data rate transmission in non-coherent cooperative networks, differential
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Abstract

distributed quasi-orthogonal space-time block codes which are capable of achieving full
code-rate and full diversity are proposed. Simulation results demonstrate that the differential
distributed quasi-orthogonal space-time block codes outperform existing distributed space
time block coding schemes in terms of code rate and bit-error-rate performance. A multi-
differential distributed quasi-orthogonal space-time block coding scheme is also proposed to

exploit the additional diversity path provided by the source-destination link.

A major challenge is how to construct full rate codes for non-coherent cooperative broadband
networks with more than two relay nodes while exploiting the achievable spatial and
frequency diversity. In this thesis, full rate quasi-orthogonal codes are designed for non-
coherent cooperative broadband networks where channel state information is unavailable.
From this, a generalized differential distributed quasi-orthogonal space-frequency coding
scheme is proposed for cooperative broadband networks. The proposed scheme is able to
achieve full rate and full spatial and frequency diversity in cooperative networks with any
number of relays. Through pairwise error probability analysis we show that the diversity gain
of the proposed scheme can be improved by appropriate code construction and sub-carrier
allocation. Based on this, sufficient conditions are derived for the proposed code structure at
the source node and relay nodes to achieve full spatial and frequency diversity. In order to
exploit the additional diversity paths provided by the source-destination link, a novel multi-
differential distributed quasi-orthogonal space-frequency coding scheme is proposed. The
overall objective of the new scheme is to improve the quality of the detected signal at the

destination with negligible increase in the computational complexity of the detector.

Finally, a differential distributed quasi-orthogonal space-time-frequency coding scheme is
proposed to cater for high data rate transmission and improve the performance of non-

coherent cooperative broadband networks operating in highly mobile environments. The
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Abstract

approach is to integrate the concept of distributed space-time-frequency coding with
differential modulation, and employ rotated constellation quasi-orthogonal codes. From this,
we design a scheme which is able to address the problem of performance degradation in
highly selective fading environments while guaranteeing non-coherent signal recovery and
full code rate in cooperative broadband networks. The coding scheme employed in this thesis
relaxes the assumption of constant channel variation in the temporal and frequency
dimensions over long symbol periods, thus performance degradation is reduced in frequency-
selective and time-selective fading environments. Simulation results illustrate the
performance of the proposed differential distributed quasi-orthogonal space-time-frequency

coding scheme under different channel conditions.
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Chapter 1 Introduction

1 Introduction

1.1 Background

Increasing interest in wireless applications has led to the continuous development of wireless
technologies. Users of wireless applications now get more and more dependent on wireless
devices that provide mobile data usage, real-time information processing, and multi-media
sharing. Moreover, present-day convergence and interoperability of wireless technologies has
further increased the amount of services that can be provided. Consequently, there has been a
proportionate surge in research and development efforts which aim to ensure that wireless
technologies meet the expectations of high quality of service. Existing conditions,
specifically the nature of the wireless communication channel however poses a major
challenge to the performance of these wireless technologies. Radio waves propagated through
wireless channels are affected by static and mobile obstacles in the surrounding environment.
These obstacles which may vary from buildings, hills, and vehicles in outdoor environments,
to walls, furniture, and people in indoor environments, reflect, refract, diffract, or attenuate
the propagated signal. The result is that the propagated signal is scattered out in different
directions and multiple independent copies of the original transmitted signal arrive at the
receiver at different times. The receiver thus observes multiple delayed versions of the
transmitted signal which may add up destructively leading to erroneous detection. This
phenomenon is referred to as ‘multi-path fading’, and it severely hampers the quality of

service that can be provided by wireless technologies.

One of the most promising methods to combat multi-path fading is to employ ‘diversity’
techniques. Diversity techniques employ a concept whereby multiple independent copies of

the transmitted signal are deliberately propagated over multiple channels with different
1
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characteristics. The concept is based on the fact that it is unlikely that different channels will
experience identical fading events. Thus the probability that all the multiple independent
signals will be corrupted by fading is considerably low. There are several types of diversity
techniques that have been popularly employed to combat fading in wireless networks. These
include temporal diversity, frequency diversity, and spatial diversity. While temporal
diversity techniques transmit multiple copies of the transmitted signal at different time
instants, frequency diversity techniques spread the transmitted signal across different
frequency channels or across multiple frequency carriers in a wide spectrum. Spatial diversity
techniques on the other hand have received the widest attention compared to other popular
diversity techniques. Spatial diversity is achieved by propagating independent versions of the
transmitted signal over multiple transmit antennas, or employing multiple receive antennas to
recover the transmitted signal. When multiple antennas are used at the transmitter it is
referred to as transmit diversity. Conversely, when multiple receive antennas are employed at
the receiver it is referred to as receive diversity. Spatial diversity techniques have been well
exploited by multiple-input multiple-output (MIMO) systems. MIMO systems, also, referred
to as multiple-antenna systems, improve the robustness and reliability of communication by
employing multiple transmit and/or multiple receive antennas, and utilizing spatial diversity
techniques. In order to reap the benefits of spatial diversity, the multiple antennas need to be
spaced sufficiently far apart, usually antenna separation of at least a few wavelengths is

required to guarantee spatial diversity.

1.1.1 Cooperative Diversity

As wireless technologies like cellular networks, multi-hop adhoc networks and wireless
sensor networks continue to gain significant attraction in the wireless communications

industry, it has become necessary to extend the benefits of spatial diversity to these
2
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technologies. In order to extend these benefits, it is intuitive that the nodes or devices that
constitute these networks have size restrictions and are able to incorporate only a limited
level of complexity on the wireless terminal, in line with their associated power supply
limitations. Thus, it is impractical to incorporate multiple antennas on the nodes that make up
such networks [1]. The effects of multi-path fading is however critical in cellular, adhoc and
sensor network scenarios because the physical deployment of nodes makes them more
susceptible to interference from the environment. Thus, it is imperative to adopt a mechanism
to achieve spatial diversity. Since the broadcast nature of the wireless medium makes it easy
for communicating nodes to hear each other, it is possible for them to cooperate and share
their physical resources specifically their single antennas, thereby creating a virtual multiple-
antenna array. In other words, instead of traditionally relaying independent signals to the
destination, nodes listen to each other and jointly communicate. Thus, several single antenna
nodes cooperate to achieve spatial diversity by forming a distributed multiple antenna system.

This concept is termed ‘cooperative diversity’.

Cooperative diversity techniques have been increasingly used to exploit the benefits of spatial
diversity in networks where space limitations preclude the use of multiple antennas. The
different intermediate nodes or users that make up the network cooperatively use their single
antennas to emulate multiple-antenna systems thereby increasing the reliability and capacity
of transmission. Wireless networks that employ the concept of cooperative diversity are

referred to as cooperative networks.

1.1.2 Cooperative Diversity Protocols
Since the works of Laneman et al [2] and Sendonaris et al [3] [4] that introduced the concept
of cooperative diversity, several protocols have been investigated in [5] to initiate their

implementation. From these, two major cooperative diversity protocols have emerged,
3
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namely: the amplify-and-forward (AF) and decode-and-forward (DF) protocols. These
models are inspired by the observation [6] and cooperation [7] schemes respectively. In order
to explain the concept of the AF and DF models, consider a classic multi-hop wireless
network with; a source node, one relay node, and a destination as illustrated in Fig.1.1. This
analysis can easily be extended to a network with multiple relay nodes. The complexity of the
network model is intentionally limited for ease of potential explanation. For a particular
transmission interval between the source node and the destination, the intermediate relay
node does not have any data symbol of its own to transmit; it is only used to enhance the
quality of communication between the source node and the destination via cooperation. Let f
denote the channel between the source node and the relay node and g the channel between
the relay node and the destination. The channels are assumed to capture the effects of

multipath fading and remain coherent throughout the transmission interval.

Source Destination
e f /’7
g
b~
Relay
Fig.1.1 Multi-hop wireless network

In the AF model, the relay node receives the information signal transmitted by the source
node, amplifies it, and forwards it to the destination, without any additional signal processing.
Then the destination receives and makes a final decision on the transmitted information
signal. If the source node sends information signal s; at the i, transmission interval, the

signal received at relay node is given by:

rl-=fsi+nl- (11)
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where n; captures the effect of the relay noise. As the relay node receives r;, it applies
amplification co-efficient a, such that it transmits ar;. Thus the signal transmitted by the

relay node is:

t;=a(fs; +n) (1.2)

In practice the amplification co-efficient is carefully set such that it does not cause saturation
at the amplifier of the relay when f is very large. The systematic selection of & to achieve
optimum power allocation among relays is discussed in [8]. From (1.2) we note that the noise
at the relay is also amplified, this is a major challenge of the AF scheme as it induces
additional noise at the destination. Nevertheless, the model is simple to implement and since
t; in (1.2) contains the information signal s;, the protocol can be effectively used to achieve

cooperative diversity.

The DF model allows the relay node to decode the received signal from the source node, re-
encode it and forward the resulting signal to the destination, without having to amplify it as in
the AF case. In the DF model, while the relay node receives 7; as in (1.1), it transmits $;
which denotes the decoded version of s;. The fundamental difference between the AF and
DF model is based on the fact that in the latter a re-encoded signal is sent from the relay node
which precludes the amplified noise at the relay. However the ability of the DF model to fully
exploit the benefits of cooperative diversity depends on whether the relay node can correctly
decode the received information signal. In other words, incorrect detection may lead to error
propagation at the relay node, especially when the source-relay link is weak. To mitigate this,
error detection coding can be applied such that §; tends to s; as much as possible. In [9] cyclic
redundancy check (CRC) codes are used to alleviate erroneous decoding at the relay. The

authors in [10] apply a signal-to-noise ratio (SNR) threshold at the relay such that
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cooperation only takes place when the received SNR is larger than the threshold. Generally,
depending on the design, the DF model is likely to exhibit slightly better error performance
than the AF model, however, added error detection coding at the relay may increase system
complexity. On the other hand the AF model has the low complexity advantage and it has
been shown in [11] that the performance of the AF model approaches the DF model as far as

diversity is concerned.

1.1.3 Diversity Coding Schemes

In addition to the AF and DF protocols discussed in the previous section, other algorithms
have been integrated with cooperative systems to enhance diversity performance. Unlike un-
coded cooperative systems where signals are directly relayed to the destination using either
the AF or DF protocol, other cooperative scenarios exist where diversity coding schemes are
integrated with cooperative signaling. Several types of diversity coding schemes have been
investigated for cooperative networks, and the results show that they can yield significant
performance gains. Amongst the different diversity coding schemes, channel coding schemes
[12] [13], network coding schemes [14] [15], repetition-based coding schemes [5] [16] [17],

and distributed space time block codes [18] have been popularly investigated in the literature.

The idea of integrating channel coding schemes with cooperative communication was first
introduced by Hunter et al [12] and Stefanov et al [13]. These works base their concept on the
fact that cooperative systems employ the block fading channel model, thus channel codes that
have been popularly used for block fading channels in non-cooperative systems, can be
integrated with cooperative communication. Since then different types of channel codes have
been used in cooperative networks. The rate-compatible punctured codes were used in [12]
and [19], turbo codes have also been popularly used with cooperative signaling in [20]. When
channel coding is integrated with cooperative communication, the cooperating nodes operate

6
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using a time sharing approach such that nodes transmit and receive on different channels.
Generally, orthogonal channels are used, such that the signals transmitted by the cooperating
nodes experience independent fading. The use of orthogonal channels however results in loss

of bandwidth which is a major drawback.

The idea of integrating network coding [21] with cooperative signaling has also been well
investigated. The fundamental idea is to implement simple coding capability at relay nodes in
order to enhance network capacity gain. The results in [15] show that for cooperative
systems, network coding yields additional diversity performance especially when there is a
large number of cooperating nodes. It is also possible to incorporate existing channel codes

on top of a network coding scheme.

Laneman in [22] derived an upper-bound for the diversity gain achievable in a cooperative
network by comparing the AF and DF models. In his work, ‘repetition-based coding’ is
adopted where the source node is allocated a first time slot to transmit its information signal,
and the relay node is allocated a second time slot to convey this signal to the destination. The
results show that the network achieves a diversity order d when there are d cooperating relay
nodes in the network. The simplicity of the strategy and its ability to achieve full diversity
order has spanned research into repetition-based coding in cooperative networks [5] [16] [17]
[23]. In order to continue with our discussion, we define the ‘data rate’ of a cooperative
network as the average number of symbols transmitted by the relay nodes per transmission
interval. This implies that the data rate of the repetition-based cooperative network is 1/d,
and 1/(1 + d) when the source node is involved in cooperation [8], clearly this implies a
loss in terms of data rate and bandwidth efficiency. To alleviate the loss of bandwidth
characterized by the aforementioned diversity coding schemes, researchers are now looking

into techniques to improve bandwidth efficiency.

PhD Thesis by Gbenga Owojaiye
University of Hertfordshire, Hatfield, Herts. AL10 9AB, United Kingdom



Chapter 1 Introduction

A new approach to ensure cooperative diversity in multi-hop networks while evading the
bandwidth penalty emerges from the idea of space time block codes (STBC) in multiple
antenna systems [24]-[26]. This idea aims at applying STBC in a distributed fashion among
cooperating nodes giving rise to the concept of ‘distributed space time block codes’
(DSTBC). DSTBC was first proposed in [27] where the cooperating nodes distribute the
codeword matrix amongst themselves in such a fashion that the structure of the coding matrix
is retained at the destination. The architecture of cellular, multi-hop Adhoc and sensor
networks makes them particularly amenable to DSTBC. DSTBC has been shown in [28] to
exhibit improved bandwidth efficiency when compared to repetition-based coding, thus the

work in this thesis focuses on the design of practical DSTBC for cooperative networks.

1.2 Motivation

In order to improve the performance of MIMO systems, many works have focused on the
design of STBC which exploits the available spatial and temporal diversity in fading
channels. The reliability and performance improvements offered by STBC has instigated the
wide popularity and focus in the research area. Following these developments, it has become
necessary to extend the benefits of STBC to cooperative multi-hop networks. DSTBC
schemes in cooperative multi-hop networks can be considered as the counterpart of STBC
schemes in MIMO systems. Thus, in this work, the focus is to develop DSTBC schemes for
cooperative networks. The work concentrates on the design of several DSTBC schemes for
cooperative networks with different configurations, operating in different scenarios. The
principal objective of this work is to improve the achievable diversity gain and enhance

system performance.

PhD Thesis by Gbenga Owojaiye
University of Hertfordshire, Hatfield, Herts. AL10 9AB, United Kingdom



Chapter 1 Introduction

In most of the works that have designed DSTBC for cooperative networks, the source node is
not involved in cooperation. Thus there is no direct link between the source node and the
destination. However considering that additional benefits can be exploited in terms of
diversity and error performance when the source node is actively involved in cooperation, we
propose a DSTBC scheme for cooperative networks where the source node is involved in the
cooperative process. This strategy, which is discussed in Chapter 2 of this thesis, is able to

improve the diversity performance of cooperative networks.

In order to exploit the benefits of cooperative diversity, cooperative networks utilizing
DSTBC require full channel state information (CSI) at the destination. In practice, some
scenarios exist where CSI is unavailable or cannot be acquired. To mitigate this problem in
MIMO systems, STBC were incorporated with differential schemes and differential STBC
became popular. Compared to MIMO systems, the problem of channel estimation is even
more critical in single-antenna multi-hop networks with large number of nodes such as adhoc
or wireless sensor networks. Also, because of the power constraints of this sort of networks, a
viable solution is to incorporate differential strategies with DSTBC schemes to tackle the
problem of CSI acquisition. Thus, in Chapter 3 of this thesis, the focus is on designing
differential DSTBC schemes for cooperative networks. Specifically, a co-efficient vector-
based differential DSTBC scheme is proposed and the performance in cooperative networks

is investigated.

In order to meet high data rate requirements in MIMO systems, full code-rate STBC schemes
are of the essence. Orthogonal STBC schemes are capable of achieving full code-rate for
multiple-antenna systems with a maximum of two transmit antennas. When orthogonal STBC
schemes are utilized in MIMO systems with more than two transmit antennas, code-rate

deficiency is experienced. Similarly, cooperative networks with more than two relay nodes
9
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experience code-rate deficiency when orthogonal DSTBC schemes are utilized. To counter
the code-rate deficiency problem, quasi-orthogonal STBC were proposed for multiple-
antenna systems. Thus in this work, predominantly in Chapter 4, the focus is on developing
quasi-orthogonal designs for cooperative networks. In order to achieve full code-rate designs
for cooperative networks operating in environments where CSI acquisition is impractical,
differential strategies are integrated with quasi-orthogonal DSTBC and the performance is

investigated.

Some works in the literature now investigate DSTBC schemes for cooperative broadband
multi-hop networks transmitting across frequency selective channels. This paradigm has led
to the realization of DSTBC orthogonal frequency division multiplexing (DSTBC-OFDM)
schemes and distributed space-frequency coding (DSFC) schemes. In DSTBC-OFDM,
elements of the space-time (ST) code matrix transmitted by cooperating relay nodes are
applied at individual sub-carriers over multiple OFDM blocks. Such schemes are able to
exhibit maximum spatial and temporal gain at the expense of frequency diversity and
inherent processing delay. To exploit the achievable frequency diversity and counteract the
processing delay, DSFC transmits elements of the ST code matrix across multiple sub-
carriers within a single OFDM block. Further comparative analysis of these schemes
indicates that while DSTC-OFDM is insensitive to high delay spread, it is highly susceptible
to Doppler frequency. This limits the application of the scheme to slow fading channels. On
the other hand, DSFC is more robust to fast fading channels such that the scheme exhibits
maximum frequency and spatial proficiency when utilized in fast fading environments. The
outlined benefit of DSFC over DSTC-OFDM has instigated us to focus on design of DSFC

for cooperative broadband multi-hop networks in Chapter 5 of this thesis.
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The final aspect of this thesis identifies that additional temporal diversity advantage can be

achieved by extending the space-time-frequency (STF) designs that are now popular in

multiple-antenna systems, to cooperative networks. STF schemes have been implemented for

multiple antenna broadband networks, and authors show that such schemes can exploit

temporal diversity by coding over multiple OFDM blocks. Thus, in Chapter 6 of this thesis,

we propose distributed STF schemes for use in cooperative broadband networks.

1.3

Thesis Contribution

The major contributions of this thesis are summarized as follows:

A source-assisting (SA) strategy is proposed for distributed orthogonal and quasi-
orthogonal space-time block coded cooperative multi-hop networks. Numerical and
simulation results show that the SA strategy exhibits improved diversity performance
compared to the conventional distributed orthogonal and quasi-orthogonal designs, at
the expense of slightly increased complexity of the maximum likelihood (ML)

detector. An explanation on the modified structure of the ML detector is provided.

Co-efficient vector based differential orthogonal DSTBC is proposed for cooperative
networks utilizing the DF protocol. We present the generalized mapping scheme and
differential recipe for utilizing co-efficient vectors in cooperative networks with any
number of relay nodes. Using simulation results, we compare and contrast the unitary
matrices and co-efficient vector designs in terms of computational complexity and bit

error rate (BER) performance.

11
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» Differential distributed quasi-orthogonal STBC (DQSTBC) is proposed for
cooperative networks. The work extends non-unitary full code-rate quasi-orthogonal
codes utilized in multiple-antenna systems to differential cooperative networks where
channel information is unavailable. We show how non-unitary matrices are
constructed from a proper choice of constellation sets. We then present the full
differential encoding and decoding procedure for non-unitary full code-rate quasi-
orthogonal codes in cooperative networks with 4 relay nodes. Next, we identify that
significant benefits can be realized in terms of SNR performance when a direct
source-destination link exists. From this, we propose a multi-differential scheme for
cooperative networks. The overall objective of our new scheme is to improve the
quality of the detected signal at the destination with negligible increase in the

computational complexity of the detector.

* We extend full rate quasi-orthogonal codes to differential cooperative broadband
networks where channel information is unavailable. From this, we propose a
generalized differential distributed quasi-orthogonal space-frequency coding
(DQSFC) scheme for cooperative broadband networks. Our proposed scheme is able
to achieve full rate and full spatial and frequency diversity in cooperative networks
with any number of relays. Through pairwise error probability analysis we show that
the diversity gain of our scheme can be improved by appropriate code construction
and sub-carrier allocation. Based on this, we derive sufficient conditions for the
proposed code structure at the source node and relay nodes to achieve full spatial and

frequency diversity. Considering that significant benefits in terms of SNR
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performance can be realized when a direct link exists between the source node and the

destination, we propose a multi-differential DQSFC scheme.

* We propose a differential distributed quasi-orthogonal space-time-frequency coding
(DQSTFC) scheme to cater for high data rate transmission and improve the
performance of non-coherent cooperative broadband networks operating in highly
mobile environments. Our approach is to integrate the concept of distributed space-
time-frequency coding (DSTFC) with differential modulation, and employ rotated
constellation quasi-orthogonal codes. From this, we design a scheme which is able to
address the problem of performance degradation in highly selective fading
environments while guaranteeing non-coherent signal recovery and full code rate in
cooperative broadband networks. The coding scheme employed in our work relaxes
the assumption of constant channel variation in the temporal and frequency
dimensions over long symbol periods, thus performance degradation is reduced in
frequency-selective and time-selective fading environments. Simulation results
illustrate the performance of our proposed differential DQSTFC scheme in different

channel conditions.
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1.4 Organization

In Chapter 2, we design and analyze the performance of distributed orthogonal and quasi-
orthogonal STBC in multi-hop networks incorporating single and multiple antennas at the
destination. The rest of Chapter 2 is organized as follows: In Section 2.2, the properties of
different wireless channel models are discussed and the cooperative system architecture is
presented. In Section 2.3 we design distributed orthogonal and quasi-orthogonal STBC using
our proposed SA strategy, and present the detection schemes used for signal recovery. We
conclude Section 2.3 by showing how a reduced constellation order in the first time slot
further improves the BER performance of the proposed scheme. In Section 2.4, distributed
orthogonal and quasi-orthogonal STBC is extended to cooperative networks incorporating
multiple receive-antennas at the destination terminal. We show how our SA strategy can be
implemented in such networks. The improved diversity performance offered by our SA
strategy is analyzed via numerical and simulation results in Section 2.5. In addition, we show

how the use of multiple antennas at the destination improves the diversity performance.

In Chapter 3, we present differential DSTBC schemes for cooperative multi-hop networks.
The rest of Chapter 3 is organized as follows: In Section 3.2, we present the concept of
differential modulation, and review differential encoding and decoding in non-cooperative
networks. We then show how the ‘differential decode-and-forward’ and ‘differential amplify-
and-forward’ cooperative diversity protocols are implemented in cooperative networks. We
present the full differential encoding and decoding procedure using two main differential
concepts in Section 3.3 and Section 3.4, namely; ‘co-efficient vectors’ and ‘unitary matrices’
respectively. In Section 3.3 we propose differential orthogonal designs for cooperative

networks based on co-efficient vectors. We present the generalized mapping scheme and
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differential recipe for utilizing co-efficient vectors in cooperative networks with any number
of relay nodes. In Section 3.4 we show how differential orthogonal designs can be
implemented in cooperative networks using unitary matrices.The differential concept is
generalized in Section 3.5 to cooperative networks with three, four, and eight relay nodes
using square real-orthogonal codes. In Section 3.6 we analyse via simulation the performance

of all the aforementioned differential schemes.

In Chapter 4, we design differential and multi-differential DQSTBC for cooperative
networks. The rest of Chapter 4 is organized as follows. Section 4.2 details the differential
encoding and decoding procedure for DQSTBC in cooperative networks. In Section 4.3 we

introduce our multi-differential protocol while Section 4.4 presents some simulation results.

In Chapter 5, quasi-orthogonal space-frequency codes are designed for cooperative
broadband networks operating in environments where CSI acquisition is impractical. The rest
of Chapter 5 is organized as follows: In Section 5.2 we present the quasi-orthogonal space
frequency (QSF) system model and discuss how the SF codes are designed at the source node
and the relay nodes, we also present the structure of the quasi-orthogonal codes used in our
scheme. Section 5.3 covers differential encoding and decoding using quasi-orthogonal space-
frequency codes. Section 5.4 contains the pairwise error probability (PEP) analysis and
discussions on diversity improvement. In Section 5.5 we introduce our multi-differential

protocol, and Section 5.6 presents some simulation results.

In Chapter 6, the concepts of; differential modulation, STF mapping, and quasi-orthogonal
coding are combined to cater for cooperative networks operating in highly selective fading
environments.The rest of the Chapter 6 is organized as follows: Section 6.2discusses STF

mapping, while the encoding and decoding procedure for differential DQSTFC is covered in
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Section 6.3. Section 6.4 presents some simulation results and Section 6.5 contains the

conclusion.

Finally, Chapter 7 concludes the thesis and gives directions for further research.
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2. Distributed Space Time Block Codes

2.1 Introduction

As STBC designed for multiple antenna systems become readily extendable to the distributed
nature of multi-hop networks, many researchers exploit this idea by extending the STBC
designs to single antenna multi-hop networks. In this strategy, the cooperating nodes
distribute the codeword matrix amongst themselves in such a fashion that the structure of the
coding matrix is retained at the destination. Cooperative networks utilizing DSTBC adopt a
two-stage ‘transmit-and-cooperate’ strategy using either the AF or DF relaying protocol. In
the ‘transmit’ stage, the source node sends information signals to the relay nodes. In the
‘cooperate’ stage, the relay nodes jointly transmit linear representations of their received
signals to the destination. If the DF protocol is utilized, the relay nodes decode the
information signal received from the source node before retransmission. On the other hand if
the AF protocol is utilized, the relay nodes simply amplify the received signal before
retransmission. Based on this, DSTBC schemes have been extensively employed in
cooperative networks. The Alamouti code has been used for cooperative networks in [29],
real and complex orthogonal codes have been used in [30], quasi-orthogonal codes were used
in [31], while the authors in [32] employed both orthogonal and quasi-orthogonal codes.
Simulation results show improved performance and beneficial results compared to un-coded

cooperative signaling.

In this chapter we design and analyze the performance of distributed orthogonal and quasi-
orthogonal STBC in multi-hop networks incorporating single and multiple antennas at the
destination. We focus on multi-hop cooperative networks where the source node participates

in cooperation. We present the scenario where the source node is actively involved in
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cooperation and propose a source-assisting (SA) strategy for our distributed orthogonal and
quasi-orthogonal STBC. We then introduce cooperative networks with multiple receive-
antennas at the destination. We show that by employing multiple receive-antennas, the
diversity performance of the network is further improved at the expense of slight increase in

the complexity of the detection scheme.

The rest of Chapter 2 is organized as follows: In Section 2.2, the properties of different
wireless channel models are discussed and the cooperative system architecture is presented.
In Section 2.3 we design distributed orthogonal and quasi-orthogonal STBC using our
proposed SA strategy, and present the detection schemes used for signal recovery. We
conclude Section 2.3 by showing how a reduced constellation order in the first time slot
further improves the BER performance of the proposed scheme. In Section 2.4, distributed
orthogonal and quasi-orthogonal STBC is extended to cooperative networks incorporating
multiple receive-antennas at the destination terminal. We show how our SA strategy can be
implemented in such networks. The improved diversity performance offered by our SA
strategy is analyzed via numerical and simulation results in Section 2.5. In addition, we show

how the use of multiple antennas at the destination improves the diversity performance.

2.2 Channel Models and System Model

As discussed, the transmitted signal is propagated across multiple independent paths.
Consequently, the signal arrives at the receiver at different trajectories. Fig. 2.1 illustrates a
typical scenario where a transmitted signal is propagated in different ways en route the
receiver. Multipath components of the transmitted signal arrive at the receiver because of the
random nature with which the signal is propagated across the wireless environment. Based on

this, researchers [33-35] have examined the fading effects of the wireless channel from the
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perspective of two independent phenomena; the ‘multipath time delay’ and the ‘Doppler

spread’.

Reflection

Source

Diffraction

Destination

Fig.2.1 Signal propagation in a wireless channel

2.2.1 Multipath Time Delay in Wireless Channels

Multipath time delay occurs because the different multipath components of the transmitted
signal arrive at the receiver at different time intervals. Since the multipath components are
spatially dispersed by the objects in the wireless environment, individual versions experience
separate fading events, specifically path loss and phase fluctuations. This lengthens the time
required to receive the different versions of the baseband signal at the destination. This
occurrence has been popularly termed ‘signal time spreading’ by Sklar et al [36]. The
multipath channel is modeled as a linear time-varying channel in [35] and is depicted in

Fig.2.2.

s(t) > h(t,T) r(t)

v

Fig.2.2 Linear time-varying impulse response of a multipath channel
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If the multipath channel exhibits linear phase response and constant channel gain over a
bandwidth that exceeds the bandwidth of the transmitted signal, the channel is referred to as a
narrowband channel. In this case, the transmitted signal is said to have experienced ‘flat
fading’ or ‘frequency non-selective fading’. The impulse response of a flat fading channel is

modeled mathematically as:
h(t,7) = a(t)6(7) (2.1)

where § denotes the Dirac delta function. For frequency non-selective fading, the impulse
response is only approximated by one delta function at T = 0 while the amplitude a may vary
with time. When comparing the signal bandwidth with the channel bandwidth, the channel
bandwidth is better explained by the delay spread D;. Consider a multipath channel with L

paths or L channel taps, the delay spread Dg can be computed as [35]:

Dy =V12 — 72 (2.2)

where T is the weighted average delay given by:

_ ZIL=1 ot
T=—;—and
1=1 41
— YTt
e (2.3)
1=1 %1

The amplitude and delay of the [;;, path are a; and t; respectively. The channel coherence

bandwidth B, is then computed from the multipath delay spread as follows:

(2.4)
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Thus, for a flat or frequency non-selective fading channel, the channel coherence bandwidth
B, is greater than the signal bandwidth B, as illustrated in Fig. 2.3. In contrast, if the
multipath channel exhibits linear phase response and constant channel gain over a bandwidth
that is less than the bandwidth of the transmitted signal, the channel is referred to as a
wideband channel and the transmitted signal is said to have experienced ‘frequency selective
fading’. The impulse response of a frequency selective fading channel is modeled

mathematically as:
h(t,7) = Z] 19 (t)(S(T — T]-) (2.5)

From (2.5) we can observe that, for frequency selective fading, the impulse response is
approximated by a number of delta functions 7;,j =1,...,] and each delta function has
amplitude a;(t) that varies independently with time. Similarly, for frequency selective
fading, the channel coherence bandwidth B, is smaller than the signal bandwidth B, as
illustrated in Fig. 2.4. Apart from the delay spread, other factors like transmission rate of the
signal can also influence frequency selectivity [35]. However, based on the multipath time

delay, the fading channel is either frequency selective or frequency non-selective.

Ju /v S

B> <— B.—> <— B—>

C

Fig.2.3 Frequency non-selective channel Fig.2.4 Frequency selective channel

21

PhD Thesis by Gbenga Owojaiye
University of Hertfordshire, Hatfield, Herts. AL10 9AB, United Kingdom



Chapter 2. Distributed Space Time Block Codes

2.2.2 Doppler Spread in Wireless Channels

The relative motion of the transmitter, receiver, or the surrounding objects in the wireless
environment causes a shift in the frequency of the received signal. This shift in frequency
which is relative to the speed of motion is referred to as ‘Doppler shift’. The Doppler shift of

the received signal is given as [34]:

fa="coso (2.6)

where v is the velocity of the mobile unit, ¢ is the speed of light, f. is the frequency of the
transmitted signal arriving at the receiver at an incident angle 6. The various multipath
components of the transmitted signal experience different Doppler shifts because they are
propagated at different random angles 6. In addition, if the velocity of motion of the
surrounding objects exceeds that of the mobile unit, the various multipath components
experience time-varying Doppler shifts [35]. The accumulated multipath versions of the
transmitted signal are thus received at the destination over a range of frequencies f. * f;
where f; is the maximum Doppler shift given as f; = vf./c. This results in spectral
widening or frequency dispersion [34] of the channel, this range of frequencies over which
the spectrum of the received signal in non-zero is popularly called ‘Doppler spread’. If the
bandwidth of the transmitted signal exceeds the Doppler spread of the channel, then the
Doppler spread of the channel has little or no effect on the transmitted signal, in such case the
channel is a ‘slow fading’ channel. In other words, the channel impulse response does not
change significantly within the symbol period. Conversely, if the channel impulse response
fluctuates significantly within the symbol period, Doppler spread affects the transmitted

signal, and the channel is a ‘fast fading channel’.
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2.2.3 Wireless Channel Models

Due to the random nature of the multipath effects and the random nature of the objects in the
wireless environment, it has become necessary to use statistical techniques to model the
wireless channel. Rayleigh fading models [37] and Rician fading models [38] have been
popularly used to describe the behavior of narrowband multipath channels. If the transmitted
signal has a large number of multipath components without a dominant line-of-sight signal
component, the envelope of the transmitted signal at any time instant is said to undergo a
Rayleigh probability distribution. When a dominant line-of-sight signal component exists, the
envelope of the transmitted signal is described by a Rician probability distribution. For
wideband channels, frequency selective fading models [34] have been popular used to

describe the behavior of the channel.

2.2.4 System Model

In general, the construction method for DSTBC originates from the construction of STBC
where each of the cooperating nodes in a multi-hop network transmits a column of the STBC
code matrix. In our design of DSTBC we consider the DF protocol such that at each t;,
transmission interval, the cooperating relay nodes transmit an estimate S, of the source signal
and use this to collectively construct the STBC in a distributed fashion. Consider a
cooperative multi-hop network with a source node S, P intermediate relay nodes, and
destination node D as shown in Fig.2.5. All nodes in the network are each assumed to have a
single antenna. DSTBC can be seen as a mapping of T information symbols onto a P X

T space-time codeword matrix §, where P is the number of cooperating relay nodes.
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v

S

S

Fig.2.5 Cooperative network model

The Rayleigh flat fading channel vector between the source node and the p;;, relay node is
denoted by f,, while g,, denotes the Rayleigh flat fading channel vector between the py, relay
node and the destination. The coherence time of f,, and g, is assumed to be larger thanT.
Let s = [sq, ..., S7] denote the symbol vector transmitted from the source node at the t,

transmission interval. The signal vector received at p;), relay node is given as:
r,=f,Os+n, 2.7)

where n,, = [np'l, e np,T] is the additive white Gaussian noise and (O represents entry-wise
operation. With due cognizance of the DF model, the p;), relay node provides estimates §,, =
[§p,1, s §p,T], such that matrix § is formed by arranging the transmitted symbols from each

relay node in a predefined array as follows:

S S ot Sir
0 S22 o7

S=| . ) (2.8)
Sp1 Spp 7 Spr

where the iy, row of S, given as§; = [§p,1, ...,S‘p,T] contains the T information symbols

transmitted by the p;, relay node, and the ji; column of S, given as §; = [S‘Lt, ...,S‘p't]T

contains the space-time symbols transmitted across all cooperating relay nodes at the ¢t
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transmission interval, [-]7 denotes transpose. This scheme achieves optimization in terms of
unitary code-rate because from (2.8) it is clear that the P relay nodes transmit T information

symbols in T transmission intervals.

2.3 Source Assisting Distributed Space Time Block Codes

In our discussion on DSTBC in Section 2.2.4 and in most of the works in the literature, for
example [31] [39-41], the source node is not involved in cooperation, thus there is no direct
link between the source node and the destination. However, considering that additional
benefits can be exploited in terms of diversity and error performance when the source node is
actively involved in cooperation, we propose a SA strategy for DF cooperative networks by
employing orthogonal and quasi-orthogonal STBC originally designed for multiple antenna
systems. From this, we model the source-assisting distributed orthogonal STBC (SA-
DOSTBC) and the source-assisting distributed quasi-orthogonal STBC (SA-DQSTBC) in
Section 2.3.1 and 2.3.3 respectively. Our approach allows us to directly apply the SA strategy
on existing STBC used in [24] and [42] originally developed for multiple antenna systems.
We first show how the SA strategy is applied on a single relay cooperative network. We then
implement the SA strategy for cooperative networks with P = 3 relay nodes. For both cases,
we adopt a time sharing approach where we allocate separate time slots for inter-node
transmission, the time slot approach is clarified subsequently. We then present the additional

benefits that can be achieved when the source node is actively involved in cooperation.

Our proposed SA strategy can be implemented in sensor networks or mesh networks where
the nodes are is close proximity, and all the nodes are within communication range of the
destination. In such scenarios it is expected that a direct path exists between the source and

destination. Thus, the source can join the relays and participate in cooperation to enhance
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BER and diversity performance at the destination. This performance improvement is
illustrated in the simulation results. The SA strategy can also be implemented in cellular

networks to enhance cell edge performance.

2.3.1 Source Assisting Distributed Orthogonal Space Time Block Codes

Distributed orthogonal space-time block codes (DOSTBC) are an important class of DSTBC
because they achieve a diversity order equal to the number of cooperating nodes. The
orthogonal structure of the coding matrix also enables low complexity decoding at the
destination. In this section, we show how our SA strategy can be implemented using
DOSTBC for a single relay cooperative network. In our work we use the Alamouti code of

[24] designed for multiple-antenna systems.

Fig.2.6 SA-DOSTBC Cooperative network model

Consider the SA cooperative multi-hop network with a source node S, single relay node R,
and destination node D as shown in Fig.2.6. We apply the half duplex constraint such that the
nodes cannot transmit and receive simultaneously. The model adopts a time sharing approach
such that the transmission interval between the source node and the destination is sub-divided
into time slots t; and ¢t,. In the first time slot t;, the source node transmits T = 2 information
symbols to the relay node. In the second time slott,, the source node and relay node
simultaneously transmit information signals to the destination. Let s = [sq,s,] denote the
symbol vector transmitted from the source node att;, we model the source-relay, relay-

destination, and source-destination channels f, g and h respectively as Rayleigh flat fading
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channels where the channel coherence time is larger than T. Then the received signal vector

at the relay node assuming perfect CSI with the DF model implemented is given as:
r=fOs+n (2.9)

where n = [ny,n,] is the additive white Gaussian noise. To preserve the relay simplicity, we
enable symbol-by-symbol detection using the DF protocol such that the relay node decodes
the information signal s and provides estimates § = [§;, 5,]. Obviously what is implemented
at t; is a direct transmission where the system behaves like a classic single-input-single-
output (SISO) system while the transmission att, can be seen as a classic cooperative
multiple-input-single-output (MISO) scheme the only limiting factor being §; # s;. The

Alamouti DOSTBC is implemented only at t, such that the source node now transmits:

Sesy = [s1,—s27] (2.10)
and the relay node transmits:

S@ = [52,517] (2.11)

Assuming that perfect CSI is available at the destination, the signal vector received at the

destination at t, becomes:

y = [y, 2]
y1=hys; + 98, + 274
yz == _hzsz* + ggl* + Zz (2.12)

where z; is the additive white Gaussian noise assumed to be made up of iid random variables.

We denote h, as the channel between the source node and the destination at t,, and g as the
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channel between the relay node and the destination. From (2.12) above it is obvious that the
conjugates of the transmitted symbols are only received in the second transmission interval,

thus, the coding matrix constructed at the destination by the source node and relay node is of

s, S
the form:{ L j} which meets the defined structure for complex orthogonal designs even
5 5

when the source node is actively involved in cooperation. Thus we are able to demonstrate
that a diversity order of d = 2 can be achieved when the relay node correctly decodes its
received information symbols at t;. Also, depending on the design of the code matrix, the
proposed SA strategy can achieve improved diversity and low complexity symbol-wise ML

decoding, this aspect is discussed next.

2.3.2 Symbol-wise Maximum-Likelihood Detection

We now provide an explanation on the structure of the signal detector at the destination for
the SA-DOSTBC described in Section 2.3.1. Conjugating the received signal y, in (2.12), the

received signal at the destination at t, becomes:

y = [leyZ*]
Y1 =hys1 + 985+ 7,
yz* = _hz*SZ + g*§1 + Zz* (2.13)

Assuming the destination is switched to receiving mode at t; such that the source node
broadcasts the signal vector s = [sy, s,] to the relay node and the destination simultaneously.
While the relay node receives the signals in (2.9), the signal vector received by the

destination from the source node is given by:

Ysp = [¥3, V4l
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Y3 = hysy + 23
y4_ = h1$2 + Z4 (214)

where h; is the channel between the source node and the destination at t;. The equivalent
signal received at the destination with the SA strategy implemented is obtained by combining

(2.13) and (2.14), and is given in short notation as:

Yeq = [¥sp, ¥] =Hs + 2z, (2.15)

where H denotes the equivalent channel matrix between the source node and relay node, and

the destination, and is given as:

h, 0

0 h
H =

hz g

g —h,

(2.16)

If the ML detector can perfectly estimate the channel co-efficients hq, h,, and g, they can be
used as CSI. Let s = {57, 5} denote the set of all possible transmitted vectors estimated by
the ML detector which minimizes the Euclidean distance J from a signal constellation M with

equal probabilities, thus:

J = |Yeq — Hs|* 2.17)

where Yoq = [V1,¥2,¥3, ¥4l and s = [sy,s,]", substituting for y; and y, in (2.13) and y3 and

v, in (2.14) we have:
J=1y1— ha81 = g5 17 + |y, + h5" — g5 12 + |y — MSi1P + lys — 52 (2.18)
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In order to recover estimates $; and $, of the transmitted information signal, the combiner

combines Y4, ¥, Y3 and y, such that:

by + by + gyt = (L + a2+ 1glP)sy + hy7lzs + hy'zy + gzy°

(95}
=
I

= h lya+ gy — hoy = (U + [ hal® + 1g1P)sy + hy 7 'zy + g2y — hyzy” (2.19)

From (2.19) above we can see that the two information symbols can be recovered separately
indicating low-complexity decoding. Also, by switching the destination to receiving mode at
t;, the model exhibits improved diversity performance at the cost of slightly increased

complexity of the ML detector, notably, the additional power gain +1 and the noise term

scaled by a factor hl_l in (2.19). This improved diversity performance is shown in the
simulation results in Section 2.5. It is obvious that in our explanation of the structure of the
ML detector we relax the limiting factor §; # s; such that there is no confusion, in other
words we assume that the relay node correctly decodes the information symbols received

from the source node at t;.

2.3.3 Source-assisting Distributed Quasi-orthogonal Space-time Block Codes

The main disadvantage of DOSTBC is that when complex valued symbols are used, full code
rate can only be achieved for a maximum of two cooperating nodes. Several types of
DOSTBC schemes proposed in the literature, namely, Alamouti code [24], square-real
orthogonal codes and complex-valued orthogonal codes [34] [35] are unable to achieve full
code rate when there are more than two cooperating nodes. The only DOSTBC scheme which
is capable of achieving full code rate when two cooperating nodes are utilized is the Alamouti
code which was discussed in the previous section. To alleviate this problem, Jafarkhani et al

in [42] introduced a class of codes called quasi-orthogonal codes for multiple-antenna
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systems, these codes achieve full code rate for MIMO systems with more than two transmit
antennas. Quasi-orthogonal designs are attractive because they achieve higher code-rate than
orthogonal designs and lower decoding complexity than non-orthogonal designs [43]. In
contrast with orthogonal designs where single symbols can be recovered separately by the
detector, quasi-orthogonal designs rely on recovering symbols in pairs, referred to as pairwise
detection [35]. Following the design of quasi-orthogonal codes for multiple-antenna systems,
distributed quasi-orthogonal space-time block codes (DQSTBC) was proposed in [31] to
extend the benefits of full code rate to cooperative networks with more than two cooperating

nodes.

We now extend our SA strategy to cooperative networks utilizing DQSTBC, which we refer
to as SA-DQSTBC. For our SA-DQSTBC scheme, we extend our analysis to a cooperative

network with a source node S, P = 3 relay nodes and destination D as shown in Fig. 2.7.

S D
N P ~
1 R, 81
12 R, ¢,

i
. A% o

Fig.2.7. SA-DQSTBC Cooperative network model

In the first time slot t;, we adopt the SISO transmission process as in previous sections such
that the source node transmits to the P relay nodes. The only difference in this case is that we
increase the symbol length of the information signal such thats = [s;,s,,S3, S4]. In the
second time slot t,, we employ the quasi-orthogonal codes proposed in [42] by Jafarkhani.
We design our SA strategy such that the codewords are optimally distributed between the

source node and the P relay nodes, and the source node and P relay nodes transmit
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simultaneously. We implement the SA-DQSTBC design only at t, such that the source node

now transmits:

Ses) = [51, =527, =53, 54] (2.20)
and the P = 3 relay nodes transmit:

Sy = (52,817, =847, —35]

Si2) = (35, =847, 817, —3,]

S@) = [54,357, 5,7, 81] (2.21)

From (2.20) and (2.21) above we can see that the complex conjugates of the information
symbols are jointly transmitted in the second and third time instants. Thus the received signal
matrix at the destination will only contain conjugates on entire columns, which ensures quasi-

orthogonality. The signal received at the destination at t, is given as:

Y = [1Y2, Y3 Y4l

Y1 = has1 + 915 + 9253 + 9384 + 24

Y2 =—hysy + g181" — 9284+ 9385" + 2,

Y3 = —hys3" — 915" — 92517 + g38," + z3

Yo = haSy — 9153 — 9252 + 9351 + 24 (2.22)

where h; is the channel co-efficient between the source node and the destination at t,, and g,

is the channel between the p;; relay node and the destination.
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s, s, 5, S,
* ~% ~% ~%
. . . . -S, W I PR .
Thus signal matrix at the receiver is of the form N + | which meets the

=S, =8, 8§ S,

s, =8 -5, 5
defined structure for quasi-orthogonal designs even when the source is actively involved in

cooperation. It is also obvious that the scheme achieves full code rate as T = 4 complex-

valued symbols are received in T = 4 transmission intervals.

2.3.4 Pairwise Signal Detection

Next, to discuss the improved diversity performance offered by the SA-DQSTBC, we provide
an explanation on the structure of the pairwise signal detector at the destination. Conjugating

the received signal y, and y5 in (2.22), the received signal at the destination at t, becomes:

Y =1[yuYy2"¥3" yal

Y1 =hys; + 915, + 9253 + 9354 + 74

"= _hz*sz + 91781 — 92784 + 93753 + 2,7
y3' = _h2*53 — 91854+ 92751 + 9375, + 237
Ya = h3Sy — 9183 — 925, + 9381 + 24 (2.23)

Assuming the destination is switched to receiving mode att;, we introduce the vector
¥Ysp = [Vs, Y6, V7, Vs] as the information symbols received at the destination from the source
node att; if s = [sq, S5, S3,S4] was transmitted. Thus the information signals received at the

destination from the source node at t; is given by:

Ys = hys; + s
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Yo = hyS; + 26
Y7 = hys3 + 27
y8 = h154 + Z8 (224)

The equivalent signal received at the destination with the SA strategy implemented is

obtained by combining (2.23) and (2.24), and is given in short notation as:

Yeq = [ySDrY] = Hs + Zeog

where H denotes the equivalent channel matrix between the source node and relay nodes, and
the destination. In order to recover the transmitted information signals, the combiner obtains

a new decision vector v = [vy, Uy, V3, V] given by:
v=H"y,, = H'"Hs + H" z,, (2.25)
v=Ms+Hz, (2.26)

where M is the Gramian matrix which dictates the complexity of the decoding algorithm and

is given as:

1 0 0 p

0 1 -8 0
M=H"H=HH" =a’ o

0 -8 0

B 0 0 1

(2.27)

where a? = (| hy|? + | hy|? + 911% + |g21% + |g3]?) is the power gain on the main diagonal
and B = (2Re( h,g5* — g19,"))/a? is an additional interfering element at off-diagonal
positions. The pairwise ML detector is now applied to v for all pair of symbols {53, 5.} and

{53, 53} which minimize the Euclidean distance J.
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1
Jisisa) = 1——ﬁ2(|v1 —a?(51 + BS)I? + vy — a? (5 + B5D)IP)
—2BRe([v; — a®(51 + B5)][vs* — a®(5," + B51)])

1
Jisys9) = 1——ﬁ2(|v2 —a?(5, + B5)I% + |vs — a?(53 + BS)IP)

—2PRe([vy — a?(5; + B53)][vs" — a® (537 + B35 )] (2.28)

The combiner now jointly recovers the estimates of the information signals §; and §,, and $,

and $3 in pairs by combining (2.23) and (2.24) as follows:

S1+8, = (h1_1y5 + hz*)ﬁ + g1y,  + g2y3" + 93*}’4)

+(hi'ys + b Ya = 91Y3" — 9232 + 93°V1)

= (s1+s)(@?+ )+ Zy4

S+ 8= (h1_1y6 - hz)’z* + 91"yt 927 Vs + 933’3*)

+(hi 'y = heys = G Va t 92V1 + 93Y2")

= (s;+s3)(@*+B) + Z,5 (2.29)

where  @? = (1+ | hyl® + |g11* + 192> + 1931®), B = 2Re(hyg5" — g19,") and Z,
captures all the noise terms. We notice that switching the destination to receiving mode at t;
only slightly incurs an additional power gain on @2 notably +1, however, it does not increase
the magnitude of the interfering element 8, while still offering improved diversity

performance. The diversity performance is illustrated in the simulation results.
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2.3.5 Improved BER Performance Based on Selective Modulation Order

In order to discuss the other achievable benefits when the source node is actively involved in
cooperation, we define the bit rate of a cooperative network as the average number of
information bits that can be correctly decoded at the destination per signal transmission
interval. Clearly, because the matrix § contains T information bearing symbols which are sent
in T transmission intervals, it is easy to see that the bit rate of § is upper-bounded by
(T/T) =1 at t, alone. We identify that the use of two time slots due to cooperation
introduces a level of redundancy, such that the bit rate of the cooperative network becomes
upper bounded by (T /2T), where the additional term in the denominator is induced by the
transmission interval at t;. Thus, if we increase the amount of bits in the m = log, M signal
constellation transmitted at t, relative to that transmitted at t; the overall diversity
performance of the system improves relatively. Selective modulation order is useful for
scenarios where the cooperating nodes employ the DF relaying protocol. In this case, the use
of a low constellation order for source-relay transmission will lead to less erroneous decoding
at the relay and subsequent improved BER performance at the destination. It is noteworthy
that the use of a higher constellation order for relay-destination transmission will introduce a
considerable level of delay. This issue can be addressed by the use of redundancy bits at the
relays. To demonstrate this benefit we increase the value of m at t, such that the constellation
order at t, is higher than that at t;. The improved BER performance achieved is shown in the

simulation results.

2.4 Distributed Space Time Block Codes with Multiple Antennas

Distributed space-time coding can be extended to a cooperative multi-hop network where

some of the communicating nodes are equipped with multiple co-located antennas. For a
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multi-hop network with P relay nodes, and multiple antennas M; and N, at the source node
and destination respectively, it is shown in [44] that provided the coherence time is long
enough, the network can achieve a diversity order of min{M;, N;}P when M, # N;. Also,
DSTBC is shown in [45] to be optimal for multi-hop networks with M, # N; because the
diversity order of the first hop is upper-bounded by M;P and the second-hop is upper-
bounded by N;P, therefore with DSTBC, cooperative multi-hop networks incorporating

multiple antennas can achieve the same diversity order as multiple antenna systems.

The SNR at the destination can be optimized by coherent combination of information signals
received by multiple antennas incorporated at its terminal. In this case, the increase in SNR is
proportional to the number of receive antennas [46]. This concept is referred to as ‘receive
diversity’ where the information signals arriving at the destination further experience
independent fades along their paths. In this section, we extend the design of orthogonal and
quasi-orthogonal codes to cooperative multi-hop networks with multiple antennas at the
destination. Practically, this is an appropriate model for any wireless sensor network or
cellular network scenario where the access point or base station respectively can be equipped
with multiple antennas. Considering the fact that the information signals in a cooperative
multi-hop network will more or less originate from independent communicating nodes, the
configuration of our network can be viewed as a combined transmit and receive diversity
system, this is shown in [47] to be valid only when the transmission paths exhibit iid
characteristics. Thus the network can offer a diversity order C,, N;, where C,, is the number of
cooperating nodes in the network. Such that N; becomes a design parameter for the space-

time code matrix S at the destination, and it dictates the structure of the ML detector.

Consider a DF cooperative multi-hop network model with a single relay node and multiple

receive antennas N, at the destination as shown in Fig 2.8. The transmission and space-time
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coding scheme for this configuration is identical to the scenario where the destination is
equipped with a single antenna the only difference is that the information signals received at
each t;, transmission interval in the single antenna case is received by different antennas in

the multiple antenna case.

Fig.2.8. Cooperative network model with multiple receive antennas

Let y, . denote the information signal received at the n., receive antenna at the t,, time

interval forn =1,2,...,N;and t = 1,2, ..., T.
Ynt = hpsi + gns, + Znt (2.30)

where z,, is the additive white Gaussian noise at the n., receive antenna assumed to be iid
random variables, h,, and g,, are the Rayleigh flat fading channel co-efficients between the
source node and relay node respectively to the n;, receive antenna thus the channel

experienced by each receive antenna is iid.

2.4.1 Orthogonal Designs with Multiple Receive Antennas

We first show the implementation of the DOSTBC design on a single relay network with
multiple receive antennas N, = 2 at the destination, the Alamouti code is applied to suit the
requirements of matrix § at each receive antenna. We implement the DOSTBC design only at

t, as in previous sections such that the source node transmits:

Ses) = [s1,—527] (2.31)
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and the relay node transmits:
S@) = [52,517] (2.32)

Assuming perfect CSI is available as in previous sections such that y; = [Y1,1;Y1,2] is the
signal vector received at the first receive antenna and y, = [}/2,1, yz,z] is the signal vector at

the second receive antenna, the combined signal received at the destination at ¢, from both

receive antennas is given as:
y = [y ¥l

Vi1 = his1+ 9185+ 71,
Y12 = —hisy™ + 915" + 21,2
Vo1 = hyS1+ 925, + 254

Va2 = —hySy" + 928" + 75, (2.33)

. . s S .
The matrix S at the destination is of the form:{ ' j} at each receive antenna, In order to
=5 5

recover the transmitted information signals, the ML detector obtains estimates $; and $, of

the transmitted information signal on each receive antenna, and linearly combines the

corresponding signals from the antennas as follows:
$1=y11h +y12°91 + ¥21he 22792

— vV 2 2 * *

= anl[(lhnl + 1gnl)s1 + Znihn + Zp, gn]

§; = Y1,1g1* - Y1,2*h2 + 3’2,192>k - 3’2,2*h2
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= Y0 [Uhn)? + 1901252 + Zn1Gn™ = Zn2"ha] (2.34)
where N; = 2.

2.4.2 Source-assisting Strategy with Multiple Receive Antennas

Consider the scenario where the destination is switched to receiving mode at t; as in Section
2.3. The information signals transmitted from the source node to the two receive antennas can
be implemented as a two-branch linear combining scheme [34] where the output signal is a
linear combination of the replicas of all the received signals, this technique is shown in the
simulation results to achieve optimization in terms of SNR. The network can now be viewed
as a hybrid combination of the two-branch linear combiner att;, and the two-by-two
Alamouti scheme at t,. We denote the vector ysp = [Ysp1, ¥sp2] as the information signals
received at the destination at t;, such that ysp, = [YSD1,1:3’5D1,2] and ysp, = [YSD2,1'YSD2,2]
are received on the first and second antennas respectively. The resulting signals at the

destination are:

Ysp11 = hsp1S1+ Zsp1a

Ysp2,1 = hsp2S1+ Zspa s

Ysp1,2 = hsp1S2 + Zspaz

Ysp2,2 = hsp2S2 + Zspa2 (2.35)
and the combined signals are:

a * *
81 = Ysp1,1hsp1 + Yspz,1hsp2

= (Jhsp1|* + |hsp2|?)s1 + zsp11hsp1” + Zspza1hspa”
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§; = YSD1,2h5D1* + YSDZ,thDZ*
= (lhsp1|* + |hsp2|?)s2 + Zsp12hspr ™ + Zspz2hspa” (2.36)

The ML detector obtains estimates $; and §, of the entire transmitted information signals at
t; and t, on each n;, receive antenna and linearly obtains the combined signals from the

antennas as follows:
o Ne+1
1= Znt:l [(lhspnl?® + 1gnl*)s; + Z4]

85 = YN (U hspnl? + 1gnl?)s; + 2] (2.37)

where Z; captures all the noise terms. It is noteworthy that, due to the SA strategy, the
achievable diversity order has increased from N; in (2.34) to N; + 1 in (2.37). The ML

decoding rules for the information signals s = {5;, 5, } are given by:

$; = argls‘_ngsl[Zﬁil((lhsnnlz +1gnl®) — 1)I511% + d2 (31, 51)]
1

8, = argmin[ 0%, ((hspnl? + 19a1?) = D151 + 42(5,,5,)] (2.38)
2

where d?(8,,5,) denotes the square of the Euclidean distance between §, and ;.
2.4.3 Quasi-orthogonal Designs with Multiple Receive Antennas

It is noted in [48] that by increasing the number of receive antennas, the rate one quasi-
orthogonal STBC (QSTBC) provides a higher diversity equal to M;N;. In this part, we extend
the DQSTBC design of Section 2.3.3 to a network with multiple receive-antennas N, at the
destination. The Jafarkhani code [42] is applied to suit the requirements of matrix S at each
receive antenna. The implementation of the DQSTBC design on a cooperative network

with P = 3 relay nodes and N, multiple receive antennas is shown in Fig.2.9.
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Fig.2.9. Quasi-orthogonal network model with multiple receive antennas

The signal received at the first receive antenna N; is y; = [)’1,1: Y12, V13 y1,4] and the signal

received at the second receive antenna N, is y, = [yz,l, Y22, Y23 3’2,4]- In order to recover the
transmitted information signals the receiver combines all signals received at the destination at

t, from both receive-antennas and obtains the estimate:

§¢ = Z:l 2521 Ynit (hn +gin t 920+ g3,n) t=12,..,4 (2.39)

Unlike the DQSTBC design with a single receive antenna at the destination discussed in

Section 2.3.3, the multiple receive antenna case yields a diagonal matrix with elements:

o =0ty (1 hal? + |gunl” + 1920l +1g3nl) (2.40)

where N, which represents the number of receive-antennas, improves the diversity
performance of the network. The improved diversity offered by DQSTBC with two-receive

antennas 1s shown in the simulation results.

2.5 Simulation Results

In this section, we show the simulated BER performance of SA-DOSTBC and SA-DQSTBC

and compare with the conventional DOSTBC and DQSTBC. The transmitted information
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signals encounter Rayleigh flat fading channels where the amplitudes of fading between
communicating nodes are mutually uncorrelated. It is further assumed that all the relay nodes
and destination acquire perfect CSI. All curves are plotted against the SNR at the destination
alone. First, the performance of the SA-DOSTBC using BPSK and 16QAM modulation
schemes with Gray coding is considered. The model is a DF cooperative network with a
single relay node, where T = C,, = 2, the Alamouti code is used. The symbols are recovered
at the destination using ML decoding. The results in Fig.2.10 show that with BPSK the SA-
DOSTBC achieves improved diversity performance of 2dB at BER = 1072 in contrast with
the performance of the conventional DOSTBC (see results in [49] for comparison). A similar
behaviour can be observed for the BER performance with 16QAM, again we can see that the
proposed scheme is about 2dB better than the conventional scheme. This implies that the
theoretical result in (2.19) is consistent with the simulation result, thus we can conclude that
the additional information signal received by switching the destination to receiving mode at
t; improves the BER gain and slightly enhances the diversity gain of the network with
negligible performance penalty. We assume that the total power consumed by the network is
unchanged when the SA strategy is used. In other words, the source node and relay nodes

consume the same amount of power for both the SA schemes and the conventional schemes.
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Fig.2.10 Performance comparison of SA-DOSTBC and DOSTBC

Next, in Fig.2.11 we compare the SA-DQSTBC with conventional DQSTBC using BPSK
and QPSK modulation for a cooperative network with P = 3 relay nodes, thus T = C,, = 4.
Pairwise decoding is used for symbol recovery. Similarly from the results we can conclude
that the SA-DQSTBC outperforms the conventional DQSTBC, for example at BER = 1072,
the proposed scheme with QPSK modulation has about 1dB improvement. It is also clear that
the SA strategy offers more BER improvement for the orthogonal design compared to the
quasi-orthogonal design. This is because the implementation of the SA strategy incurs much

lower decoding complexity for the orthogonal design.
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Fig.2.11. Performance comparison of SA-DQOSTBC and DQOSTBC

Next, we keep the modulation order of transmissions on the source-relay link unchanged,
while we increase the modulation order of transmissions on the relay-destination link.
Fig.2.12 shows the improvement due to the increased constellation order used on the relay-
destination link for SA-DOSTBC. First we design the model such that both source-relay and
relay-destination links use BPSK, we can see that increasing the constellation order of the
relay-destination link alone from BPSK to QPSK improves the BER performance, however
further increase in constellation order from 16QAM shows negligible improvement. This can
be attributed to the higher BER at the destination due to erroneous decoding at the relay

nodes.
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Fig.2.12. Performance improvement due to increased constellation order

We now proceed to evaluate the performance of the DOSTBC and SA-DOSTBC with
multiple antennas at the destination over Rayleigh flat fading channels. In the simulation, it is
assumed that the amplitudes of the fading channels from each cooperating node to each of the
receive antennas at the destination are mutually independent with perfect estimation of CSI.
Fig. 2.13 shows the BER performance of the DOSTBC and SA-DOSTBC schemes compared
with those of the multiple-antenna configuration using 16QAM modulation. The simulation
results show that DOSTBC with two receive antennas performs better than the conventional
DOSTBC where a single antenna is used at the destination. Also, the two-receive-antenna
SA-DOSTBC shows better performance over all of the other curves because the diversity

order d in this case is upper bounded by (C, + 1)N; as opposed to the two-receive-antenna
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DOSTBC with diversity order upper bounded by C,, N;. The simulation results thus show that
by increasing the number of receive-antennas at the destination, the network provides a

significant improvement in diversity performance.

10

,,,,,,,,,, 3::::::: —+— DOSTBC

| —&— 2-RXDOSTBC
1 SA-DOSTBC
—4&— 2-RXSA-DOSTBC

+
2y

T

10- f:::::::::i‘“:::::::::ﬁ‘::::::::::

[h'd |
w e e e e
m iiiiiiiiiiiiiiiiiiiijiiiiiiiiii:iiiii’::‘,ii,’iiibiiiiiiiiii
::::::::::T:::::::::7::::::::::‘::::::::,7‘:, FCoCCCCoooo]
T T | r
I S S H . N N NG
| | | | X
| | | |
[~~~ "~~~ """~~~ -0 " o T I N N\ ’ ”””
3 | | : : SN Q
L e e S e oSt
e e e e e b e~y S 21
7777777777
7777777777 R i B il e i
L o __ o __ I N
I | | | i
L L, o [
T 1 | i i
| | | | |
10'4 ; ; ; ; ;
0 5 10 15 20 25 30

SNR(dB)

Fig.2.13. Performance of DOSTBC with multiple receive antennas

The BER performance of DQSTBC is compared with that for the multiple-antenna
configuration in Fig.2.14 using BPSK modulation. The simulation results show that
DQSTBC with two receive-antennas provides about 1dB improvement in SNR. Thus in
general, the diversity performance of multi-hop networks can be further improved by

incorporating multiple antennas at the destination terminal.
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Fig.2.14. Performance of DQOSTBC with multiple receive antennas

2.6 Summary

The design of the SA strategy is considered for orthogonal and quasi-orthogonal DSTBC
using DF cooperative multi-hop networks. We identify that most works on DSTBC assume
there is no direct source-destination link and thus ignore the benefits that can be extracted
when the source node is actively involved in cooperation. In this Chapter, a two time-slot
protocol is adopted and the SA design is implemented such that the destination takes
advantage of the information signals transmitted from the source node in both time-slots. This
approach improves the diversity performance of the network at the expense of slightly
increased complexity of the signal detector. The DSTBC design is shown for generalized rate

one orthogonal and quasi-orthogonal codes, we then provide an explanation on the modified

48

PhD Thesis by Gbenga Owojaiye
University of Hertfordshire, Hatfield, Herts. AL10 9AB, United Kingdom



Chapter 2. Distributed Space Time Block Codes

structure of the signal detector and the improved diversity performance achieved by our

proposed strategy.
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3. Differential Distributed Space Time Block Codes

3.1 Introduction

Traditionally, when DSTBC schemes are used in cooperative networks, the communicating
nodes are required to have full CSI to decode the signals. CSI acquisition is possible when
the channel conditions fluctuate slowly compared to the information symbol rate. In this case,
the source node can send training symbols or pilot symbols to enable the destination estimate
the CSI accurately. However in reality, some scenarios exist where the acquisition of CSI is
impractical. In fact, channel estimation is a costly and challenging task in time-selective
fading environments or in environments where the channel conditions fluctuate rapidly. In
multiple-antenna systems, the use of training symbols becomes impractical in fast fading
channels [30]. Compared to multiple-antenna systems, the difficulty is more pronounced in
networks with large number of nodes like adhoc or wireless sensor networks. This is because
in such networks the amount of training or convergence time increases with the number of
hops. In some situations, it may also be beneficial to forego channel estimation in order to

reduce the cost and complexity of the cooperating nodes.

Channel estimation may also be difficult in high mobility environments like that experienced
by vehicular sensor networks or 3G and 4G cellular systems designed to provide data access
for highly mobile users. This issue is more pertinent with technologies utilizing frequency
hopping techniques where fading conditions may fluctuate significantly from one hop to the
next. It is thus imperative to incorporate differential strategies with cooperative multi-hop

networks utilizing DSTBC schemes.
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Differential strategies can recover transmitted information signals without the use of CSI
[34]. The idea of differential DSTBC spans from the use of differential schemes in multiple-
antenna systems [50] [51], the authors in [52] show that existing differential STBC designed
for multiple-antenna systems are favorable choices for single-antenna multi-hop networks.
Jing et al in [30] show that orthogonal codes maintain their linear decoding complexity when
used differentially in AF cooperative networks. In [53] differential DSTBC is investigated

using the AF model for cooperative networks.

In this Chapter, we present differential DSTBC schemes for cooperative multi-hop networks.
The rest of the Chapter 3 is organized as follows: In Section 3.2, we present the concept of
differential modulation, and review differential encoding and decoding in non-cooperative
networks. We then show how the ‘differential decode-and-forward’ and ‘differential amplify-
and-forward’ cooperative diversity protocols are implemented in cooperative networks. We
present the full differential encoding and decoding procedure using two main differential
concepts in Section 3.3 and Section 3.4, namely; ‘co-efficient vectors’ and ‘unitary matrices’
respectively. In Section 3.3 we propose differential orthogonal designs for cooperative
networks based on co-efficient vectors. We present the generalized mapping scheme and
differential recipe for utilizing co-efficient vectors in cooperative networks with any number
of relay nodes. In Section 3.4 we show how differential orthogonal designs can be
implemented in cooperative networks using unitary matrices. The differential concept is
generalized in Section 3.5 to cooperative networks with three, four, and eight relay nodes
using square real-orthogonal codes. In Section 3.6 we analyze via simulation the performance

of all the aforementioned differential schemes.

51
PhD Thesis by Gbenga Owojaiye
University of Hertfordshire, Hatfield, Herts. AL10 9AB, United Kingdom



Chapter 3. Differential Distributed Space Time Block Codes

3.2 Differential Modulation in Cooperative Networks

Differential modulation is useful for channels in which the amplitude and phase fluctuate
over time. Such scenarios exist in wireless mobile environments or in situations where there
is a residual carrier frequency offset after carrier synchronization. Differential schemes
encode the transmitted information into phase differences between two consecutive symbols.
The transmitter first provides a set of information symbols which contain no valid data, these
information symbols are only used as reference symbols for differential encoding. These
reference symbols are then used to generate consecutive phase-shifted signals. The
information signals are recovered at the destination by comparing the phase differences
between consecutively received symbols. To illustrate the fundamental idea behind the
application of differential modulation for non-coherent detection schemes, consider a PSK
modulated symbol sequence s(t) transmitted at the t;; time interval. Under ideal Nyquist

signaling conditions the received samples can be represented by:

r(t) = s(t)h(t) + z(t) (3.1)

where h(t) represents the path gain at the t;, time intervaland z(t) denotes the
corresponding noise. If the phase of h(t) fluctuates rapidly and randomly with respect to t, it
is impractical to estimate the channel from transitions in the carrier phase. However, if h(t)
fluctuates slowly enough with minimal degree of randomness such that it can be estimated
over at least two consecutive symbol intervals. Then phase transitions can be used to estimate
the channel and thus recover the information symbols. Differential detection schemes
originate from schemes like differential phase shift keying (DPSK) that neither require CSI
nor employ training symbols. These differential detection schemes have been popularly used

in the digital cellular system IEEE IS-54 standards [54] they are also widely used with phase
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shift keying (PSK) and quadrature amplitude modulation (QAM) constellations in satellite

and radio-relay communication systems.

3.2.1 Differential Modulation in Non-cooperative Networks

Before presenting differential schemes in cooperative networks, we first review the concept

of differential encoding and decoding in a classic non-cooperative single-relay network.

Fig.3.1 Single-relay differential non-cooperative network

Consider a single-relay network made up of a source node S, relay node R, and destination
node D as illustrated in Fig.3.1. In this discussion we assume that there is no direct link
between the source node and the destination. This sort of analysis is useful in scenarios where
the source node cannot reach the destination directly due to power limitations. The source
node transmits an arbitrary symbol s* at the first time instant which we refer to as block k,
note that s* is only used as a reference symbol and carries no valid data. In order to

k  the source node selects a symbol x* based on m input bits from m =

generate s
log,M MPSK signal constellation. At the second time instant referred to as block k + 1, the

source node transmits s**1 which is generated using the transmitted signal in the k., block as

follows:
Sk+1 — Skxk+1 (32)
where x**1 refers to the symbols generated from the input bits at the encoder in the (k +

1), block. Note that s¥*1 maintains the constellation spacing of s¥, also, for a unit energy
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MPSK constellation, |s¥*1| is always unitary. Assuming that the relay node differentially
decodes the information signals correctly, the information signals received at the destination

in both blocks is given by:
yk =skg + z* (3.3)

yktl = ghtlg | Zk+1 (3.4)

where g represents the path gain between the relay node and the destination, and zX,

K € {k,k + 1} denotes the corresponding noise at the destination. In order to recover the

transmitted signal in the (k + 1), block, the destination first computes y**1y** and then it

finds the closest symbol on the MPSK constellation to y¥*1y** as the estimate of the

transmitted signal, (-)* denotes conjugate. Let
yk+1yk* — (Sk+1g + Zk+1)(5‘kg + Zk)*

|g|2 k+1 Kk* + k+1gz +S g Zk+1_|_Zk+1Zk* (3.5)

Substituting for s*** in (3.2), and assuming z**! = z¥ such that the term z¥*1z¥"in (3.5)

can be disregarded, we can reach:

yrrlyk =g

|2 k k+1 k* +Sk k+1 * k+1

s gz¥ +s* g%z

= |gl*x**t +Z (3.6)

where Z captures all the noise terms, the channel between the relay node and the destination

g 1s assumed to remain constant for two consecutive transmission blocks. Therefore the

k+1 ;

optimal estimation of x“™* is obtained by:

k+1 k*

**1 = argmin|y — |g|?x*t1|? (3.7)
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Fig.3.2. Phase and amplitude transition in differential schemes

k+1

Consider the two consecutive received signals y* and y**1, assuming the noise terms are

k+1.,,k*

ktlyxk* and y**1y** will have the same phase transition. So

ignored we can observe that x
even if the channel fluctuates rapidly and randomly, provided the phase shift is approximately
constant over the two consecutive transmission blocks, the phase difference can be retained.
The constellation diagram in Fig.3.2 shows that although the phase shift remains constant, the
amplitude of x**1x** differs from that of y**1y** As discussed in [55], some form of
explicit amplitude estimation may be required especially for QAM constellations. In the case
of MPSK however, since all the received symbols are uniformly scaled by a factor |g|?, the

scaling factor will not alter the detection regions of the MPSK constellation. Therefore (3.7)

can be equivalently optimized to:

fk"'l — argminlyk“yk* _ xk+1|2 (38)

The optimized detection scheme in (3.8) guarantees that the information symbols can be

recovered without CSI. The downside however is that the doubling effect of the channel
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power and noise power results in a performance penalty in Rayleigh fading channels, this

issue is verified in the simulation results subsequently.

3.2.2 Differential Cooperative Diversity Protocols

In the previous discussion, differential modulation was described in a classic non-cooperative
single-relay network, where the source-destination link is non-existent. We now consider
differential modulation in cooperative networks using either the AF or DF protocol. Consider
a cooperative network scenario where both the source node and the relay node can transmit to
the destination as shown in Fig.3.3. To avoid interference, the transmission is divided into
two distinct stages, the ‘transmit’ stage, and the ‘cooperate’ stage. In the ‘transmit’ stage, the
source node transmits, while relay node and destination listen, in the ‘cooperate’ stage, the
relay node forwards its received signal to the destination using either the AF or DF protocol.
The transmission in each stage is made up of two blocks, namely the k;;, block and the

(k + 1)¢, block.

Fig.3.3. Single-relay differential cooperative network

3.2.3 Differential Amplify-and-Forward Cooperative Protocol

We first implement the differential AF (DAF) protocol at the relay node such that it can be

integrated with differential modulation. A sequence of symbols xé‘ngl arrive at the encoder of

the source node at the (k + 1), block, these symbols are differentially encoded as:

k+1 _ _k _k+1 —
SeyT = SeXm s n=12,..,N (3.9)
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where N is the number of symbols within the frame and Sé‘n) is the information signal

transmitted by the source node in the k¢, block. The received signals at the relay node and

destination respectively are given by:
rktl = (ST 4kt (3.10)
YE = sy h 4 2t G.11)

The source-relay and source-destination channels are denoted by f and h respectively. The

channels are assumed to be Rayleigh fading made up of complex Gaussian random variables

k+1

"1 and z%}" have zero

with mean p and variance 0. The corresponding noise-samples n*

mean and variance No. For the transmission in the second stage, the relay node applies the

amplification co-efficient proposed in [56] to implement the AF protocol given as:

PR = r"“/var(r"“)% (3.12)
Note that this amplification co-efficient is amenable to differential modulation because unlike
the one in [5] it does not require the channel information |f|, instead the values in the
denominator of (3.12) can be estimated by time averaging over the frame of consecutive

k+1

received signals. Now the relay node transmits the amplified signal 7 such that the signal

received at the destination in the second stage is:

ey =g 2! (3.13)
where g denotes the relay-destination channel. Substituting (3.10) and (3.12) into (3.13)

Y& = 56 heg + 2£5" (3.14)

where hg, is the equivalent channel of the combined source-relay and relay-destination links

1
given as hgy = gf 5651 J/var(r¥*t1)z and z,’sfgl is the equivalent noise given as 2}5‘3 1=
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1
gnftfvar(rktl)z + Zé‘;gl. So far, only signals transmitted via the source-relay-destination

link have been considered. In order to achieve additional diversity we implement cooperative
communication such that the direct source-destination link is considered. In other words,
differential demodulation is achieved for the cooperative set-up by combining the signals
received over both links. A simple differential combiner can be obtained by averaging over

the received symbols in (3.11) and (3.13) to recover the transmitted information:

* l *
xk*1 = argmin |(yé‘2§1yé‘2) var(r**)z + y&ityg, /2) — x"+1|2 (3.15)
3.2.4 Differential Decode-and-Forward Cooperative Protocol

In this section, differential modulation is considered for cooperative networks utilizing the
DF protocol, referred to as differential DF (DDF). Assuming the channel h between the
source node and the destination remains unchanged during the transmissions in the k., block
and the (k + 1), block, the signal received at the destination via the source-destination link

can be written as:
Y& =vlxi 25! (3.16)

where Zé‘fgl = Zé‘fgl — Zé‘l)xé‘ngl , In other words the signal received at the destination in the

(k + 1), block is conditioned on the received signal in the k;, block and the information
symbol xé‘,:sl. Similarly, if we consider the signals received at the relay node via the source-

relay link, the received signals can be written as:

rhrt = phy A + Akt (3.17)
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k+1 a ,k+1 k.k+

where 71 ntt—n x(n)l. At the relay node, the received signal is first differentially

decoded as in (3.8) to obtain J?é‘,:sl, next the recovered bits are differentially re-encoded as

follows:
St = ShoEih n=12,.,N (3.18)

In the second stage, the relay node transmits the differentially encoded signals in (3.18), such

that the destination receives:

v = sty + 25 (3.19)

Substituting (3.18) into (3.19) as in (3.17), we can reach:

V&' =Ykt (3.20)

where 2" £ z(Gh — 25, %" The independent source-destination and source-relay-

destination links thus provide the signals in (3.16) and (3.20) respectively. These signals can

then be combined cooperatively for differential demodulation as in (3.15) with the

1
amplification coefficient var (r**1)z ignored.

3.3 Differential Schemes using Co-efficient Vectors

Differential DOSTBC can be implemented in cooperative networks by using the differential
unitary matrices design as adopted by the authors in [30] [57-60]. Different from the existing
works in the literature, differential DOSTBC can also be implemented in cooperative
networks by using the differential co-efficient vector design. It is evident from [30] [57-60]
that differential DOSTBC schemes adopting the unitary matrices design are amenable to the

AF protocol. This is because, when the AF protocol is used, the relay nodes can forego CSI
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acquisition such that differential decoding is only performed at the destination. In contrast,
for practical scenarios where specific requirements compel the relay nodes to differentially
decode and re-transmit information signals from the source node, the co-efficient vector
design is better suited. The co-efficient vector design is particularly useful for applications
like adhoc and sensor networks where the intermediate nodes are required to recover and
retransmit information signals. Some differential DOSTBC schemes based on the DF
protocol in [52] [61] also adopt the unitary matrices design. It is important to note that co-
efficient vectors have been used for differential modulation in multiple antenna systems, see
[50] [62] for example. However, to the best of our knowledge this is the first work to
investigate the applicability of co-efficient vectors to cooperative networks utilizing
differential DOSTBC. From this, we propose differential DOSTBC designs for cooperative
networks based on co-efficient vectors. We present the generalized mapping scheme and
differential recipe for utilizing co-efficient vectors in cooperative networks with any number
of relay nodes. Using simulation results, we compare and contrast the unitary matrices and

co-efficient vector designs in terms of computational complexity and BER performance.

The differential encoding and decoding set-up using co-efficient vectors is generalized to
cooperative networks with N relay nodes. Consider the cooperative network with N relay
nodes depicted in Fig.3.4. The transmission from the source node to the destination is divided
into block k and block k + 1, and each block is sub-divided into the ‘transmit’ and
‘cooperate’ stages. In the ‘transmit’ stage, the source node sends information signals to the
cooperating relay nodes, while in the ‘cooperate’ stage, the cooperating relay nodes construct
the DOSTBC matrix at the destination. For each stage, the nodes are subject to half-duplex
constraint such that they cannot transmit and receive simultaneously. We assume symbol
level synchronization between the cooperating nodes such that the cooperating nodes transmit
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simultaneously. Each stage contains T symbol transmissions meaning that the source node
and relay nodes transmit a length T vector of information signals in each block. Our design is
valid for networks utilizing square real-orthogonal codes [34] where N € {2,4,8, ...}, we

however show that it can easily be extended to networks with any number of relay nodes.

Jiw
Sfow

Jvw

Fig.3.4 Differential cooperative network using co-efficient vectors

Given Nm input bits, the source node constructs a length 2¥™ co-efficient vector set given
t t t t

by V = {[771,1' ---;UN,1] ,[171,2, ---;UN,z] o) [Ul,ZZm, ...,'UN,ZZm] }, where  [] denotes

transpose. The co-efficient vector set V is made up of 22™ unit-length distinct

vectors [vl'j, . vN,j]t,j € {1,2,...,2%™m}, m is the spectral efficiency. Then a pseudo-random
one-to-one mapping scheme P(.) is defined for any m = log,M M-PSK signal constellation

such that the Nm input bits are mapped onto V. Note that M is the constellation size.

Before commencing differential encoding, we first devise the structure of the square real-
orthogonal signal matrix employed in our scheme. Let X* denote the T X N square real-

L T T .
orthogonal matrix given by X* = [x'f o XK ], where xX is the n,, column of X*. The

source node commences differential encoding in the k;j, block by transmitting the reference

information signal x¥ = [x{, ..., x{r)| to the ng, relay node, where xf; denotes the ng,
column of X¥. The elements of X* are normalized such that E {tr (X"HX")} = N, in other

words xk € X¥/+/N.
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In the transmit stage of the k., block, the source node transmits x¥ = [xf(l), ...,xf(T)], the

ngy, relay node receives
rk= x¥ O ff+nk (3.21)

where fk = [f,f(l), ) fri‘m] is the Rayleigh fading channel model between the source node
and the n;;, relay node assumed to be made up of iid zero mean and unit-variance complex
random variables. The corresponding noise nf = [ni‘l(l), e n,’i(T)] is made up of independent

samples of a zero mean complex Gaussian random variable.

3.3.1 Differential Encoding Using Co-efficient Vectors

The data vector x{** = [xj#), ..., %3] transmitted by the source node in the (k + 1)¢

block is generated from the data vector x§ = [xf(l), . xf(T)] transmitted by the source node

in the k;, block. We first discuss how the data vector in the (k + 1), block is generated
using the co-efficient vector set and the information signals in the k., block as shown in

Fig.3.5

Bits (o150 vm,] Differential o
Mapper > Symbol >
Computation

48 p

Xn

Co-efficient Vector Reference
Generator Signal l

Fig.3.5 Co-efficient vector-based differential encoder

The Nm input bits arriving at the encoder in the (k + 1), block are used to select the

corresponding vectors from the co-efficient vector set V. The selected corresponding vectors

[vl, jr s VN, j]t, j €{1,2,...,22™} are dependent on the Nm input bits and the pseudo-random

62

PhD Thesis by Gbenga Owojaiye
University of Hertfordshire, Hatfield, Herts. AL10 9AB, United Kingdom



Chapter 3. Differential Distributed Space Time Block Codes

one-to-one mapping scheme P(.). The source node then computes the information signals for
the (k + 1), block using the transmitted information signals in the k;, block and the

selected co-efficient vector as follows:
Xt = X[v, vy ] € (1,2, ., 22N = (2,48, ..} (3.22)

where xk*1 denotes the ng, column of the T X N square real-orthogonal matrix X**1, that

. t t .
is Xk*1 = [x'f+1 e, XRHL ] The elements of X¥ and X**1 form an orthonormal basis for an

N-dimensional real signal space, this implies that X< xk =1 n and xk+if ke = n- Thus

if we take the conjugate-transpose of both sides of (3.22), we can obtain:
H
[V e vn ] = 21 X" (3.23)

The selected coefficient vector can be represented using (3.23), such that given all the
possible outcomes of x**1, there exists 2¥™ corresponding coefficient vectors. In other
words, there is a one-to-one mapping between the coefficient vectors and the input bits. Note
that there is no difference between the differentially encoded symbols generated by our co-
efficient vector design in (3.22) and those generated by the unitary matrices design, for

example in [30] and [63].

Assuming the cooperating relay nodes can differentially recover the original information bits
transmitted by the source node. The relay nodes can then differentially re-encode their signals
as implemented by the source node in (3.22). In reality, provided the differential scheme is
designed such that all nodes in the network have prior knowledge of the co-efficient vector
set and the mapping scheme, there is no requirement for the relay nodes to recover the
original information bits. In essence, the relay nodes can simply recover the elements of the

co-efficient vector set using (3.24), and then use (3.22) for differential encoding.
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[B1j, o, Oy ] = argmin|rktirk — |52 [vy ;, ..., vy ] |2 (3.24)

where rktl = xk+1 © fE+1 4 nk*1 s the signal received at the n,, relay node in the
(k + 1), block. The differential decoding protocol employed by our scheme relies on the
assumption that the channel co-efficients remain unchanged for transmissions in consecutive

blocks, in other words fk = fk+1,

If our scheme is configured such that the relay nodes only recover the elements of the co-
efficient vector set as implemented in (3.24), without recovering the original information bits,
the computational complexity of the encoder is reduced because the relay nodes avoid the
mapper block and co-efficient vector generator block in Fig 3.5. To be precise, the number of

comparisons c at each relay node is reduced by 1 < ¢ < 2™,

We continue our discussion on differential encoding at the relay nodes by illustrating how the
co-efficient vector design is implemented with M-PSK constellations for N relays. Note that
we assume that the relay nodes can perfectly compute the elements of the coefficient vector
set. Consider an M-PSK modulation scheme with spectral efficiency m, the encoder at each
relay node generates N modulated signals from Nm information bits. Denote the set of
recovered information bits at the encoder as b;, I = 1,2, ..., 22™. Following the design in [50]

for multiple antenna systems, the co-efficient vector set is computed as

t t t .
V= {[771,1' s UN,1] , [171,2, s UN,z] ) ) [Ul,ZZm, s 'UN,ZZm] } Thus the mapping scheme
P(.) for each set of information bits to a co-efficient vector set is defined by:

t

P{(bl), (bz), ey (bzzm)} = {[vl,li ey UN’l]t, [Ul’z, ey UN,Z] ) eny [U1’22m, ey UN‘ZZm]t} (325)
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Let the information signals recovered at the relay nodes in the k,j, block be denoted by ¥% =

[ff(l), ...,a?fm], this implies that each relay node can construct ¥X,n = 1,2,.., N. In other
. < ~kt okt :
words, the N relay nodes can jointly construct X* = [x’lc ), XK ] Note that the signals

generated by the relay nodes in the k;; block are only required as reference, thus, they can be
exclusively independent of the signals generated by the source node in the k., block. The
next step is to discuss how the relay nodes differentially compute information signals for the
(k + 1), block and how they forward these signals to the destination such that the
orthogonal structure of the coding matrix is retained. In the k;, block, if as example, the

differentially recovered information bits at each relay is (b;) using (3.25) P(b,) =

[V1,1’ ...,vN,l]t. Each relay node first constructs the T length data vector x¥** using (3.26)

then the n;, relay node transmits the T length data vector xX*1in (3.27)
~ t
Xkt = Xk[vm’ ---’VN,1] (3.26)
Xt = G, (X ) = G, xk+ 3.27
n n vl,lr ey vN,l n *1 ( . )

where G, is the relay matrix at the n;, relay node designed to maintain the orthogonal

structure of Xk+1

at the destination. In essence each relay transmits a single column of the
orthogonal matrix X**1. The signals to be transmitted in the (k + 1), block are represented

in terms of a linear combination of the signals in the k;, block and the co-efficient vector.

The co-efficient vector [vm, . vN‘l]t is determined by the recovered information bits (b,).
3.3.2 Differential Decoding Using Co-efficient Vectors

If one receive antenna is used at the destination, the received signal matrix in the k,j, block is
given by:
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t t t1t -
= [}’,(cl) VY r s ¥y ] = X'H* + 2" (3-28)
where y’(‘t) = [yé‘t)‘l,..., y(kt)‘T] denotes the t;; column of the T X T received signal
t
matrix Y, [h(1) , ’(‘z)t, ...,h’(‘T)t] is the N X T channel matrix between the relay

nodes and the destination, where h{y = [h{;) 1, ..., hfyy], and Z¥ = [z’(‘l)t,z’(‘z)t, ...,z'(‘T)t

denotes the corresponding noise samples. Similarly the received signal matrix in the(k +

1), block is given by:

yktl = [yl(cl-|31 ,y}(cz-gﬂ' ,y;((;)l ] Xkt1lgk+1 4 7k+1 (329)

where ¥(3" = [y{1, - ¥(5r] denotes the ty column of the T XT received signal

) t t 2 L )
matrix Y*+t1, Hk+1 = [h’(‘fgl ,h'(‘;Sl ,...,hé%l is the N X T channel matrix between the

relay nodes and the destination, where h(t) [h(t) 15 00) h'(‘t)' N], and the corresponding noise

: t t t
samples is denoted by Z¥*1 = [z’(‘l’gl z'(‘;Sl , .,22‘;)1

Assuming that the fading conditions remain unchanged during consecutive transmissions in
both blocks, i.e. H® = H¥*1, the estimate of the elements of the co-efficient vector can be
computed at the destination as the entry-wise product of the received signals in both blocks

(3.28) and (3.29) as:

[B1, Do jy o O j] = ¥ O YF
= (X**1R{G + 25 (REHE + 24)"
= (XA HR 4 28 (RFHE + 2)"
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= SN Rl | kX 4 2k (3.30)

where the equivalent noise z* = z’(‘fsly("HH"H + xhtpphrigkt z’(‘fSlZ"H. Provided the

information signals are perfectly recovered by the relay nodes, substituting x¥+1 =

[V1,1’ s vN,l]X" into (3.30) and using x*xk = Iy we can reach:

81,5, D20 oo O] = SN [BES | (005, V2o oo v ] + 29 (3.31)

Thus the estimates of the co-efficient vectors are only a function of the differential co-
efficient vectors. Since all the elements of the co-efficient vector set V have equal lengths, the

destination selects the closest co-efficient vector to [171, 2 Ugjs s Un, j] from V as the detector

output. Since all the received symbols are uniformly scaled by a factor |hé‘t)'n|2, the scaling
factor will not alter the detection regions of the MPSK constellation. Then inverse mapping is
applied to recover the information bits. From (3.31) it is clear that the differential square real-
orthogonal design in an N-relay cooperative network is able to achieve an N-level transmit

diversity.

The square real-orthogonal design in cooperative networks described so far for N =
{2,4,8, ...} can be used for any cooperative network with p relay nodes (2 < p < N). The
only difference in design is in the structure of the channel matrix H* and H**?, in this case,

the path gain hé‘t)'n, n > p between the nyy, relay node and the destination is set to zero.
3.4 Differential Schemes Using Unitary Matrices

The differential encoding scheme discussed in the previous section requires the use of a unit-
length co-efficient vector set and inverse mapping at the destination to recover the original

information, this causes additional design complexity. In this section, we discuss a
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differential scheme that does not require the computation of a co-efficient vector set. This
approach uses ML decoding at the destination to recover the information signals. Consider
the cooperative set-up with N relay nodes depicted in Fig.3.4. The transmission from the
source node to the destination is divided into block k and block k + 1, and each block is sub-
divided into the °‘transmit’ and ‘cooperate’ stages. Each stage contains T symbol
transmissions meaning that the information signals are in groups of T symbols. In this set-up
we include the power allocation strategy at the source node and the cooperating nodes, and
assume that the cooperating nodes simply amplify their received signals and forward to the

destination without decoding.

3.4.1 Differential Encoding using Unitary Matrices

Similar to the co-efficient vector design, let X* denote the T X N ‘reference’ orthogonal
. . t t .
matrix given by X* = [x’f s XK ] where x¥ is the n;, column of X*. The source node

commences differential encoding in the k;, block by transmitting the reference information
signal x¥ = [xf(l), ...,xf(T)] to the n,;, relay node, where xX denotes the n,, column of X*.

The elements of X* are normalized such that E {tr (XkHXk)} = N, in other words xX €

X* /\/N. Specifically, in the ‘transmit’ stage of the k,j, block, the source node sends /PsTxX
where PgT is the average transmit power allocated to the source node. The received signal at

the n;y, relay node is:

rk = /PT x¥ O fE + nk (3.32)

where fk = [f,f(l), . fri‘m] is the Rayleigh fading channel model between the source node

and the n;;, relay node assumed to be made up of iid zero mean and unit-variance complex
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random variables. The corresponding noise nk = [nﬁ(l), s n,’im] i1s made up of independent
samples of a zero mean complex Gaussian random variable. The n;, relay node linearly

processes the received signal rk = [r,’f(l), ...,r,’f(T)] and transmits a 1 X T data vector

tfl = [t’ﬁu), ey t,'f(T)] given by:

P
th= [5rs Mark (3.33)

where M, is the relay matrix at the n;, relay node, the matrix M,, is designed as in Section II
of [64] per block such that the N relay nodes can generate an orthogonal codeword at the

destination. The power allocated to each relay node is denoted by P, this implies that an

amplification co-efficient 4 = /P;/(Ps + 1) is applied at each relay node. Replicating the
power allocation strategy in [65], we set P = P.N = P /2, where P denotes the total power
available in the network. In other words, the source node and the relay nodes share the

available power in the network.

Assuming the relay nodes are synchronized at symbol level such that the nodes transmit

simultaneously. The signal received at the destination in the k., block is given by:
Vie = Zn=a th O gk + 2y, t =1.2,..,T (3.34)

where gk = [g,’i(l), s g,’im] is the Rayleigh fading channel model between the n;y, relay

node and the destination, and 2y, is the corresponding noise. Substituting for tX and then r¥

in (3.33) and (3.32) respectively (3.34) becomes:

N PcPsT

Ykt = n=1 Potl Mnxlf © ﬂ{z © gi‘z + Zy, (3.35)
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where Z, = YN_ u M, gknk + z) . is the equivalent noise. The signal received at the

destination in the k;,block can be written in compact form as:

Y, = /pX*H* + Z; (3.36)

PcPsT Kk _

T
where Y, = [}’mT; ---rYIc,TT] e c™T, Ykt = [yk,t(l); ---'}’k,t(T)],P = Potl’

T
[M1xlfT’ ---'MNfoT] € CT™N H* = [hk,lT' ---'hk,TT] € CV T, hy: = [hk,t(l)' ""hk,t(N)]

- - T
and Zk = [Zk’lT, ...,Zk’TT] S (CTXT

Information
bits

sk+1 Differential k+1

| -
X
encoder v

Lxl‘:

Fig.3.6 Differential encoder using unitary matrices

Symbol generator

A

Reference signal

In the previous section, for differential encoding to take place, the input information bits in
the (k + 1), block are used to select corresponding elements of the co-efficient vector set.
As depicted in Fig.3.6, the co-efficient vector set is not required for this approach. The input
information bits are only used to pick symbols from a normalized constellation set. So instead
of using the input bits to select elements from the co-efficient vector set as discussed in the

previous section, the input bits are used to select input symbols s5** = [si7), ..., s} from

an MPSK or MQAM constellation. The encoder then constructs the input orthogonal matrix

k+1

t t .
Skt = [s'lch1 ) oer, SETT ]where sk*1 is the n, column of $¥*1. For example, for a

cooperative network with N=2 relay nodes, the encoder
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k+1 k+1
S11)  S1(2)

k+1* k+1*
—S12)  S1(1)

k+1 _ [ k+1 k+1] to be

constructs §¥*1 = [ . The information signals X7~ = [x1(1y, ..., X1(T)

transmitted by the source node in the (k + 1), block is obtained by:

xktl = xkgk+1 (3.37)

where xK*1 is the n,, column the T X N orthogonal signal matrix given by X**! =

t t . .
[x'f+1 e, XRHL ] The codeword matrix $**1 also has an orthogonal structure such that if all

. o : H
the symbols are normalized, the matrix is unitary, that means §**¥1"§*+1 = [, Due to the

Xk+1

orthogonality of the codewords, the resultant orthogonal data matrix is also unitary, in

other words X*+17 xk+1 = Iy. Note that the outputs of the two differential encoding

approaches in (3.26) and (3.37) are the same.

3.4.2 Differential Decoding using Unitary Matrices

Repeating the transmit-and-cooperate procedure as in the k;, block, the signal received at the
destination from the cooperating relay nodes in the (k + 1) block can be written in vector

form as:

Vier = JpXLHE 4 7, (338)

T
where Yy, q = [yk+1,1T: ---:yk+1,TT] e C™ T, Yr+1,t = [}’k+1,t(1): ---J’k+1,t(T)]ap =

PcPsT

T T T
k+1 _ k+1 k+1 TXN pk+1 _ T T NXT
g Xt = [Mlxl oy My xk ]e CT*N H* = [hyyyy' ) Ryprr | € CVXT,

_ _ [z T 5 1T TXT
Rivre = [Arsreay o0 Rerreewy] and Zyps = [Zian s s Ziprr' | € €75

We can ignore the power term \/5 and rewrite the received signal at the destinationin the
(k + 1)y, block as:
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Virte = Xy yq e+ Zppr e = X5V HY + 700, t=12,., T n=12,..,N (3.39)

If the channel statistics remain unchanged during the transmissions in both blocks, meaning

H* = H¥*1 we can reach:

Yk+11 = x’f“ H* + Zyi11 (3.40)

Substituting for x¥*1in (3.37), the equality in (3.40) becomes:

_ kck+1l gk o
Yir11 = X187 H" +Zyyq,

Yk+11 = Sk+1(}’k,1 - Zk,l) +Zpiq1
=Sy 1 + Zpr1a (3.41)

where Zpi11 = Zp41 —Zk,lS"“. Since the noise components are all made up of iid

Gaussian vectors with zero mean, we can induce that Zy,;; = Z4q1,. Thus, the input

codeword $*** which contains the original information symbols s{(i}, ..., s{(} can be

linearly recovered using ML decoding. For example for a cooperative network with N = 2
k+1

relay nodes and T = 2, the information symbols sf(“;% and sy(5y can be recovered using ML

decoding as follows:

St = argmin ||yxi11 — S"+1yk,1||12r (3.42)

sk+1

where ||A||z is the Frobenius norm. Replacing the Frobenius norm with the trace

function tr(A7A), (3.42) becomes:

Sk+1 = argmin tr [(yk+1,1 - 5k+1}’k,1)H(J’k+1,1 - Sk+1yk,1)] (3:43)
sk+1
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Expanding the terms in (3.43) and ignoring the identity matrix results in:

~ H
k+1 _ : k+1 H__ ck+1 H
S = argmin tr [_S Yi1Yi+11 —S Y1 }’k+1,1]
Sk+1

= argmax tr[iR{ka,lHSk“yk,l}] (3.44)

sk+1

Sk+1

Decoupling the input codeword into the real and imaginary parts of the input symbols,

R{s1(h) } and I{s{}) } respectively, we can reach:
1 0 0 1 o~ 1 0 o~ 0 1
o=t} Oenisi [ el e sl Yo

By substituting (3.45) into (3.44), the ML decoder can independently recover the input

symbols using the received signals in both blocks as follows:

~k+1 _
Si) T

argmax [ {er [Veras [ 7] vea R+ R{er [y ;0|70 ]} 3050
k+1

S1(1)

~k+1 __
S12) =

argmax [ER {tr [Yk+1,1H [_01 (1)] yk,l]} 91{5{‘(2%} + R {tr [}’k+1,1Hj [(1) (1)] YR,I]}S{S{((;%}](3'46)
S1G)

Expanding (3.46) results in:

<k k
Sl(ﬁ = argmax [m{Yk+1,1(1)HYk,1(1) + Yk+1,1(2)H}’k,1(2)}9%{51(%}
k+1
51(1)

+ ER{]'[}’k+1,1(1)H}’k,1(1) - }’k+1,1(2)HYk,1(2)]}S{Si{(ﬁ}]
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~k+1 _
S12) =

argmax [m{_Yk+1,1(2)HYk,1(1) + Yk+1,1(1)H3’k,1(2)}9%{5f(5} + f’R{j[3’1<+1,1(2)H3’k,1(1) +

k+1
51(2)

Yiert1w Vi J3{s1& )] (3.47)

3.5 Differential Square Real Orthogonal Designs in Cooperative

Networks

The differential orthogonal scheme can be extended to cooperative networks with N > 2
relay nodes using square real-orthogonal codes. Differential square real orthogonal codes
were first proposed in [62] for multiple antenna systems, and are shown in [34] [35] [66] to
achieve full diversity, full rate and linear decoding in multiple antenna systems with four and
eight transmit antennas. Differential square real-orthogonal designs were introduced to
cooperative networks with four and eight relay nodes in [30]. There the authors discuss the
generalized structure of the operating matrix at the relay nodes and present a generalized
differential encoding and decoding scheme. In this section we show how differential
encoding and decoding of square real-orthogonal codes can be implemented in cooperative
networks using co-efficient vectors as utilized in Section 3.2, we also present differential
encoding and decoding using unitary matrices based on the design for multiple antenna
systems in [35]. We first consider differential square real-orthogonal designs for 4-relay

networks, we then discuss for networks with three and eight relay nodes.

3.5.1 Differential Square Real-orthogonal Designs using Co-efficient Vectors

Consider a 4-relay cooperative network with a source node S, N = 4 relay nodes and

destination D as illustrated in Fig.3.7. The transmission from S to D is divided into block k
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and block k + 1, and each block is sub-divided into the ‘transmit’ and ‘cooperate’ stages.
Each stage contains T symbol transmissions meaning that the information signals are in

groups of T symbols sX,i = (1,...,T), K € {k,k + 1} .

Ji
g
S s
£

Fig.3.7 Four-relay cooperative network

In this set-up, emphasis is on how differential encoding and decoding takes place at the

source node and destination respectively. Similar to the co-efficient vector design in Section
3.2, let X* denote the T x N ‘reference’ orthogonal matrix given by X* = [x'ft, ...,x,’f,t]
where x§ is the ngy, column of X¥. The source node transmits x§ = [x{(), X1, X1 (5), X1 0|
to the N = 4 cooperating nodes, in essence in the k;, block; the source node transmits a
column vector of X¥. The N cooperating relay nodes then construct codewords using their
relay matrices to generate the N X T square real-orthogonal matrix X* at the destination. In
the (k + 1), block, a set of Nm information bits from m = log,M MPSK constellation is

generated at the source node by the encoder. Note that for real orthogonal designs, the

resultant symbols must be real.

The source node constructs a length 2¥N™  co-efficient vector set given
t t t .

byV = {[771,1» --"UN,l] ;[171,2, ---'UN,Z] ,...,[Ul'ZZm, ...,'UN,ZZm] } Then based on the input

information bits, the encoder selects the corresponding N-length co-efficient vector

t . .
[vl,]-, ...,vN,j] ,j €{1,2,...,22™} from V. The source node then computes the information
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signals for the (k + 1), block using the information signals in the k., block and the selected

co-efficient vector as follows:
t
xlHl = Xk[vl,j' ---;vN,j] (3.48)

where xX*1 denotes the n;, column of the N X T square real-orthogonal matrix X**1. The
elements of X* form an orthonormal basis for a four-dimensional real signal space, this

implies that X*" X* = I, thus if we take the conjugate-transpose of both sides of (3.48), we

can obtain:
t H
[V oo ] = XexfH (3.49)

The selected coefficient vector can be represented using (3.49), such that given all the
possible outcomes of x¥*1, there exists 2’™ corresponding coefficient vectors. In other
words, there is a one-to-one mapping between the coefficient vectors and the input

information signals.

Assuming that the relay nodes can compute the coefficient vector set such that they can
differentially decode and re-encode their received signals as in Section 3.2, if one receive

antenna is used at the destination, the received signal in the k;j block is given by:
kK — [vk ok ok ok 18— wkgk o [k &k &k k1
Yt = [}’(1)'}’(2):}’(3)'}’(4)] = X"H" + [Z(l),Z(z),Z(3),Z(4)] (3.50)

where yf;) = [yf(l),yé‘(z),yf(g),yf(@]t, H* is the N x T channel matrix between the relay

nodes and the destination given by

hl h2 h3 h4

H' = hy =h  hy h (3.51)
h,oh, —h —h
hy —hy h,  —h
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where h,, is the channel co-efficient between the n;;, relay node and the destination, and
2 = [z, 255, 25y, 2| denotes th ding noi les. Similarly th
® = t(1) Zt(2)r Zt(3)7 Zt(4) enotes ¢ corresponding noise samplces. milarly (v

received signal in the first transmission interval of the (k + 1), block is given by:
yl(cl-sl — ~k+1Hk+1 + Z/((-I;l (352)

Assuming that the fading conditions remain unchanged during the transmission in both
blocks, i.e. H* = H**1, the estimate of elements of the co-efficient vector can be computed

as the entry-wise product of the received signals in both blocks (4.3) and (4.5) as:
[ﬁl,j' U2,j) U3, j» 174,j] y}(cl+)1 OY*
_ (fllc+1Hk+1 + Zk+1)(Xka + Zk)
= Y1/ hr,p |2 f’fHXRH + 2" (3.53)

H., H H
where the equivalent noise z¥ = Z¥" &+ gk+1 +zk+1X" H¥" + ZF" z". Provided the

information signals are perfectly recovered by the relay nodes, substituting (3.49) into (3.53)

we can reach:

[ﬁl,j'ﬁz,j'ﬁ3,jrﬁ4,j] = Z?l:l'hRnD|2 [171']', vZ,j) Ug,j, '!74,1'] + Zk (354)

Thus the estimates of the co-efficient vectors are only a function of the differential co-
efficient vectors. Since all the elements of the co-efficient vector set V have equal lengths, the
destination selects the closest co-efficient vector to [171' i1 U2,jy U3, j, Ua, j] from V as the detector
output. Then inverse mapping is applied to recover the information bits. From (3.54) it is
clear that the differential real-orthogonal design in a 4-relay cooperative set-up is able to

achieve a four-level transmit diversity.

77

PhD Thesis by Gbenga Owojaiye
University of Hertfordshire, Hatfield, Herts. AL10 9AB, United Kingdom



Chapter 3. Differential Distributed Space Time Block Codes

3.5.2 Differential Square Real-orthogonal Designs using Unitary Matrices

For differential square-real-orthogonal designs utilizing unitary matrices, the differential
encoding and decoding procedure is identical to the case of differential orthogonal designs in
2-relay cooperative networks utilizing unitary matrices discussed in Section 3.4. Consider the
same cooperative set-up with N = 4 relay nodes depicted in Fig.3.7, in the k., block the
source node generates T = 4 information symbols selected from normalized signal points of
an MPSK constellation. Reiterating the transmit-and-cooperate procedure as in the design for
the 2-relay cooperative network, in the k;; block, the relay nodes receive the signal from the
source node and cooperatively construct the N X T square real-orthogonal matrix at the

destination. Hence, the received signal in the k;j, block is given in compact form as:

Y, = /pX*H* + Z; (3.55)
¢ PcPsT
where Y = [YI(,lt' ---;}’k,Tt] € (CTXTaYIc,t = [yk,t(l); ---'yk,t(T)]ap = PCS+51 XK =
Kkt Kkt Kkt Kkt TXN gk — t 1t NXT _
Myx¥, Myx, Myxk', Myx¥ | € €PNV H* = [hy 1", ... by rt] € CVXT, hy, =

[hk,t(l)' . hk,t(N)] and Zk = [Zk’lt, . Zk’Tt]t (S (CTXT

M, is the relay matrix at the n;, relay node and the elements are given by:

0 1 0 O 0 0 I 0 0 0 0 1

-1 0 0 O 0 0 01 0 0 -1 0
M1_14a M2: 7M3: ’M4:

0 0 0 -1 -1 0 00 0 I 0 O

0 01 0 0 -1 0 0 -1.0 0 0

Provided the information symbols are selected from normalized constellation points, the only

difference between (3.55) and (3.36) is the structure of the signal matrix X* and the channel
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matrix H*. Similarly the information signal x¥*! to be transmitted by the source in the

(k + 1)y, block is obtained as in (3.37) by:

xktl = xkgk+1 (3.56)
Here, xX*1 and x¥ are 1 X N signal matrices which denote the m,, column of their

corresponding N X T square real-orthogonal signal matrix, and $**1 is the N X T input
unitary codeword whose elements represent the information symbols from the encoder in the

(k + 1)y, block, $¥*1 is of the form [34]:

k+1 k+1 k+1 k+1
I[ S S3 S3 Sy ]I
k+1  k+1 k+1 k+1
—S S —S S
skt = k2+1 }<+1 kf1 ?c+1 (3.57)
—S3 Sy S1 —S2
_Szlfﬂ —sé‘“ sé‘“ S{c+1

The codeword matrix $**1 is an orthogonal design such that if all the symbols are

. . H .
normalized, the codewords are unitary, that means §¥*1"§**1 = I, Due to the orthogonality

of the codewords, the resultant orthogonal data matrix X*** is also unitary. In other words,

H
xi+if k1 = xk” xke = I,. Repeating the transmit-and-cooperate stages for the (k + 1),

block as in Section 3.3, the signal received at the destination is given in compact form as:
Y3t = Joxi H + 28 (3.58)
Substituting for x¥** in (3.56) into (3.58) we have:

Yyl = /pafSHTH 4 23! (3.59)
If the channel statistics remain unchanged during the transmissions in both blocks, meaning
H* = H**! we can reach:
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k k k k
Y& =Sy —2n) + 2"

= SKHyl + 203 (3.60)
where 2'(‘;)'1 = 21(‘51 -8 k+1z’(ct). Since the noise components are all made up of iid Gaussian

vectors with zero mean, we can induce that Z’{Sl ~ 2’((51. Thus, the input codeword §**1

which contains the original information signals sX*1,t € {1,2, ... 4} can be linearly recovered

using ML decoding:

541 = argmin |yE5" — 51y | G.on

sk+1

S§**1 = argmin tr [(y’(‘sl — S’”ly'(‘t))H()"(‘Sl - Sk+1y}(ct))] (3.62)

sk+1

Expanding the terms in (3.62) and ignoring the identity matrix results in:

- . H H p H
§k+1 = argmin tr [_Sk+1yl(ct)yl(ct-l)-1 _gk+1 yl(ct) yl(c;51]
sk+1
= argmax tr [ER {y'(‘slHS"“y’(‘t)}] (3.63)
sk+1

Decoupling the input codeword $¥** in (3.57) into its constituent real and imaginary parts,

R{sk*1} and I{sF*'}, we can reach:
S =T  R{sF*1IM,, + jS{sF*IM,,, n=i (3.64)

By substituting (3.64) into (3.63), the ML decoder can independently recover the input

symbols using the received signals in both blocks as follows:

541 = argmax % {er [V Myl |} REsI Y + o for [V Mayly |} St
S:IL(+1
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5541 = argmax [ {er [ Y5 Moyl |} REsE + 9 o [ Y65 Moyl [} Stsi+1

k+1
S2

551 = argmax [ {or [V Mayly |} REsE 1 + o for [V Mavly [} Stsi+1)

k+1
S3

st = argmasx [ {or [y£5 Myl || Rest 1) + 9 {er [y MLy [} S5t )] 69)

k+1
Sa

3.5.3 Differential Square Real-orthogonal Designs in Three and Eight Relay

Networks

We now discuss differential square real-orthogonal schemes implemented in cooperative
networks with three and eight relay nodes. For square real-orthogonal designs in 3-relay
networks, the achievable code-rate is the same as the case of 4-relay networks discussed in
Section 3.4.1 and 3.4.2. Hence, the differential encoding and decoding procedure is the same.
The only difference in design is in the structure of the channel matrix H* and H**?, in this

case, the path gain hg, ,, between the fourth relay node and the destination in (3.51) is set to

zero, hence, the channel matrix becomes:

= =
=~
~
=

Hk DHk+1 = 2

S
S
|
By
|
=

(3.66)

The decision statistics to recover the transmitted information bits is obtained as in (3.54) by:

[ﬁl,j'ﬁz,j'ﬁ3,jrﬁ4,j] = Z%:l'hRnD|2 [171']', vZ,j) '!73,]', '!74,]'] + Zk (367)
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This implies that the design is able to achieve full three-level diversity for 3-relay cooperative

networks.

The differential encoding and decoding set-up using co-efficient vectors or unitary codes can
be generalized to cooperative networks with N = 8 relay nodes. For these designs, the
encoding and decoding procedure is also similar to that used in 4-relay cooperative networks.
The information signal x¥*1 to be transmitted by the source in the (k + 1)y, block is

obtained as in (3.56) by:

k+1

xktl = xkgk+1 (3.68)

The only difference between this setup and the setup in Section 3.4.1 is that, in the former,xX
and xX*1 are 1 X N signal matrices where N = T = 8, and S**! is of the form of [26] for 8-

relay networks:

Slk+1 _ §+1 _S3k+l _SZ:H _Sé¢+1 _Séﬂ _S;c+1 _S§+1
S§+1 Slk+1 _Sfﬂ S§¢+1 _Sé¢+1 S§+l Sé¢+1 _S;¢+1
S§f+1 Sfﬂ S1k+l S§+l _S;¢+1 Sé¢+1 S§+1 S§+1
Sk+l _ S‘I:H S;cﬂ S;ﬁrl Slk+1 _Sécﬂ S;cﬂ Séﬂ S§+l
Séf+1 S§+1 S;g+1 Sé¢+1 Slk+l §+1 _S;¢+1 _SZ:H
S§+1 _S§+l S§+1 _S;c+1 S§+l Slk+1 SAI:H _S§+1
S;f+1 _S§+l _S§¢+1 Sgﬂ S§+l Sfﬂ Slk+l S§+1
_Sgﬂ S;c+1 _S§+l _S§+l Sic+l S;{H _s§+l Slk+1 ] (3 69)

The structure of the operating matrix M,, at the n;, relay nodes is also different from that
given in Section 3.4.1, the structure of M, is obtained by decoupling $¥*1in (3.69). Similar
to the differential set-up for 3-relay cooperative networks where the codes are designed from
the set-up for 4-relay cooperative networks, the design for cooperative networks with five, six

and seven relay nodes can be designed from the set-up for 8-relay cooperative networks. This
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is achieved by simply setting the corresponding element of the channel matrix to zero as

implemented in (3.66).

In general, for the differential square real-orthogonal designs to be valid, the data matrices

H H . :
Xk+17 xk+1 = xk+17xk = I, and the information symbols must be

must be unitary, i.e.
selected from real constellations such that the information symbols can be recovered

independently at the destination. The designs are also reliant on the assumption that the

fading conditions remain unchanged in two consecutive blocks.

3.6 Simulation Results

First, the diversity performance of the DAF and DDF schemes are investigated via
simulation. For this analysis, an un-coded scheme is assumed for transmission across all
communicating nodes. Fig.3.8 shows the performance of the DAF and DDF schemes
compared to the classic non-cooperative scheme discussed in Section 3.2. For this analysis,
the source node and the relay nodes transmit in BPSK configuration and the communicating
nodes are assumed to lack CSI. For the DAF and DDF schemes, in the first transmission
interval, the source node sends to the relay node while in the second transmission interval, the

source node and the relay node jointly send to the destination.
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Fig.3.8. Performance comparison of differential modulation in single-relay cooperative

and non-cooperative networks

The results show that the DAF and DDF schemes achieve cooperative diversity and
outperform the classic non-cooperative scheme. It is also observed that the DDF scheme
shows improved diversity performance over the DAF scheme, for example, at 1072 BER, an
SNR penalty of about 2.5dB is incurred. This is mainly attributed to the amplification of the
noise at the relay by the AF protocol. Another reason is the low bit rate utilized for symbol
transmission and the un-coded transmission of information signals. In other words, at low un-
coded bit rates, due to the hard-decoding performed by the DDF protocol the likelihood of
erroneous decoding is low at the relay node. To further investigate this issue, in Fig.3.9, we
plot DDF and DAF schemes utilizing QPSK configuration. The results attest that the

performance of the DAF scheme tends towards that of the DDF scheme when a higher order
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modulation scheme is used. For example, at 1072 BER, the SNR penalty incurred by the
DAF scheme over the DDF scheme is reduced by about 1.5dB, compared to that incurred in
BPSK configuration. For comparison, we also include the performance of the DF and AF
protocols for a single-relay cooperative network that is able to acquire perfect CSI at the relay
and the destination.

10°

—5— DF(QPSK)
I — —+— AF(QPSK)
———————— —&— DDF(QPSK) |
B N B —— DAF(QPSK) ||

BER

|

|
| | |
r-——---- - - - -~ 7
| | |
1 1 1

I e [
10'5 : : : :
0 5 10 15 20 25 30 35 40
SNR(dB)

Fig.3.9 Performance comparison of differential modulation in coherent and non-coherent

networks

It is observed that both the DAF and DDF schemes incur performance penalties compared to
the coherent AF and DF protocols especially in the higher SNR region. This is because
differential detection at the relay and destination doubles the effect of the channel and noise

power on the received symbols.

In the second part of the simulation results, the performance of the differential square-real

orthogonal scheme with cooperating relay nodes over flat fading Rayleigh channels is
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evaluated via simulation. The fading is assumed to remain unchanged for at least two
consecutive information blocks. We assume that the cooperating nodes and the destination
are unable to acquire CSI thus they recover the transmitted bits from consecutively received
signals. We first set N = 2 and m = 1 to form the basis for comparing the BER performance
of our co-efficient vector design with that of the unitary matrices design of [30] and [61],
where the AF and DF protocols are employed respectively. A similar scheme is also
independently simulated for N = 2 cooperating nodes in coherent networks that can acquire

perfect CSI. The results for BPSK are presented in Fig.3.10.

10°
T Conerent
[7::::,:::7r:::::::::1::: —F—— Differential DF(Co-efﬁcient Vectors)
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10 E===Tz=sssgz=Tr=ai ‘ =--| — &+ Differential AF(Unitary Matrices)[30]
107 oo R N
x e e el
i booIIIIn :
m L e — - - +
10-3zzzzzzzzzz‘gzzzzzzzzzg‘ ——————————
10-4EEEEEEEEEE‘EEEEEEEEEE%::::::::::::::::::::::::::::::
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Fig.3.10 Performance comparison of unitary matrices and co-efficient vector designs
usingBPSK configuration

From the results it is evident that, compared to the AF protocol of [30], the performance of

the differential scheme using co-efficient vectors is slightly better than that obtained using
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unitary matrices in the low SNR region, while the performance improves significantly in the
high SNR region. For example, at 1073 BER, the performance gain is about 2dB. On the
other hand, compared to the DF protocol of [61], the proposed co-efficient vector design
achieves notable performance gain at SNR values below 15dB. For higher SNR values, we
observe no significant difference in performance gain. The performance curve of our
differential scheme using co-efficient vectors also starts from a better point on the BER axis
compared to that of [30] and [61]. A notable difference between the designs is however
observed in terms of the computation complexity of the decoder at the relay nodes and the
destination. For designs utilizing unitary matrices, a simple ML decoder recovers the
information bits at the relays and the destination by conducting ¢ = 2™ comparisons, m is the
number of bits. In contrast, designs utilizing co-efficient vectors rely on a search over all
possible elements of the co-efficient vector. This equates to ¢ = 2?™ comparisons to recover

the elements of the co-efficient vector set, with a further 1 < ¢ < 22™

comparisons required
for mapping and inverse mapping at the encoder and decoder respectively. It is thus clear
that, the decoding complexity limitation of the co-efficient vector based design is due to the
constellation size. To counter this, suitable optimum detection schemes like those proposed in
[67] which are independent of constellation size can be utilized. Customary with differential

schemes, differential orthogonal schemes incur a performance penalty compared to that for

coherent orthogonal schemes.

In Fig.3.11 we show the performance of co-efficient vector based differential square real-
orthogonal designs in cooperative networks with three, four and eight relay nodes. The relay

nodes distribute real orthogonal codes amongst themselves in order to construct the
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differential DSTBC matrix at the destination; BPSK configuration is used to select the

information symbols.

10°

—+—— Differential 3 Relays
—+H— Differential 4 Relays
—c— Differential 8 Relays

10
Coherent 4 Relays
107, sozzzzzzzazzzzosohesShgrziagzzzzazssszzzzzzzzzzzszzzzzis
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S

Fig.3.11 Performance comparison of differential Schemes with Three, Four and Eight Relay
Nodes using BPSK

From Fig.3.11, we can see that the performance curve of the differential scheme with three
cooperating relay nodes is parallel to those with four and eight relay nodes. This indicates
that the co-efficient vector based differential DSTBC like the unitary matrices design is able
to achieve full diversity, and the diversity performance increases with the number of
cooperating nodes. Similar to the results obtained for differential schemes in 2-relay
networks, differential schemes with three, four and eight relays also incur performance
penalty when compared to their coherent counterparts. Using four relay nodes for example,
differential square real-orthogonal codes in four-relay networks incur about 3dB SNR
degradation in comparison with coherent networks with four relays.
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3.7 Summary

Compared to traditional unitary matrices based differential DSTBC designs amenable to the
AF cooperative protocol. In this chapter, differential DSTBC designs based on co-efficient
vectors is proposed for DF cooperative networks where the relay nodes are required to
differentially decode and re-transmit information signals. We present the generalized
mapping scheme and differential recipe for utilizing co-efficient vectors in cooperative
networks with any number of relays. Using simulation results, we compare and contrast the
unitary matrices and co-efficient vector designs in terms of computational complexity and
BER performance. In addition we generalize the co-efficient vector design to cooperative

networks with three, four and eight relays utilizing square-real orthogonal codes.
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4 Differential and Multi-differential Quasi-orthogonal

Space Time Block Codes

4.1 Introduction

So far, we have discussed full code-rate and full diversity differential schemes using complex
orthogonal codes in 2-relay cooperative networks, and square real-orthogonal codes in N > 2
relay nodes. For networks utilizing N > 2 relay nodes, full-rate complex orthogonal codes
are non-existent in the literature. Full diversity complex orthogonal codes have been reported
for coherent networks with three and four relay nodes in [30] each achieving 0.5 and 0.75
code-rate respectively, this rate deficiency also extends to their counterparts in non-coherent

networks.

In order to meet high data rate requirements, high code-rate differential distributed quasi-
orthogonal space-time block codes (DQSTBC) for cooperative networks was first presented
in [30]. Here, the authors discuss the generalized structure of the so called symplectic
matrices Sp(2) codes which have a high code rate and emulate the quasi-orthogonal codes of
[42]. The Sp(2) codes in [30] however achieve less than full code rate when utilized in 4-
relay cooperative networks. So far, the differential encoding and decoding setup presented in
[30] [57] and [68] for cooperative multi-hop networks only utilize codewords from unitary
matrices aimed to reduce encoding and decoding complexities. This means that the code
design criterion is restricted to only unitary matrices and unitary codewords that can
commute. These schemes thus sacrifice full code-rate for encoding and decoding complexity
benefits. The first non-unitary quasi-orthogonal codeword constructed for 4-relay networks
was illustrated in [63]. Here, the authors present the conditions under which the codewords
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are non-unitary, referred to as scaled-unitary. They also present important insights for
constructing scaled-unitary codewords. However, their work does not cover the differential
encoding and decoding procedure. The work in [69] provides the differential encoding and
decoding setup for some unitary codewords. The authors also summarize the design criteria
for a dimension-four quasi-orthogonal scaled-unitary codeword. However, different from
conventional one-way wireless cooperative networks, their design is restricted to two-way
wireless cooperative networks. Therefore, to the best of our knowledge, there has not been
any work on the full differential encoding and decoding procedure for non-unitary full code-
rate quasi-orthogonal codes in 4-relay cooperative networks. Thus, we propose differential
distributed quasi-orthogonal space time block codes (DQSTBC) for cooperative networks.
Our work presents the differential encoding and decoding procedure for 4-relay cooperative
networks based on the full code-rate quasi-orthogonal codes of [70] originally designed for
multiple antenna systems. Our differential DQSTBC scheme utilizes codewords from non-
unitary matrices, based on this we show how the transmitted information symbols are

constructed from a special choice of signal sets such that full code-rate signals are obtained.

In all the aforementioned related works on differential designs for cooperative multi-hop
networks, the assumption is that a direct link between the source node and the destination
does not exist. We identify that additional benefits can be extracted in terms of SNR
performance when the source node is actively involved in cooperation. We have considered a
similar cooperative scheme in [32] and in Chapter 2 for non-differential designs. In this
Chapter, we propose a new multi-differential quasi-orthogonal design for cooperative
networks. Our proposed strategy uses a multi-differential decoding procedure, whereby,

differential decoding occurs multiple times at the destination. The overall objective of this
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scheme is to reduce the redundancy of the source node and destination while improving the

quality of the detected signal at the destination.

The rest of Chapter 4 is organized as follows. Section 4.2 details the differential encoding and
decoding procedure for DQSTBC in cooperative networks. In Section 4.3 we introduce our
multi-differential protocol, Section 4.4 presents some simulation results and Section 4.5

contains the summary.

4.2 Differential Encoding and Decoding of Quasi-orthogonal Codes

4.2.1 System Model

The cooperative network consists of a source node, a destination node and N relay nodes as
shown in Fig.4.1. Each node is equipped with a single antenna which is used for both
transmission and reception. The nodes are subject to half duplex constraint such that they
cannot transmit and receive simultaneously. First, we focus on differential DQSTBC where
the antennas of the cooperating nodes constructively generate the quasi-orthogonal
codewords at the destination, thus, the direct source-destination link is not considered in this
section. We address the problem of differential encoding and decoding where neither the

relays nor the destination can acquire CSI.

S [ 4 N |
. __ "fk.l(t) e
fk,Z(t)
R
\\\fk'N(t) A? gk,N(t’)HH
\‘RN///
Y

Fig.4.1 N-relay cooperative network utilizing quasi-orthogonal codes
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The design in this work adopts a two-block two-stage ‘transmit-and-cooperate’ protocol. This
implies that the protocol is made up of two blocks and each block is divided into two stages
namely, the ‘transmit’ stage and the ‘cooperate’ stage. In the ‘transmit’ stage, the source node
sends information to the relay nodes, while in the ‘cooperate’ stage, the source keeps silent
and the cooperating relay nodes simply forward the information signals to the destination
without decoding. The transmission in each stage has duration of T time instants, such that

the transmission in each block lasts for 2T time instants.

In order to recover one set of valid information symbols at the destination without CSI, the
scheme relies on two consecutive signal matrices S;, and S, generated in the k;;, block and
(k + 1), block respectively. The first signal matrix S is termed the ‘reference’ matrix
because it is only required for differential decoding and thus contains no valid data, while the
subsequent signal matrix S, conveys the valid data. We first devise the structure of the
reference quasi-orthogonal signal matrix employed in our scheme. Let S;, denote the T X N
reference  quasi-orthogonal matrix given by S = [sk‘lT, ...,sk‘NT] € CTN, sk =
[Sk,n(l)r s sk,n(T)]. This implies that sy ,, is the n., column vector of S, the matrix Sy is
constructed such that ;S # I+. Thus the reference codeword matrix employed in our

scheme is non-unitary unlike the schemes in [30] [57] and [68].

Next, we show how the source node and N relay nodes construct §}, at the destination. In the
‘transmit’ stage of the ky, block, the source node generates a time sequence signal s, =
[Sk‘l(l), ...,Sk‘l(T)] of duration T symbols. Let sy 1), t = 1,2,...,T be the ty, information
symbol transmitted by the source node to the relay nodes in the k;; block. The transmitted

signal is normalized such that E (sk'lsk,lH ) = 1. Assuming the data vector transmitted by the
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source node is of the form /PsTsy ; where PgT is the average transmit power. The received

signal at the n;, relay node is

Tin = PsTSk1 O fin + Ny 4.1)

where (O denotes entry-wise operation, fy, = [fk,n(l); s fk,n(T)] is the Rayleigh fading
channel model between the source node and the n;;, relay node assumed to be made up of iid
zero mean and unit-variance complex random variables. The corresponding noise ny, =
[nk,n(l), ...,nk,n(T)] is made up of independent samples of a zero mean complex Gaussian
random variable. The n;, relay node linearly processes the received signal 1y, =

[Tk,n(1)' o rk,n(T)] and transmits a 1 X T data vector &} ,, = [tk,n(l); e tk,n(T)] given by:

tgn = mrk,nMn 4.2)

In our DQSTBC scheme, the N relay nodes are designed to construct T X N quasi-
orthogonal signal matrices at the destination. In order to achieve this, each n, relay node is
equipped with a T X T unitary matrix M,, referred to as the ‘relay matrix’. The relay matrix is
a matrix of 1s and Os which enables the relay nodes to generate codewords with a quasi-
orthogonal structure at the destination. The structure of the relay matrix is given in Section II
of [64] for cooperative networks with different number of relay nodes. Due to space
limitations however, the structure of the relay matrix is not illustrated in our work, we just

borrow the design of [64]. The power allocated to each relay node is denoted by P, this

implies that an amplification co-efficient u = /P;/(Ps + 1) is applied at each relay node.

Replicating the power allocation strategy in [65], we set Ps = PN = P /2, where P denotes
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the total power available in the network. In other words, the source node and the relay nodes

share the available power in the network.

Assuming the relay nodes are synchronized at symbol level such that the nodes transmit

simultaneously. The signal received at the destination in the k., block is given by:
yk,t = 211;,=1 tk,n ng,n +Zk,t) t= 1,2,..,T (43)

where gy, = [gk‘n(l), . gk,nm] is the Rayleigh fading channel model between the n, relay
node and the destination, and z; . is the corresponding noise. Substituting for ¢ ,, and then

Ty n in (4.2) and (4.1) respectively (4.3) becomes:

_ VN PcPsT

Vit = 2=t [~ Sk 1My © (Fin © Gon) + Zir 4.4)

Ps+1

where Zy, = XN_iuM, gy Ny + Z; is the equivalent noise. The signal received at the

destination in the k., block can be written in compact form as:

Yy = /pSiHy + Zy (4.5)

PcPsT

T
where Y = [}’k,1T: ---'yk,TT] €C™T, yy, = [Yk,t(1): "-'yk,t(T)]’p = hotl Sk =

T
[Misi1T, ... Mysi, ] € CPV Hy, = [hyy ", ygr | € CVT, Ry = [higecays on Bicran]

T
and Zy = [Z,", .., Zxr"| € CTT, the channel co-efficients hy¢ny = fin(e) * Gin(e)-

The N X T quasi-orthogonal channel matrix H), captures the channel co-efficients between
the source node, the N relay nodes, and the destination. Here we assume that the channel is
constant during the transmission of T symbols, that is, hy, ; is constant for ¢ = 1,2, ..., T. Note
that the matrix S, generated at the destination by the N relay nodes is a T X N quasi-

orthogonal signal matrix containing either the original complex information symbols
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{Sk’n(l), ...,Sk‘n(T)} or their conjugates {Sk‘n(l)*, ...,Sk’n(T)*}. Thus the quasi-orthogonal
signal matrix §; generated at the destination in (5) has the same structure as the reference
quasi-orthogonal signal matrix devised earlier in our discussion. In other words, S, =
[MysiiT, ., Mysici "] = [si1s oo Sin™] € €N, sien = [Skncays o0 Sknmy]» Where sy, is
the ny, column of §;. In other words, the n;;, relay node transmits the n;;, column vector
of . This implies that the relay matrices {Mj, ..., My} maintain the quasi-orthogonal
structure of the transmitted codeword, and the codeword matrix generated at the destination is

also non-unitary.
4.2.2 Differential Encoding using Quasi-orthogonal Codes

In this section, we discuss the differential encoding procedure employed in the proposed
differential DQSTBC scheme. The architecture is typically composed of a hybrid
combination of two functional sub-systems, namely, a constellation mapping sub-system and
a differential sub-system. Differential encoding is initiated at the source node. Recalling that
Sk1 = [Sk,1(1)» e 5k,1(T)] € C*T is the source node data generated in the k, block, the next
step is for the source node to generate the data vector sy, for the (k + 1), block. This

involves the following processes:

First, the constellation mapping sub-system generates the information symbols vy, 11 =

CY*T, where w11 represents the valid transmitted information

[vk+1,1(1); o vk+1,1(T)] €
symbols that must be recovered at the destination without CSI. We now show how the
elements of v, are computed at the source node from a proper choice of signal sets such

that a full diversity non-unitary quasi-orthogonal codeword is obtained. The elements of

V41,1 are modulated symbols drawn from an m = log,M M-PSK or M-QAM constellation,
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m is the spectral efficiency. Let ® = diag[l, elf1, ., ejeT/Z—l], the information symbols are

constructed as & - [Uk+1,1(1)»17k+1,1(3)» ---»Vk+1,1(T—1)]Tand - [Vk+1,1(2)»vk+1,1(4)» ---'vk+1,1(T)]T'
This implies that, [vk+1‘1(1), Vk+1,1(2) ] are mapped onto a signal constellation A of size
2™, while [vk+1’1(3), Vi+1,1(4)s ] are mapped onto a signal constellation A, which is a
rotated version of A. The mapping of information symbols is illustrated in Fig. 4.2 for QPSK
constellation. The rotation angles 8 of the information symbols ensure that the codes achieve

full diversity, see Chapter 5 of [35] for further explanation on constellation rotation.

3 g=2
. ) _M

[Vi+1,1(1)s Vis1,12)0 -~ | [Vk+1103) Viesr,10)0 - |

Fig.4.2 Symbol mapping for QPSK constellation

The next step is for the differential encoder to generate the 1 X T data vector s, for the
(k + 1), block. We assume that the source node has prior knowledge of the relay

matrices {My, ..., My}, since the source node already knows s, 4, it can easily construct S} =

[Mlsk‘lT, s MNsk,lT]. Thus the data vector generated in the (k + 1), block is of the form:
Sk+1,1 = Vit1,15k (4.6)

T . .
where Syy11 € COTwpy11 € CT and Sy = [sg17, .., SknT] s the reference quasi-
orthogonal signal matrix generated by the N relay nodes in the kg block. Let Vi, =

T T TXN — ENNT .
[vk+1,1 sy VkpLN ] €C "N, Vyy1n = [vk+1,n(1); ...,vk+1'n(T)], this implies that vy, is
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the mng, column vector of the quasi-orthogonal information symbol matrix Vi,
and Vk+1H Vi1 # Ir. Thus our information symbol matrix is non-unitary in contrast with
other proposed schemes which force V17V, = Ir. Since Vy+11 and Sy have a quasi-

orthogonal structure, then sy 1 ;1 also has a quasi-orthogonal structure.

In order to construct Sj,; at the destination, the source node and N relay nodes follow the
same process as in the k;, block.The received signal at the ng, relay node in the (k +
1) block is of the form of (4.1). Similar to the case of the k;;, block, the relay node data is
constructed and transmitted as discussed in Section 4.2.1. The received signal at the

destination in the (k + 1), block is similar to (4.5) and can be written in compact form as:
Yy = \/;Sk+1Hk+1 +Zyy1 (4.7)

T
where Yy 4 = [}’k+1,1T; ---;yk+1,TT] e c™T, Yik+1t = [yk+1,t(1); ---ryk+1,t(T)]a p=

PcPsT
Ps+1

T 17T
,Siear = [MiSpi11", s MySiesn 1] € €PN Hpyy = [yian’ s oo A r' | € CVT,
~ T 5 1T
hk+1,t = [hk+1,t(1)l ""hk+1,t(N)] and Zk+1 = [Zk+1,1 ) ...,Zk+1’T ] € (CTXT, the channel co-
efficients Ay11,¢n) = ferin(o) * Gk+1,n(e)- We assume that the channels fi ,, Gin, frs1, and
9k+1n Which are made up of iid zero mean and unit variance complex random variables,
have a Rayleigh flat fading model. Our differential decoding technique relies on a multi-

block channel fading model where the channel is assumed to be identical for two consecutive

blocks of 2T transmissions, in other words H;, = Hj, ;.
4.2.3 Differential Decoding using Quasi-orthogonal Codes

As far as the destination is concerned, consecutive blocks of codewords have been received

across N relay nodes. So far, consecutive T X N quasi-orthogonal signal matrices §; and
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Si+1 have been generated at the destination based on (4.5) and (4.7). We can rewrite the

received signals at the destination as

T
Yie = SinHi + Zin = [Schiy +Zn'] , t=12,..,T n=12,..,N (4.8)

- T ~ T
Vi1t = Sk+1nHie1 + Zgy1n = [Sk+1hk+1,t + Zk+1,nT] , t=12,..,Tn=12,..,N (4.9)

Note that we intentionally omit the power term \/; for ease of explanation. Using the signals
received in (4.8) and (4.9) in the k., block and (k + 1), block respectively, the valid
information symbols vy = [vkﬂ,l(l), ...,vk+1'1(T)] can be recovered pairwisely at the
destination without CSI. For example, for a cooperative network with N = 4 relay nodes
and T = 4, in order to recover V1 1, we first obtain the quasi-orthogonal signal and channel

matrices for two consecutive transmission blocks as follows:

[ Sj,1(1) Sj,2(2) Sj,3(3) 51‘.4(4)]
g = | ¥1@ Sz TEs@ i)
/ =Sj13)  ~Sj2@) Sz Sja@
Sj,1(4) —Sj23) TSi3(  Sj4)
iy M2 hse Maw
H; =

J

iy —hiz)  hisw' —Mae |
hiia how  —hisa j,4(2)j

Wawy —hea —hase  haw

where S; € C™*N and H; € CV*T, j € {k,k + 1} are quasi-orthogonal signal and channel
matrices respectively. The t;;, information signal transmitted by the source node, through the
ngp, relay node is denoted by s 5 (r), and hj ;) captures the channel co-efficient between the
source node, the n;, relay node, and the destination, in the t;, transmission interval. Since

we assume that the channel is constant during the transmission of T symbols, h; ;e is
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constant fort = 1,2,...,T, similarly, Sjn@) 1s constant for n =1,2,..,N since all the
cooperating relay nodes transmit the same information signals. Thus we can imply that

hj,l(n) = e = Njam) = hj(n) and Sj1) == Sjae) = Sjo)- Based on this, we can

compute
0 0 s
S, =S, 0
S50 s, s o
2 1

H 0 0 H,
0 H -H 0
HH jH = _ : ’
0 -H, H 0
H 0 0 H,

Si =Z§=1|S]-(t)|2 is the signal power andS, =2R€(Sj(1)5j(4_)*—Sj(z)S]’(3)*) is a self-
interference parameter. Similarly, H; = Z;‘;=1|hj(n)|2 is the channel power and H, =

2Re{hj(1)hj(4)* - j(z)hj(3)*} is a self-interference parameter. The elements of v, are

then recovered as follows:
Yir1,1Y1" = Skr11Sk" Hirrhi" + 23

= Vir11SkSk Hiprhies ™ + 24

= Uk+1,1(1)(51H1 + S;H,) + vk+1,1(4)(51H2 + S;Hy) + 7,

= Vi+1,10A t Vkr1,10)B + 24 (4.10)
Similarly,

Vi+11Vk2" = Sk+1,1SkHHk+1hk,2H + Z,
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H H
= Vis115kSk Hyp1hy o' + Z;

= Uk112A — Vks113)B + 23 (4.11)

H_ H H
Yi+1,1Yk3" = Sk+1,18k Hpg1hy s + Z3
_ H H
= Vis1,15kSk Hyyrhy s + Z3

= —Vit112)B + Vkr113)4 + Z3 (4.12)

Yir11Via " = Sk+1,1SkHHk+1hk,4H +Z,
= ”k+1,15k5kHHk+1hk,4H +Z,
= Uk11(0)B + Vir11004 + Z, (4.13)

where Z,, captures the noise, A = S{H; + S,H, and B = S;H, + S,H; , we refer to A and B as
the differential decoding parameters required to recover vy ;. The differential decoding

parameters are computed at the destination as:
YiVia = SkSthk,1hk,4H +7Z,=A+2Z,
YiaVia" =SS hieahyes” +Zy =B + 7, (4.14)

This implies that Yy 1Y, 4 ~ Aand yy 1y, 1 = B sinceZ, ~ Z,. It is thus obvious from
(4.14) that the scheme does not require CSI to recover vy, ;. The non-coherent recovery of
V41,1 rather depends on consecutively received signals in the k;j, block and (k + 1), block
under the constraint that H;, = H,,,. Once A and B are computed at the destination using
(4.14), the information signals in (4.10) to (4.13) can be recovered pairwisely. The system

architecture for the differential decoder at the destination is illustrated in Fig. 4.3.
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)’k+1,1)’k,1H —
D H Pairwise Vit11(1)
%; . Yi+11YVk4 Decoder v
Yii1 Signal k+1,1(4) Bit
Decoupler
P Yir11V2" UNGICD Recovery
Pairwise Vi+11(2)
Vier11 Y3 Decoder Vieria(a)
Vit (A)(B)
Yy
Delay (A®B)

Fig.4.3 Pairwise differential decoder

So far, we can see that in each transmission block a two-stage transmit-and-cooperate
differential protocol is adopted. In the transmit stage of each block the destination is idle
while in the cooperate stage of each block the source is idle and only the cooperating relay
nodes transmit. Next we discuss a scenario where a direct link exists between the source node
and the destination, such that the source node transmits in all stages and the destination

receives in all stages.

4.3 Multi-differential Encoding and Decoding of Quasi-orthogonal

Codes

4.3.1 Multi-differential Encoding Using Quasi-orthogonal Codes

The diversity performance of our differential DQSTBC scheme can be improved by
exploiting the additional diversity path provided by the source-destination link. If a direct link
is available between the source node and the destination, the destination can differentially
recover information symbols using the signals from the source node and the signals from the
relay nodes. In the previous section, the source node is idle at certain transmission intervals,
specifically when the relay nodes are transmitting to the destination. Our multi-differential

scheme is designed such that the source node can use these idle transmission intervals to
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generate quasi-orthogonal matrices at the destination. If the structure of the quasi-orthogonal
matrices generated at the destination by the source node is identical to the structure of the
quasi-orthogonal matrices generated at the destination by the relay nodes in Section 4.2, then
the destination can use the same decoding metric to jointly recover the two sets of
information symbols without incurring additional decoding complexity. Thus the principal
objective of our multi-differential scheme is to improve the SNR gain at the destination with

negligible decoding complexity penalties.

We observe from Section 4.2.2 that the source node has prior knowledge of the relay
matrices {My, ..., My}, since S = [Mysi17, ., MySi1"| = [si17, -, SinT] then the source
node can construct sy, for anyn = 1,2,..., N. The source-destination channel matrix is

denoted as Hg, € C™T and given

T C
by Hg ) = [hs,k,lr ...,hs'k'T], hg) .= [hs'k,t(l), ...,hs'k'tm] , this implies that hgp,, t=
1,2,..,T is the ty, column of Hgy and hgy ¢y denotes the channel co-efficient between the

source node and the destination at the t;, transmission interval. If the channel co-efficients
remain unchanged during all the source-destination transmission cycles, then we can imply

that hgp; =, ..., = hgj 4.

The data vector transmitted by the source node in the ‘transmit’ stage of the k;, block
1SS, = [Sk,l(l)' ---»Sk,1(T)]- While the cooperating relay nodes receive the signals in (4.1)
from the source node, the signal received by the destination from the source node is of the

form:

Vsik11) = VaSkihsis + Zs k1) (4.15)
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where hgy 1 = [hs,k,l(l)' s hs,k‘l(T)]T € CT*1 is the Rayleigh fading channel model between
the source node and the destination assumed to be made up of iid zero mean and unit-
variance complex random variables, the corresponding noise is Zgy 1(1) and a denotes the
power term. In the ‘cooperate’ stage of the k;, block, while the destination receives the
signals in (4.3) from the relay nodes, the source node transmits sy , such that the destination

receives:

Vs k1(2) = Vasyhgy, + Zs k,1(2) (4.16)

The source node already knows S) and vy 4, thus it can construct S4,, using (4.6), the
source node can also construct Sy, = [skﬂllT, ...,sk+1‘NT] since it knows the relay
matrices {M4, ..., My}. Thus, in the ‘transmit’ stage of the (k + 1), block, while the relay
nodes receive differentially modulated signals from the source node, the signal received by

the destination from the source node is:

Ysk+11 = \/Esk+1hs,k+1,1 tZspi11 4.17)

where @ is the power term. In the ‘cooperate’ stage of the (k + 1);, block, while the
destination receives the signals in (4.7) from the relay nodes, with a slight misuse of notation

the source node transmits sy 3 such that the destination receives:

Vsk1(3) = ‘/Esk,Bhs,k,3 t Zsk,1(3) (4.18)

Finally, the source node transmits sy, 4, such that the destination receives:

Yski1a) = Vasgshgps + Zs 1) (4.19)
At the end of the source-destination transmission cycles, the destination has received Yy, =
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[ys,k,l(l); ---Js,k,1(4)] and Ys 411 = [ys,kﬂjl(l), ...,ys,k+1,1(4)]. We can write the received

signal matrices in compact form as
Yo =SkHgp + Zsy
Ysk+1 = Skv1Hspr1 + Zspsa (4.20)

(CTXT (CTXT

T T
— T T — T T
where Ygp = [Ysra" o Ysir'| € and Ygpp1 = [Ysks11"r s Ysprrr | €

and Yy and Y 41+ denote the ., column of ¥, and Y ;4 respectively.
4.3.2 Multi-differential Decoding Using Quasi-orthogonal Codes

As far as the destination is concerned, consecutive T X N quasi-orthogonal signal matrices

have been received from the source node. So we can rewrite the received signals as
N T
Vsir = Skhsie + Zspe = [SknHsp + Zsie] £ =12,..,T n=12,..,N (4.21)

N T
Yokt = SkatPsperne + Zoprre = [SerinHsiar + Zspesre] st =12,..,T n=12,..,N (4.22)

Similar to the case of our differential DQSTBC scheme, using the signals received in (4.21)
and (4.22) Vyy11 = [vkﬂ'l(l), ...,vk+1'1(T)] can be recovered pairwisely at the destination

without CSI as follows
Ysir1,1Ysier’ = Se11Sk" Hsjesrhsper” + Zsa
= V11 SkSk Hy g hgior™ + Zsq
= Uk+1,1(1)(51Hs,1 + Ssz,z) + Vk+1,1(4)(51Hs,2 + 52H5,1) +Zs4

= Vk41,1(0)C + V41,100 + Z51 (4.23)
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Similarly,
H _ H H
Ysik+11Ysk2 = Sk+115k Hspe1Psp2 + Zsp
_ H H
= Vy41,18kSk Hspr1hspo +Zs,

= V41,12 C — Vk41,13)D + Zs2 (4.24)

H _ H H
Ysk+1,1Ysk3 = Sk+115k Hspe1Psps + Zss
_ H H
= Vir1,15kSk Hgpv1Rsps + Zs3

= —Vks1,12)D + Vks1,13)C + Zs3 (4.25)

H H
Ysii11Yska = Sk4115k HsprriRspa +Zsy
H H
= Viy1,15k8k Hgps1Rspa +Zsa
= V110D + Vkt1,10)C + Zs 4 (4.26)

where Z , captures the noise, C = S;Hs, + S,Hg, and D = §;H,, + S,Hg 1, we refer to
C and D as the differential decoding parameters required to recover v 1 1, the channel power
. 2 « -

is denoted by Hs,l = Z?:llhs,j(t)l and HS,Z = 2R€{hs’]’(1)hs‘j(4) — hs,j(Z)hS,j(3) } is a self-
interference parameter. Similar to the differential decoding scheme in the previous section, if

C and D are available at the destination the signals in (4.23) to (4.26) can be recovered

pairwisely. The estimated values of the decoding parameters, C and D, can now be obtained

by:

ys,k,l}’s,kAH = SkSths,k,lhs,k,4H + Zs,4 =D+ ZSA (4.27)
H _ H H 7 _ 7

ys,k,lys,k,l - SkSk hs,k,lhs,k,l + Zs,l =C+ Zs,l (4-28)
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This implies that Y, 1Vsra ~ D and Y 1Vsx1" = C since Zs, = Zs,. Now we have
obtained all the results required for multi-differential decoding, obviously, all the decision
signals are only a function of a pair of input signals which exist with dissimilar constellation
angles. This offers the possibility of decoding in pairs. We can decide for each pair of

recovered symbols independently using a pairwise least square decoder as follows:

[Pr+1,11) Pre+1,1(2)] = argmin [|}’k+1,1}’k,1H — (Vkr110A + 17k+1,1(4)5')|2 + | Yir11Vra —

(Uk+1,1(4)A + Vk+1,1(1)B)|2 + |ys,k+1,1ys,k,1H - (Uk+1,1(1)C + 17k+1,1(4)D)|2 + |ys,k+1,1ys,k,4H -

(Vk+1,1(4)C + 17k+1,1(1)D)|2] (4.29)

[Pr+1,1(2) Pr+1,1(3)] = argmin [|}’k+1,1}’k,2H — (Vks1104 — 17k+1,1(3)5')|2 + | Yir11Vr3" —

(Uk+1,1(3)A - Vk+1,1(2)B)|2 + |ys,k+1,1ys,k,2H - (Uk+1,1(2)C - 17k+1,1(3)D)|2 + |ys,k+1,1ys,k,3H -

(Vk+1,1(3)C - 171<+1,1(2)D)|2] (4.30)

The pairwise least square decoder performs an exhaustive search over all possible
combination of constellation points to determine the pair of signals that minimize the terms in
(4.29) and (4.30). This decoding is based on the pairwise decoding metric of [42], and is
equivalent to finding the minimum Euclidean distance between the noisy received signals and
the known constellation points. Then finally symbol level demodulation is applied to recover
the original bits. The complexity of this process is equivalent to 2*since this is the number
of constellation points to be examined. Compared to the differential scheme, the additional
computational complexity incurred by the multi-differential scheme is negligible since the
number of constellation points to be examined is unchanged. Thus, the destination has jointly
decoded information signals transmitted across the source-destination link, and the relay-

destination links. As stated previously, the multi-differential scheme improves the diversity
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order of the differential scheme from N to (N + 1) as a result of the additional diversity path
provided by the source node, this conclusion is proved in our simulation results. Although we
have stated that the principal objective of our multi-differential scheme is to improve the
SNR gain at the destination with negligible decoding complexity penalties, we also note that
our scheme incurs additional power penalties due to a and @, and additional signal processing

at the source node due to the transmissions in (4.15) to (4.19).

4.4 Simulation Results

In this section we provide simulation results for the performance of our differential and multi-
differential DQSTBC schemes, these results are studied in comparison with the
corresponding coherent detection scheme of [31]. For further analysis, we have also included
the results for the differential4 X 4 real orthogonal design and Sp(2) codes of [30] whose
algorithms and design parameters are independently reproduced in our environment.
Simulation results have been obtained assuming a cooperative multi-hop network with single
antenna nodes. Fig.4.4 shows the results for BPSK constellation, all the schemes compared in
the results transmit the same number of symbols across N = 4 relay nodes. Thus the bit rate
of each scheme in Fig.4.4 is equal to the code-rate. Specifically, the full code-rate coherent
quasi-orthogonal code, 4 X 4 real orthogonal code, SP (2) code, and our differential
DQSTBC have bit rates 1, 0.5, 6.5 and 1 respectively. We analyze the diversity performance
of our full code-rate quasi-orthogonal design using optimum rotation angles. The optimum
rotation angles are set as 6 € {1,m/M}, where M = 2 is the constellation size. As illustrated,
our differential DQSTBC scheme and the 4 X 4 real orthogonal scheme of [30] offer
approximately identical diversity performance. However, our differential DQSTBC scheme

provides full code-rate of 1 as opposed to the code-rate of 0.5 for the latter. Similarly, our
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differential DQSTBC scheme shows improved diversity performance of about 2dB over the
SP(2) scheme which only provide code-rate of 0.65. Compared to the full code-rate coherent
scheme, our differential DQSTBC scheme is about 3dB worse which is due to the doubling

effect of the noise power in non-coherent detection schemes.
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Fig.4.4. Performance comparison of space-time coding schemes in cooperative networks

The performance of our differential and multi-differential DQSTBC schemes for different
constellations is illustrated in Fig.4.5. In this part, the signal constellation was set at QPSK,
QAM and 16-QAM, with rotation angle 6 € {1,m/4,m/16}. We assume that the total power
consumed by the network is fixed for the differential and multi-differential scheme. As
shown, the multi-differential DQSTBC scheme out-performs the conventional differential

counterpart especially at the higher SNR region. Both schemes have full code-rate and
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identical decoding complexity, however, the diversity product of the multi-differential
scheme is always larger. This is easily due to the additional diversity path achieved when the
destination receives multiple copies of the transmitted signal from the source node and the
cooperating relay nodes, and also because the increase in computational complexity of the

decoder is negligible.
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Fig.4.5. Performance comparison of differential and multi-differential schemes using

different constellation orders

As discussed earlier, the rotated angles of the information symbols ensure that the codes
achieve full diversity. To analyze this issue further, we have included a partial diversity
differential DQSTBC design with non-rotated constellation symbols. As shown in Fig.4.6,

the diversity product of the non-rotated codes degrades faster than that of rotated codes in the
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high SNR region. However, we identify that designs with non-rotated constellation symbols

offer low complexity symbol-wise decoding (see Appendix A) as opposed to the pairwise

decoding offered by differential and multi-differential schemes.

BER
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Fig.4.6. Performance comparison of rotated and non-rotated symbols with QAM

4.5 Summary

Compared to recent differential schemes utilizing real and complex valued orthogonal codes,

SP(2) codes, and unitary codes all of which transmit below full code-rate for 4-relay

cooperative networks. In this work we show that non-unitary full code-rate quasi-orthogonal

codes can achieve full diversity performance when used differentially in 4-relay cooperative

networks. We have presented the full differential encoding and decoding procedure for

DQSTBC in a 4-relay cooperative network. We have also proposed a multi-differential
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DQSTBC scheme which exploits the direct source-destination link. Here differential decoder
at the destination jointly decodes multiple copies of the transmitted signal such that the
quality of the detected signal at the destination is significantly increased with negligible
increase in the computational complexity of the detection scheme. Simulation results show
that implementation of this scheme in cooperative networks can provide very useful results in

the practical SNR range.
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S Differential and Multi-differential Quasi-orthogonal

Space-Frequency Coding

5.1 Introduction

DSTBC protocols are now being investigated for cooperative broadband multi-hop networks
transmitting across frequency selective channels. This has led to the design of DSTBC
orthogonal frequency division multiplexing (DSTBC-OFDM) schemes and distributed space-
frequency coding (DSFC) schemes. In DSTBC-OFDM, the information symbols that are
transmitted by cooperating relay nodes are applied at individual sub-carriers over multiple
OFDM blocks. DSTBC-OFDM schemes are able to exhibit maximum spatial and temporal
gain at the expense of frequency diversity and inherent processing delay. To exploit the
achievable frequency diversity and counteract the processing delay, DSFC transmits
information symbols across multiple sub-carriers within a single OFDM block. Further
comparative analysis on these schemes shows that while DSTBC-OFDM is insensitive to
high delay spread, it is highly susceptible to Doppler frequency. This limits the application of
the scheme to slow fading channels. On the other hand, DSFC is more robust to fast fading
channels such that the scheme exhibits maximum frequency and spatial diversity when
utilized in fast fading environments. The outlined benefit of DSFC over DSTBC-OFDM has
instigated our focus in this work on the former for cooperative broadband multi-hop networks

operating in fast fading environments.

As discussed in previous chapters, CSI estimation is a problem in high mobility environments
like that experienced by vehicular sensor networks or 3G and 4G cellular systems designed to

provide broadband data access for highly mobile users. For example in the recent mobile
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broadband wireless communication standard developed by the American Society for Testing
and Material (ASTM) E17.51 working group for dedicated short range communication, and
the IEEE 802.20 working group for mobile broadband wireless access, the standards use
packet-based channel estimation [71]. Packet-based transmission emulates the traditional
pilot-based training symbols that are used for channel estimation. Packet-based channel
estimation like pilot-based channel estimation will suffer severe performance degradation in
time-varying frequency selective fading channels. These limitations have thus made it
imperative to incorporate differential strategies with cooperative broadband multi-hop

networks utilizing DSFC schemes.

The study of differential space-frequency (SF) coding strategies in frequency selective fading
environments has been reported in a few works [72—75] in the context of multiple-antenna
systems, and [53] in the context of cooperative broadband multi-hop networks. The
aforementioned work in the cooperative context utilizes codeword matrices from orthogonal
designs and is thus only capable of providing full rate and full diversity for a maximum of
two-relay cooperative networks. We therefore identify the need to design a scheme that
realizes full rate transmission for cooperative networks with more than two relay nodes. Here,
full rate means that our scheme achieves unitary code rate as well as full symbol rate (one
symbol per sub-carrier use) when relay nodes forward information signals to the destination
node. The differential coding scheme proposed in [76], and the non-differential coding
schemes proposed in [77] and [78] for coherent broadband cooperative networks have been
shown to achieve full symbol rate. In contrast however, our scheme employs quasi-
orthogonal codes which provide the added advantage of unitary code rate. Based on this, we
propose a differential distributed quasi-orthogonal space-frequency coding (DQSFC) protocol

which is able to achieve full rate and full spatial and frequency diversity in non-coherent
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cooperative networks with any number of relays. We use the class of quasi-orthogonal codes
with rotated constellations derived in [79] which are guaranteed to achieve full spatial
diversity. We contrast our work with [80] and [81], while these works investigate hybrid
combinations of quasi-orthogonal codes with OFDM in coherent multiple-antenna networks.
Our work is the first to focus on non-coherent detection in single-antenna cooperative
broadband networks where quasi-orthogonal codes are transmitted in the spatial and
frequency dimensions. We carefully provide a systematic construction of the code matrix and
present the full differential procedure. The PEP analysis shows that the diversity performance
of our scheme can be improved through code construction and sub-carrier allocation. Based
on this, we devise a code structure which maximizes the diversity performance of our
scheme. Using the permutation scheme of [82], we also introduce a sub-carrier allocation

strategy which improves the diversity gain.

In addition, we identify that additional benefits can be realized in terms of SNR performance
when the source node is actively involved in cooperation. Consequently, we present a
scenario where a direct link between the source node and the destination exists. From this set-
up which is different from existing ones, we propose a new multi-differential DQSFC scheme
for cooperative broadband networks. Our proposed strategy uses a multi-differential decoding
procedure, whereby, differential decoding occurs multiple times at the destination. The
overall objective of this scheme is to reduce the redundancy of the source node and
destination while improving the quality of the detected signal at the destination with

negligible decoding complexity.

The rest of Chapter 5 is organized as follows: In Section 5.2 we present the quasi-orthogonal
space frequency (QSF) system model and discuss how the SF codes are designed at the

source node and the relay nodes, we also present the structure of the quasi-orthogonal codes
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used in our scheme. Section 5.3 covers the encoding and decoding procedure for differential
DQSFC. Section 5.4 contains the PEP analysis and discussions on diversity improvement. In
Section 5.5 we introduce our multi-differential protocol, and Section 5.6 presents some

simulation results.

5.2 Quasi-orthogonal Space Frequency Coding

5.2.1 System Model

The cooperative network consists of a source node, a destination node and P relay nodes as
shown in Fig.5.1. Each node is equipped with a single antenna which is used for both
transmission and reception. The transmission from the source node to the destination is
divided into the ‘transmit’ and ‘cooperate’ stages. In the ‘transmit’ stage, the source node
sends information signals to the cooperating relay nodes, while in the ‘cooperate’ stage, the
source node keeps silent and the cooperating relay nodes simply forward the information
signals to the destination. For each stage, the nodes are subject to half-duplex constraint such
that they cannot transmit and receive simultaneously. First, we focus on differential DQSFC
where the antennas of the cooperating nodes constructively generate the quasi-orthogonal
codewords at the destination, thus, the direct source-destination link is not considered in this
section. A scenario where the direct source-destination link is considered is discussed in
Section 5.5. We address the problem of differential encoding and decoding where the relay

nodes and the destination are unable to acquire CSI.
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s hsp

4@

Fig.5.1 P-relay cooperative broadband network

The multipath fading channel between the source node and the p;j, relay node is modeled

as fp(t) = lLig_l fp(D6(t — ;). Similarly, the multipath fading channel between the

Pen relay node and the destination node is modeled as g, (t) = lLfg -1 gp(DS(t — B;) where

the complex amplitudes f, (1) and g, (I) are assumed to be independent zero-mean complex
: . : . 2 ) 2 )
Gaussian random variables with variances E (|fp (l)| ) = g¢g(l) and E (lgp (l)| ) = a4p (D)

respectively. The delay of the [, path is denoted by a; and S;, while §(*) is the Dirac delta
function, Lgp and Lpp denote the number of independent channel taps on the source-relay
(§ — R)link and relay-destination (R — D)link respectively. We assume that the channels are

spatially uncorrelated, thus f,, (1) and g, (1) are independent for different relay nodes.
5.2.2 Source Node Coding

The cooperative system is based on OFDM modulation with N sub-carriers and T OFDM
blocks. At the source node, a stream of Nmodulated symbols are generated from an m =
log,M MPSK constellation, m is the spectral efficiency. Unlike SF coding in multiple-
antenna systems, SF coding in cooperative networks must be implemented in two distinct
stages, namely; coding at the source node, and coding at the relay nodes. We now describe

how the coded data is designed at the source node such that a diversity of order L =
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min{Lsg, Lgp} is achieved at each relay node. We first define a fixed positive integer
<L <«KN, we then partition the Nmodulated symbols into K = |N/PT'| blocks of
codewords, such that each k;j block is of length PT'. From this, we obtain the coded source

node data
x = [x(0),x(1), ..., x(N —1)] =[x, T, ..., x%, 0 _xpr]” (5.1

where x; = [x(1), ..., x, (PT)]" is the PT X 1 source node code transmitted in the k;, block,
(N — KPT) zeros are padded into x if N is not an integer multiple of PT. The elements of
X are stacked in parallel unto PT adjacent data sub-carriers within a single OFDM block. We
assume that the channel remains constant within each OFDM block, and varies independently
from block to block. Based on this assumption, differentially modulated symbols will be
placed on adjacent groups of PI' sub-carriers within the same OFDM block. Let x;, =
[x, (1), ..., x, (PT)]T be the PT X 1 data vector transmitted in the k., block, where x; (n)
denotes the symbol transmitted on the n;;, sub-carrier from the source node to the p;, relay
node in the k., block. The elements of x are normalized such that E(|x,|?) = 1. Since the
source node transmits the data vector x; to P relay nodes on PI' data sub-carriers, then the
source node is capable of achieving a diversity of order I' < L at each relay node. The criteria

for achieving this diversity order will be clarified later.

If the data vector generated by the source node is of the form /EgPT'x;, where Es denotes

average transmit-power, the signal received at the p;j relay node in the k;, block after CP

removal and FFT demodulation is given in vector form by:

Tip =V EsNcXik © fip + My (5.2)
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where O] denotes Hadamard product or entry-wise operation,

T T T .
Tiep = [1p D Tiep PD] frep = [fip (D, s fiep (PD] and 1y = [niep (1), o,y (PD] s
the zero-mean complex Gaussian noise term with covariance Nylpr. The average signal-to-
noise ratio (SNR) of the channel between the source node and the p;j relay node is given

by Ygg = EsPT/N,. The frequency response of the channel at the n;, sub-carrier of the
Pen relay node in the kyy block is denoted by f,(n) = fig_lfp(l)e_ﬂ"l"ﬂv =frw, [, =

[fp(o): wor fp(Lsg — 1)], w = [1, gJjzmm/N - e‘jZ"L‘ln/N]T,
5.2.3 Relay Node Coding

We now discuss the how the SF codes are constructed at the relay nodes. Given that the p;p,
relay node receives Ty, in (2) on PI' sub-carriers, it is only allowed to forward the data
received on I' sub-carriers, while the data on the remaining (PT" — I') sub-carriers is discarded.

This means that each relay node must forward its received data only on I' sub-carriers

indexed as [nk((p_l)rﬂ), ""nk((p—l)F+F)] , k=12,..,K, p=12,..,P. Specifically, the
Pen relay node will forward a subset of 1 ,, given by Ty, = [rk,p(l), v Tip (T )]T € CM™1,
Based on this, we can rewrite the received signal at the p;, relay node as:

Tip = EsNcEi O frp + ip (5.3)

where fk = [xk(].), ...,xk(F)]T, fk,p = [fk,p(]-)r --'rfk,p(r‘)]T and
Ty = [Mep (D), oy, (D]

In our DQSFC scheme, the P relay nodes are designed to construct I' X P quasi-orthogonal

signal matrices at the destination. In order to achieve this, each p;, relay node is equipped
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with a I' X T" unitary matrix M, referred to in [63] as the ‘relay matrix’. The relay matrix is a
matrix of 1s and Os which enables the relay nodes to generate codewords with a quasi-
orthogonal structure at the destination. The structure of the relay matrix is given in Section III
and IV of [30] for cooperative networks with different number of relay nodes. Due to space
limitations however, the structure of the relay matrix is not illustrated in our work, we just

borrow the design of [30]. Specifically, we assume that J relay nodes are programmed to

multiply their relay matrix by the received signal [rk'p(l), s Tep (F)]T while the remaining

P — ] relay nodes are programmed to multiply their relay matrix by the conjugate of the

received signal [rk'p(l)*, s T (T )*]T. Thus, in the k¢, block, the p;;, relay node transmits
al' X 1vector ty, given by:

tep = | MyTi, Fiop € {[1p (D, Tiep (D] [1ep (1 o T (1]} (5.4)

T\ Es+1
The power allocated to each relay node is denoted by E, this implies that an amplification
co-efficient p = m is applied at each relay node. Replicating the power allocation
strategy in [30], we set Eg = E.P = E /2, where E denotes the total power available in the

network. In other words, the source node and the relay nodes share the available power in the

network.

Since each pyy, relay node transmits the data vector &, to the destination on I' sub-carriers,
then all the P relay nodes can jointly achieve a diversity of order PT" at the destination. Based
on this we define ¢, = [tk'l(l), vt (D), et p (1), e, tk'p(F)]as the symbols transmitted
in parallel on PT" sub-carriers by all P relay nodes. Fig. 5.2 gives a diagrammatic illustration

of SF coding at the relay nodes for a cooperative network with 4 relay nodes.
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Fig.5.2 Space-frequency coding at the relay nodes

Assuming the relay nodes are synchronized at symbol level such that the nodes can transmit
simultaneously, the signal received at the destination in the k;,block after cyclic prefix (CP)

removal and fast Fourier transform (FFT) demodulation is given by:

yk,n = £=1 tk,p @ gk,p + Zk,n' n = 1,2, ,F (55)

T T T
where yk,n = [yk’n(l); -"ryk’n(r)] agk,p = [gk,p(l)J '"rgk,p(r)] and Zk,n = [Zk,n(l)r ---JZk,n(F)]
is the zero-mean complex Gaussian noise term with covariance NyIr. The frequency response

of the channel at the n;, sub-carrier between the p;, relay node and the destination in the
kp, block is denoted by gip(n) = fﬁg_lgp(l)e‘jznl"/’v = g,w,

p = [gp(O), e Gp(Lsg — 1)]. The average SNR of the channel between the p,j, relay node
and the destination is given by Yz, = E¢/N,. Substituting for ¥y, in (5.3) and ¢, ,, in (5.4),

(5.5) becomes:

EcEsNc —
yk,n = £=1 ’% kMp(fkp @ gkp) + an, n = 1,2, ,F (56)

where Z; , = 211;:1 UMypgyp, © Ny + Zy i is the equivalent noise. The signal received at

the destination in the k., block can be written in compact form as:
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Yk = \/EXka + Zk (57)

EcEsNc

X, =
Es+1’ k

where ¥y, = [yi1, ---'YR,F]T € C™Cypn = [yin (1), ---;yk,n(r)]Tap =
[M\xy, ..., M%), M) 1%, ., MpX, | € CTF Hy = [Ryq, .o, By r] € CPFT, hyn =
[he (1), ..., e (P)]T = Ip @ @7) ® hy h = [hy(0),...,h; (L — 1),..,hp(0),..., hp(L —

D]Tand Z), = [Z; 4, ...,Zk‘p]T € €™, the channel co-efficients h, (1) = £, (1) - g, (). The
P X T' quasi-orthogonal channel matrix H; captures the channel co-efficients between the

source node, the P relay nodes, and the destination. Here we assume that the channel is

constant during the transmission of I' symbols, that is, hy ,, is constant forn = 1,2, ...,T.

The matrix X, generated at the destination by the P relay nodes is a ' X P quasi-orthogonal
signal matrix containing either complex information symbols {x;(1),...,x, (')} or their
conjugates{x; (1)%, ..., x; (I *}. Thus  X; in (5.7) can  be rewritten
as X, = [X, (DT, ..., X (P)T] € C™P, X, (p) = [xx (1), ..., x, ()], where X, (p) is the p¢p

column of X},. In other words, the p;;, relay node transmits the p;;, column vector of Xj.

In order to recover information symbols at the destination without CSI, two consecutive
quasi-orthogonal signal matrices X} and X ,;must be received at the destination in the k;
block and (k + 1), block respectively. The first signal matrix X is termed the ‘reference’
quasi-orthogonal matrix because it is only required for differential decoding and thus contains
no valid data, while the subsequent quasi-orthogonal signal matrix X, conveys the valid

data.
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5.2.4 Quasi-orthogonal Space Frequency Code Construction

We now devise the structure of QSF codes that can achieve our targeted diversity of
order PT". Since quasi-orthogonal codes will be used to build the SF codewords, it is
necessary to employ the class of codes with a block-diagonal structure, for example, the
quasi-orthogonal codes designed in [80] for multiple antenna systems. Denote V as the
generalized quasi-orthogonal matrix with a block-diagonal structure, V can be used to
construct codewords for a cooperative network with any P = 2q relay nodes where g = 2"

for a positive integer r.

V; Vi
V = diagl§(v:,v2),6(vs, ), 0, G0p-1,09) w160 y) = |y (5.8)

The entries of V are made up of combined symbols vy =v; + V3, v, =v, +V,,v3 =v; —
V3, v, = v, — V, and so on, where ¥; is the rotated version of v;. The main challenge is how
to construct the source node codeword from V, such that spatial and frequency diversity is
exploited, and full rate is guaranteed. For any cooperative network with P relay nodes, the

quasi-orthogonal code for any k;j block P} is constructed from V as:

Vi = diaglg(vy,v3), ..., G(Wp_1, vp)] (5.9)
Using (5.9), the source node then constructs a P X 1 codeword from the elements of V, as
v, = [vq, ., vp]T (5.10)

The quasi-orthogonal code in (5.9) has full rate and will achieve full spatial diversity in any
cooperative network with P relay nodes in a quasi-static fading channel scenario. The proof
of full rate and full spatial diversity for the quasi-orthogonal code of (5.9) is given in [35,

Section 5.4]. The code is however sub-optimal for our scheme because it is unable to exploit
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frequency diversity. In order to design a SF codeword that guarantees full spatial and
frequency diversity of order PI' where I' < L << N, we construct the quasi-orthogonal code

from P as

V) = diaglG(vy,v2), ..., G(Wp_1,Vp), .., G(Wpr_1, vpr)] (5.11)
Using (5.11), the source node then constructs a PT" X 1codeword from the elements of V}, as
vy = [V, oo, Vp, e, Uprp] T (5.12)

The quasi-orthogonal code in (5.11) exploits full spatial and frequency diversity, and
achieves our targeted diversity order, see proof in Appendix B. The code also provides
pairwise decoding as will be shown in Section 5.3.2. Note that v,, p < P in (5.12) are the
original symbols, while v,, p > P are replicas of theoriginal symbols which will be

forwarded by the relay nodes.

As an example, for a cooperative network with P = 4 relay nodes, if we set ' = 4, the

PT X 1 quasi-orthogonal source node data is constructed as

T ,
Vg = [Ul'(l), v Vi(a)s s vi(16)] ,i€e{1,2,..,T}
= [(”1(1)' V2(2), V3(3)» ”4(4))'(‘71(5); V2(6)» V3(7)» ”4(8))' (”1(9)' V2(10), V3(11), ”4(12))'

(U1(13): U2(14)r V3(15)» U4(16))]T

= [(v1, V2, V3, V)1, (=027, 017, —04", V37, (=037, —Vs", 017, 12 7)3, (Va, —V3, =V, 171)4]T (5.13)

where vy, n < 4 are the original information symbols and v;(,),n > 4 are replicas, (*), is

the I' X 1 data vector that will eventually be forwarded by the p;j, relay node during the
‘cooperate’ stage. Thus the proposed code structure guarantees one symbol per sub-carrier

use and unitary code rate when the relay nodes transmit to the destination, which we refer to
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here as full rate. Specifically, vy,...,vr complex information symbols are transmitted
simultaneously by P relay nodes on I' sub-carriers. Our quasi-orthogonal code achieves a
diversity order of PI for any (P +T) =2"*1,v P =T where r is a positive integer. In
general, to construct the codeword for(P + I') = J,2" < J < 2"*1, the quasi-orthogonal code
is first constructed for (P + ') = 2" then vp, ] < p < (P +7T) is set to zero. For example,
to obtain the codeword when P = 4 relay nodes and I' = 2, that is (P +T) = 6, we first

construct the codeword for (P + I') = 2"*1 = 8 then we set G(v,, vg) to zero.
5.3 Differential DQSFC Encoding and Decoding Procedure

5.3.1 Differential DQSFC Encoding

In this section, we discuss the differential encoding procedure employed in the proposed
differential DQSFC scheme as depicted in Fig.5.3. The architecture is typically composed of
a hybrid combination of three functional sub-systems, namely, a constellation mapping sub-
system, a differential sub-system and a space-frequency sub-system. Differential encoding is
initiated at the source node. Recalling that x; is the PI" X 1 source node data generated in the
k¢ block, the next step is for the source node to generate the PI' X 1 data xj,; for the

(k + 1), block. This involves the following processes:

First, the constellation mapping sub-system generates the information symbols Dy, ; =
[Vis1 (D), ..., V1 (D)]T where 4, represents the valid information symbols that must be
recovered at the destination without CSI. We now show how the elements of V., are
computed at the source node. A stream of mI' information bits are mapped into I' symbols
denoted by v;,i = 1,2, ...,I". The symbols are then combined as v; = v, + V3, v, = v, + V,,

v3=v, —V3,v,=v,—V,and soon. Let =D - diag[l, elb1, ...,eje(F/Z)—l], where D is a
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(I'/2) x (I'/2) Hadamard matrix, the information symbols are then constructed as

(Vi1 (1), V41 3B)s oo, Vi r (T = DT = @+ [v3, 03, ..., vr_1 ] and [V441(2), V41 (4), oo, Vi1 (D]T

= @& [vy,vy, ..., vr]7. Thus, [Vi41(1), V441(2),...]7 are mapped onto a signal constellation
A of size 2™, while [vj41(3),Vk41(4),...]T are mapped onto a signal constellation A,
which is a rotated version of A. The rotation angles 6 of the information symbols ensure that

the codes achieve full diversity as will be shown in Section 5.4.2.

A —
Information Ay _ nio‘
bits Symbol v Xie+1 Space- g
ymbo ; Vk+1| Differential
—  » : Combiner > 1 » »| frequenc :
mapping > > encoder »{ S/P » er?codery R OFDM
A L
A
Vi X k N-1
Reference <
signal
Information n=0 =
. = Y. pk+1 Y. pk+1
bits Symbol Vk+1 Differential | Space- < Y
44— de-mapping decoder <« P/S [ frequency : OFDM
X decoder «—
Yok N-1
Reference |

signal

Fig.5.3. Differential DQSFC System Architecture
Next, the differential encoder generates the I' X 1 data vector X4 = [X41(1), oo, Xpp1 (D7

for the (k + 1), block as follows.
Xi+1 = XpUkia (5.14)

where Uyyq = [Vip1 (D), oo, Vs (D)7 and X, is the reference quasi-orthogonal signal
matrix generated by the P relay nodes in the k¢, block. We assume that the source node has

prior knowledge of the relay matrices {Ml, v, My, Mg, ..., M p}, since the source node
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knows %, = [x;(1), ..., x(T)]7, hence X, = [M;X,, e My X, My 1 X, e, MpX,*| can be

computed.

Then finally the source node constructs the PT' X 1 data X1 = [Xg41 (1), .o, X1 (PD)]T
from Xj,, by adding replicas as in (5.13). The quasi-orthogonal structure of V., €V
guarantees that X, ; is quasi-orthogonal. Differential encoding is performed in the frequency
domain, thus the differentially modulated symbols are stacked unto adjacent blocks of sub-
carriers within a single OFDM block. We define the blocks of sub-carriers
n=[n",n,7, .. n,ny_gpr’|7, where n; is of length PT and (N — KPT) denotes the
number of idle sub-carriers. Our differential encoding process is formulated in (5.14) under
the constraint that the sub-channel gain of adjacent blocks of sub-carriers is almost constant.
In other words the channel response, h(n,) = h(ng,,),k =1,2,..,K — 1, this implies

that H,, = H,,, which is valid when N is very large [72].

The differential encoding process at the source node generates the PI' X 1 complex symbol
vector X411 = [Xk4+1(1), .., X121 (PT)]T which is transmitted on PT sub-carriers. In order to
construct X, at the destination, the source node and P relay nodes follow the same process
as in the k;, block. The received signal at the py, relay node in the (k + 1), block is of the
form of (5.2). Similar to the case of the k;, block, the relay node data is constructed and
transmitted as discussed in Section 5.2.3. The received signal at the destination in the
(k + 1)y, block after FFT demodulation is similar to (5.7) and can be written in compact

form as:

Yior = PXisrHirr + Ziin (5.15)
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5.3.2 Differential DQSFC Decoding

As far as the destination is concerned, consecutive blocks of information codewords have
been received across different sub-carriers. So far, consecutive quasi-orthogonal matrices X,
and X, 4 have been generated at the destination by P relay nodes based on (5.7) and (5.15).

We can write

Yin = Xehin + Zxn = [®"Hyg + Zn"]  n=12,...,T (5.16)
Yirin = Xirthisin + Zirin = [T Hrr + Zigan| n=12,..,T (5.17)
Note that we intentionally omit the power term \/; for ease of explanation. Using the signals
received in (5.16) and (5.17) in the ky, block and (k + 1), block respectively, V41 =
[Vi+1(D), ..., V1 (D)]T can be recovered pairwisely at the destination without CSI. For
example, for a cooperative network with P = 4 relay nodes and I' = 4, in order to recover
V41 we first obtain the quasi-orthogonal signal and channel matrices for two consecutive
transmission blocks as follows:
[ )  x(2) x(3)  x(4)] hj(1)  hi(2)" hi(3)"  hj(4)
- el )
j j j j j j j j

xi(4)  —x03) —x(2) x) [hj(4) —-h;(3)" —hi(2)"  h(1) J
where X; and H;, j€{k,k+ 1} are quasi-orthogonal signal and channel matrices
respectively. The information signal transmitted by the source node, through the p;, relay
node on the ng, subcarrier is denoted by x;(n), and h;(p) captures the channel co-efficients
between the source node, the p;, relay node, and the destination. Based on this, we can

compute
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X, 0 0 X, H 0 0 H,
0o X -X, 0 0 H -H, 0

X X -H - 1 2 H H .H - 1 2
A S | T 0 -, H 0
X, 0 0 X H 0 0 H,

where X; = Zfl=1|xj(n)|2 is the signal power and X, = 2Re(xj(1)xj(4)* — xj(Z)xj(?))*) iIsa
self-interference parameter. Similarly, H; = §=1|hj(P)|2 is the channel power and H, =

2Re{hj(1)hj(4)* — hj(Z)hj(B)*} is a self-interference parameter.The elements of Uy, are

then recovered as follows:
Yirr1 Yiea" = X1 X Hipr et + Zy

= D1 X X Hisn by 1 + Zy

= V1 (DX Hy + XoHp) + vy () (X1 Hy + XoHy) + 23

= Vg1 (DA + v (DB + 2 (5.18)
Similarly,
Yirr1 V2" = X1 X Hipr by + Z,

= Vp11(2)A — 1 (3)B + Z; (5.19)
Yir11 Vs = X1 X" Hiprhye 3" + Z

= —V41(2)B + v, 41(3)A + Z3 (5.20)
Yi+1,1 }’k,4H = Ek+1XkHHk+1hk,4H +2Z,

= Vg1 (DB + vy (DA + Z, (5.21)
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where Z,, captures the noise, A = X{H, + X,H, and B = X;H, + X,H;, we refer to A and
B as the differential decoding parameters required to recover Uy, ;. The differential decoding

parameters are computed at the destination as:
Yiea Yia' = Xhi X s + 2, = A+ Z,
Yiea Yir! = Xl Xy + 7, = B+ 7, (5.22)

This implies that Yy, ¥i 4" ~ Aand yy 1 ¥, = B sinceZ, = Z,. It is thus obvious from
(5.22) that the scheme does not require CSI to recover Uy, ;. The non-coherent recovery of
Uy, rather depends on consecutively received signals in the k;j, block and (k + 1), block
under the constraint that H;, = Hj,,. Once A and B are computed at the destination using
(5.22), the information signals in (5.18) to (5.21) can be recovered pairwisely. The decoding
complexity of our SF codeword is exponential inT'. It is thus necessary to set I' such that a
trade-off is reached between decoding complexity and frequency diversity. If we choose 1 <
[' < L, then our scheme provides enough flexibility such that the necessary trade-off is

achieved for any design preference.

So far, we can see that in each transmission block a two-stage transmit-and-cooperate
differential protocol is adopted. In the ‘transmit’ stage of each block the destination is idle,
while in the ‘cooperate’ stage of each block the source keeps silent and only the cooperating
relay nodes transmit. In Section 5.5 we discuss a scenario where a direct link exists between
the source and the destination, such that the source transmits in all stages and the destination

receives in all stages.
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5.4 Pairwise Error Probability Analysis and Diversity Improvement

5.4.1 Pairwise Error Probability Analysis

We now proceed to develop sufficient design criteria, based on the PEP analysis, for our code
to achieve full diversity of order PT" while the coding gain is maximized as much as possible.
Since each of the K blocks contains arbitrary symbols which are independently distributed
across the relay nodes, we only require a single block k for our PEP analysis, which is valid
for any k = 1,2, ..., K. The frequency response vector between the source node and the relay
nodes is denoted by fx = [f,(1), ..., fi, (PT)]”, and similarly, the frequency response vector

between the relay nodes and the destination
isgy = [gk,l(l), e I 1 (D), o, G p (1), ...,gk,P(F)]T. The correlation matrix of the channel

frequency response can be found as R = E{hkth} =E{(fr © 9.)fx © gx)"}. Unlike
the case of multiple antenna systems, the cooperative network has the ‘transmit’ and
‘cooperate’ stages, thus R can be decomposed as R = R; ®O R,. We can easily show that R,

R;and R, are full rank based on the following:

R, = E{f.f "} = WL E{f,f," W, "

= Wldiag(USRz(O), ey O-SRZ(LSR - 1))W1H (523)

R, = E{g,9:"} = W,E{g,9," }W,"

= Wzdiag(URDz(O), "'IO-RDZ(LRD - 1))W2H (524)

Wy = [weol, . wan T Wy = [whe' L whi | w = [1,01, ., 0@ D] 0 = e 72T (5.25)

T T )
where f, = [fp(O), wor fp(Lsg — 1)] and g, = [gp(O), ey Gp(Lrp — 1)] and Af = 1/T is
the sub-carrier spacing. From (5.25) if W and W, are unitary matrices, (obtainable if all Lgp
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and Lgp fall within the sampling instances of the relay nodes and destination respectively
[94]) then W, and W, have full rank, Ry, =T < L and Ry, = I' < L, respectively. We can
then verify that R, R; and R, are positive definite (full rank correlation matrices) based on
the theorem in Section 1.2.4 of [83], which states that; if R; and R, are positive definite, then

R is itself a positive definite (full rank correlation matrix).

Since we have established that R has full rank, we now proceed to discuss the criteria to

achieve maximum diversity. We define statistically independent samples of the S —R

channel as f =[f;(0),..,fi(Lsg — 1), ..., fp(0), ..., fp(Lsg — 1)]. Similarly, statistically

independent samples of the R — D channel are defined as g = [g,(0),...,g9,(Lgp —
1),..,9p(0),...,gp(Lgp — 1)]. Under the assumption that all f,(I) and g,(l) are
independent identically distributed complex Gaussian variables, we can imply thath =
[h1(0), ..., hy (L — 1), ..., hp(0), ..., hp (L — 1)], Ry (1) = f,(D) * g, (D). For any ky, block, the
SF codeword can be viewed as a collection of symbols transmitted across I' sub-carriers by P
relay nodes. Based on this, the consecutively received signals at the destination in the k;p,
block and (k + 1), block can be rewritten as (5.26) under the constraint that the sub-channel

gain of adjacent blocks of sub-carriers is almost constant.

Yk = X¥Ah + Z¥

Yk+l = Xk+t1Ap + ZFH1 (5.26)

where Y¥ = [y¥, .., yK]T, yk = [y*(1), ..., yF(D)]T,Y**+ = [yk+t, L yk*1]T,

£ = I, RO X = diagltin e xigl: T = [tn (D 2en (P
Xkt = [xk+1,1' ---;xk+1,F]a Xk+1n = diag[xk+1,n(1)' ---'xk+1,n(P)];A = [AQD), .., A(D)]",
A =1, Q@ 0, w = [1,e2™V/N, ...,e‘jZ”L‘ln/N]T.
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Using the following notations:

T
Y = [Yle Yk+1T] ) Vk+1 = dlag [vk+1,11 ey vk+1,1"]l vk+1,n = [vk+1,n(1)l ey vk+1,n(P)]l
X = [IprT, Vk+1T],Z = [ZkT, Z"“T]T,and the recursion

k+1wk
_ > .
Xkl = {V X", k=1 ,wWe can write:

IPFJ k=0
Y=XWh+Z (5.27)
The conditional probability density function of the receive signal matrix ¥ is

exp(—tr{Y(Ipr + YXARA" X")~1yH})

Y Vk+1 —
prIvVET) 7P det(Ipr + YXARAFXH)

(5.28)

where C, = (Ipr + YXARA"X") is the covariance matrix of ¥, tr denotes the trace function

and Y is the average SNR of the received signal given as Y = _PYSRYRD 6 the non-
1+Ysr+PYRp

coherent ML decoder is given by:

V**1 = argmaxyiii e, p(Y|VEFD) (5.29)

Substituting Y* into Y**1 in (5.26) and using X¥*! = V**1X* we have Y**1 = yktiyk 4
ZK*1 where Z¥+1 = ZF+1 — y*+1zk The non-coherent ML decoder can thus be simplified

as
V**1 = arg maxyrii gy ”Y" + V"“HY"“” (5.30)

where ||-|| is the Frobenius norm. The Chernoff bound on the PEP of mistaking V**1 by

V**1 can be given as [72] [84].
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PEP(VFH — P+1) = 1 {det[/l(lpF + YXARAPX™) + (1 — D)(Ipr + YXARA#XY)]

- - 5.31
2| det*(Ipr + YXARAFXH) - det(=D(Ipr + YXARA#XH) } (>:31)

. . . eiqT
where X and X are two  distinct codewords, X = [IPFT, pr+1 ] and

A = E{exp(A[Inp(Y|V**1) — p(¥

V"“)])} is used to get the tightest bound. By simple

algebraic manipulation (5.31) can be simplified as

(5.32)

PEP(VK+! — P*+1) = l{det[lpp + YARAH(XAXH + X(1 — A)XH)]}
2

det[lpl" + ZYARAH]
Since the relay nodes in our scheme linearly process their received signals, our achievable
diversity order is bounded by L = min{Lgg, Lgp}. Thus, targeting maximum diversity order
we choose I' = L. Other values of I' may be desirable, for example, when targeting minimum
decoding complexity or when high SNR is considered. We can deduce from (5.32) that for all

I'/k+1 _ Vk+1

values of k, if or similarly if X — X has full rank, then our scheme will achieve

a diversity order of PL. At high SNR, the term in (5.32) can be further bounded as (5.33)

where A = 1/2 is selected to get the tightest bound [72] [85].

1 —PL
PEP(V*+L — yk+1) < (g (det(ARAY) det [(V¥+1 — vi+1)" (41 — Vk+1)])”> (5.33)

We observe from (5.33) that the performance of our code is determined by R, AYA

and (V*+1 — Vk+1)H(Vk+1 — V¥*1). We have already established that R has full rank, thus

our scheme will achieve maximum diversity if and only if AYA and

(Vr+t — V"Jfl)H(l'/k+1 — V**1) have full rank. Since we are interested in achieving
maximum diversity while the coding gain is maximized as much as possible, the code must
be designed such that P**1 — V*+1 has full rank PL over all possible pairwise errors. When
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maximum diversity is achieved, that is when V**1 — V**1 has full rank, the coding gain is
only determined by det(A”A) and det [(Vk+1 — Vk+1)H(Vk+1 — Vk+1)]. In order to

maximize the coding gain, the first step is to provide PL uncorrelated channels such that

det(A”A) is maximized. For the second step, we consider the diversity product {, which

1
. . 1. . o7
measures the quality of the code given as {, = Emank+1in+1vv|det(V"+1 — V)|

where {, > 0 achieves maximum diversity. Thus the coding gain is maximized when we
maximize . under the constraint that: 0 < {, < 1 and(V**1 — Vk+1) v Pk+1 & pk+1 - Next
we discuss the measures taken to maximize {, based on code construction and to maximize

det(A”A) based on sub-carrier grouping.
5.4.2 Diversity Improvement Based on Code Design

We now discuss the criteria for our block-diagonal quasi-orthogonal code Vi, k =
1,2,...,K of (5.11) to achieve full diversity. When SNR is high and when the relay nodes and
destination are unable to acquire CSI, we have identified that the performance of our code is
determined by the diversity product ¢, which is given in the previous section. Hence our
focus is to build constellations that maximize {. as much as possible. Given two distinct pair
of codewords VY, =diag[G(vy,v5), ..., G(Vpr—_1, Vpr)]
and V,, = diag[G(Vy, V), ..., G(Wpr_1, Vpr)], the coding gain difference (CGD) is given by

[35, Section 5.2].

det [(Vi = V)" (Vi — Vio)| = Prdet[(G(vy, v,) — Gy, 12))]det[(G(vs, vs) -

G, ﬁ4))]---d9t[(g(vpr—1: vpr) — G(Wpr—1, UIIJF))] (5.34)
= (lvy = V1|* + vy — %122 (lvs — V3|* + vy — Vg |?)? ... (JVpr—1 — Vpr—1|* +

|vpr — vprl?)? (5.35)
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where ¥, = V| + V3, U, = V, + ¥y, U3 = V| — ¥3, ¥, = V, — ¥, and so on. The bit label ¥, is
the rotated version of v, by 6. In order to guarantee that the code achieves full diversity, the

rotation angles {64, 0,, ..., 0pr}corresponding to {vy,v,,...,vpr} and {Vy,V,,...,Vprtare
selected such thatdet [(g(vi, vj) — g(ﬁl, v]))] #0,Vij€{12.., PT}. This equivalently
means that(v; —v,) + (V]- — \7]) #0,Vij€{1,2,..,PT}. Therefore we can deduce from

(5.35) that H§£1|vp — v'p|2 # 0. Thus, our code satisfies the full diversity criterion for space-
frequency codes given in Theorem 3.1 of [82]. Our generalized quasi-orthogonal code thus
has the same properties as the quasi-orthogonal code of [70] and [80] designed for multiple-

antenna systems. We can calculate the overall diversity product

1

o =3 i et (00 - D] @ )

1 PT 1 1
=5 min 1_[ |vp—v'p|PF|det(R)|f

VU #VLEV p=1
1 (7k+1 k+1)[PF = =
= Emmvf,,m;ﬂ,,mev|olet(v — VE+1)|Pr|det(R) |2 = (.. |det(R)|zr (5.36)
. . .12
From (5.36) we can observe that if our code is constructed such that H§£1|vp - vp| # 0,

then (., is non-zero and our scheme achieves diversity order of PT,T' < L. Thus |det(R)|ﬁ
which is determined by the power profile of the channel,a(l) = aggz(l) - agp(l), is
independent of the code structure. Likewise ¢, which is independent of the power profile, is
only dependent on the constellation design and code structure which are optimized for

maximum .

The coding gain can be further maximized when optimum rotation angles 6; are selected for

ZmF

the block diagonal codes. The symbols contained in V, that is, v;,i =1, ..., can be

designed such that optimum values @, of 8; are selected for each v; as
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Dy = diag(ejel("l), ...,ejeF("F))

where F = 2™, Since we have established that our DQSFC has the same properties as the
quasi-orthogonal codes of [70] and [80], we can utilize the optimum rotation angles obtained
via computer search as follows [80]:

m=1, P =4, 0, € {1, n/M}

m =2, P =4, 0, € {1, n/M}

m=1, P =6, 0, € {1,m7/2M ,3rm/2M}

m=2, P =6, 0; € {1,0.4638,0.9275}

m=1, P =8, 0; € {1,n/M,n/2M,31t/2M}

m=2, P =8, 6; e {1,n/M,n/2M ,3r/2M}
5.4.3 Diversity Improvement Based on Sub-carrier Interleaving

In order to improve the diversity product, an appropriate sub-carrier allocation method which
maximizes det(AA) must be selected. The distribution of K codewords across N =
PT equally spaced blocks of sub-carriers as implemented in our system model has been
shown to maximize det(A¥A) in [72]. This is subject to the assumption that A is unitary. To
further improve the coding gain of the DQSFC scheme we introduce a sub-carrier allocation
method based on the permutation scheme of [82] which requires prior knowledge of the
channel. However, if the source node and the relay nodes lack prior knowledge of the power
delay profile (agg?, orp?, @; and 8;) of the channels, a randomized interleaving scheme can

be utilized [82].

The elements of the quasi-orthogonal codeword v, = [vy, ..., Vp, ..., Vpr]|T, k = 1,2, ..., K of
(5.12) are re-allocated to a new set of sub-carriers such that we obtain the interleaved version

of v,which is given by g(vy). Given the difference operation (v, — V), V¥, # vy, we can
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equivalently write (vp — ﬁp),‘v’ﬁp #+ vy, wherep = 1,2,...,PT. Based on the sub-carrier
allocation method, (vp — ﬁp) is now set as the n,th entry of o{(v — 1)}, or in simpler terms,
v, which was initially transmitted on the ny, sub-carrier is now transmitted on the n,th (O <
n, <N — 1) sub-carrier. Specifically, for any k;, block all the (n(p—l)F+i1n(p—1)F+]')th
entries of o[(v — ¥)]o[(v — ¥)]* are non-zero, where p = 1,2,...,P and 1 < i,j <T. Thus
all the (n(p_l)l"+i, n(p_l)rﬂ-)thentries of (o[(w —D)]e[(v —P)]") ® R are non-zero. We
define T,,p=1,2,..,P as the I'xT matrix which determines the entries of (o[(v —
D)]ol(v — )]") © R. In other words, the (i,j)¢, entries of T, (where 1 <i,j <T) is the

(n(p—l)F+i'n(p—1)F+j)th entry of (o[(v — )]e[(v — ?)]") OR.

Given that the correlation matrix R = Ry O R,, and R, R; and R, have the structure of a

Toeplitz matrix, the correlation co-efficient between the (i,):,(0 < i,j < N — 1) entries of

: : — yilsr—1 2, (i-Na

R, and R, are given respectively as Ryj = X2 ~ Osg; w=Da
Lon—1 i . . . .

and Ry; j = X, 50" ogp? w@ DBt From this we obtain the correlation co-efficient between

the (i,j) (0 < i,j < N — 1)entries of R as
Ri,j = %z_& O'lz (U(i_j)rl (537)

where a7 = O'SRIZ . O'RDIZ and t; = min(ay, B;). Thus the correlation co-efficient between the

(i, Den(1 <i,j <T) entries of T, can be given by

T

i = AXiZg of w (M-Dr+ip-nrs) 7 (5.38)

where A =P.[(v, — V) (vg — V3)*], c=(@—-1DI'+i, and d=(p —1)I'+j. The T xT

matrix Tp,, p = 1, ..., P can be represented by
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T, = AW, diag(oly, ..., 0§ _ 1) )WHAH (5.39)
_ T
where A = VP.[(v, — U.)(vg — ¥4)*] and w, = [WOT, ...,W(L_l)T] ,

w=[10! .., 0P
We can calculate the determinant of T, as
det(Tp) = PUIT | (ve — 9,)|? det(Wpdiag(a(zo), ...,O'(ZL_l))Wg) (5.40)

Thus the overall diversity product after interleaving is

1

1 PT % P 2PT"
oo = min (l‘[ |(vc—196)|> (1_[ 1|det(Wpdiag(a(20),...,G(ZL_D)W{,’N)

1'7k -‘#Vkvv p=1 p=

1

1 , 1 P 2PT
=2 min[dex(Pee - vee)T (]_[ (det(W, diag(c?, ...,0&_1))Wg)|>
p=1

Viep1# Vi 1VV

= {c-Gs (5.41)
We observe from (5.41) above that { is only determined by the power delay profile and thus
the interleaving approach can independently maximize {s. On the other hand, ¢, which was
defined earlier is only dependent on the constellation design and code structure.

Another approach to maximize det(R) is to minimize the correlation between adjacent sub-
carriers. As we can observe from (5.37), the correlation co-efficient R; ; is only determined
by the difference between the (i,j):, (1 < i,j <T) entries, which we denote as d = j — i,
(d €{0,%1,..,£N — 1}). If the value of d is large, then the value of R;; is reduced and
det(R) is maximized. In other words, if we can increase the sub-carrier spacing between
every adjacent I' sub-carriers of each relay node, then consequently, the correlation co-
efficient is minimized and det(R) is maximized. The sub-carrier spacing in the k;;, block of
the p;y, relay node can be given as
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drp) = {"k(p)}j ), @<ij<D
det(R) is maximized if we make dj(,) as large as possible under the assumption that the

number of idle sub-carriers n;3, = N — KPT is very small, that is N > n;4,.

5.5 Multi-differential DQSFC Encoding and Decoding

The diversity performance of our differential DQSFC scheme can be improved by exploiting
the additional channel taps provided by the source-destination (S — D) link. If a direct link is
available between the source node and the destination, the destination can differentially
recover information symbols using the signals from the source node and the signals from the
relay nodes. In Section 5.3, the source node is idle at certain transmission intervals,
specifically when the relay nodes are transmitting to the destination. Our multi-differential
scheme is designed such that the source node can use these idle transmission intervals to
generate quasi-orthogonal matrices at the destination. If the structure of the quasi-orthogonal
matrices generated at the destination by the source node is identical to the structure of the
quasi-orthogonal matrices generated at the destination by the relay nodes in Section 5.3, then
the destination can use the same decoding metric to jointly recover the two sets of
information symbols without incurring additional decoding complexity. Thus the principal
objective of our multi-differential scheme is to improve the SNR gain at the destination with

negligible decoding complexity penalties.

The multipath fading channel between the source node and the destination node is modeled as
hsp(t) = 5,55 hop(DS(t — 1)) (5:42)

where hgp (1) is the complex amplitude of the [;; path and the hgp(1)’s are assumed to be

independent zero-mean complex Gaussian random variables with variance o, (1). The delay
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of the [l;;, path is denoted by k;, while Lg, denotes the number of independent channel taps
on the S — D link, and the independent channel taps are described by the discrete-time
impulse response vector hgp, = [hgp(0), ..., hgp (Lgp — 1)]. Since there are Lgp channel taps
on the S — D link, the coding at the source node is designed to achieve a diversity of order

[' < Lgp at the destination.

The source node has prior knowledge of the relay matrices {Ml, v My, My, ...,MP},
and X, = [MyXy, .., M; Xy, M1 %05, oo, MpX | = [X1”, o Xip' | € C¥P 3, =

[x (1), ..., x, (D], where Xy, is the pg, column of Xj. Thus the source node can construct
Xip = [xx (1), ..., x,(I)] for any p =1,2,...,P. The source-destination channel matrix is

denoted as HSD,k € CFXF and given by HSD,k = [h’SD,k(l)' ""hSD,k(F)]a hSD'k(n) =

[hsp (1), -, hSD,k(F)]T, this implies that hsp,(n),n=12,..,T is the ny column of
Hgp . and hgp (n) denotes the channel co-efficient between the source node and the

destination on the ny;, subcarrier given by hgp ,(n) = l[ig_l hep (De~72m/N = b T w(n).

If the channel co-efficients remain unchanged during all the source-destination transmission

cycles, then we can imply that hgp (1) =, ..., = hgp , (I").

The signal received by the destination from the source node in the k;; block can be written in

compact form as
YS% = Xy Hgp + Z5% (5.43)

where Y55 = [yS¥(1)T, .., yS* (D)7, y5*(n) = diag(Zym))hspr(n) + 25%(n), n =
1,..,T
We observe that the source already knows V., and X, thus it can differentially compute

Xp41 using (5.14). The source node can also construct X, using the relay
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matrices{Ml, o MMy, .. M p}. The signal received by the destination from the source

node in the (k + 1), block can be written in compact form as
Y9 = XypaHsp epq + 25540 (5.44)

The signals in (5.43) and (5.44) have the same structure and properties as the signals in (5.16)
and (5.17), thus similar to Section 5.3.2, using the signals received in (5.43) and (5.44) and
the differential encoding equation in (5.14), the elements of Uy, = [Vg41(1), ..., Vgp1 (D]
can be recovered pairwisely at the destination without CSI. Since the S — D link has Lgp
independent channel taps and the coding at the source node is designed to achieve a diversity
of order I' < Lgp, the multi-differential protocol improves the diversity performance of our
differential DQSFC scheme from PT to (P + 1)T'. Thisis as a result of the additional diversity

path provided by the source node, and is evident from our simulation results.

5.6 Simulation Results

In this section, we present simulation results to demonstrate the performance of our proposed
differential and multi-differential DQSFC schemes. The settings for our cooperative
broadband network are based on the specifications described in the IEEE802.16e Mobile
WiMax standard. The number of sub-carriers used is N = 200 with a channel bandwidth of
3.5MHz. We assume that neither the relay nodes nor destination can acquire CSI. The
frequency selective channels of the source-relay and relay-destination links remain
approximately constant within two consecutive blocks, which is required for differential
decoding as explained earlier. We illustrate the frequency diversity performance of our

proposed differential DQSFC protocol using BPSK modulation for the case of:

Lsg, =+ = Lsr,, Lrp, = ** = Lrp,, Lsg ={1,....4 ..} .Lgp = {1, ....4 ...}
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a; = By € {Ous, 0.5us, 1.5us, 5us}, gspe1y = " = Osg(rgr) = 1 Orp(1) = " = Orp(Lsp) = 1

For frequency diversity analysis, we consider two main scenarios: the symmetric case
where Lgg = Lpp, and the asymmetric case where Lggr # Lgp. We consider the symmetric
case in Fig.5.4, for P = 4 relay nodes, we first set L = Lgp = Lgp = 2 to form the basis for
comparing our differential DQSFC scheme with the non-differential DSFC scheme of [77]
where L = 2 and P = 4 . We consider SER performance to enable fair comparison with the
scheme of [77]. From the results, we observe that the SER performance of our scheme
slightly surpasses that of [77] despite the 3dB loss incurred by our scheme due to differential
decoding. Our curve denoted ‘Differential DQSFC L = 2 P = 4’ also has a similar slope to
that of [77]. This indicates that, like coherent designs, our non-coherent design exploits the
maximum spatial and frequency diversity available in frequency selective channels even in
scenarios where CSI cannot be acquired. In addition, while the scheme in [77] has full
symbol rate, our scheme has the additional advantage of full code rate for P > 2 relays. We
also observe that our scheme shows corresponding performance improvement when the
number of channel taps increases from L =1 (corresponding to a flat fading channel)

toL = 3.
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—<— Differential DQSFC,L=3,P=4
——— Differential DQSFC,L=2,P=4
—H— DSFC [77],L=2,P=4

—<— Differential DQSFC,L=1,P=4

SER

- -

SNR(dB)

Fig.5.4 Frequency diversity performance of differential DQSFC scheme for the symmetric

casc

In Fig.5.5 we include the results for scenarios where Lgp # Lgp to verify the achievable
diversity gain based on our PEP analysis. From the results, we observe that the SER curve of
our differential DQSFC scheme when Lgg = 2 and Lz, = 3 has the same slope as that
of Lgg =3 and Lgp = 2 which signifies that for cases where Lgp # Lpp the diversity
performance is bounded by PL = P(min{Lgg, Lgp}) which is consistent with the achievable
diversity order based on our PEP analysis. Thus maximal diversity order is achieved when
the coding at the source node and relay nodes are designed using L = min{Lgg, Lgp}. We also
observe that a gain of about 1dB is achieved when Lgp exceeds Lip. This implies that the

extra channel taps on the source-relay link provides stronger diversity advantage in
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comparison with the case when Lpp exceeds Lgr. This is owed to the fact that when Lgp
exceeds Lgp, the relay nodes deliver less erroneous symbols to the destination. We then vary
the number of channel taps using L = 1 and L = 2 for different number of relay nodes P = 2
and P = 4. We can observe from Fig.5.5 that for different cases, a diversity order of PL is
achieved. For example, the differential DQSFC curve with L = 1 and P = 4 has an identical
slope to that of L = 2 and P = 2. This verifies that our scheme exploits the achievable
spatial and frequency diversity when quasi-orthogonal codes are utilized in scenarios where
CSI is unavailable. In terms of SER performance, we can also deduce that the spatial
diversity advantage (due to number of relays) slightly supersedes the multipath diversity

advantage (due to number of channel taps).

—<— Differential DQSFC,LSR=3,LRD=2,P=4
—+— Differential DQSFC,LSR=2,LRD=3,P=4
—+H— Differential DQSFC L=1,P=4
—o— Differential DQSFC,L=2,P=2

SER

—
N
N
N

SNR(dB)

Fig.5.5 Frequency diversity performance of differential DQSFC scheme for the asymmetric

casc
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In Fig.5.6 we analyse the diversity performance of our full rate quasi-orthogonal design using
optimum rotation angles and sub-carrier interleaving, where P = 4,L = 2. For our quasi-
orthogonal codes, the optimum rotation angles are set as{1,7/M}, where M = 2 is the
constellation size. To illustrate the diversity gain due to constellation rotation, we include the
BER curve of non-rotated differential DQSFC schemes. We observe from Fig.5.6 that
compared to our differential DQSFC scheme with optimum rotation angles, non-rotated
differential DQSFC schemes exhibit similar performance at SNR values below 15dB. At
higher SNR values, our differential DQSFC scheme with optimum rotation angles exhibits
better performance. Simulation results also show that when interleaving is applied, there is a

1-2.5dB improvement compared to the case where interleaving is not applied.

i —4— Differential-DQSFC with rotation
—H— Differential-DQSFC with interleaving
] —<— Differential-DQSFC

i

SER

RN

o
g
—_—
o
—_—
o
N I
(=
N
a
w
S

SNR(dB)
Fig.5.6 Diversity performance of differential DQSFC scheme with optimum constellation

rotation and interleaving
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Fig.5.7 shows the performance of our multi-differential DQSFC scheme using BPSK
modulation for static communication, and at different Doppler frequencies f; of SOHz and
200Hz corresponding to approximate mobile speeds of 20km/h and 90km/h respectively. The
results indicate that the multi-differential protocol demonstrates significant performance
gains over the differential protocol especially in the higher SNR region. For example at f, =
200Hz and 10~* BER, the multi-differential scheme achieves about 4dB performance gain
over the differential scheme. This is easily due to the additional diversity path provided by
the S — D link. Thus, this confirms that multi-differential protocol improves the diversity
performance of our differential DQSFC scheme from PT to(P + 1)I'. The multi-differential
scheme also incurs negligible increase in decoding complexity compared to its differential

2mI‘+1

DQSFC counterpart because the amount of search remains unchanged. It is also clear

from the results that loss in diversity performance occurs when node speed increases.

—B— Multi-Differential DQSFC static
—&@— Multi-Differential DQSFC fD=50Hz
—F— Multi-Differential DQSFC fD=200Hz
-| —HB— Differential DQSFC static

—<— Differential DQSFC fD=50Hz

BER

SNR(dB)

Fig.5.7 Diversity performance of proposed multi-differential DQSFC scheme
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5.7 Summary

Existing DSFC protocols from orthogonal designs are capable of achieving maximum spatial
and frequency diversity over frequency selective channels. However, CSI acquisition is
impractical in cooperative broadband networks where the frequency selective channels have
many taps or when communicating nodes are mobile. Moreover, an attempt to increase the
data rate of such networks results in less than full code rate. To combat the problem of CSI
acquisition and code rate in cooperative broadband networks, we integrate differential
modulation and full rate quasi-orthogonal designs with DSFC protocols. From this we
propose a differential DQSFC protocol which is capable of achieving full rate, as well as
exploiting the maximum spatial and frequency diversity in non-coherent cooperative
broadband networks. Through PEP analysis, we show that the diversity performance of our
scheme can be improved by appropriate code construction and sub-carrier allocation. Based
on this, we devise a code structure and sub-carrier allocation method to maximize the
diversity performance of our scheme. In addition we propose a multi-differential protocol
which exploits the additional diversity path provided by the S — D link, simulations results

illustrate the improved BER performance achieved by our multi-differential protocol.
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6 Differential Distributed Quasi-Orthogonal Space

Time Frequency Coding

6.1 Introduction

In order to maximize the achievable capacity gain, DSTBC are now being utilized in
cooperative networks to achieve diversity in multiple dimensions. In addition to spatial
diversity, DSTBC-OFDM schemes and DSFC schemes are capable of exploiting diversity in
the temporal and frequency dimensions respectively. In DSTBC-OFDM, elements of the
codeword matrix, transmitted by cooperating relay nodes, are applied at individual sub-
carriers over multiple OFDM time slots, thus space-time (ST) diversity is achieved. On the
other hand, DSFC transmits elements of the codeword matrix across multiple sub-carriers
within a single OFDM time slot thereby achieving space-frequency (SF) diversity. The
performance of DSTBC-OFDM schemes however depreciates in severe time-selective fading
environments, especially during the transmission of signals with long symbol period. This is
because the conditions for constant channel gain across multiple OFDM time slots cannot be
satisfied. Similarly, DSFC schemes show performance degradation in severe frequency-
selective environments because the requirements for constant channel gain across multiple
frequency sub-carriers cannot be satisfied. Thus when signals with long symbol period are
transmitted, or similarly when the number of cooperating nodes is large, severe time

selectivity and frequency selectivity will cause inter-symbol interference.

Effort is now directed towards designing a protocol which concatenates the DSTBC-OFDM
and DSFC schemes such that their combined benefits can be realized, while their
shortcomings are alleviated. The fundamental idea behind this concept is to provide a scheme
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which concurrently exploits coding in the spatial, temporal and frequency dimensions. This
paradigm has led to the design of distributed space-time-frequency coding (DSTFC) schemes.
In DSTFC schemes, elements of the codeword matrix are simultaneously transmitted from
spaced cooperating nodes across multiple OFDM time slots and frequency sub-carriers. The
principal objective is to design a coding scheme that mitigates the performance degradation
experienced by DSTC-OFDM and DSFC schemes in severe time-selective and frequency-
selective fading channels. In the DSTBC-OFDM schemes of [53] [64] and the DSFC
schemes of [86] [77] for example, the channel gain on adjacent OFDM time slots and
frequency sub-carriers respectively is assumed to remain quasi-static to facilitate signal
recovery at the destination. This assumption is impractical when signals with long symbol
duration are transmitted, or when the number of cooperating nodes is large. DSTFC schemes
can be designed to mitigate this problem by simultaneously transmitting across OFDM time-
slots and frequency sub-carriers, such that the requirement for constant channel gain in the

temporal and frequency dimensions is more relaxed.

The study of STF coding schemes in frequency-selective and time-selective fading
environments has been reported in a few works [87-89] for multiple antenna systems. For
cooperative networks, DSTFC schemes have recently been investigated in [90] and [91],
where the authors study the performance of the DSTFC coding in frequency-selective fading
channels. All these schemes assume coherent signal recovery, thus CSI acquisition is
practical. In the case of non-coherent cooperative networks operating in environments where
CSI acquisition is impractical, the differential DSTFC strategy has only been investigated in
[92]. However, the authors in [92] focus mainly on the security issues affecting the

cooperative system.
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We thus deem it pertinent to study the performance of DSTFC schemes in highly selective
fading environments where the nodes in the cooperative network are unable to acquire CSL
Thus in our work, we incorporate differential strategies with DSTFC schemes. These
aforementioned works utilize codeword matrices from orthogonal designs and are thus only
capable of providing full code-rate for a maximum of two-relay cooperative networks. In
contrast, in the context of multiple antenna systems, the STF coding scheme in [80] achieves
full code-rate for any number of antennas by utilizing quasi-orthogonal codes. Similarly, the
work in [78], in the context of cooperative multi-hop networks, achieves full code-rate for
any number of relays. However, these schemes require CSI to recover the transmitted
information. In order to cater for high data rate cooperative broadband multi-hop networks
operating in scenarios where CSI cannot be acquired, we propose a differential distributed
quasi-orthogonal space-time-frequency coding (DQSTFC) protocol. Our proposed scheme is
able to achieve full code-rate for any number of relay nodes in high data rate cooperative
broadband networks. We use the class of quasi-orthogonal codes with rotated constellations
derived in [93] guaranteed to achieve full code-rate. Here, full code-rate means that our
scheme achieves unitary code-rate as well as full symbol rate (one symbol per sub-

carrier/time-slot use) when relay nodes forward information signals to the destination node.

In the proposed design, elements of the transmitted code matrix are simultaneously
distributed in the temporal and frequency dimensions. This is to relax the assumption that the
channel is quasi-static in the time and frequency domains for long symbol periods especially
for networks with a large number of nodes. Our work is the first to focus on STF coding in
non-coherent cooperative broadband networks utilizing quasi-orthogonal designs. We
carefully provide a systematic construction of the code matrix and present the full differential
procedure.The objectives of our new scheme are thus summarized as follows:
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(1) Reduce performance degradation in highly selective channels by relaxing the quasi-static
channel assumption.

(2) Optimize transmit code rate for cooperative networks with more than two relays by
employing the rotated constellation quasi-orthogonal codes.

(3) Incorporate differential modulation to enable non-coherent signal recovery at the

destination.

We first present our STF mapping scheme, we then show how the quasi-orthogonal
codewords are constructed from a special choice of signal sets such that full code-rate signals
are obtained. We then present the full differential encoding and decoding recipe for our
differential DQSTFC scheme in cooperative networks with four relay nodes. Using
simulation results, we study the performance of our proposed scheme under different fading

conditions.

The rest of the chapter is organized as follows: Section 6.2 discusses STF mapping, while the
encoding and decoding procedure for differential DQSTFC is covered in Section 6.3. Section

6.4 presents some simulation results and Section 6.5 contains the conclusion.

6.2 Differential STF Mapping

6.2.1 System Model

The cooperative network consists of a source node, a destination node and P relay nodes as
shown in Fig.6.1. Each node is equipped with a single antenna which is used for both
transmission and reception. The nodes are subject to half duplex constraint such that they
cannot transmit and receive simultaneously. First, we show how the STF mapping scheme is

implemented, we then focus on our differential DQSTFC scheme where the antennas of the
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cooperating nodes constructively generate the quasi-orthogonal codewords at the destination.
We address the problem of differential encoding and decoding where neither the relay nodes
nor the destination can acquire CSI. The design in this work adopts a two-block two-stage
‘transmit-and-cooperate’ protocol. This implies that the protocol is made up of two blocks
and each block is divided into two stages namely, the ‘transmit’ stage and the ‘cooperate’
stage. In the ‘transmit’ stage, the source node sends information to the relay nodes, while in
the ‘cooperate’ stage, the source node keeps silent and the cooperating relay nodes simply

forward the information signals to the destination without decoding.

S D
. fi
f
f"; N E gP

Fig.6.1 P-relay cooperative network

A STF codeword contains P X T X N complex-valued information symbols. This implies that
the source node and P relay nodes are assigned N frequency sub-carriers and T OFDM time
slots. At the source node, a sequence of input information bits is used to generate a stream of
symbols from an MPSK constellation, M is the constellation size. The input symbols are
simultaneously distributed across t = 0,1, ...,T — 1 OFDM time slots and n=20,1,...,N —
1 frequency sub-carriers. In the temporal dimension, the T OFDM time slots are grouped
into K = |T/T,] blocks of ST codewords. Similarly, in the frequency dimension, the N sub-
carriers are grouped into K = [N/N¢| blocks of SF codewords. Such that each k;; block,
k=1,2,..,Kis made up of I' = TN, elements, where T and N, denote the number of time

slots and frequency sub-carriers respectively per block. We now define the time-slot index

T
vector ast = [tOT, t, 7, .. T, OT_KTC] , tp= [to, ...,tTc_l] where T — KT, zeros are
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padded into T if T is not an integer multiple of 7. Similarly, we define the sub-carrier index
T
vector as n = [nOT, n T, .., ngT, ON_KNC] , N = [no, ...,nTc_l] where N — KN zeros are

padded into N if N is not an integer multiple of N¢.

The channel at the t;, OFDM time slot between the source node and the p;, relay node is

described by the impulse response vector fp,; = [fp,t(O), s fpe(Lsg — 1)]T. Similarly, the

channel at the t;;, OFDM time slot between the p;, relay node and the destination is

described by the impulse response vector g, ; = [gp,t(O), s Ipt(Lrp — 1)]T, where Lgg and
Lrp denote the number of independent channel taps on the source-relay link and relay-
destination link respectively. In order to achieve a diversity of order PI" we set ' < Lt < NT
where L = min{Lsg, Lgp}, and T = min{tsg, Trp}, Tsg and Tzp denote the coherence time of
the channel on the source-relay and relay-destination links respectively, this is equivalent to

setting ' < T¢No < NT.
6.2.2 STF Mapping

The data vector generated by the source node in the k;, block is designed to achieve a
diversity of order I' at each relay node. In order to implement the STF mapping scheme, in
the k., block, the input symbols are transmitted in the temporal dimension across T, adjacent
time slots and in the frequency dimension across N adjacent sub-carriers. From this we

obtain the source node data
x =[x, xT, .. x5, 00, 7 (6.1)

where x;, = [xm(0)y, ..., xm(T),]" € C™1, xm(i), denotes the m,, symbol transmitted in
the iy, slot during the k., block, (TN — KT") zeros are padded into x if TN is not an integer

multiple of I'. The source node coded data can be viewed as a concatenation of information
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symbols in the temporal and frequency dimensions. Assuming the system is perfectly
synchronized in the time and frequency domains, the ST and SF codewords are combined
such that at the n;, sub-carrier of the k;;, block within the t;;, OFDM time-slot a STF data

vector:

X1 = [x1(to, no) ks x2(t1, o) e, X3(to, Ny s X4 (t1, 1y ) )™
= [xm(0)g, ..., xm(T),]7 (6.2)

where xm(t, n); is the my, symbol transmitted at the n;; sub-carrier of the k;; block within
the t;;, OFDM time-slot. For a cooperative network with P = 4, =4 we observe that
m = 1,2, ...,4 information symbols are applied over two successive time-slots and two
successive frequency sub-carriers. Thus, in contrast with the schemes of [53][64][77][86]
where the quasi-static channel assumption is adopted for the entire length of the information
symbols, our scheme relaxes the quasi-static channel assumption to only two adjacent time-

slots and frequency sub-carriers.

In order to recover information symbols at the destination without CSI, two consecutive
quasi-orthogonal signal matrices X} and X}, must be received at the destination in the k;,
block and (k + 1), block respectively. The first signal matrix X is termed the ‘reference’
quasi-orthogonal matrix because it is only required for differential decoding and thus contains
no valid data, while the subsequent quasi-orthogonal signal matrix X, ,; conveys the valid
data. Let X; denote the I' X P reference quasi-orthogonal matrix given by X, =
[%k1, - X p] € CTF 2y, = [xm(0)y, ..., xm(T),]7. This implies that xp is the pep

column of X,.
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Next, we show how the source node and P relay nodes construct X, at the destination. In the

transmit stage of the k., block, the source node transmits,/EsI'x) ; where Es is the source
node transmit power. After CP removal and FFT demodulation, the signal received at the

Ny, sub-carrier of the p,y, relay in the k;j, block during the t;;, OFDM time slot is given by:

(D = EsTxp; O fp(Dr + np (g (6.3)
. T

[r(Dr = [fp (to, no) ks fo (E1, M0 ks fp (Eos M1 ks fp (1, nl)k]

= [ (O s fo D] (6.4)

where f,,(t,n) is the channel gain between the source node and the p, relay node at the ng,
sub-carrier during the ty, time-slot, and n, (i) is the corresponding noise. The multipath
fading channel f,(t,n), between the source node and the p.,relay node is modelled
as f,(t,n), = fﬁg_lfp,t(l)e_ﬂ"l"/’v = fptw. The complex amplitudes f, () are
assumed to be independent zero-mean complex Gaussian random variables with

variances E (|fp,t(l)|2) = agg(1), and w = [1,€_j2nn/N, e e_jZ”L"/N]T. The channels are

normalized such that Zfﬁg_l 0% () = 1. The received signal at the p;y, relay node can be

written in vector form as
, T
Ty (g = [rp(tOrnO)krrp(tlrnO)krrp(tO:nl)k:rp(tllnl)k]

= [Tp(O)k, "'lrp(r)k]T (65)

where 7;,(t, n), denotes the received signal at the ngy, sub-carrier during the t,j, time-slot. The

P relay nodes apply the STF mapping scheme as implemented by the source node.

Specifically, the P relay nodes map their received symbols across adjacent OFDM time-slots
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and frequency sub-carriers. The relay nodes process their signals by applying amplification
co-efficient u = m, E, denotes the power allocated to each relay node. The relay
nodes also multiply their signals by a ‘relay matrix” M,,. The ‘relay matrix’ as explained in
Section 5.2.3, ensures that the signal generated at the destination has a quasi-orthogonal
structure. An example of the mapping of information symbols to OFDM time-slots and
frequency subcarriers for a cooperative network with P = 4 relay nodes is illustrated in
Fig.6.2. Thus, in the kg, block, the py, relay node receives 1,(i), € €™ in (6.3) and

transmits

t1 (D = [t1(t0, o) rer £2(t1, 0 ks E3 (b0, N1 )i t4(E1, 1))

t; (D = [=t2" (o, no)k, t17(t1, Mo) i, —t4" (o, Nk, 3" (t1, Ny k)"

t3 (D = [—t37(t, o) —t4" (t1, M0k £17 (b0, N1 )i, 27 (E1, )]

ta (D = [t4(to, no) i —t3(t1, o)k, —t2(to, Nk t1(t1, ny)i]” (6.6)
Specifically, the p;j, relay node transmits

tp(i)k = [.lMprp(i)k , i = 1,2, ,F (67)

time | -
time ()

time | 1
time ().

Fig.6.2 STF mapping in four-relay networks
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Assuming the relay nodes are synchronized at symbol level such that the nodes can transmit
simultaneously, the signal received at the n;, sub-carrier of the destination in the k;;,block

during the t;;, OFDM time slot (after CP removal and FFT demodulation) is given by:

YDk = Zp=1 tp(Di O gp D + 2Dy (6.8)
. T

gp(Dy = [gp (to, o) ks Ip (t1, 10D ke Gp (F0, 1) ks G (E1, nl)k]

= (9@ o gp (D] (6.9)

where g, (t,n)y is the channel gain between the p.j relay node and the destination at the ng,
sub-carrier during the t;, time-slot, and z(i), is the noise. The multipath fading channel

gp(t,n), between the p.prelay node and the destination is modelled as g,(t,n), =

[ RD gp’t(l)e—jzmn/N

= gp:®. The complex amplitudes g, (l) are assumed to be

. . . . . 2
independent zero-mean complex Gaussian random variables with variances E (l gp,t(l)l ) =

02 (D). The channels are normalized such that Zl[fg “1o2,(1) = 1. Substituting for t, (D

and then 7,(i), in (6.7) and (6.3) respectively, (6.8) becomes

EcEsNc
Es+1

YDy = Xp=1 Mpxi1 O (f,(Die © g, (Di) + Z()i (6.10)

where Z(i), = Zgzl,uMpgp(i)k O n, (i), + z(i), is the equivalent noise. The signal

received at the destination in the k;j, block can be written in compact form as:

Yy = /pXiHy + Zy (6.11)
. E,EsT
where Yi = [y(Dy, .., y(Di]” € €T, y @)y = [y, .., yOil" p = ;’Sfl Xy =

[Myx) 1, ..., Mpxy 1| € CTP H), = [R(1D)y, ..., R(D);] € C¥T, h(D)y = [hy (D s p (D)7
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and Z,, = [Z(1)y, ..., Z(1);]" € C™<T, the channel co-efficients hyDk = fp(Di * Gp Dk
The P X I' quasi-orthogonal channel matrix Hj captures the channel co-efficients between
the source node, the P relay nodes, and the destination. Here we assume that the channel co-
efficient between the source node, the P relay nodes, and the destination remain quasi-static,
at least, across T, adjacent OFDM time slots and N, adjacent frequency sub-carriers. This
equivalently means that the channel is constant during the transmission of I' symbols, that is,

h(i); is constant fori = 1,2, ..., T.
6.3 Differential DQSTFC Encoding and Decoding

6.3.1 Differential DQSTFC Encoding

In this section, we show how full rate quasi-orthogonal codewords are constructed in the
proposed differential DQSTFC scheme. Differential encoding is initiated at the source node.
Recalling that xj; = [xm(0)y, ..., xm([);]" is the source node data generated in the
k.p block, the next step is for the source node to generate thedata vector xy.;q for the

(k + 1)y, block. This involves the following processes:

First, the constellation mapping sub-system generates the information symbols vjyq1 =
[vm(0)gs1, -, vm(T)g41]" where vyy,, represents the valid transmitted information
symbols that must be recovered at the destination without CSI. We now show how the
elements of vy, ; are computed at the source node from a proper choice of signal sets so that
a full rate quasi-orthogonal codeword is generated. The elements of vy are modulated
symbols drawn from an m = log,M M-PSK constellation, m is the spectral efficiency.
Letd = diag[l, elf2, ...,ejeF/Z], the symbols are constructed as @ - [v1(i)y, v3(i)]" and
@ [V2() 41, V4()g4+1]T. This implies that, [v1(i)41, V2(i)k+1] are mapped onto a signal
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constellation A of size 2™, while[v3 (i) 41, V4(i)x+1] are mapped onto a signal constellation
A, which is a rotated version of A. The rotation angles 8 of the information symbols ensure

that the codes achieve full diversity.

The next step is for the differential encoder to generate the data vector x4 for the (k +
1);, block. We assume that the source node has prior knowledge of the relay

matrices {My, ..., Mp}, since the source node already knows xy ,, it can easily construct X; =

[M 1Xk 1, M ka,1]- Thus the data vector generated in the (k + 1), block is obtained as:

Xk+1,1 = XVks11 (6.12)

where Xp111 = [xm(0)gyq, ., xm(D)]" and X, = [xk,l, ...,xk,p] is the reference quasi-
orthogonal signal matrix generated by the P relay nodes in the k., block. The quasi-
orthogonal structure of vy, guarantees that xj.,; is quasi-orthogonal. The source node
generates the differentially modulated, STF encoded, cyclically shifted complex symbol
vector X471 whose elements are transmitted across the ng, sub-carrier in the (k +
1), block during the t;, time slot. In order to construct Xy, = [xk+1‘1, ...,xk+1’P] at the
destination, the source node and P relay nodes follow the same process as in the k;, block.
The signal received at the n;y, sub-carrier of the p;, relay node during the t;; time slot is of
the form of (6.3). Similar to the case of the k., block, the relay node data is constructed and
transmitted as discussed in Section II A. The received signal at the destination in the (k +

1), block is similar to (6.11) and can be written in compact form as:

Yior = PXis1Hirr + Zias (6.13)
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6.3.2 Differential DQSTFC Decoding

Two consecutive blocks of quasi-orthogonal matrices X; and X}, ;have now been generated

at the destination by P relay nodes based on (6.11) and (6.13). We can write

T .
{

YDy = Xeh(Dr + 20Dy = [xxpHy + 2], i=12,...,T p=12,..,P (6.14)

YDir1 = Xpr1hDps1 + ZWDisr = [Xpr1pHirr + ZDp41] i =12,..,T p=12,..., P (6.15)

Note that we intentionally omit the power term \/E for ease of explanation. Using the signals
received in (6.14) and (6.15) in the ky, block and (k + 1), block respectively, vy4q1 =
[vm(0) k41, .., vM(I)g41] can be recovered pairwisely at the destination without CSI. For
example, for a cooperative network with P = 4 relay nodes and I' = 4, in order to recover
V41,1 We first obtain the quasi-orthogonal signal and channel matrices for two consecutive

transmission blocks as follows:

x1(to,mo);  x2(te,mg);)  x3(to,mo);  x4(to,Mo);
X - —x2"(t,no); x1°(t;,ng); —x4"(t1,ng); x3"(t,n);
o =x37 (o) —x4"(to,ny);  x17(to,ny);  x27(to,ny);
| x4(ty,nq); x3(ty, ) —x2(ty,ny);  x1(ty,ny);
(hi(to,ng);  hy'(t1,mg);  hs (to,ny);  ha(ty,ng); 1
H. = hy(to,ng); —hi"(t1,mg);  hy (to,n1); —hs(ty,ng);
7o |ha(tong);  ha' (t1,ng);  —hy (to,mq); —ha(ty,ng);
|hy(to,mo); —hs'(t,ng); —hy (to,mq);  hi(ty,ny);

where X; € C™P and H ; € CP*T j € {k,k + 1} are quasi-orthogonal signal and channel
matrices respectively. The i, information signal transmitted by the source node, through the
pen relay node on the ng, sub-carrier during the t;;; OFDM time slot is denoted

by xm(t,n);, and h,(t,n); captures the channel co-efficient between the source node, the
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pen relay node, and the destination, on the ngy, sub-carrier during the t;;, OFDM time slot.
Since we assume that the channel co-efficients remain constant across T, adjacent OFDM
time slots and N adjacent frequency sub-carriers, then h,(t,n); is constant for t, and t;,
and ny and n,. Similarly, since all the cooperating relay nodes transmit the same information
signals in every block then xm(t,n); is constant for t, and t;, and n, and n;. Thus we can
imply that h,(to,ng); =,..,= hp(t;,ny)j = hy; and xm(ty,ng); =, ...,= xm(ty,ny); =

xm;. Based on this, we can compute

X, 0 0 X, H 0 0 H,

0 X, -X, 0 0 H, —H, 0
H _ 1 2 gH_ 1 2
XiXi"=lo —x, x, o| HH =|lo -, H o

X, 0 0 X H, 0 0 H

where X; = Zﬁl=1|xmj-|2 is the signal power and X, = 2Re(x1jx4j* —x2jx3j*) is a self-
interference parameter. Similarly, H; = §=1|hp, j|2 is the channel power and H, =

2Re{h1, iha, j* — hy jhs, j*} is a self-interference parameter. The elements of v, are then

recovered as follows:

YD YD = Xesr 1 X His R + 24

= vk+1,1XkaHHk+1h(1)kH + 7

= V1() 41 (X1 Hy + XoHy) + v4(@) 1 (X1 Hy + XoHy) + 24

= V1(D)4 1A + VA(D)s B + 74 (6.16)

Similarly,

YD sy = xk+1,1XkHHk+1h(2)kH + 7,
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= vk+1,1XkaHHk+1h(2)kH + Z,

= 02(D)s1A — V3(D)isB + Z (6.17)
YD1 YBk" = Xesr1 X" Hisr Rk + Z3

= vk+1,1XkaHHk+1h(3)kH + Z;3

= —02() 1B + V3(D)siA + Zs (6.18)
YD 1Y@k = i1 1 X "Hisr R + Z,

= Vir11 X X His R()," + Z,

= V1(D)g4 B + VA(D) 1A+ 7 (6.19)

where Z,, captures the noise, A = X{H; + X,H, and B = X;H, + X,H;, we refer to A and
B as the differential decoding parameters required to recover vy.;q. The differential

decoding parameters are computed at the destination as:
YDy@® " = X X "h(D)h(8), " + 2, = A+ Z,
YDy = XX "R(Deh(D, " + 2y = B+ 2y (6.20)

This implies that y(1),y(4)," =~ Aand y(1),y(1)" ~ B since Z, ~ Z,. It is thus obvious
from (6.20) that the scheme does not require CSI to recover ¥y q. The non-coherent
recovery of vy, ;1 rather depends on consecutively received signals in the k., block and
(k + 1), block under the constraint that H; = Hj,,. Once A and B are computed at the
destination using (6.20), the information signals in (6.16) to (6.19) can be recovered

pairwisely.
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Obviously, all the decision signals are only a function of a pair of input signals which exist
with dissimilar constellation angles. This offers the possibility of decoding in pairs. We can
decide for each pair of recovered symbols independently using a pairwise least square

decoder as follows:

1D er1, 4Dier1) = argmin [|[y(Diey (D" = @10 jesrd + v4Dieas B +

YDy @i = @10 018 + v4Dead)] | (6.21)

(@2(D)ier1, 3 (Dierr) = argmin [|y(Die1y@" = @2(0)ies1d — v3(Diess B +

YD1y 3" = @30 es14 = v2(Dies1B)] | (6.22)

The pairwise least square decoder performs an exhaustive search over all possible
combination of constellation points to determine the pair of signals that minimize the terms in
(6.21) and (6.22). This decoding is based on the pairwise least square decision metric of [93],
and is equivalent to finding the minimum Euclidean distance between the noisy received
signals and the known constellation points.The resultant symbols in (6.21) and (6.22) can be
interpreted as noisy versions of the scaled transmitted symbols. The scaling A and B,
however have a negligible effect on the geometry of the detection region. The complexity of
this process is equivalent to 2™'*1 since this is the number of constellation points to be

examined.

6.4 Simulation Results

In this section, we present simulation results to demonstrate the BER performance of our
proposed differential DQSTFC scheme. The settings for our cooperative broadband network,

where P = 4 and I' = 4, are based on the specifications described in the IEEE802.16e Mobile
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WiMax standard, the number of sub-carriers N = 256 with a channel bandwidth of 2MHz.
The OFDM symbol duration is T = 128us while the length of the CP is 1/4 of the symbol
duration i.e. 32us. We assume a typical urban macro-cellular mobile radio environment with
multi-ray channels where delay spreads are mostly within the range of 1007s to 10us. We
analyse the performance of our proposed scheme in frequency-selective and time-selective
channels. Specifically we set our simulation parameters for different Doppler frequencies fj,
ranging from 40Hz to 200Hz and different root mean square delay spreads T,.,s between
0.1us and 4us, the Doppler frequencies correspond to mobile speeds between 22km/h and
108km/h. We assume that neither the relay nodes nor destination can acquire CSI, while the
channel gain of the source-relay and relay-destination links remain approximately constant
within two consecutive blocks. For the quasi-orthogonal codes, the rotation angles are set
to 8/M, where M is the constellation size.

For different channel conditions, the performance of our proposed differential DQSTFC
scheme is compared with the differential quasi-orthogonal DSTC-OFDM and DSFC schemes
(whose parameters are simulated in our environment). We study the effects of Doppler spread
and delay spread on the aforementioned coding schemes using different simulation
parameters. We first set T,y to a low value of 0.1us such that the effect of delay spread is
negligible. To study the influence of Doppler spread, we investigate BER performance at
different Doppler frequencies. The SNR is fixed at 12dB, the symbols are chosen from a
QPSK constellation, and all the coding schemes have the same transmission rate of 2
bits/s/Hz. From Fig. 6.3 we observe that for values of f, between 78Hz and 135Hz the BER
performance of our proposed differential DQSTFC scheme is better than that of the
differential quasi-orthogonal DSTC-OFDM and DSFC schemes. This is because at such

values of fp the coherence time t. and coherence bandwidth b, of the channel are large

165

PhD Thesis by Gbenga Owojaiye
University of Hertfordshire, Hatfield, Herts. AL10 9AB, United Kingdom



Chapter 6 Differential Distributed Quasi-Orthogonal Space Time Frequency Coding

enough to satisfy the requirements of constant channel gain across adjacent time slots and
adjacent subcarriers. The BER performance of DSTC-OFDM is better than that of our
proposed scheme only at values of f, below 78Hz. At such values of f;, the coherence time is
large and t. =T can be satisfied. Thus, DSTC-OFDM schemes which require constant
channel gain in the temporal dimension for the entire duration of I' = 4 symbols, have the
best BER performance. When the Doppler spread increases and f, is between 78Hz
and 135Hz, the coherence time reduces and t. = I' can no longer be satisfied, however the
coherence time is still large enough to satisfy t, = I'/2 thus the BER performance of DSTC-
OFDM degrades beyond that of our proposed scheme. When the Doppler spread is severe
and fp is above 135Hz, coding in the temporal dimension introduces a significant amount of
inter-symbol interference, thus, our proposed scheme and the DSTC-OFDM scheme
experience performance degradation. However, the BER performance of the DSFC scheme is
better in this situation because the delay spread is low and the coherence bandwidth is large
enough to satisfy b, > I'. Thus, DSFC schemes which require constant channel gain in the
frequency dimension for the entire duration of I' =4 symbols, has the best BER
performance. In contrast with DSTC-OFDM and DSFC schemes where the requirements for
constant channel gain must be satisfied for the entire duration of I' = 4 symbols, our scheme
only requires constant channel gain during the transmission of I' = 2 symbols. Therefore, we
can conclude that for cooperative networks operating in environments where CSI cannot be

acquired, our proposed scheme is robust against a practical range of Doppler spread.
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Fig.6.3 BER Performance in Frequency-selective Fading Channels

We then set fj, to a fixed value of 50Hz such that the influence of Doppler spread is low, and
compare the performance of all the aforementioned coding schemes at different levels of
delay spread. The SNR is fixed at 12dB and all the coding schemes have identical
transmission rate of 2 bits/s/Hz. From Fig. 6.4 we observe that our proposed scheme
outperforms the other coding schemes when the value of 7,,, is between 0.8us and 3.2us.
This is because at such values, the coherence time and coherence bandwidth of the channel is
large enough to satisfy the requirements of constant channel gain across adjacent time slots
and adjacent sub-carriers. When the delay spread is low and t,,, is below 0.8us the
coherence bandwidth is large and b, = ' can be satisfied. Thus DSFC schemes which

require constant channel gain across I' sub-carriers outperform the other coding schemes.
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When the delay spread increases, the coherence bandwidth reduces and b, = I' can no longer
be satisfied, however b, = T'/2 can still be satisfied. Thus, our proposed scheme exhibits
improved BER performance compared to the DSFC scheme. When t,,,, is higher than 3.2us,
the coherence bandwidth is very low such that coding in the frequency dimension introduces
inter-carrier interference, thus the BER performance of our proposed scheme and the DSFC

scheme degrade significantly. In this condition however, DSTC-OFDM outperforms the other

schemes.
-1
10 E—— I
CCCCICCCfpCCIIZCCIECCC —k—— Differential Quasi-orthogonal DSTC-OFDM
Tt —+— Differential Quasi-orthogonal DSFC
. 1 | —9— Differential DQSTFC
10-2f::::::::I::::::::I::::::::I:::::::::(::::::::}:::::::]‘::::::7,‘: ,,,,,, N
ﬂf EUNBEEEREERSS e I e S L C J\ 7777777
W k- e B 4 — = N —
m l l l
10-3f:::::::‘§::::::: ___-_~ T ____-_”_”"_-”--C :::::::q‘:::::::q‘::::::::
4 | | fp=50Hz
10 | | |
0 0.5 1 1.5 2 2.5 3 3.5 4

Fig.6.4 BER Performance in Time-selective Fading Channels

In Fig.6.5 we study the performance of our differential DQSTFC scheme at different values
of Doppler frequency fp = {80Hz,100Hz} and compare with the differential quasi-

orthogonal DSTC-OFDM scheme. From Fig. 6.5, we observe that our scheme exhibits better
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BER performance at each value of f,. This occurs because at such values of fj, the

magnitude change of the channel becomes more uncorrelated across successive OFDM

symbols, in other words, the channel becomes temporally-selective. Thus, under this

condition, the requirement of constant channel gain across I' = 4 OFDM symbols cannot be

satisfied by the differential quasi-orthogonal DSTC-OFDM scheme.

However, the

requirement of constant channel gain which is relaxed across only I' = 2 OFDM symbols for

our differential DQSTFC scheme can still be satisfied.

BER

-

: —&é— Differential DQSTFBC fd=80Hz

—— Differential DQSTFBC fd=100Hz
—— Differential DQSTBC fd=80Hz
—— Differential DQSTBC fd=100Hz

H=—F+++

Fig.6.5 Diversity performance of proposed differential DQSTFC and DQSTC schemes

PhD Thesis by Gbenga Owojaiye
University of Hertfordshire, Hatfield, Herts. AL10 9AB, United Kingdom

169



Chapter 6 Differential Distributed Quasi-Orthogonal Space Time Frequency Coding

6.5 Summary

It has become necessary to develop a scheme that is capable of exploiting capacity gain in the
spatial, temporal and frequency dimensions, while offering full code-rate and non-coherent
signal recovery for cooperative broadband networks. In this work, we propose a differential
DQSTFC scheme which is essentially a hybrid combination of STF mapping, full code-rate
quasi-orthogonal codes, and differential strategies. From this, we obtain a scheme which is
robust to frequency-selective fading and time-selective fading, and mitigates the code-rate
deficiency exhibited by orthogonal codes in cooperative networks with more than two relay
nodes. We introduce our STF mapping strategy, show how the full code-rate quasi-
orthogonal codes are devised, and present the full differential encoding and decoding
procedure for cooperative networks with four relay nodes. Our scheme relaxes the quasi-
static channel assumption to adjacent OFDM time-slots and adjacent frequency sub-carriers.
Using simulation results, we study the performance of our proposed scheme under different

fading conditions.
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7  Conclusion and Future Work

7.1 Conclusion

The recent rapid advancement in research, and design and manufacture of wireless systems
has been largely instigated by the massive demand for wireless applications. Users of
wireless applications now depend immensely on technologies that provide real-time high-data
rate transmission and mobile broadband communication. If wireless technologies are to meet
the requirements and expectations of users, then the principal design objective is; ‘high
quality of service’. One phenomenon that hinders the realization of high quality of service in
wireless communications is fading. Fading occurs when the transmitted signal is affected by
objects in the wireless environment thereby causing deficiency in the quality of the received

signal.

Diversity techniques, namely frequency diversity, temporal diversity, and spatial diversity,
have been popularly used to combat the detrimental effects of fading in wireless channels. Of
all the diversity techniques, spatial diversity has gained the widest attention because of the
simplicity of implementation and the feasibility of deployment. In spatial diversity; multiple
antennas are deployed sufficiently far apart at the terminals to produce multiple independent
fading paths for the transmitted information signals. Since it is unlikely that the multiple
independent paths will experience identical fading events, thus spatial diversity is guaranteed.
MIMO communication is a spatial diversity technique that has been successfully used in
multiple-antenna systems to improve communication performance. To replicate such strategy
in single-antenna systems like cellular networks and wireless sensor networks where size
restrictions preclude the use of multiple antennas, cooperative communications was
introduced. In cooperative networks, the single-antenna nodes that make up the network
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cooperate to emulate MIMO systems. Cooperative diversity is achieved by making the
single-antenna nodes form a virtual multiple-antenna system. STBC were introduced to
MIMO systems to improve the reliability of data transmission and enhance diversity gain. As
a result, research efforts have concentrated on designing DSTBC for cooperative systems as a

counterpart of STBC in MIMO systems.

This thesis is devoted to the design and performance analysis of DSTBC schemes in
cooperative networks. The concept of cooperative diversity is discussed and cooperative
diversity protocols are introduced, the issue of fading in wireless channels is also reviewed.
The concept of DSTBC in cooperative networks is then covered in a systematic way. The
approach is to extend the design of STBC in MIMO systems to the single antenna nodes of
cooperative networks. We first focus of designing unitary rate codes that exhibit improved
diversity performance with relatively low complexity decoding, from this, we model DSTBC
using orthogonal and quasi-orthogonal designs for cooperative networks. In our work we
identify that most works on DSTBC assume that there is no direct link between the source
node and the destination. Thus they ignore the benefits that can be extracted when the source
node is actively involved in cooperation. To demonstrate these benefits we propose an SA
strategy using orthogonal and quasi-orthogonal DSTBC. The SA strategy is shown to
improve the diversity performance of the network at the expense of slightly increased

complexity of the ML detector.

Orthogonal and Quasi-orthogonal designs are then extended to cooperative networks that
incorporate multiple antennas at the destination terminal. This scenario agrees with wireless
sensor networks and cellular networks where the access point and base station respectively
can be fitted with multiple receive antennas. We show that by incorporating multiple
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antennas on the destination terminal, the diversity performance of the network is further

improved; we also show the performance of our SA strategy in such networks.

Next, we introduce the concept of differential modulation to cooperative networks where the
nodes in the network are unable to acquire perfect CSI. In the practical sense, this scenario
occurs in mobile environments where the fast fading nature of channels makes channel
estimation difficult. The concept of differential encoding and decoding is first reviewed for
non-cooperative networks. The performance of differential modulation in cooperative
networks is then analyzed via simulation using the DF and AF protocols. Subsequently, the
concatenation of differential strategies with DSTBC is systematically presented. We show
how to integrate orthogonal designs like the Alamouti code with differential modulation. We
presented the full differential encoding and decoding procedure using two main differential
concepts, namely; ‘co-efficient vectors’ and ‘unitary matrices’. These concepts were then
generalized to cooperative networks with three, four and eight relay nodes. Differential
strategies are then integrated with DQSTBC, based on this, differential and multi-differential

DQSTBC is proposed for cooperative networks.

The final part of this thesis deals with the design of DSTBC for cooperative broadband
networks. This is motivated by the increasing interest in high data rate services propagated
over broadband channels, for example; multimedia, mobile computing, and video
conferencing. Specifically, the concatenation of OFDM with DSTBC schemes is considered
for non-coherent cooperative networks, from this differential DQSFC and differential
DQSTFC which exploit space-frequency diversity gain and space-time-frequency diversity
gain respectively are proposed. The proposed schemes are also able to achieve full code rate

based on the use of quasi-orthogonal codes.
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7.2 Future Work

The DSTBC schemes designed in this thesis can be combined with other transmission
schemes to improve the performance of the cooperative network. This can be achieved in

many different interesting ways:

7.2.1 DSTBC Schemes with Adaptive Signalling using Limited Feedback

The cooperative signalling concept used throughout this thesis adopts one-way
communication where the source node forwards information signals to the destination via
relay nodes. Thus there is no available feedback channel between the communicating nodes.
The performance of cooperative systems can be improved if limited feedback is available.
For example, the feedback channel can be used to adjust certain transmission schemes in the
network. Specifically, DSTBC can be combined with adaptive relay selection, in this case,
the feedback channel is used to optimally select only the best relays based on certain
selection criteria, like channel conditions or SNR. In the same context, the feedback channel
can be used to adjust the transmission time of the relay nodes such that synchronized DSTBC

can be achieved.

7.2.2 Adaptive DSTBC Selection

The performance of cooperative networks can be further improved if CSI obtained from the
destination is fed back to the source node or relay nodes. The destination can return one or
two feedback bits in each fading block such that the cooperating nodes can switch between
certain predefined DSTBC schemes to optimize performance. For example, in the case of
DQSTBC where linear decoding is only possible for pairs of symbols (due to the off-diagonal

interfering elements in the Gramian matrix), feedback bits can be returned from the
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destination to suppress the interfering elements thereby facilitating simple ML decoding for

DQSTBC.

7.2.3 Adaptive Cooperative Diversity Protocols

The availability of a feedback channel can also be used to optimize the performance of the
AF and DF cooperative diversity protocols. For example, in the case of adaptive AF schemes,
the amplification factor used by the relay nodes can be systematically selected based on
feedback information (e.g. CSI) obtained from the destination. Similarly, adaptive DF
schemes can use feedback information to systematically select the modulation scheme

employed by the relay nodes.

All of the aforementioned techniques can significantly improve the performance of DSTBC
in cooperative networks. However, such extensions of DSTBC may also introduce additional
signalling overhead, which subsequently increases system complexity. Thus it is vital to

obtain a good trade-off between system complexity and signalling overhead.
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Appendix A

We now present the necessary conditions for our quasi-orthogonal codeword to achieve full

diversity in a network with N =4 andT =4. Given a pair of codewords Xxj; =

(X1 %12 Frea Traw]  and Ky = [Fe1) Kea@ Toaey T, where  Teag
represents the rotated version of x 1), and X ; represents the received noisy version of xy ;.

The coding gain difference between the pair is arrived at by the determinant equality in

Chapter 5 of [35] as follows:
det(S,"S,) = (512 — 5.%)(5,° = S,°) (A.1)

where S is a non-unitary quasi-orthogonal matrix with structure §; = [sk'lT, ...,Sk,NT],
2 * *
Sg1 = [Sk,l(l); ---'Sk,1(T)]; N Z?:l'sk,l(t)| and S, = ZRe(sk,l(l)Sk,1(4) — Sk,1(2)Sk,1(3) )

Using simple algebraic manipulation (A.1) becomes:

2
det(Si"'Sk) = (lsk,l(l) - Sk,1(4)|2 + sk + Sk,1(3)|2) (lsk,l(l) + Sk ‘o

2
|Ska@ = Ska) |2) (A2)

Replacing sy 1(¢) in (A.2) with (xk‘l(t) - J%k’l(t)) full diversity is only achievable when the

determinant equality in (A.2) is non-zero. This also implies that the diversity product given
1 - =

by (. = Emingkiskw|det(5k - Sk)|N is non zero, where P is the set of all valid quasi-

orthogonal matrices.
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We now prove that the QOSF code in (5.11) achieves our targeted diversity order of PI" for
any (P+T)=2"",vP =T, where r is a positive integer, and <L &K N,L =
min{Lsg, Lrp}. Clearly, in order to achieve a diversity order of PT, there must be at least one
non-zero block k of length PT’ in(V - 17), where V and V are a pair of distinct codewords. In
other words, we assume that at least(Vk — Vk) # 0. This assumption does not decrease the
rank of the matrix(V - 17), and the minimum rank of (V - 17) determines our achievable
diversity order. We assume that there exists at least one block k of length PI' for which
V., =V, or(Vk — Vk) # 0 and the total number of sub-carriers N > PI'. Denoting w =
e I and|v; — v;| = d;, the non-zero block of (17 - 17), given by D(V - 17) can be
decomposed as

DV -P) =W (Vy — V)

where = [wOT, ...,w(L‘l)T]T ,w =1, 0} .., 0PV

(v, = V) = diag[G(vy), ., G(vp), ve = [dy, ..., dp], and G is a P X P identity matrix that
maintains the quasi-orthogonal structure of the codewords. Thus

(Vi — Vi) = diagl(dy, dy, ..., dp)y, (—dy",dy ", oy dp_1)a) oo, (dy, dy oo, dp)r]

The matrix D(V — 17) is a PT' X PI' matrix and @ is of length PT'. This implies that D(V —

17) will contain PI" rows of non-zero elements. Using § (Vf) = V; for ease of explanation, we

have
vl ‘I1 e V1
(r-n
v v o' v
2 2 2
D(V-V')=
(Pr-1) (Pr-1)(T-1)
Vor @ Vor w Vor
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where V¢ is a 1 X P vector containing elements d; = |v; — ¥;|, and v; and ¥; are made up of
combined symbols v; and V, respectively as discussed in Section II C. Our QOSF code has
been  constructed such that |v;—vy|-d = |(vi — V) +eb1(viyy — Vi) + o+
elfr-1(vp —vp)| £ 0,Vi €{13,..,PT — 1} where ® = diag[1,e/%, ...,e/%r-1].  From
Section III B we can also obtainlvj — vjl -®d #0,Vj€{24,..,T}. Thus minimum coding
gain is achieved when either the odd entries of D(V - 17), given by dy,ds, ..., dp_q 1s set to
zero, or the even entries d,,d,, ...,dp 1s set to zero. Assuming we set the even entries

of D(V - 17) to zero, the non-zero odd entries of D(V - 17) can be expanded as

d 0 - d, 0
d 0 o d"
_ d, 0 - (g 0
D(v-v)=| ¢ @ h .
dP—l 0 w(PF—l)(F—l)dP_l 0
I 0 d;—l 0 w(Pr—l)(r—l)d;_l—

Since dj +#0,vj€e{12,..,P},and P =T, we can get I linearly independent columns from
the PT X PI' matrix 5(17 — 1’7)with column indices oj, j € {1,3,..,PT — 1} and oy, k €
{2,4, ..., PT}. Therefore, D (V — v)contains two sets of independent I' X I sub-matrices. Let
us denote d (17 — 17)0 as the I' X I' sub-matrix which contains the odd rows and odd columns
ofD (V — 17) ,and d (V — V)e as the I' X I' sub-matrix which contains the even rows and even

columns of D (V — 17). The T' X T’ sub-matrix d (17 — 17)0 is constructed as

\Z v, Vv,
_ 2— 2M-1)=
awv-v)= " " e (B.1)
Ver-i w(PF_Z)VPr 1 w(Pr_z)(r_l)VPr—l
and d (V — 17)6 is constructed as
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= — -
v, WV, e o v,
- 3— 3(M-1)=
— \4 'V s (0] \4
d(v-v') =| ! * * (B.2)
= (Pr-< (Pr=1)(r-)<
Ver @ Vpr 0 O Ver

where V¢ in (B.1) and (B.2) contain the odd entries and even entries of vf respectively.
Denote V, = [V}, V5, ..., Vpr_y] andV, = [V, ¥, ..., Vpr], the matrices d(V —17)0 and

d (V - 17)6 can be decomposed as follows:

where

11 1]
W = 1 o w2

1 (pr-2) (pr-2)(r-1)

_1 w(F—l)
_ 1 3 w3(r—1)

_1 a)(PF—l) . w(PF—l)(F—l) |

The entries of W, and W, given by W, and W, respectively, increase geometrically
along the rows and columns, thus W, and W, have the properties of a square Vandermonde

matrix. The determinant of a square Vandermonde matrix can be expressed as [95, Section

6.1]

det(W,) = 1_[ (Wo(j) - Wo(i))

1<i<j<q

det(W,) = 1_[ (We(j) - W)

1<i<j=<q
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where q = (PT' — 1)(I' = 1). Since we have w™ n € {0,1, ...,q}, then each of the entries
Wow) and We(;y are distinct, that is W) # W) and Wiy # W), Vi #j , and thus
det(W,) # 0 and det(W,) # 0. We can now prove that CZ(V — 17)0 and CZ(V - V)e are
full-rank matrices by showing that det (CZ(V — 17)0) # 0 and det (CI(V - 17)6) # 0 as
follows:

det (J(v - 1’7)0) = det(V,)det(W,)

= [1F51" ¥y det(W,)

det (J(v - 1’7)3) = det(V,)det(W,)

= 1%, 9 det(W.,)

We already know that V; in (B.1) and (B.2) contain the odd entries and even entries of v¢
respectively, that is vy = [d1’d3,...] for the odd entries and vy = [dz,d4,m] for the even
entries, thus H?E]l\_/f # 0 and H?EZ Ve # 0 since d; = |v]- — vjl #0,vje{13,..,P—1}
and d; = |lv; —v,| # 0,Vi € {2,4,...,P}. We have already established that det(W,) # 0

and det(W,) # 0. Combining the above, it is clear that det (&(V—V)o)io and

det (J(V — 17)6) # 0 and J(V — 17)0 and J(V — 17)6 are full-rank matrices. Based on

these, D(V - 17) has minimum rank PI" and our QOSF code achieves diversity order of PT
for any (P+T)=2"t1,vP =T, where r is a positive integer, and[ <L K N,L =

min{Lsg, Lrp}.
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