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ABSTRACT
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SCHOOL OF ELECTRONICS AND COMPUTER SCIENCE

Doctor of Philosophy

Near-Capacity Co-located and Distributed MIMO Systems

by

Lingkun Kong

Space-time transmission based colocated and distributed Multiple-Input Multiple-Output

(MIMO) systems are investigated. Generally speaking, there are two types of fundamen-

tal gains, when using multiple antennas in wireless communications systems: the multi-

plexing gain and the diversity gain. Spatial multiplexing techniques such as the Vertical

Bell-labs LAyered Space-Time (V-BLAST) scheme exploit theassociated multiplexing

gain in terms of an increased bit rate, whereas spatial diversity techniques such as Space-

Time Coding (STC) aim for achieving a diversity gain, which results in a reduced error

rate. Firstly, we concentrate our attention on a novel space-time transmission scheme,

namely on Generalized Multi-Layer Space-Time Codes (GMLST), which may be viewed

as a composite of V-BLAST and STC, hence they provide both multiplexing and diver-

sity gains. The basic decoding procedure conceived for our GMLST arrangement is a

certain ordered successive decoding scheme, which combines group interference nulling

and interference cancellation. We apply a specifically designed power allocation scheme,

in order to avoid the overall system performance degradation in the case of equal power

allocation. Furthermore, the optimal decoding order is found, in order to enhance the

system’s performance with the aid of the channel state information (CSI) at the receiver.

However, our decoding scheme relying on power allocation oron the optimal decoding

order does not take full advantage of the attainable receiveantenna diversity. In order

to make the most of this source of diversity, an iterative multistage Successive Interfer-

ence Cancellation (SIC) detected GMLST scheme was proposed, which may achieve the

full receive diversity after a number of iterations, while imposing only a fraction of the

computational complexity of Maximum Likelihood (ML)-style joint detection.

Furthermore, for the sake of taking full advantage of the available colocated MIMO

channel capacity, we present a low-complexity iterativelydetected space-time transmis-

sion architecture based on GMLST codes and IRregular Convolutional Codes (IRCCs).

The GMLST arrangement is serially concatenated with a Unity-Rate Code (URC) and an

IRCC, which are used to facilitate near-capacity operationwith the aid of an EXtrinsic



Information Transfer (EXIT) chart based design. Reduced-complexity iterative multi-

stage SIC is employed in the GMLST decoder instead of the significantly more complex

ML detection. For the sake of approaching the maximum attainable rate, iterative de-

coding is invoked to achieve decoding convergence by exchanging extrinsic information

across the three serially concatenated component decoders. Finally, it is shown that the

iteratively detected IRCC-URC-GMLST scheme using SIC strikes an attractive trade-off

between the complexity imposed and the effective throughput attained, while achieving a

near-capacity performance.

The above-mentioned advances were also exploited in the context of near-capacity

communications in distributed MIMO systems. Specifically,we proposed an Irregular

Cooperative Space-Time Coding (Ir-CSTC) scheme, which combines the benefits of Dis-

tributed Turbo Codes (DTC) and serially concatenated schemes. Firstly, a serial concate-

nated scheme comprising an IRCC, a recursive URC and a STC wasdesigned for the

conventional single-relay-aided network for employment at the source node. The IRCC

is optimized with the aid of EXIT charts for the sake of achieving a near-error-free de-

coding at the relay node at a minimum source transmit power. During the relay’s transmit

period, another IRCC is amalgamated with a further STC, where the IRCC employed at

the relay is further improved with the aid of a joint source-and-relay mode design proce-

dure for the sake of approaching the relay channel’s capacity. At the destination node, a

novel three-stage iterative decoding scheme is constructed in order to achieve decoding

convergence to an infinitesimally low Bit Error Ratio (BER) at channel Signal-to-Noise

Ratios (SNRs) close to the relay channel’s capacity. As a further contribution, an ex-

tended Ir-CSTC scheme is studied in the context of a twin-relay aided network, where a

successive relaying protocol is employed. As a benefit, the factor two multiplexing loss

of the single-relay-aided network - which is imposed by the creation of two-phase coop-

eration - is recovered by the successive relaying protocol with the aid of an additional

relay. This technique is more practical than the creation ofa full-duplex system, which

is capable of transmitting and receiving at the same time. The generalized joint source-

and-relay mode design procedure advocated relies on the proposed procedure of finding

the optimal cooperative coding scheme, which performs close to the twin-relay-aided net-

work’s capacity. The corresponding simulation results verify that our proposed Ir-CSTC

schemes are capable of near-capacity communications in both the single-relay-aided and

the twin-relay-aided networks.

Having studied diverse noise-limited single-user systems, we finally investigate a mul-

tiuser space division multiple access (SDMA) uplink systemdesigned for an interference-

limited scenario, where the multiple access interference (MAI) significantly degrades the

overall system performance. For the sake of supporting rank-deficient overloaded sys-
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tems, a maximum signal-to-interference-plus-noise ratio(MaxSINR) based SIC multiuser

detection (MUD) algorithm is proposed for the multiple-antenna aided multi-user SDMA

system, which is capable of striking a trade-off between theinterference suppression and

noise enhancement. Furthermore, the multiuser SDMA systemis combined with channel

codes, which assist us in eliminating the typical error floors of rank-deficient systems. Re-

ferring to the Ir-CSTC scheme designed for the single-user scenario, relaying techniques

are invoked in our channel-coded SDMA systems, which benefitfrom extra spatial di-

versity gains. In contrast to the single-user Ir-CSTC schemes, interference suppression

is required at both the base station (BS) and the relaying mobile station (MS). Finally,

a more practical scenario is considered where the MSs have spatially correlated trans-

mit antennas. In contrast to the conventional views, our simulation results suggest that

the spatial correlation experienced at the transmitter is potentially beneficial in multiuser

SDMA uplink systems, provided that efficient MUDs are invoked.
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T (.): The extrinsic information transfer function.

T−1(.): The inverse extrinsic information transfer function.

ui: The uncoded bit stream of the inner encoder.

uo: The uncoded bit stream of the outer encoder.

wi: The linear maximum SINR filter.

W : The bandwidth in Hz.

Wj
k: The nulling matrix at thej-th SIC decoding stage at instancek.

WLS: The LS-based MUD’s weight matrix.

WMMSE: The MMSE-based MUD’s weight matrix.

yk: The received symbol at instancek.
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αi: Thei-th weighting coefficient of the IRCC.

α(s̀): The standard state metric values in the forward recursions in the BCJR algorithm.

βj : Thej-th weighting coefficient of the IRCC at the relay node.

βMS: The MS antenna correlation coefficient.

β(s): The standard state metric values in the backward recursionsin the BCJR algo-

rithm.

σ2: The complex AWGN noise’s variance.

λ: The ratio of the first time slot duration to the total frame duration in half-duplex

relay systems.

λi: The SINR of the maximum SINR filter output.

η: The bandwidth efficiency in [bit/sec/Hz].

π: Temporal interleaver.

π−1: Temporal deinterleaver.

πs: Temporal interleaver at the source node.

π−1
s : Temporal deinterleaver at the source node.

πr: Temporal interleaver at the relay node.

π−1
r : Temporal deinterleaver at the relay node.

Θ: The linear maximum SINR array processor.

Ψj : Vector-based temporal interleaver.

Π: Spatial interleaver.
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Chapter1
Introduction

1.1 Historical Perspective on Colocated Multiple-AntennaCommu-

nications

Since Shannon’s 1948 milestone-paper [1], the design of high-speed, high-quality

wireless communication systems has become the most important challenge for

researchers in the field of digital communications. There are two key require-

ments for modern wireless systems, namely achieving a high bit rate and a low error rate.

However, as Shannon detailed in [1], the channel capacity ofconventional single-input

single-output (SISO) systems is limited. Hence it is hard tomeet the increasing demand

for higher data rates and improved bit error ratio (BER) in wireless communications.

Given a fixed bandwidth, there exists a trade-off between thebit rate and error rate of a

digital communication system. We may readily improve one ofthem at the cost of sac-

rificing the other, but it is challenging to accomplish both of these objectives at the same

time in conventional SISO systems.

As a remedy, the concept of multiple antennas was proposed, resulting in a multiple-

input multiple-output (MIMO) system [2]. In these MIMO systems, the previously un-

exploited spatial domain was also capitalized on, in addition to the classic time and fre-

quency domain. Recent information theoretical studies have shown that the capacity of a

MIMO system [3–6] is higher than that of a SISO system. Hence,multiple-antenna aided

techniques are capable of improving the bit rate and/or the error rate.

The benefits of multiple antennas in wireless communicationsystems are summa-

rized in Fig. 1.1. Basically, two types of fundamental gainscan be achieved by using

multiple antennas in a wireless communication system: the multiplexing gain and the

diversity gain. Spatial multiplexing techniques, such as the Bell-labs LAyered Space-

1
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Figure 1.1: Benifits ofmultiple-antenna techniques for wireless communications.

Time (BLAST) architecture [7] aim for attaining a multiplexing gain, i.e., for an increased

bit rate with respect to a single-antenna assisted system. In contrast to this, spatial diver-

sity techniques such as space-time coding (STC) [8,9] aim for achieving a diversity gain,

which results in a reduced bit error rate. As shown in Fig. 1.1, there exists a potential

trade-off between the spatial multiplexing and spatial diversity techniques. Hence we can

design MIMO schemes, which are capable of striking a trade-off between the multiplex-

ing and diversity gains [10,11].

In the sequel, an overview of spatial multiplexing techniques, spatial diversity tech-

niques and high-rate hybrid space-time techniques is provided. More details were pre-

sented in [12], for example.

The Increased Bit Rate Potential of Spatial Multiplexing Techniques

Spatial multiplexing techniques simultaneously transmitindependent information sequences

over multiple transmit antennas. Assuming thatn transmit andm receive antennas are

used, the overall bit rate is enhanced by a factor ofn compared to a single-antenna aided

system, which is achieved without any bandwidth expansion or without extra transmission

power. A well-known spatial multiplexing scheme is the BLAST arrangement [7]. For

a single-antenna assisted system, given a fixed bandwidth, the channel capacity can only

be increased upon increasing the transmit power. By contrast, for a MIMO system having

n transmit andm receive antennas, it was shown in [3, 4, 7] that the capacity increases

approximately linearly with the minimum ofn andm. This was unrealistic in the context

of classic SISO schemes.

Transmitter and Receiver Structure

The idea of spatial multiplexing was first suggested in [13].The basic principle of spa-

tial multiplexing schemes is as follows. At the transmitter, the source information bit
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Figure 1.2: Basic principle of spatial multiplexing.

sequence is split inton sub-sequences (demultiplexing). Then, these sub-sequences are

modulated and transmitted simultaneously over then transmit antennas within the same

frequency band. The received sequences are then detected byemploying an interference

cancellation algorithm. The basic architecture of a spatial multiplexing scheme is illus-

trated in Fig. 1.2.

Considering a frequency-flat fading channel scenario, there exist several optional de-

tection algorithms for spatial multiplexing schemes. The optimum receiver based on the

maximum-likelihood (ML) criterion performs an exhaustivesearch over all possible com-

binations of then transmitted symbols and opts for the most likely one as the transmit-

ted symbol. The ML detector is capable of achieving the maximum attainable spatial

diversity with respect to the number of receive antennas [14]. The major drawback of

the ML detector is its high complexity, which increases exponentially with the number

of transmit antennas and the number of bits per symbol of the modulation scheme em-

ployed. Owing to its potentially excessive complexity, theML detector is often deemed

impractical. For the BLAST scheme, an alternative detection strategy known as inter-

ference nulling (IN) and interference cancellation (IC) was proposed by Foschiniet al.

in [7, 15, 16]. In contrast to the ML detector, then sub-sequences, which are referred to

as layers in BLAST systems, are detected successively layerby layer, instead of being

detected jointly. The detection process consists of two steps: interference nulling and

cancelling. During the nulling step, the BLAST detector first selects the specific layer

having the largest post-suppression signal-to-noise ratio (SNR) and estimates the bits of

that layer, while considering the interference imposed by all other layers to be zero, as

in the linear zero-forcing (ZF) receiver [15, 17]. Alternatively, a linear minimum-mean-

square-error (MMSE) receiver [18, 19] may be used during this phase, which avoids the

noise-boosting of the ZF scheme. Then at the cancelling step, the influence of the just de-

tected layer is subtracted from the composite multistream received signals. Based on the

partially decontaminated received signals, interferencenulling is performed once again,

and the layer having the second highest post-suppression SNR is considered. This pro-
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cedure is repeated, until all then layers are detected. This detection order is indeed the

optimal one, as shown in [16]. It may also be observed that owing to the nulling opera-

tions, the number of receiver antennasm must be at least equal to the number of transmit

antennasn, i.e., we haven ≤ m. Otherwise, the overall BER performance degrades

dramatically [20]. As a matter of fact, the BER performance of the individual layers is

typically different, which depends on the post-suppression SNR. In the case of low SNRs,

error propagation effects arising from the previously detected layers may emerge. Hence,

the specific layer detected first has the best performance. Bycontrast, the layers that are

detected at a later stage have the advantage of a higher receive diversity order, since less

interfering layers ought to be cancelled. Therefore, in thehigh SNR region, the layer

detected last provides the best performance [21]. A more detailed performance analysis

of BLAST systems was presented in [22].

Channel Coded MIMOs

In order to improve the performance of spatial multiplexingschemes, channel coding

techniques may be introduced. Most spatial multiplexing schemes employ one-dimensional

channel coding in the time domain [23]. This is in contrast tospace-time coding tech-

niques [8, 9], where two-dimensional coding is invoked in the context of both the time

and spatial domains. Basically, there are three types of channel coding schemes utilized

in conjunction with spatial multiplexing: horizontal coding, vertical coding and a com-

bination of them. Horizontal coding implies that channel encoding is performed solely

for individual layers after the demultiplexer of Fig. 1.2. The space-timecodeword asso-

ciated with certain information bits is transmitted over the same antenna. At the receiver,

channel decoding can be used separately for each layer aftertheir detection. In the case

of vertical coding, nonetheless, channel encoding is performed before the demultiplexer

of Fig. 1.2, and the coded bits are demultiplexed and spread across the transmit antennas.

Compared to horizontal coding, vertical coding offers an additional spatial diversity gain

at the cost of an increased computational complexity in the process of joint decoding [12].

The combination of horizontal and vertical encoding for BLAST is referred to as diag-

onal coding [7]. Correspondingly, the original BLAST strategy is also known as diagonal

BLAST (D-BLAST). As in the horizontal coding regime, channel encoding is performed

separately for each layer of Fig. 1.2. Following this stage,a spatial block interleaver

is employed in order to spread the coded bits from all layers across the time and an-

tenna dimensions in a diagonal pattern. A comparative performance study of horizontal,

vertical and diagonal space-time coding was presented in [23]. The BLAST system oper-

ating without any channel coding scheme was termed as the vertical BLAST (V-BLAST)

in [15].
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Reduced-BER Spatial Diversity Techniques

In contrast to spatial multiplexing techniques, which are capable of providing increased

bit rates compared to a single-antenna system, spatial diversity techniques mainly aim

for improving the BER performance. This can be achieved on the basis of attaining a

diversity gain and a coding gain.

The basic philosophy of diversity is to exploit the random nature of radio propagation

channels by finding more or less independently faded signalling branches for communi-

cation. If a specific propagating branch undergoes severe attenuation, other independent

branches may have strong signals. A key parameter of diversity techniques is the maxi-

mum achievable diversity order, which is determined by the number of independent chan-

nel branches. The signals’ error probability diminishes exponentially with the diversity

order. Therefore, the attainable diversity order is one of the key performance indicators

of fading channels. When considering a MIMO system havingn transmit andm receive

antennas for example, there aremn independently fading spatial channels. Hence in-

dependently faded replicas of the same information can be transmitted. In this case, a

maximum antenna diversity order ofmn may be achieved.

Diversity Reception

Diversity reception techniques are employed in systems having a single transmit and mul-

tiple receive antennas. For the sake of providing a diversity gain, they perform a linear

combining of the individual received signals. In the case offrequency-flat fading, the

optimum combining strategy is maximum ratio combining (MRC) [24], which is capable

of maximizing the SNR at the combiner’s output. There are several reduced-complexity

suboptimal combining strategies in the literature, such asequal gain combining (EGC),

where the fading effects imposed on the received signals arecompensated by derotating

the received signal according to the estimated inverted channel phases and then added up,

or selective diversity (SD), where the received signal having the maximum instantaneous

SNR is selected for detection regardless of all other received signals [24]. All three di-

versity combining techniques are capable of achieving the maximum attainable receive
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antenna diversity order [25].

Transmit Diversity and Space-Time Codes

The main philosophy of transmit diversity is to provide a diversity or a coding gain by

transmitting redundant signals over multiple transmit antennas. This is in contrast to spa-

tial multiplexing, where independent bit sequences are transmitted. In transmit diversity

aided systems, multiple antennas are only required at the transmitter, although multiple

receive antennas can be utilized to further improve the attainable performance. In cellular

networks, the downlink traffic is typically higher than the uplink traffic. When consid-

ering low cost and light weight mobile stations (MSs), it is more practicable to employ

transmit diversity techniques at the base station (BS), where the size-limitation is less of

problem.

The transmit diversity concept was first proposed in form of alow-complexity tech-

nique referred to as delay diversity [26,27]. However, the importance of transmit diversity

was not recognized until Alamouti proposed a simple scheme for two transmit antennas

in 1998 [8]. In the same year, Tarokhet al. invented space-time trellis codes (STTC) [9]

which are regarded as two-dimensional coding schemes applied across both time slots

and transmit antennas. These STTC schemes may be treated as ageneralization of trellis

coded modulation (TCM) [28, 29] to multiple transmit antennas. Compared to delay di-

versity and to Alamouti’s scheme, which are only capable of providing a diversity gain,

STTCs achieve both a diversity gain and a coding gain. Motivated by the concept of

Alamouti’s scheme, the novel family of orthogonal space-time block codes (OSTBC) was

introduced in [30, 31] as a generalization of Alamouti’s STBC scheme to more than two

transmit antennas. Similarly to Alamouti’s scheme, no additional coding gain is attained

in OSTBC schemes. The basic structure of space-time coding schemes is illustrated in

Fig. 1.3, where redundant signals are introduced in the encoder based on the specific

space-time scheme considered.

High-Rate Diversity-Oriented Space-Time Techniques

We note that conventional space-time coding schemes, such as STTC and STBC achieve

at most the same data rate as an uncoded single-antenna aidedsystem. Their main

objective is to improve the BER performance by offering a spatial diversity gain or

a coding gain. Moreover, it is also possible to design increased-rate space-time tech-

niques [10, 11, 32–35], which strike a compromise between the attainable spatial multi-

plexing and space-time coding gain.

More specifically, it was proposed in [10] to combine the STBCand V-BLAST tech-

niques to provide both spatial diversity and multiplexing gains, where the antennas em-

ployed at the transmitter are partitioned into layers and each layer uses STBC. At the
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Figure 1.4: Basic principle of high-rate diversity-oriented space-time scheme.

receiver side, group-based successive interference cancellation (SIC) was employed be-

fore decoding the STBC signals of each layer. Compared to thepure V-BLAST scheme,

an extra transmit diversity gain can be achieved by combining V-BLAST and STBC. On

the other hand, the overall throughput is higher than that ofpure STBC as a benefit of

the independent symbol streams transmitted from differentlayers. In [36, 37], the STBC

and interference cancellation arrangements were combinedwith code division multiple

access (CDMA) for the sake of increasing the number of users supported by the system.

Furthermore, [11] proposed a hybrid scheme combining V-BLAST with STTC schemes.

Compared to the schemes of [10], extra coding gains were achieved by STTC scheme.

An iterative SIC algorithm was also proposed in [11] for the sake of attaining the maxi-

mum attainable receive diversity gain for each layer of the combined scheme. The basic

structure of these hybrid schemes is illustrated in Fig. 1.4.

1.2 Distributed Multiple-Antenna Aided Systems

In most publications on space-time coding and spatial multiplexing techniques, usually

some restrictive assumptions are stipulated concerning the antenna spacing at the trans-

mitter and receiver. It is typically assumed that the antenna spacing is sufficiently high,

so as to justify the assumption of statistically independent fading on the individual trans-

mission links. However, having a sufficiently high antenna spacing, which results in low

spatial correlation cannot always be guaranteed in a practical system. The problem of

correlation between the transmitted signals may be circumvented by introducing a new

class of MIMOs, which are also referred to as distributed MIMOs in the context of coop-

erative communications [38, 39] (see Fig. 1.5 for an overview). The basic philosophy of

cooperative communications can be traced back to the idea ofthe relay channel, which

was introduced in 1971 by Van der Meulen [40]. Cover and El Gamal [41] characterised

the relay channel from an information theoretic point of view. In [42] Sendonariset al.

generalised the conventional relay model, where there is a single source, a relay and a des-
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tination, to multiple nodes that transmit their own data as well as serve as relays for each

other. The scheme of [42] was referred to as “user cooperation diversity”. Sendonariset

al. presented in [38, 39] a simple user-cooperation methodology based on the so-called

Decode-and-Forward (DF) protocol using CDMA. In [43], Dohler et al. introduced the

concept of Virtual Antenna Arrays (VAA) that emulates Alamouti’s STBC for single-

antenna-aided cooperating users. Space-time coded cooperative diversity protocols de-

signed for exploiting the spatial diversity in a cooperative scenario were proposed in [44].

As a further advance, Hunteret al. [45] proposed the novel philosophy of coded coop-

eration aided schemes, which combine the idea of cooperation with classic channel cod-

ing methods. An extension of this coded cooperation framework was presented in [46],

where the diversity gain of coded cooperation was increasedwith the aid of ideas bor-

rowed from the area of space-time codes. Additionally, a turbo coded scheme was pro-

posed in [46] in the framework of cooperative communications. Furthermore, the analysis

of the performance benefits of channel codes in a coded cooperation aided scenario was

performed in [47]. Lanemanet al. [48] developed and analysed cooperative diversity pro-

tocols and compared the DF, Amplify-and-Forward (AF), selection based relaying and

incremental relaying strategies. Furthermore, inspired by the classic turbo codes used

in non-cooperative communication scenarios, DistributedTurbo Codes (DTC) [49] have

been proposed for “distributed MIMO” systems, which benefitfrom a turbo processing

gain. The idea of DTCs was further revisited in [50], where a three-component Distributed

Turbo Trellis Coded Modulation (DTTCM) scheme has been proposed, which takes into

consideration the realistic condition of having an imperfect source-to-relay communica-

tion link.

1.3 Iterative Detection and Near-Capacity Communications

Since Shannon’s classic work in 1948 [1], the design of near-capacity communication

systems has been one of the key problems for researchers in the area of coding. It was not

until the discovery of turbo codes [51] that near-capacity systems employing simple con-

stituent codes and efficient iterative decoding became a reality at a moderate complexity.

Since then, the appealing iterative decoding of concatenated codes has inspired numerous

researchers to extend the technique to other transmission schemes [52–54]. Specifically,

the turbo principle was extended to multiple parallel concatenated codes in [52] and to

serially concatenated codes in [53,54]. Furthermore, the advent of turbo coding led to the

“rediscovery” of Low Density Parity Check (LDPC) codes [55–57], which apply itera-

tive decoding techniques to bipartite graphs [58] for the sake of facilitating near-capacity

communications. Recently, irregular channel coding techniques [59–61] have been com-
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Figure 1.5: Classification of multiple-antenna techniques.

bined with iterative detection in order to enable near-capacity operation without imposing

an excessive decoding complexity and latency. The serial concatenation and iterative de-

coding of an irregular outer code with a regular inner code was proposed by Tüchler and

Hagenauer [61]. On the other hand, in analogy to classic turbo codes invoked in colocated

MIMO systems, DTC [49] has been proposed for “distributed MIMO” systems for power-

efficient cooperative communications. However, the original concept of DTC [49] fails

to approach the corresponding relay channel’s capacity. In[62] and [63], Zhang and Du-

man proposed several well-designed near-capacity turbo coding schemes for distributed

MIMO systems, although the authors did not aim for finding theoptimal coding schemes

under different network configurations.

On the other hand, for the sake of analysing the iterative decoding process, in [64] ten

Brink proposed the employment of the so-called EXtrinsic Information Transfer (EXIT)
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chart to predict the convergence behaviour of iteratively decoded systems. The computa-

tion of EXIT charts was further simplified in [61] to a time averaging, when the Proba-

bility Density Functions (PDFs) of the information communicated between the input and

output of the constituent decoders are both symmetric and consistent. A tutorial introduc-

tion to EXIT charts can be found in [65]. The concept of EXIT chart analysis has been

extended to three-stage concatenated systems in [66–68]. In [61], the EXIT chart analysis

was used to assist the process of irregular code design by employing a curve matching

algorithm for the sake of “very-near-capacity” operation.

1.4 Outline of the Thesis

The outline of the thesis is presented below with reference to Fig. 1.6:

1.4.1 Chapter 2: Generalized Multi-Layer Space-Time Codes

In this chapter, a novel space-time transmission scheme, namely the concept of Gener-

alized Multi-Layer Space-Time Codes (GMLST), is introduced. This scheme may be

treated as a composite of V-BLAST and STC, in which the two fundamental schemes of

horizontal GMLST (H-GMLST) and diagonal GMLST (D-GMLST) are included accord-

ing to different symbol-to-antenna mapping schemes. We first discuss an appropriately

ordered successive decoding procedure which combines group interference nulling and

interference cancellation. The issues of power allocationand optimal decoding order are

considered, in order to enhance the system’s performance. Finally, an iterative multistage

successive interference cancellation aided GMLST scheme is designed.

1.4.2 Chapter 3: Near-Capacity Iteratively-Decoded Generalized Multi-Layer Space-

Time Codes

This chapter presents a low complexity iteratively detected space-time transmission ar-

chitecture based on GMLST codes and IRregular Convolutional Codes (IRCCs). The

GMLST is serially concatenated with a Unity-Rate Code (URC)and an IRCC which

are used to facilitate near-capacity operation with the aidof an EXIT chart based design.

Reduced-complexity iterative multistage successive interference cancellation is employed

in the GMLST decoder, instead of the significantly more complex maximum likelihood

detection. For the sake of approaching the maximum attainable rate, iterative decoding

is invoked to achieve decoding convergence by exchanging extrinsic information across

the three serial component decoders. Finally, it is shown that the SIC-based iteratively de-
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tected IRCC-URC-GMLST system is capable of providing an attractive trade-off between

the affordable computational complexity and the achievable system throughput.

1.4.3 Chapter 4: Irregular Cooperative Space-Time Coding Schemes

In this chapter, we firstly propose an Irregular CooperativeSpace-Time Coding (Ir-CSTC)

scheme designed for near-capacity communications in the conventional single-relay-aided

network. The Discrete-input Continuous-output Memoryless Channel (DCMC) [14] ca-

pacity formula of Alamouti’s STBC scheme for the two-hop single-relay-aided network

is derived. At the source node, a serial concatenated schemecomprising an IRCC, a re-

cursive URC and a STBC was designed for the sake of approaching the corresponding

source-to-relay link capacity, where the IRCC was optimized with the aid of EXIT charts.

At the relay node, another IRCC is concatenated serially with an identical STBC. The re-

lay’s IRCC is re-optimized based on EXIT chart analysis for the sake of approaching the

relay channel’s capacity, before transmitting the relayedinformation. It is demonstrated

that the topology of the Ir-CSTC system coincides with that of a DTC. At the destination

node, a novel three-stage iterative decoding scheme is constructed in order to achieve de-

coding convergence to an infinitesimally low BER. The corresponding simulation results

show that our joint source-and-relay mode design based on EXIT chart analysis is capable

of near-capacity communications in the single-relay-aided network.

Furthermore, an extended Ir-CSTC scheme is studied in the context of a twin-relay

aided network, in which the successive relaying protocol isemployed. The factor two

multiplexing loss in the single-relay-aided network is recovered by the successive relaying

protocol employed in conjunction with an additional relay.Tight upper and lower bounds

of the successive relaying channel’s capacity are given. The distributed codes employed

at both the source and relays are jointly designed with the aid of EXIT charts for the

sake of high-integrity operation at SNRs close to the corresponding twin-relay channel’s

capacity. Finally, it is shown that the extended Ir-CSTC scheme is still capable of near-

capacity cooperative communications in the twin-relay aided network, while maintaining

the same spectrum efficiency as the direct transmission.

1.4.4 Chapter 5: Relay-Assisted Multiple-Antenna Aided Multi-User SDMA Up-

link

In this chapter, we investigate a multiuser space division multiple access (SDMA) uplink

system in an interference-limited scenario, where the multiple access interference (MAI)

imposed significantly degrades the overall system performance. For the sake of support-
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ing rank-deficient systems, a maximum signal-to-interference-plus-noise ratio (MaxS-

INR) based SIC multiuser detection (MUD) algorithm is proposed for the multiple-antenna

aided multi-user SDMA system, which strikes a trade-off between the interference sup-

pression attained and noise enhancement imposed. Furthermore, the multiuser SDMA

system is combined with channel codes, which eliminates theerror floors encountered

in rank-deficient systems. Referring to the Ir-CSTC scheme of Chapter 4 designed for

the single-user scenario, relay techniques are incorporated in our channel-coded SDMA

systems, which will benefit from extra spatial diversity andreduced-pathloss based geo-

metrical gains. In contrast to the single-user Ir-CSTC schemes, interference suppression

is required at both the base station (BS) and the relaying mobile station (MS). Finally,

a more practical scenario is considered where the MSs have spatially correlated transmit

antennas. In contrast to the conventional views, our simulation results show that the trans-

mitter’s spatial correlation is potentially beneficial in the multiuser SDMA uplink, when

employing efficient MUDs.

1.4.5 Chapter 6: Conclusions and Future Work

This chapter summarises the main findings and contributionsof each chapter and proposes

some future research ideas.

1.5 Novel Contributions

The dissertation is based on the publications and manuscript submissions of [69–80]. The

novel contributions of this thesis are summarized as follows:

1. In Chapter 2, we propose a GMLST code, which is a sophisticated multi-functional

composite of the V-BLAST and STC arrangements, designed forthe sake of strik-

ing an attractive trade-off between the multiplexing gain and diversity gain. Fur-

thermore, in order to achieve the maximum attainable receive diversity gain, a novel

low-complexity iterative multi-stage SIC scheme is designed, while imposing only

a fraction of the ML’s complexity [69].

2. In Chapter 3, the DCMC [14] capacity formula of GMLST schemes using STBC

components is derived [76] and based on the area property of EXIT charts, the max-

imum achievable rates of various iterative multi-stage SICand ML based GMLST

schemes are obtained. Furthermore, an iteratively decodednear-capacity serially

concatenated IRCC-URC-GMLST scheme is designed employingEXIT charts. On

the other hand, in order to enhance the attainable performance, we redesign the
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original IRCCs of Tüchler and Hagenauer [61,81], invokingmore component codes

in order to match the inner codes’ EXIT functions more accurately. The computa-

tional complexity of this concatenated scheme is substantially reduced at the cost

of a modest reduction in the maximum achievable rate compared to that of ML

detection.

3. In Chapter 4, we propose near-capacity Ir-CSTC schemes for both the single-relay-

aided [70,77] and twin-relay based successive relaying aided systems [71,78] using

the proposed joint source-and-relay mode design procedures. The theoretical lower

and upper bounds on the capacity of both the single-relay andsuccessive-relaying

channels are derived. More particularly, the single-relay-aided system’s effective

throughput is maximized as a benefit of the proposed design procedure [77], while

the transmission efficiency of classic direct transmissionis achieved by our twin-

relay-aided system, when employing the successive relaying protocol of [78]. It

is demonstrated that our joint source-and-relay mode design procedure is capable

of finding the optimal near-capacity cooperative coding scheme in arbitrary relay

network configurations in both single-relay-aided and twin-relay-aided networks.

4. In Chapter 5, the Ir-CSTC schemes of Chapter 4 are investigated in the context of

an interference-limited multiuser SDMA scenario. In contrast to the noise-limited

single-user scenario of Chapter 4, interference suppression is performed at both the

base station and the relaying mobile station. Specifically,a MaxSINR-based SIC

multiuser detector is proposed for the multiple-antenna aided multi-user SDMA

uplink, which is capable of appropriately balancing the interference suppression

attained and the noise enhancement tolerated, while supporting rank-deficient sys-

tems. In addition, the effects of the spatial antenna correlation of MS transmitters

on the average system BER are studied in the context of multiuser scenarios.
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Chapter2
Generalized Multi-Layer Space-Time

Codes

2.1 Introduction

Recent information theoretic studies have shown that the capacity of a Multiple-

Input Multiple-Output (MIMO) system [3–6] is significantlyhigher than that of

a Single-Input Single-Output (SISO) system. As mentioned in Chapter 1, there

are two types of fundamental gains obtained by MIMO systems [2, 12, 82], namely the

multiplexing gain and the diversity gain. In [16], Wolniansky et al. proposed the popular

multi-layer MIMO structure, referred to as the Vertical Bell-labs LAyered Space-Time (V-

BLAST) scheme, which is capable of increasing the achievable throughput without any

increase in the system’s bandwidth by mapping the information to be transmitted to multi-

ple antennas. Although it was primarily designed for attaining transmit multiplexing gain,

it is worth noting that upon increasing the number of antennas, typically the achievable

transmit diversity gain also increases at the cost of an increased receiver complexity.

In contrast to spatial multiplexing techniques [7, 15, 16],Alamouti [8] discovered a

transmit diversity scheme, referred to as a Space-Time Block Code (STBC), where the

prime concern was achieving a diversity gain. The attractive benefits of Alamouti’s de-

sign motivated Tarokhet al. [30, 31] to generalize Alamouti’s scheme to an arbitrary

number of transmit antennas. Another transmit diversity scheme, referred to as Space-

Time Trellis Coding (STTC) was invented by Tarokhet al. in [9, 83], which is capable

of achieving both spatial diversity gain and coding gain or time diversity gain. However,

these conventional STBC and STTC schemes achieve at most thesame data rate as an un-

coded single-antenna system. Hence, a MIMO scheme attaining both multiplexing gain

and diversity gain is attractive [82]. Various hybrid BLASTand STTC schemes have

15
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been proposed in [10, 11]. A Generalized Multi-Layer Space-Time (GMLST) code may

be constructed as a composite of the V-BLAST scheme and Space-Time Coding (STC),

which strikes a flexible trade-off between the throughput and error probability attained.

The framework of the GMLST scheme is specified as follows. At the transmitter, the

set of available antennas is divided into several groups andeach group utilizes space-

time coding as the component code. At the receiver, in order to avoid the potentially

excessive complexity of all-group being joint detected (JD), as in the V-BLAST detec-

tion algorithm [15, 16], the space-time code of each individual group is processed suc-

cessively beneficially, combining interference nulling and interference cancellation on a

group-by-group basis, as detailed later in this chapter. Therefore, as mentioned above,

the GMLST may be viewed as a beneficial combination of V-BLASTand STC, where

the space-time codes employed achieve a higher spatial diversity than pure V-BLAST. As

a further benefit, the overall system throughput is significantly higher than that of STC

systems due to the multiplexing gain of BLAST. We can also seesimilar architectures

in [10] and [18], where space-time trellis codes and space-time block codes were com-

bined with V-BLAST, respectively. Furthermore, accordingto Tarokh’s power allocation

algorithm [10], two different signal-to-antenna mappingsand an optimal detection order

may be introduced to improve the overall system performance. Nevertheless, due to the

constraints of BLAST-like detection, the maximum attainable receive diversity cannot be

readily achieved with the aid of a serial detection scheme. Hence, in [11], iterative mul-

tistage Successive Interference Cancellation (SIC) was proposed in order to achieve the

maximum receive diversity, attainable by classic Maximum Likelihood (ML) detection,

while imposing only a fraction of the ML complexity.

Against this backcloth, the novelty and rationale of this chapter may be summarized

as follows:

1. We propose a Generalized Multi-Layer Space-Time (GMLST)code, which is re-

garded as a sophisticated multi-functional composite of the V-BLAST and Space-

Time Coding (STC), for the sake of striking an attractive trade-off between the mul-

tiplexing gain and diversity gain. Hence, flexibility between the full-multiplexing

and the full-diversity oriented system benefits is attained

2. A novel low-complexity iterative multi-stage Successive Interference Cancellation

(SIC) scheme is designed, in order to achieve the maximum attainable receive di-

versity of the potentially excessive-complexity classic ML detection, while imposing

only a fraction of the ML complexity.

The rest of the chapter is organized as follows. In Section 2.2, an overview of the

GMLST coding architecture is presented, where we assume that the wireless MIMO
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channels we are using in this chapter are independently frequency non-selective Rayleigh

fading channels. The encoding process of the GMLST schemes using STTC and STBC

as the component STCs is detailed in Section 2.2.1 and Section 2.2.2, respectively. Fur-

thermore, we introduce the multistage SIC-based detectionof GMLST schemes in Sec-

tion 2.3. Tarokh’s power allocation scheme and the optimal detection ordering procedure

are highlighted in Section 2.4 and Section 2.5, respectively. Finally, we specify the pro-

posed iterative multistage SIC detection scheme in Section2.6 and present our conclu-

sions in Section 2.7.

2.2 GMLST Transmitter Architecture

Consider now a point-to-point wireless communication linkequipped withNt transmit

andNr receive antennas, where the signal to be transmitted over the j-th antenna at time

instantk is denoted bycj
k. In this chapter, we consider transmissions over a non-dispersive

Rayleigh fading channel. Therefore, the signal received byeach antenna is constituted

by the superposition of independently Rayleigh faded transmitted signals. The signal

received by thei-th antenna at time instantk is given by

yi
k =

Nt
∑

j=1

hi,jc
j
k + ni

k, (2.1)

wherehi,j is the complex-valued channel coefficient between thej-th transmit and the

i-th receive antenna, which is modeled by the samples of independent complex Gaussian

random variables having a zero mean and a variance of 0.5 per dimension. Furthermore,

ni
k is the Additive White Gaussian Noise (AWGN) encountered by thei-th antenna at time

instantk and modeled by the samples of independent complex Gaussian random variables

having a zero mean and a variance ofN0/2 per dimension.

Let us defineyk, ck andnk as

yk = [y1
k, y

2
k, . . . , y

Nr

k ]T ,

ck = [c1
k, c

2
k, . . . , c

Nt

k ]T ,

and

nk = [n1
k, n

2
k, . . . , n

Nr

k ]T ,

respectively. Then the channel model of Eq. (2.1) may be expressed using a more compact

matrix notation as

yk = Hck + nk, (2.2)
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whereH is the(Nr × Nt)-element channel matrix, which has the (i, j)-th entry[H]i,j =

hi,j . In this chapter, we consider quasi-static flat fading channels, assuming that the chan-

nel coefficients remain unchanged within a transmission frame ofK symbol intervals and

are faded between frames randomly. Furthermore, we assume that the channel coefficients

are perfectly estimated at the receiver, unless specified otherwise.

2.2.1 GMLST Transmitter Using STTCs
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(a) The GMLST(STTC) transmitter architecture, where “Ψj ” indicates a vector-based temporal in-

terleaver and “Π” denotes the spatial interleaver
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Figure 2.1: Transmitter of the GMLST(STTC) architecture.

The encoding process of the GMLST coding schemes employing STTC [9] as the

component STCs, which we refer to as the GMLST(STTC) arrangement, is illustrated in

Fig. 2.1. We assume that a block ofB information bits is input to a serial-to-parallel (S/P)

converter, which partitions this bit stream intoq groups, referred to as layers having

lengths ofB1, B2, . . . , Bq, where we haveB1 + B2+, . . . , +Bq = B bits in total. Then,

each group ofBj bits, for 1 ≤ j ≤ q, is separately encoded in Fig. 2.1(a) by a com-

ponent encoderSTCj associated withN j
t number of transmit antennas, where we have

N1
t + N2

t +, . . . , +N q
t = Nt. The resultant (N j

t × K)-elementcodewordmatrix Cj of

STTCj will be transmitted by theN j
t transmit antennas of groupj of Fig. 2.1(a) during
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K symbol intervals. We refer to thekth columncj,k of Cj as thesymbol vectorgener-

ated by groupj at time instantk. Following space-time encoding, the symbol vectors

of each group are passed through an independent vector-based temporal interleaverΨj .

The vector-based temporal interleaversΨj represented by the dashed block of Fig. 2.1(a)

are used for thecodewordsgenerated by the different groups, for the sake of eliminating

the effects of bursty error propagation among the differentgroups during the detection

iterations [11]. Furthermore, the spatial interleaverΠ represented by the dotted block of

Fig. 2.1(a) may be considered to be a mapping of the space-time encodedsymbol vec-

tors to a certain group of transmit antennas, which provides additional spatial diversity.

Two specific mapping schemes were considered in [11], namely, horizontal and diagonal

mapping, which are shown in Fig. 2.1(b) and 2.1(c), respectively.

The philosophy of the horizontal mapping of Fig. 2.1(b) is that of passing allsym-

bol vectorsfrom one group to the corresponding group of transmit antennas. A simple

example is seen in Fig. 2.1(b), whereαk, βk andγk, with k = 1, 2, . . ., represent thesym-

bol vectorsof three different groups and each group is mapped to two transmit antennas.

Thus, the transmittedsymbol vectorsfrom one of the groups generate a horizontal pattern

of mapping, which is referred to as the H-GMLST scheme in Fig.2.1(b) of this chapter.

By contrast, in the diagonal mapping, thesymbol vectorsfrom each group are cyclically

mapped to all available groups of antennas for each different symbol interval with a pe-

riod of p. We present a simple example in Fig. 2.1(c) in conjunction with p = q = 3,

where again,q is the number of groups. Observe in Fig. 2.1(c) that the transmittedsymbol

vectorsoriginating from every group are allocated across the space(antennas) and time

dimensions in a diagonal pattern. Hence we may refer to this scheme as GMLST with di-

agonal allocation (D-GMLST). Compared to the H-GMLST arrangement of Fig. 2.1(b),

an additional spatial diversity can be attained by the D-GMLST scheme, since thesymbol

vectorsof each group are periodically mapped to independently fading channels. This ad-

ditional spatial diversity results in an improved performance for the D-GMLST, as we will

demonstrate in Section 2.3.2. Note that in [84,85] zero-padding was recommended at both

the beginning and end of each transmission frame for the diagonal mapping, therefore the

overall transmission efficiency was decreased to a degree, depending on the length of the

transmission frame.

2.2.2 GMLST Transmitter Using STBCs

Fig. 2.2 illustrates the GMLST transmitter scheme employing STBCs [8, 30, 31] as the

component STCs, which we refer to as the GMLST(STBC) arrangement. It is noted that

when STBCs are employed as the components, the vector-basedtemporal interleavers
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Figure 2.2: GMLST(STBC) transmitter architecture, where neither temporal nor spatial inter-

leavers are needed.

in Fig. 2.1(a) are no longer employed, because they would destroy the structure of the

STBCcodewordmatrix and would be of no use in eliminating the effects of bursty error

propagation, since the different STBCcodewordmatrices are independent in a specific

group. Furthermore, only the horizontal mapping scheme of Fig. 2.1(b) is considered

in Fig. 2.2, since no additional spatial diversity can be achieved, while employing the

diagonal mapping of Fig. 2.1(c) in the GMLST(STBC) schemes.

2.3 Multistage SIC Detection

Let us now rewrite Eq. (2.2) as:

yk = H1,kc1,k + H2,kc2,k + · · ·+ Hq,kcq,k + nk, 1 ≤ k ≤ K, (2.3)

whereHj,k denotes the(Nr×N j
t )-element subchannel matrix of groupj at time instantk,

while cj,k = [c
N1

t +···Nj−1

t +1
k , . . . , c

N1
t +···Nj−1

t +N
j
t

k ]T is the thekth column of thecodeword

matrixCj andnk is theNr-element complex-valued additive white Gaussian noise vector.

For the sake of maintaining an affordable computational complexity, a reduced com-

plexity Successive Interference Cancellation (SIC) baseddetection scheme was proposed

in [11] instead of ML detection. In order to maintain a low complexity, the signals are de-

tected layer-by-layer in a multistage manner, instead of high-complexity ML-style joint-

detection. In the spirit of the V-BLAST scheme [7], the detection order of the SIC-based

scheme has a significant effect on the achievable performance of the GMLST system. The

optimal successive detection order of GMLST systems will bediscussed in Section 2.5. In

this subsection, we assume that the detection order of Fig. 2.3(a) was already determined

and without loss of generality we assume the natural detection order of{1′, 2′, . . . , q′}.
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Figure 2.3: Multistage SIC detection in the GMLST STTC and STBC schemes.

Let us now present the SIC-based detection algorithm as follows.

During the first detection stage (j = 1), we lety1
k = yk, for all 1 ≤ k ≤ K.

During thej-th detection stage, given that the previous (j−1) groups1′, 2′, . . . , (j−1)′

have already been detected and their effects have been cancelled from the received signals,

the resultant received signalyj
k for k = 1, . . . , K, which still contains the interference

imposed by the ‘not-yet-decoded’ groups of(j + 1)′, (j + 2)′, . . . , q′, can now be written

as

yj
k = Hj′,kcj′,k + H(j+1)′,kc(j+1)′,k + · · ·+ Hq′,kcq′,k + nj

k. (2.4)



2.3. Multistage SIC Detection 22

Then at the time instantk, we can find a set of orthonormal column vectors (not nec-

essarily unique) in the null space of[H(j+1)′,k, . . . , Hq′,k]
T , and amalgamate their trans-

poses into an[(Nr − Nt + N1′

t + · · · + N j′

t ) × Nr]-element nulling matrixWj
k

1 based

on zero-forcing (ZF)2. Then, let both sides of Eq. (2.4) be left-multiplied byWj
k, which

suppresses all the interfering signals imposed by the groups (j + 1)′ to q′ and generates

the interference-free equivalent ‘sliced’ signal of groupj′

ỹj
k = Wj

kyj
k = Wj

kHj′,kcj′,k + 0 + Wj
knj

k = H̃j′,kcj′,k + ñj
k. (2.5)

We can see in Eq. (2.5) that̃Hj′,k is the equivalent channel matrix having(Nr − Nt +

N1′

t + · · · + N j′

t ) × N j′

t elements at time instantk for groupj′, which has the same sta-

tistical properties asHj′,k due to the orthonormalizing effect ofWj
k, i.e., the entries of

H̃j′,k are independent and identically complex Gaussian distributed with a zero mean and

a variance of 0.5 per dimension, as mentioned in Section 2.2.Assuming that perfect inter-

ference cancellation is achieved, the resultant noise vector ñj
k also contains independent

and identically complex Gaussian distributed entries withmean of zero and variance of

N0/2 per dimension [10].

As for the nulling matrixWj
k, we haveWj

k = Wj for all 1 ≤ k ≤ K in the case of the

H-GMLST scheme of Fig. 2.1(b) as the channel ‘seen’ by each group is time-invariant in

each transmission frame, since we assumed communications over a quasi-static Rayleigh

fading channel. This implies that the nulling matrix only has to be calculated once for each

frame. Otherwise, in the D-GMLST scheme of Fig. 2.1(c), we have Wj
k = Wj

k mod p by

each group varies with a period ofp. Therefore, a total number ofp nulling matrices are

required for each frame. Based on Eq. (2.5), thej′-layercodeword, which is denoted by

Ĉj′ can be decoded using the ML space-time decoders of Fig. 2.3, which correspond to the

Viterbi decoder [89] or simple linear processing [8] for space-time trellis codes and space-

time block codes, respectively. Prior to moving on to the next detection stage, interference

cancellation is carried out according to Fig. 2.3(a) by subtracting the contribution of the

‘just-detected’ groupj′ from yj
k, which results in the ‘partially decontaminated’ received

signalyj+1
k

yj+1
k = yj

k − Hj′,kĉj′,k, 1 ≤ k ≤ K, (2.6)

whereĉj′,k is thekth column ofĈj′. Then the above procedure of Fig. 2.3 is repeated for

j = j + 1, until all groups are detected (j = q).

1The computation of the nulling matrixWj

k is described in the Appendix.
2A more powerful Maximum Signal-to-Noise Ratio array processing algorithm was presented in [86–88].
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2.3.1 Soft SIC Detection

In order to reduce the detrimental effects of error propagation, soft interference cancella-

tion can be invoked, which means that instead of using the hard decisionŝcj′,k in Eq. (2.6),

the expectation value

c̃i
j′,k =

M
∑

m=1

xm · P (ci
j′,k = xm|ỹj

k), 1 ≤ i ≤ N j′

t (2.7)

is used, whereci
j′,k is thei-th element of vectorcj′,k andP (ci

j′,k = xm|ỹj
k) is the condi-

tional probability that theM-ary constellation pointxm was transmitted, given the equiv-

alent received signal vector̃yj
k. To elaborate a little further, based on Eq. (2.5) we can

obtain thea posterioriprobabilityP (ci
j′,k = xm|ỹj

k) using the Bayes’ rule as follows:

P (ci
j′,k = xm|ỹj

k) =
p(ỹj

k|ci
j′,k = xm)P (ci

j′,k = xm)

p(ỹj
k)

=
p(ỹj

k|ci
j′,k = xm)P (ci

j′,k = xm)
∑M

n=1 p(ỹj
k|ci

j′,k = xn)P (ci
j′,k = xn)

, 1 ≤ i ≤ N j′

t . (2.8)

For GMLST(STBC) schemes, since the component STBC has no error correcting capa-

bility (no coding gain provided), Eq. (2.8) can be further simplified to

P (ci
j′,k = xm|ỹj

k) =
p(ỹj

k|ci
j′,k = xm)

∑M
n=1 p(ỹj

k|ci
j′,k = xn)

, 1 ≤ i ≤ N j′

t (2.9)

when theM signals are assumed to be equally probable, i.e. thea priori probabilities

obeyP (ci
j′,k = xn) = 1

M
for all n ∈ [1,M]. On the other hand, for the GMLST(STTC)

schemes, the Maximum A-posteriori Probability (MAP) decoder [89] can be used instead

of the Viterbi decoder for the component STTC to deliver morereliablea posterioriprob-

abilities P (ci
j′,k|ỹj

k), which can be implemented by invoking the so-called Bahl-Cocke-

Jelinek-Raviv (BCJR) algorithm [90]. The MAP decoder takesthe equivalent channel

observations̃yj
k and generates the Log Likelihood Ratio (LLR) [89] for each transmitted

symbolci
j′,k, 1 ≤ i ≤ N j′

t based on the trellis structure of thej′-layer STTC code. As-

suming thatP (ci
j′,k = x1) is larger than all the other probabilities ofP (ci

j′,k = xn), where

n ∈ (1,M], we may glean thea posterioriLLR value of the transmitted symbolci
j′,k

from the MAP decoder, which is expressed as

L(ci
j′,k = xm|ỹj

k) = log
P (ci

j′,k = xm|ỹj
k)

P (ci
j′,k = x1|ỹj

k)

= log
p(ci

j′,k = xm, ỹj
k)

p(ci
j′,k = x1, ỹj

k)

= log

∑

cj′,k∈Θi,xm
α(s̀)β(s)exp(−‖ỹj

k
−H̃j′,kcj′,k‖

2

N0

)

∑

cj′,k∈Θi,x1

α(s̀)β(s)exp(−‖ỹj

k
−H̃j′,kcj′,k‖

2

N0

)
, (2.10)
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whereα(s̀) andβ(s) are the standard state metric values in the forward and backward

recursions in the BCJR algorithm [90].Θi,xm
andΘi,x1

denote the sets of trellis transi-

tions withci
j′,k = xm andci

j′,k = x1, respectively. Hence, the expectation value ofc̃i
j′,k

for the soft SIC-based GMLST(STTC) schemes may be accordingly computed based on

Eqs. (2.7) and (2.10). Since in case of reliable decisions soft-values close to the legitimate

hard-decision-based constellation points are subtractedin Eq. (2.6), whereas in the case of

unreliable decisions small values are subtracted, the effects of potential error propagation

are significantly reduced.

2.3.2 Performance Characterization

It is noted that in contrast to V-BLAST, the requirement for the number of receive anten-

nas in the GMLST system isNr ≥ Nt − N1′

t + 1, whereN1′

t is the number of transmit

antennas of group1′. More particularly, when we consider the most appropriate detection

order, which depends on the specific channel realization encountered at the receiver and

to be detailed in Section 2.5,1′ may be any integer spanning from1 to q. Thereby, we

let Nr ≥ max
j

{Nt − N j
t } + 1 in order to guarantee that the proposed multistage SIC

detection algorithm is applicable. Monte-Carlo simulations have been performed to eval-

uate the proposed multistage SIC algorithm of Fig. 2.3. Unless specified otherwise, the

STCs utilized for all groups are identical in this chapter. For brevity, we use the notation

(Nt, Nr) from now on to denote a MIMO system havingNt transmit andNr receive an-

tennas. The simulation setup which will be used in all the simulations in this chapter is

as follows. We assume havingN1
t = N2

t = . . . = N q
t and take two GMLST schemes as

examples: a (4, 4)-element GMLST and an (8, 8)-element GMLST. For GMLST(STTC)

schemes, both the H-GMLST and D-GMLST schemes of Fig. 2.1 areconsidered, while

only the H-GMLST arrangement is invoked for the GMLST(STBC)schemes. Further-

more, we also assume that each group contains two transmit antennas for simplicity. The

2 b/s/Hz Quaternary Phase-Shift Keying (QPSK) modulated 16-state space-time trellis

code proposed in [9, Fig. 5] is taken into account as the component code for all groups

in the GMLST(STTC) scenario. By contrast, Alamouti’s STBC [8] is considered in the

GMLST(STBC) scenario of Fig. 2.2. The transmission rate of the half-rate-coded (4,

4) and (8, 8)-element systems is 4 and 8 b/s/Hz, respectively. As mentioned above, we

consider quasi-static flat Rayleigh fading channels. The channel coefficients are assumed

to be perfectly known at the receiver. Each transmission frame is composed of 130 half-

rate-coded 2-bit-symbols from each transmit antenna, which corresponds to 520 and 1040

information bits per frame in the (4, 4) and (8, 8) systems, respectively. We outline the

simulation parameters of our GMLST systems in Table 2.1.
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Modulation Scheme QPSK

No. of Layers q = 2 or 4

No. of Tx per Layer N j
t = 2, j ∈ [1, q]

No. of Rx Nr = 4 or 8

Frame Length 130 symbols

per transmit antenna

Channel Quasi-static

flat Rayleigh fading

GMLST(STBC) Component Codes STBC [8]

GMLST(STTC) Component Codes STTC [9, Fig. 5]

Table 2.1: GMLST system parameters.

Fig. 2.4(a) and Fig. 2.4(b) depict the BER performances against the average received

SNR per bit per receive antenna in the (4, 4) and (8, 8) systems, respectively. It can be

observed for both systems that the H-GMLST(STBC) schemes slightly outperform the

GMLST(STTC) arrangements in the low-SNR regime. This observation is due to the fact

that in the low-SNR regime we encounter severe error propagations among the GMLST

layers. Since the STTC codewords are correlated during the transmission frame, while

the various STBC codewords are independent, stronger errorpropagation occurs among

the GMLST(STTC) layers than among the GMLST(STBC) layers. On the other hand,

since the error propagation is less pronounced in the high SNR regime as well as because

the STTC provides useful coding gains, the GMLST(STTC) scheme exhibits a better per-

formance than the GMLST(STBC) scheme. Furthermore, as expected we can see clearly

in Fig. 2.4 that the D-GMLST(STTC) generally performs better than H-GMLST(STTC)

in the context of both systems due to the additional spatial diversity induced by diagonal

mapping. The improvement of the diagonal mapping over horizontal mapping is about

0.6 and 1.0 dB at a target BER of10−4 in the (4, 4) and (8, 8) systems, respectively.

Based on this observation, we can say that a higher additional diversity gain is attained

in the (8, 8) system than in the (4, 4) system, since the formerhas four groups (layers),

while the latter only has two groups (layers). Hence the (8, 8) system provides a higher

transmit diversity gain when using the diagonal mapping. Fig. 2.4 also shows the BER

performances of GMLST(STTC) schemes, when using soft SIC inboth the (4, 4) and

(8, 8) systems. Explicitly, it is demonstrated in Fig. 2.4(a) that a soft-SIC advantage

of 0.2 dB was achieved at a target BER of10−4 by the soft-SIC-based GMLST(STTC)

schemes over its hard-SIC-based counterpart in the (4, 4) system at the cost of a higher

computational complexity, since MAP decoders are employed. We have an even more
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modest improvement of 0.1 dB at the target BER of10−4 in the (8, 8) system, as shown

in Fig. 2.4(b). Furthermore, when comparing Fig. 2.4(a) andFig. 2.4(b), it is clearly seen

that the (8, 8) GMLST schemes outperform the corresponding (4, 4) counterparts, while

attaining a higher system throughput of 8 b/s/Hz. This is because the first two groups of

the (8, 8) GMLST schemes share the same receive diversity order as the two groups in the

(4, 4) counterparts, while the third and fourth group of the (8, 8) GMLST schemes benefit

from a higher receive diversity order.

2.4 Group-Based Power Allocation

In the previous section, the detection order was predetermined and independent of the

channel realizations at the receiver. As a result, groupj′ detected at thej-th detection

level has an overall antenna diversity order of(Nr − Nt + N1′

t + · · · + N j′

t ) × N j′

t , as

mentioned in [7]. If all groups are assigned the same power, group 1′ would have the

worst performance. Naturally, this induces an overall performance degradation, which

is usually predetermined by the group having the worst performance. Thus, improving

the performance of group1′ would be beneficial in terms of enhancing the overall per-

formance. The most straightforward approach is to allocatemore power to the groups

detected earlier and less to the groups detected later underthe constraint of a constant

total transmission power.

An unequal group-based power allocation approach was first proposed by Tarokhet

al. in [10], which we hence refer to as Tarokh’s power allocation. In this strategy, a

3 dB power reduction was applied to each successive group according to the predeter-

mined detection order. For simplicity, the predetermined detection order is assumed to be

{1, 2, . . . , q}. LetEj denote the power level (on a linear scale) assigned to groupj, where

we satisfy the total power constraint of

q
∑

j=1

Ej = E, (2.11)

while maintainingEj = 2Ej+1 for 1 ≤ j ≤ q − 1 andE indicates the total transmission

power of the GMLST scheme.

2.4.1 Performance Characterization

Clearly, Tarokh’s power allocation strategy is appealingly simple, apart from arranging for

the power allocation to be unequal, no additional computational complexity is imposed.

Despite this simplicity, the simulation results of Figs. 2.5 and 2.6 show that it is superior
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Table 2.1.
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to the conventional equal-power allocation scheme in the high SNR regime. Fig. 2.5 and

Fig. 2.6 show the BER performances of the GMLST schemes in thecontext of the (4,

4) and (8, 8) systems, respectively. Again, the GMLST schemes employing Tarokh’s

power allocation scheme generally outperform their counterparts relying on equal power

allocation at high SNRs, but perform slightly worse at low SNRs. This is due to the fact

that Tarokh’s PA was designed based on each layer’s diversity order which is accurate only

in high SNR regime. More specifically, an advantage of 1.0 dB was observed at the target

BER of10−4 for Tarokh’s power allocation over the equal-power allocation regime in the

context of the H-GMLST(STBC) schemes, as depicted in Fig. 2.5(a), when the system

was configured as a (4, 4) arrangement. In Fig. 2.5(b), the Tarokh-Power-Allocation

aided hard-SIC-based H-GMLST(STTC) scheme exhibits an approximately 0.9 dB gain

over its Equal-Power-Allocation aided counterpart at the same BER of10−4. Furthermore,

it is observed that the Tarokh-Power-Allocation aided soft-SIC-based D-GMLST(STTC)

scheme outperforms the equal-power benchmarker by nearly 2.0 dB. On the other hand,

in the context of the (8, 8) system of Fig. 2.6, we observe thatwith the aid of Tarokh’s

power allocation, the BER performance was improved by about2.0 dB at the target BER

of 10−4 over equal power allocation for both the H-GMLST(STBC) and GMLST(STTC)

schemes. By comparing the performance improvements of Tarokh’s power allocation in

the context of the (4, 4) and (8, 8) systems, we can readily conclude that in conjunction

with more GMLST layers, increased gains can be achieved by Tarokh’s power allocation

regime.

Nevertheless, from the point of minimizing the bit error probability, Tarokh’s power

allocation is not the optimal strategy. The optimal power allocation minimizing the trans-

mission frame error probability was proposed in [11]. In this novel scheme, the individual

transmission frame error probability of groupj was expressed as a function of the allo-

cated powerEj , which is denoted bypj(Ej), given that the previous (j − 1) groups were

all detected successfully. The simulation results of [11, Fig. 3] showed that the opti-

mal power allocation scheme provided certain performance improvements over Tarokh’s

power allocation strategy. However, this regime imposed a higher computational com-

plexity, especially in the process of finding the functionpj(Ej).

2.5 Optimal Detection Order

In the previous section, various group-based power allocation techniques were discussed,

which are capable of enhancing the system performance, whenthe detection order is inde-

pendent of the channel state information (CSI). In this section, we will demonstrate how to

determine the most appropriate detection order based on thechannel quality experienced
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Figure 2.5: Performance comparison of different power allocation schemes in the (4, 4) system

using the parameters of Table 2.1.
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Figure 2.6: Performance comparison of different power allocation schemes in the (8, 8) system

using the parameters of Table 2.1.
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at the receiver, when equal power allocation is applied and quasi-static channels are con-

sidered. Note that the detection order is not important in the context of the D-GMLST

schemes and can be arbitrary, since the different groups of the D-GMLST scheme expe-

rience the same time-varying channel quality. Hence we onlyconsider the H-GMLST

schemes of Fig. 2.1(b) in this section. The optimally ordered detection developed in [16]

is investigated below in order to choose the layer associated with the largest post-nulling

signal-to-noise ratio (SNR) instead of choosing an arbitrary layer to detect.

At the first detection level (j = 1), let H1 = [H1, . . . , Hq], whereHl is the
(

Nr × N l
t

)

-

element subchannel matrix corresponding to groupl, and define the candidate group set

asS1 ≡ {l|1 ≤ l ≤ q}.

At the j-th detection level, we find a set of orthonormal row vectors in the null space

of H j

l
for eachl ∈ Sj, whereH j

l
indicates the matrix obtained by eliminatingHl from

Hj , and use them to construct an[(Nr − Nt + N1′

t · · · + N
(j−1)′

t + N l
t ) × Nr]-element

matrixWj
l . Then, left-multiplyHl by Wj

l in order to obtain the equivalent channel matrix

of groupl at this detection level in the form of

H̃
j

l = Wj
l Hl.

Since the nulling matrixWj
l is orthonormal, the total output SNR of groupl after sup-

pressing all the other groups becomes

SNRl =
‖H̃

j

l ‖2Es

N0

,

which is proportional to the squared Frobenius norm [91] of the corresponding equiva-

lent channel matrix. Hence, we choose the specific candidateassociated with the largest

squared Frobenius norm as the group to be detected at this level, which is formulated as

j′ = arg{max
l∈Sj

‖ H̃
j

l ‖ 2}. (2.12)

And then, by removingj′ from Sj, we update the candidate group set as

Sj+1 = Sj\{j′},

where we defineSj\{j′} ≡ {l|l ∈ Sj , l 6= j′}. Correspondingly, by eliminatingHj′ from

Hj , the channel matrix is changed to

Hj+1 = Hj

j̄′
.

We carry out this process forj = j + 1, until the candidate group set becomes void.

Finally, the detection order is obtained as{1′, 2′, · · · , q′}, which is a certain permutation

of {1, 2, · · · , q}.
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Observe by comparing that the procedure of finding the optimal detection order for

the H-GMLST schemes of Fig. 2.1(b) is similar to that of the BLAST system’s optimal

detection ordering process. As the BLAST system’s orderingwas shown to be optimal

in the sense of minimizing the probability of frame errors [17], the above-mentioned

ordering procedure of Eq. (2.12) can also be similarly shownto be optimal in the same

sense.

2.5.1 Complexity Analysis

Let us now compare the computational complexity of the multistage SIC of the H-GMLST

schemes relying on arbitrary detection order, of the H-GMLST schemes invoking the

optimal detection order and that of the D-GMLST(STTC) scheme associated with an

arbitrary detection order. We consider the complexity of performing interference nulling

quantified in terms of finding the null space basis of a two-dimensional complex matrix.

At thej-th detection level of the H-GMLST scheme using an arbitrarydetection order of,

say{1, 2, . . . , q}, it requires the computation of the null space basis of an(Nt − N1
t −

· · · − N j
t ) × Nr matrix. By contrast, at thej-th detection level of the H-GMLST scheme

associated with the optimal detection order of{1′, 2′, . . . , q′}, in order to determine which

particular group will be detected, the null space basis of an(Nt − N1′

t − · · · − N
(j−1)′

t −
N l

t ) × Nr matrix has to be found for everyl ∈ Sj. Finally, at thej-th detection level

of the D-GMLST scheme relying on an arbitrary detection order of, say{1, 2, . . . , q}, it

requires the computation of the null space basis ofp different(Nt −N1
t −· · ·−N j

t )×Nr

matrices. In order to simplify our discussions, we treat thecomplexity of performing

interference nulling in the H-GMLST scheme relying on an arbitrary detection order as

our benchmark. Then, at thej-th detection level,1 ≤ j ≤ q − 1, the complexity of the D-

GMLST scheme associated with an arbitrary detection order and that of the H-GMLST

scheme relying on the optimal detection order isp = q and q − j − 1 times higher,

respectively. Since the complexity of computing the squared Frobenius norm of‖ H̃
j

l ‖ 2

in the H-GMLST scheme using the optimal detection order is negligible compared to that

of finding the null space basis, we may argue that the D-GMLST scheme has the highest

complexity, while the H-GMLST arrangement associated withan arbitrary detection order

has the lowest complexity, when disregarding the componentSTCs’ decoding processes.

2.5.2 Performance Characterization

Fig. 2.7 and Fig. 2.8 characterize the BER performances of the optimally ordered detec-

tion schemes in the context of the (4, 4) and (8, 8) H-GMLST systems, respectively. We

can see that in conjunction with the optimally ordered detection, the system performances
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were improved by approximately 1.9 dB and 3.3 dB at the targetBER of 10−4 in the (4,

4) and (8, 8) systems, respectively, regardless of whether the H-GMLST(STBC) or the

H-GMLST(STTC) schemes were considered. Furthermore, let us now compare Fig. 2.7

and Fig. 2.8 to Fig. 2.5 and Fig. 2.6 of Section 2.4 one by one. It may be observed that

the H-GMLST scheme relying on optimally ordered detection performs slightly better

than the H-GMLST and D-GMLST arrangements invoking Tarokh’s power allocation in

the (4, 4) system. Similarly, in the context of the (8, 8) system, the performance gain of

H-GMLST relying on optimally ordered detection over D-GMLST using Tarokh’s power

allocation was around 0.8 dB in the range of highEb/N0 values.

2.6 Iterative Multistage SIC Detection

Although the group-based power allocation of Section 2.4 and the optimal detection or-

dering of Section 2.5 have the potential of recovering some SNR loss compared to the

arbitrary ordering schemes combined with equal-power allocation, the above-mentioned

multistage SIC-based detection scheme fails to achieve themaximum attainable receive

diversity order. More particularly, the receive antenna diversity order of groupj′ detected

at thej-th detection level is onlyNr − Nt + N1′

t + · · · + N j′

t . It clearly transpires from

the discussions of Section 2.5 that the earlier a layer is detected, the lower its receive di-

versity order is. Therefore, in order to exploit the maximumattainable receive diversity

order for all layers, an efficient iterative multistage SIC detection scheme was proposed

in [11]. For GMLST(STTC) schemes, it may be observed from Fig. 2.9 that different

temporal interleavers are used for creating the codewords of the different groups for the

sake of eliminating the effects of burst error propagation among groups during the con-

secutive iterations. The temporal interleavers are vectorbased, where the vector size is

determined by the spatial dimension of the relevant codeword, which guarantees the rank

of the STTCs in each group remains unaffected.

The corresponding schematic of the iterative detection procedure is depicted in Fig. 2.9.

Without loss of generality, the serial detection order in this figure is assumed to be{1′, 2′,
· · · , q′} for both the optimally and arbitrarily ordered detection processes. We can see in

Fig. 2.9 that the first iteration is the same as described above, except that temporal inter-

leaving and deinterleaving should be carried out accordingly, which substantially reduces

the effects of burst error propagation among the groups for the GMLST(STTC) schemes.

In the subsequent iterations, the interference nulling (IN) stage of Eq. (2.5) and Fig. 2.3(a)

is no longer needed since all groups have already been detected, while the interference

cancellation (IC) is still performed for all groups, which results in a theoretical receive

diversity order ofNr for each group. Each iteration consists ofq layers and each STC-
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Figure 2.7: Performance comparison of ordered detection in the (4, 4) H-GMLST systems using

the parameters of Table 2.1.
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Figure 2.8: Performance comparison of ordered detection in the (8, 8) H-GMLST systems using

the parameters of Table 2.1.
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Ĉ2′

B̂q′
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protected layer is processed successively, in the same order as during the first iteration.

At level j, we subtract the interference induced by group1′, · · · , (j − 1)′, (j + 1)′, · · · , q′

from the original received signals and re-decode groupj′. Once decoded, the new deci-

sion of groupj′ is fed back to the next level for detecting group(j + 1)′. A full iteration

is deemed to be completed when all theq levels are completed. Based on Eq. (2.3), the

detection of groupj′ at thej-th detection stage of them-th iteration can be written as

ym
k = Hj′,kcj′,k +

j−1
∑

a=1

Ha′,k(ca′,k − ĉm
a′,k) +

q
∑

b=j+1

Hb′,k(cb′,k − ĉm−1
b′,k ) + nk, (2.13)

where the superscriptm andm − 1 denote SIC iteration indices. After a number of it-

erations, the maximum attainable receive diversity order of Nr may indeed be achieved

for all layers, when the residual error propagation among different groups becomes neg-

ligible. The iterative process can be stopped, when the detected signals have become

sufficiently reliable. Compared to ML detection, this iterative detection scheme is capa-

ble of approaching the same receive diversity order, despite imposing only a fraction of

the computational complexity of ML-style joint detection.

2.6.1 Performance Characterization

The simulation results of the iterative-multistage-SIC-detected GMLST schemes are pre-

sented in Fig. 2.10 and Fig. 2.11 for the (4, 4) and (8, 8) systems, respectively. We first
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consider the H-GMLST scheme associated with the optimal detection order, for example.

Fig. 2.10(a) and Fig. 2.11(a) characterize the achievable performance improvements of

iterative multistage SIC detection in the context of the GMLST(STBC) schemes. It is

observed in Figs. 2.10(a) and 2.11(a) that, when two SIC operations are invoked, itera-

tive gains of approximately 1.0 dB and 1.8 dB are achieved at the target BER of10−4 in

the context of the (4, 4) and (8, 8) systems, respectively, where according to Fig. 2.9 the

maximum attainable receive diversity order has been achieved. Furthermore, no substan-

tial additional improvements may be attained after two SIC iterations in either of these

systems, since the remaining inter-group interference propagating across the groups is

independently distributed acrossK/2 consecutive G2codewordblock periods duringK

symbol intervals and hence cannot be eliminated by SIC operations.

On the other hand, we note in Fig. 2.1 for the GMLST(STTC) schemes that all

the temporal vector-based interleavers are pseudo-randomhaving a depth of the frame

length, which are not used in the GMLST(STBC) arrangements.Consider the (4, 4)

H-GMLST(STTC) scheme characterized in Fig. 2.10(b), whereit is observed that the it-

erative SIC schematic of Fig. 2.9 uses an interleaver in order to dramatically enhance the

system’s performances. After three hard-decision-aided SIC iterations it achieves a 2.5

dB gains at a target BER of10−3 compared to the performance of the optimally ordered

detection characterized in Fig. 2.7(b). Furthermore, an even higher soft-SIC gain of 3.0

dB was recorded in Fig. 2.10(b) for the same number of iterations. The simulation results

recorded for the iterative detection without the interleaver portrayed in the schematic of

Fig. 2.9 may also be compared to those achieved with the aid ofinterleavers for quanti-

fying the beneficial effect of the interleaver. We see in Fig.2.10(b) that the interleaver

provides only a modest gain, which is only apparent at highEb/N0 values after the first

iteration, but brings about significant gains during the following iterations.

As discussed in Section 2.3, the first iteration is constituted by a simple detection op-

eration. Hence the achievable performance is limited by that of the group detected first,

which only benefits from the lowest receive antenna diversity order. As the interleavers

seen in the schematic of the GMLST(STTC) schemes of Fig. 2.1 are developed to miti-

gate the potential burst error propagation among groups, they are of no benefit for the first

group and have a negligible effect on the first iteration. Nevertheless, from the second

iteration on, the interleaver helps significantly in mitigating the burst errors propagation

among groups. We can see that in conjunction with three iterations, the attainable perfor-

mance improvement of the system relying on the interleaver of Fig. 2.10(b) is around 1.0

dB at a target BER of10−3 over the system operating without an interleaver, since thelat-

ter suffers from severe error propagation. We also see in Fig. 2.10(b) that the achievable

performance improvement becomes less and less upon increasing the number of itera-
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Figure 2.10: Performance of iterative multistage SIC detection in the (4, 4) H-GMLST systems

using the parameters of Table 2.1.
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Figure 2.11: Performance of iterative multistage SIC detection in the (8, 8) H-GMLST systems

using the parameters of Table 2.1.
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Figure 2.12:Performance comparison of the H-GMLST(STTC) and D-GMLST(STTC) schemes

using iterative multistage SIC detection in the (4, 4) and (8, 8) systems using the parameters of

Table 2.1.
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tions. Similar performance comparisons were conducted forthe (8, 8) H-GMLST(STTC)

system in Fig. 2.11(b). The performance improvements achieved by the iterative detec-

tion relying on the interleaver of Fig. 2.11(b) becomes larger. When using four hard SIC

iterations, we achieve a gain of around 4.5 dB over the first iteration, which is also shown

in Fig. 2.8(b) in conjunction with the optimally ordered detection at the target BER of

10−2. It is also observed from Fig. 2.11(b) that the interleavershave a key impact on the

success of the iterative detection procedure. When using four iterations, the attainable

performance of the interleaved system is improved by almost2.0 dB at the target BER of

10−3 over the system operating without interleavers. Similarlyobserve in Fig. 2.11(b) that

the iterative soft SIC operation attains more substantial performance advantages than its

hard-decision-aided counterpart and the gain achieved after four SIC iterations becomes

marginal.

The achievable performance of the interleaved D-GMLST(STTC) scheme of Fig. 2.1(c)

using both the optimally and arbitrarily ordered detectionis characterized in Fig. 2.12 for

both the (4, 4) and (8, 8) systems for comparison. It is clearly seen from the BER curves

that the (8, 8) system benefits from a higher diversity order than that in the (4, 4) system.

We can also see in Fig. 2.12 that at the same number of iterations, the H-GMLST(STTC)

scheme performs slightly worse than the D-GMLST(STTC) arrangement in the range of

low Eb/N0 values, but outperforms the D-GMLST(STTC) regime at highEb/N0 values.

2.7 Chapter Conclusion

In this chapter, a combination of V-BLAST and STCs designed for MIMO systems were

investigated, which we referred to as Generalized Multi-Layer Space-Time Coding. Two

fundamental schemes were designed, namely the GMLST(STBC)and GMLST(STTC)

arrangements of Figs. 2.1 and 2.2, where STBCs and STTCs wereused as the com-

ponent space-time codes, respectively. According to the different mapping of the sig-

nals to the antennas, the GMLST(STTC) regime was further divided into two schemes,

namely H-GMLST(STTC) and D-GMLST(STTC) arrangements. On the other hand, for

the GMLST(STBC) scheme of Fig. 2.2, only horizontal mappingwas considered, since

no additional spatial diversity can be obtained, when employing diagonal mapping. The

basic detection procedure devised for the GMLST schemes is constituted by the ordered

successive detection scheme combining group-based interference nulling and interfer-

ence cancellation, as portrayed in Fig. 2.3. Furthermore, in Section 2.4 we introduced

Tarokh’s power allocation regime for detection using an arbitrary order, which outper-

formed the conventional schemes relying on equal-power allocation at the same compu-
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GMLST Schemes Diversity Order SNR Loss

ZF-SIC ≈ (Nr − Nt + N j
t ) × N j

t High

PA aided SIC ≈ (Nr − Nt + N j
t ) × N j

t Low

H-GMLST(STBC) Ordered SIC ≥ (Nr − Nt + N j
t ) × N j

t Low

Iterative SIC ≈ Nr × N j
t Low

ML = Nr × N j
t Zero

ZF-SIC ≈ (Nr − Nt + N j
t ) × N j

t High

PA aided SIC ≈ (Nr − Nt + N j
t ) × N j

t Low

Ordered SIC ≥ (Nr − Nt + N j
t ) × N j

t Low
H-GMLST(STTC)

Iterative SIC ≈ Nr × N j
t Low

Iterative Soft SIC ≈ Nr × N j
t Lower

ML = Nr × N j
t Zero

ZF-SIC > (Nr − Nt + N j
t ) × N j

t High

PA aided SIC > (Nr − Nt + N j
t ) × N j

t Low

D-GMLST(STTC) Iterative SIC ≥ Nr × N j
t Low

Iterative Soft SIC ≥ Nr × N j
t Lower

ML > Nr × N j
t Zero

Table 2.2: Summary of comparative performance of GMLST schemes.

tational complexity. For the H-GMLST systems of Figs. 2.1(b) and 2.2, which relied

on equal-power allocation, in Section 2.5 we also discussedthe optimal detection order

based on the assumption that the channel coefficients are perfectly known at the receiver.

Finally, in Section 2.6 an iterative SIC-based detection scheme was advocated for both

the GMLST(STTC) and GMLST(STBC) arrangements, in order to exploit the potential

of full receive antenna diversity. The simulation results of Figs. 2.10 and 2.11 show that

the iterative detection scheme is capable of approaching the same receive diversity order

as ML-style joint detection while imposing only a fraction of the computational complex-

ity of ML-style joint detection. Table 2.2 summarizes the performance versus complexity

of various GMLST schemes, where the SNR loss is caused by the SIC-induced error

propagation among different layers of the GMLST scheme. In conclusion, the iterative

SIC-based GMLST scheme of Fig. 2.9 provides a promising practical solution for high-

data-rate, high-integrity communications in MIMO systems, especially when the number

of antennas is high.

In the next chapter, we will demonstrate that further performance improvements may

be attained by the concatenation of the GMLST schemes with channel codes and upon

performing iterative detection by exchanging extrinsic information between the different
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component decoders/demodulators at the receiver side. Furthermore, we will use EX-

trinsic Information Transfer (EXIT) charts to analyze the convergence behaviour of the

iteratively detected system.



Chapter3
Near-Capacity Iteratively-Decoded

Generalized Multi-Layer Space-Time

Codes

3.1 Introduction

I n Chapter 2, a Generalized Multi-Layer Space-Time (GMLST) coding scheme was

proposed. It was shown that the GMLST scheme of Fig. 2.1 may beviewed as

a beneficial amalgam of a V-BLAST and a STC scheme. With the advent of the

STC employed, the GMLST architecture is capable of achieving a higher spatial diversity

than the conventional V-BLAST scheme. Furthermore, as an added benefit, the system’s

overall throughput becomes significantly higher than that of the STC scheme, owing to

its BLAST-like layered architecture. Despite these merits, the system performance of a

stand-alone uncoded GMLST scheme is far from the achievableMIMO channel capacity.

On the other hand, it is well known that turbo codes [51] benefit from an iterative pro-

cessinggain and are capable of facilitating near-capacity operation without imposing an

excessive decoding complexity or latency. This is achievedusing the iterative exchange

of so-called ‘soft’ information between the component decoders. With each iteration, the

quality of the exchanged soft information gradually improves upon iterating, but starts

to saturate closer to the system’s capacity until eventually no further improvements can

be obtained. The general turbo principle [92, 93] was extended to multiple parallel con-

catenated codes in [52], to serially concatenated codes in [94] and to multiple serially

concatenated codes in [95]. Hence, the performance of the GMLST coding scheme can

be enhanced by combining it with iterative detection aided schemes in a serial fashion,

where iterative decoding is carried out by exchanging extrinsic information between the

44
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different constituent decoders.

In the past few years, studying the convergence behaviour ofiterative decoding has

drawn considerable attention [64, 65, 96–104]. In [64], Stephan ten Brink proposed the

employment of the so-called EXtrinsic Information Transfer (EXIT) characteristics be-

tween a concatenated decoder’s input and output for characterizing the flow of extrinsic

information through the Soft-Input Soft-Output (SISO) constituent decoders. A tutorial

introduction to EXIT charts can be found in [65].

Recently, irregular coding techniques [59–61] have enabled ‘very-near-capacity’ op-

eration. In [61, 81], Tüchler and Hagenauer proposed the employment of IRregular Con-

volutional Codes (IRCCs) in serially concatenated schemes, which are constituted by a

family of convolutional codes having different rates, in order to design a near-capacity

system. Hence, for the sake of decoding convergence at near-capacity Signal-to-Noise

Ratios (SNRs), the GMLST scheme is serially concatenated with the IRCC as the outer

code. The decoding convergence of iteratively decoded schemes can be analysed us-

ing EXIT charts [61, 64, 101]. The IRCCs were specifically designed with the aid of

EXIT charts to improve the achievable convergence behaviour of our iteratively decoded

GMLST scheme.

Furthermore, it was shown in [67, 105, 106] that a recursive code is needed as an

intermediate code, when the inner code is non-recursive, inorder to achieve decoding

convergence to an infinitesimally low bit error ratio (BER) at low SNRs, while avoiding

the formation of a BER floor when employing iterative decoding. Therefore, as a further

advance, a recursive Unity-Rate Code (URC) [67,105–108] can be employed as an inter-

mediate code in order to improve the attainable decoding convergence of the three-stage

serially concatenated GMLST scheme.

Against this backcloth, the novel contribution of this chapter can be summarized as

follows:

1. We derive the Discrete-input Continuous-output Memoryless Channel (DCMC) [14]

capacity formula of GMLST(STBC) schemes and based on the area property of EXIT

charts, the maximum achievable rates of various iterative multi-stage SIC and ML

based GMLST schemes are obtained as well.

2. Once the DCMC capacity and the maximum achievable rates were attained, we use

EXIT charts to design an iteratively decoded near-capacityserially concatenated

IRCC-URC-GMLST scheme. A recursive Unity-Rate Code (URC) is invoked as an

intermediate code, which changes only the shape of the EXIT curve, but not the area

under the EXIT curve of the inner GMLST decoder in order to completely eliminate
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the system’s error-floor and to improve the attainable decoding convergence.

3. In order to enhance the attainable performance, we redesigned the original IR-

CCs of T̈uchler and Hagenauer, invoking more component codes to match the inner

codes’ EXIT functions more accurately.

4. The computational complexity of this concatenated scheme is substantially reduced

at the cost of a modest reduction in the maximum achievable rate compared to that

of ML detection, owing to the employment of the low-complexity but suboptimum

SIC in the GMLST decoder.

The rest of the chapter is organised as follows. An overview of the serially con-

catenated and iteratively decoded channel-coded GMLST scheme is presented in Sec-

tion 3.2, where theA Posteriori Probability(APP)-based iterative multistage SIC detec-

tion of Fig. 3.2 and the iterative ML detection of Fig. 3.3 areemployed for the GMLST

schemes. In Section 3.2.2 we introduce the EXIT chart analysis technique and illustrate

how to generate EXIT charts for visualizing the interactionof the inner as well as of the

outer codes. In Section 3.3, a three-stage serially concatenated IRCC- and URC-coded

GMLST scheme is proposed for the sake of near-capacity communications, which is de-

signed systematically based on EXIT chart analysis. Specifically, we derive the DCMC

capacity formula of GMLST(STBC) schemes and quantify the maximum achievable rate

of different GMLST schemes in Section 3.3.2. The proposed EXIT chart aided iterative

system design is detailed in Section 3.3.3, while our simulation results and discussions

are provided in Section 3.3.4. Finally, we conclude this chapter in Section 3.4.

3.2 Iteratively-Decoded Channel-Coded GMLST Scheme

In this chapter, we consider transmissions over a temporally uncorrelated flat Rayleigh

fading channel. The point-to-point wireless communication link is equipped withNt

transmit andNr receive antennas. When complex-valuedM-ary PSK/QAM is employed,

the received signal vector of the MIMO system can be written as:

y = Hc + n , (3.1)

wherey = [y1, . . . , yNr
]T is an Nr-element vector of the received signals,H is an

(Nr × Nt)-element channel matrix, the entries of which are independent and identically

complex Gaussian distributed with a zero mean and a varianceof 0.5 per dimension,c =

[c1, . . . , cNt
]T is anNt-element vector of the transmitted signals andn = [n1, . . . , nNr

]T

is anNr-element noise vector. Each element ofn is an Additive White Gaussian Noise

(AWGN) process having a zero mean and a variance ofN0/2 per dimension.
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Figure 3.1: Iteratively-decoded GMLST system block diagram.

A high level block diagram of the iteratively-decoded GMLSTsystem is depicted

in Fig. 3.1, where the transmitted binary source bit streamuo is encoded by a 1/2-rate

Recursive Systematic Convolutional (RSC) code and then interleaved by a random bit-

wise interleaverπ. After channel interleaving, the RSC coded bit streamco is taken as the

information bit streamui of the GMLST encoder, which is illustrated at the top right of

Fig. 3.1. Note that the spatial interleaver of Fig. 2.1(a) inChapter 2 is not needed here,

since the inherent time diversity of the fast fading channelis dominant. The information

bit streamui is input to a serial-to-parallel (S/P) converter, which partitions this bit stream

into q groups having lengths ofu1
i , u

2
i , . . . , u

q
i , respectively. Then, each group ofuj

i bits,

for 1 ≤ j ≤ q, is separately encoded by a component encoderSTCj associated with

N j
t number of transmit antennas, where we haveN1

t + N2
t + . . . + N q

t = Nt. The

resultant (N j
t × K)-elementcodewordmatrix Cj of STCj will be transmitted by theN j

t

transmit antennas duringK symbol intervals. Similarly to the definition in Section 2.2

of Chapter 2, we also refer to thekth columncj,k of Cj as thesymbol vectorgenerated

by groupj at time instantk. Furthermore, as presented in Chapter 2, when the STBC

is employed as the component space-time code, the vector-based temporal interleavers

represented by the dashed block of Fig. 3.1 are not needed anymore.

At the receiver side of Fig. 3.1, the SISO APP-based RSC decoder iteratively ex-

changes extrinsic information with the APP-based GMLST decoder. The RSC decoder in-

vokes the Bahl-Cocke-Jelinek-Raviv (BCJR) algorithm [90]for the bit-based trellis [109].

All BCJR calculations are performed in the logarithmic domain and use a lookup table

for correcting the Jacobian approximation in the Log Maximum A-posteriori Probabil-

ity (Log-MAP) algorithm [89, 110]. The extrinsic soft information, represented in the
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form of Logarithmic Likelihood Ratios (LLRs) [111], is iteratively exchanged between

the RSC decoder and the GMLST decoder for the sake of assisting each other’s opera-

tion, as detailed in [112]. In Fig. 3.1,L(.) denotes the LLRs of the bits concerned, where

the subscripti relates to the inner GMLST decoder, whileo corresponds to outer RSC

decoding. Additionally, the subscriptsa, p ande denote the nature of the LLRs, witha, p

ande indicatinga priori, a posterioriand extrinsic information, respectively.

As shown in Fig. 3.1, the received signal vectorsy are detected by the GMLST de-

coder based on their LLR representation for each of the interleaved channel-coded bitsui.

Thea priori LLR valuesLi,a(ui) of the GMLST decoder are subtracted from thea poste-

riori LLR valuesLi,p(ui) for the sake of generating the extrinsic LLR valuesLi,e(ui), and

then the LLR valuesLi,e(ui) are deinterleaved by a soft-bit deinterleaver representedby

π−1, as seen in Fig. 3.1. Next, the soft bitsLo,a(co) are passed to the SISO RSC decoder

in order to compute thea posterioriLLR valuesLo,p(co) provided by the Log-MAP algo-

rithm [110] for all the channel-coded bits. During the last iteration, only the LLR values

Lo,p(uo) of the source information bitsuo are required, which are passed to the hard deci-

sion block of Fig. 3.1 in order to determine the estimated source information bitŝuo. As

seen in Fig. 3.1, the extrinsic informationLo,e(co) is generated by subtracting thea priori

informationLo,a(co) from thea posteriori informationLo,p(co), which is then fed back

to the GMLST decoder as thea priori informationLi,a(ui) after appropriately reordering

them using the soft-bit interleaverπ of Fig. 3.1. The GMLST decoder of Fig. 3.1 exploits

thea priori informationLi,a(ui) in conjunction with the received signalsy for the sake of

providing improveda posterioriLLR valuesLi,p(ui), which are then passed to the RSC

channel decoder and then back to the GMLST decoder for further iterations.

3.2.1 APP-Based Iterative Detection of GMLST Schemes

It is clearly seen in Fig. 3.1 that the soft decoded information of the GMLST decoder

is required for facilitating the iterative decoding process. Recall from Fig. 2.9 of Sec-

tion 2.6 that an efficient hard-decision based iterative multistage SIC detection algorithm

was proposed for the sake of achieving the maximum attainable receive diversity for all

layers of the GMLST scheme, where no soft information was exploited. Hence, in Sec-

tion 3.2.1.1, an APP-based iterative multistage SIC detection scheme will be proposed,

where the APP-based SISO STC decoders are considered instead of the conventional

hard-decision space-time decoders of Fig. 2.9. For comparison, in Section 3.2.1.2 we also

propose an iterative ML detection scheme for our GMLST(STTC) arrangement, which

imposes a potentially excessive complexity owing to jointly detecting all groups.
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3.2.1.1 APP-Based Iterative Multistage SIC Detection
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Ĉq′
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Ĉj′

Li,p(u
j′

i )

STBCj′
Li,a(u

j′

i )
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i ) correspond to thea priori LLR

values of the information bitsuj′

i

Figure 3.2: GMLST receiver schematic employing iterative multistage APP-based SIC detection,

where “IN” and “IC” denote the group interference nulling module and the group interference

cancellation module, respectively.

As presented in Section 2.6, the GMLST coding scheme of Fig. 3.1 may rely on

a reduced-complexity iterative multistage SIC detection algorithm, which is capable of

achieving the maximum attainable receive diversity. Again, in this section, a reduced-

complexity APP-based iterative SIC detection scheme is proposed in Fig. 3.2 for the sake

of facilitating the iterative decoding process of Fig. 3.1 as well as maintaining an afford-

able computational complexity. In order to maintain a low complexity, the signals are
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detected layer-by-layer in a multistage manner, as in Fig. 2.9 of Chapter 2, instead of us-

ing high-complexity ML-style joint-detection. We note that in contrast to the discussions

in Chapter 2, the specific decoding order of the iterative SIC-based scheme of Fig. 3.2

has no effect on the attainable performance of the GMLST arrangement since the signals

transmitted from the different GMLST layers experience thesame time-varying channels

in a fast-fading scenario, hence can be arbitrary. Similarly, the decoding order in Fig. 3.2

is assumed to be{1′, 2′, . . . , q′} without any loss of generality.

The APP-based iterative multistage SIC detection procedure of Fig. 3.2 is generally

similar to that of Fig. 2.9, except that the corresponding APP-based STC decoders are

used instead of the previous hard-decision STC decoders of Fig. 2.3 in Chapter 2. It

is clearly seen in Fig. 3.2(a) that, at thej-th decoding stage encountered during a spe-

cific SIC iteration, thej′-layer codewordis denoted bŷCj′, which is decoded using the

APP-based space-time decoders of Fig. 3.2(b) and Fig. 3.2(c) for the STBCs and STTCs,

respectively, in conjunction with thea priori LLR valuesLi,a(u
j′

i ) gleaned from the outer

channel decoder of Fig. 3.1. The decoded soft output LLR valuesLi,p(u
j′

i ) are subtracted

by the correspondinga priori LLRs Li,a(u
j′

i ) and then used as thea priori information of

the outer channel decoder in Fig. 3.1. Note that in Fig. 3.2(c), the corresponding STTC

recoders of Fig. 2.3(c) discussed in Chapter 2 are no longer needed, which apparently

results in a computational complexity reduction.

3.2.1.2 Iterative ML Detection
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Figure 3.3: Iterative ML detection of the GMLST(STTC) scheme, whereΨj is the correspond-

ing temporal interleaver, STTC−1

j representsj-layer soft-input soft-output APP-based space-time

decoder andLi,a(uj
i ) correspond to thea priori LLR values of the information bitsuj

i .

For comparison, we also present a significantly more complexiterative ML detection

scheme designed for the GMLST(STTC) schemes of Fig. 3.1. Theiterative ML detection

procedure is shown in Fig. 3.3. Firstly, theNt transmittedM-ary symbols are jointly de-

tected as a combined[Nt×log2 M]-bit symbol by an ML demapper. Then, the probability
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vector of each[Nt × log2 M]-bit symbol is converted toq number of probability vectors

corresponding to theq number of[N j
t × log2 M]-bit symbols of the different layers. The

resultant probability vectors are then fed to the componentSTTC decoders.

Similar to the concept of Bit-Interleaved Coded Modulationschemes using Iterative

Decoding (BICM-ID) [113–118], an iterative detection gaincan be attained, since the

EXIT curve of the ML demapper seen in Fig. 3.3 is a sloping line. However, it is not

guaranteed that the DCMC capacity to be detailed in Section 3.3.2 can be achieved with

the aid of iterative ML detection, because the maximum achievable rate of the iterative

ML detection scheme is dependent on the EXIT curve shapes of the various space-time

trellis codes.

On the other hand, the ML detection of GMLST(STBC) schemes isconceptually

straightforward but implementationally complex. A specific GMLST scheme using iden-

tical STBCs as the component space-time codes is designed for encoding overL trans-

mission symbols, assuming that the channel’s envelope may be considered quasi-static

over this period. Based on Eq. (3.1), the signal received during L symbol periods can be

written as:

Y = HC + N , (3.2)

whereY = [y1, . . . ,yL] ∈ CNr×L is the sampled received signal matrix,H ∈ CNr×Nt is

the quasi-static channel matrix, which is constant overL symbol periods,C = [c1, . . . , cL] ∈
CNt×L is the GMLST(STBC)codewordmatrix andN = [n1, . . . ,nL] ∈ CNr×L repre-

sents the additive white Gaussian noise matrix.

Let us assume that we have a total ofM possible GMLST(STBC)codewordmatrix

combinations forL consecutive symbol periods. Based on Eq. (3.2), the conditional prob-

ability of receiving a signal matrixY, given that anM-ary GMLST(STBC)codeword

matrix of Cm, m ∈ {1, . . . , M}, was transmitted over uncorrelated flat Rayleigh fading

channels is determined by the Probability Density Function(PDF) of the noise, yielding:

p(Y|Cm) =
1

(πN0)
LNr

exp

(−‖Y − HCm‖2

N0

)

, (3.3)

=
L
∏

k=1

Nr
∏

r=1

1

πN0

exp

(

−|yr,k −
∑Nt

t=1 hr,tc
m
t,k|2

N0

)

.

Similarly, once the conditional probabilityp(Y|Cm) was obtained, the iterative decod-

ing process can be activated between the outer channel decoder and the GMLST(STBC)

ML decoder using the iterative BICM-ID procedure [114,118].
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3.2.2 EXIT Chart Analysis

The concept of EXIT charts was proposed in [64, 101], which assist us in predicting

the convergence behaviour of iterative decoders by examining the evolution of the in-

put/output mutual information exchange either between theinner and outer decoders of

a serially concatenated scheme or between the upper and lower decoders of a parallel

concatenated arrangement during the consecutive iterations. The application of EXIT

charts is based on two main assumptions, which are realisticwhen using long interleavers,

namely that thea priori LLR values are fairly uncorrelated and that the ProbabilityDen-

sity Function (PDF) of thea priori LLR values can be modelled by the Gaussian distribu-

tion. Additionally, a number of EXIT chart variations have been proposed in the literature.

These include three-dimensional EXIT charts [67] developed for characterizing the iter-

ative decoding convergence properties of three-stage serial concatenations. Furthermore,

non-binary EXIT charts [119] may be employed to characterize concatenated schemes,

where the iteratively exchanged soft information pertainsto symbol values, rather than

bit values.

3.2.2.1 Transfer Characteristics of the GMLST Decoder
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ui
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Li,a =
σ2

a

2
x + na

Figure 3.4: The GMLST decoder’s transfer characteristics evaluation procedure block diagram.

As seen in Fig. 3.1, the inputs of the GMLST decoder are the noise-contaminated

channel output observationsy and thea priori informationLi,a(ui) generated by the outer

channel decoder. The GMLST decoder of Fig. 3.1 outputs thea posteriori information

Li,p(ui), subtracts thea priori information and hence produces the extrinsic information

Li,e(ui). Based on the above-mentioned two assumptions, thea priori inputLi,a(ui) can

be modelled by applying an independent zero-mean Gaussian random variable having a

variance ofσ2
a. In conjunction with the outer channel coded and interleaved bits ui ∈

{0, 1} of Fig. 3.1 or equivalentlyx ∈ {−1, +1}, thea priori inputLi,a(ui) can be written
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as [64]

Li,a =
σ2

a

2
· x + na, (3.4)

sinceLi,a is an LLR-value obeying the Gaussian distribution [111]. Accordingly, the

conditional PDF of thea priori inputLi,a(ui) is

pa(ζ |X = x) =
1√

2πσa

· exp






−

(

ζ − σ2
a

2
· x
)2

2σ2
a






. (3.5)

The mutual informationIi,a(ui) = I[ui; Li,a(ui)] or equivalentlyIi,a(ui) = I[x; Li,a(ui)]

between the outer coded and interleaved bit streamui and thea priori LLR valuesLi,a(ui)

is used to quantify the information content of thea priori knowledge [120] as follows:

Ii,a(ui) =
1

2
·
∑

X=−1,+1

∫ +∞

−∞

pa(ζ |X) · log2

2 · pa(ζ |X)

pa(ζ |X = −1) + pa(ζ |X = +1)
dζ. (3.6)

Using Eq. (3.5), Eq. (3.6) can be expressed as

Ii,a(σa) = 1 − 1√
2πσa

∫ +∞

−∞

exp






−

(

ζ − σ2
a

2

)2

2σ2
a






· log2

[

1 + e−ζ
]

dζ. (3.7)

For notational simplicity and in order to highlight the dependence ofIi,a on σa, we de-

fine [64,101]

J(σ) := Ii,a(σa = σ) (3.8)

with

lim
σ→0

= 0, lim
σ→∞

= 1, σ > 0. (3.9)

The functionJ(σ) is monotonically increasing [120] and thus reversable. Further-

more, it was shown in [61] that the mutual information between the equiprobable bitsX

and their respective LLRsL for symmetricandconsistent1 L-values always simplifies to

I (X; L) = 1 −
∫ +∞

−∞

p (L|X = +1) · log2

[

1 + e−L
]

dL

I (X; L) = 1 − EX=+1

{

log2

[

1 + e−L
]}

. (3.10)

In order to quantify the information content of the extrinsic LLR valuesLi,e(ui) at the

output of the GMLST decoder of Fig. 3.1, the mutual informationIi,e(ui) = I[ui; Li,e(ui)]

1The LLR values are symmetric if their PDF is symmetricp(−ζ|X = +1) = p(ζ|X = −1). Additionally, all LLR

values with symmetric distribution satisfy the consistency condition [61]:p(−ζ|X = x) = e−xζp(ζ|X = x).
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Figure 3.5: Extrinsic information transfer characteristics of various GMLST schemes using iter-

ative SIC detection.

can be used, which is computed as in Eq. (3.6) using the PDFpe of the extrinsic output

expressed as

Ii,e(ui) =
1

2
·
∑

X=−1,+1

∫ +∞

−∞

pe(ζ |X) · log2

2 · pe(ζ |X)

pe(ζ |X = −1) + pe(ζ |X = +1)
dζ. (3.11)

ConsideringIi,e(ui) as a function of bothIi,a(ui) and theEb/N0 value encountered,

the GMLST decoder’s extrinsic information transfer characteristic is defined as [64,101]

Ii,e(ui) = Ti[Ii,a(ui), Eb/N0]. (3.12)

Fig. 3.4 illustrates how the EXIT characteristicIi,e(ui) is calculated for a specific

[Ii,a(ui), Eb/N0] input combination. First, the wireless channel’s noise varianceσn is

computed according to the specificEb/N0 value considered. Then, a specific value of

Ii,a(ui) is selected to computeσa, where the EXIT curve has to be evaluated usingσa =

J−1(Ii,a). Afterwards, Eq. (3.4) is used to generateLi,a(ui), as shown in Fig. 3.4, which is

applied as thea priori LLR input of the GMLST decoder. Finally, the mutual information

of Ii,e(ui) = I(ui; Li,e(ui)), 0 ≤ Ii,e(ui) ≤ 1, between the outer coded and interleaved

bit streamui and the LLR valuesLi,e(ui) is calculated using Eq. (3.11) with the aid of the

PDFpe of the extrinsic outputLi,e(ui). This requires the determination of the distribution

pe by means of Monte Carlo simulations. However, according to [65], upon invoking

the ergodicity theorem of Eq. (3.10), namely upon replacingthe expected value by the
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time average, the mutual information can be estimated usinga sufficiently large number

of samples even for non-Gaussian or unknown distributions,which may be expressed

as [65]

I (ui; Li,e(ui)) = 1 − EX=+1

{

log2

[

1 + e−Li,e(ui)
]}

≈ 1 − 1

N

N
∑

n=1

log2

[

1 + e−x(n)·Li,e(ui(n))
]

. (3.13)

Fig. 3.5 shows the extrinsic information transfer characteristics of various iterative

SIC based GMLST decoders for example, where STTC-4 and STTC-16 denote the 4-state

based STTC [9, Fig. 4] and 16-state based STTC [9, Fig. 5], respectively, while STBC-

G2 indicates Alamouti’s STBC scheme [8]. As seen in the figure, iterative SIC detection

does not provide any iteration gain upon increasing the mutual information at the input

of the GMLST(STBC) decoder, since the extrinsic transfer curve of the GMLST(STBC)

decoder is a horizontal line. On the other hand, the slopes seen in Fig. 3.5 representing

the extrinsic information transfer characteristics of theGMLST(STTC) schemes illustrate

that substantial iterative gains may be achieved, which will benefit the iteratively-decoded

GMLST scheme of Fig. 3.1.

3.2.2.2 Transfer Characteristics of the Outer Decoder

SISO
Decoder

Ia(u)

Ia(c)

Ie(u)

Ie(c)Tc(.)

Tu(.)

Figure 3.6: The soft-input soft-output decoder module, which describes the extrinsic information

transfer characteristics of the outer decoder between the input and output of uncoded bitsu and

coded bitsc.

The extrinsic transfer characteristic of the outer channeldecoder of Fig. 3.1 bears sim-

ilarity to that of the inner GMLST decoder. The outer decoderis typically a four-terminal

SISO module [121] as seen in Fig. 3.6. The mutual informationquantifies the relation-

ship of theextrinsicoutput(Io,e(uo), Io,e(co)) and thea priori input(Io,a(uo), Io,a(co)) for

both the original uncoded information bit streamuo and for the coded bit streamco, re-

spectively. Hence, the mutual information can be represented with the aid of the functions

Io,e(uo) = To,u[Io,a(uo), Io,a(co)] as well asIo,e(co) = To,c[Io,a(uo), Io,a(co)] of Fig. 3.6.

As seen in Fig. 3.1, the input of the outer channel decoder of the serially concatenated

GMLST scheme consists only of thea priori input Lo,a(co) provided by the GMLST
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Figure 3.7: Evaluation of the outer channel decoder transfer characteristics.

decoder after appropriately reordering the correspondingextrinsic LLRsLi,e(ui). There-

fore, the extrinsic transfer characteristic of the outer channel decoder seen in Fig. 3.1 only

describes the relationship between the outer channel decoder’s LLR inputLo,a(co) and the

extrinsic outputLo,e(co). Furthermore, the extrinsic information transfer characteristic of

the outer channel decoder is independent of theEb/N0 value and henceIo,e(co) may be

written as

Io,e(co) = To[Io,a(co)], (3.14)

whereIo,a(co) = I[co; Lo,a(co)], 0 ≤ Io,a(co) ≤ 1, is the mutual information between

the outer channel coded bit streamco and thea priori LLR valuesLo,a(co). Similarly,

Io,e(co) = I[co; Lo,e(co)], 0 ≤ Io,e(co) ≤ 1, represents the mutual information between

the outer channel coded bit streamco and the extrinsic LLR valuesLo,e(co). The com-

putational model of evaluating the EXIT characteristics ofthe outer channel decoder is

shown in Fig. 3.7. As seen in the figure, the procedure is similar to that of the GMLST

decoder shown in Fig. 3.4, except that its value is independent of theEb/N0 value. Again,

Io,e(co) = I[co; Lo,e(co)] may be computed either by evaluating the histogram based ap-

proximation of the PDF of the extrinsic outputpe [64, 101] and then applying Eq. (3.11)

or, more conveniently, by the time averaging method [65] of Eq. (3.13) as

I [co; Lo,e(co)] = 1 − E
{

log2

[

1 + e−Lo,e(co)
]}

≈ 1 − 1

N

N
∑

n=1

log2

[

1 + e−co(n)·Lo,e[co(n)]
]

. (3.15)

In the system of Fig. 3.1, we employ a 1/2-rate memory-4 Recursive Systematic

Convolutional (RSC) code as the outer channel code, which isdefined by the gener-

ator polynomial(1, g1/g0), whereg0 = 1 + D + D4 is the feedback polynomial and

g1 = 1 + D2 + D3 + D4 is the feedforward one. According to the procedure of Fig. 3.7,
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we plot the extrinsic information transfer characteristicof the 1/2-rate memory-4 RSC

code in Fig. 3.8. It is clearly seen in Fig. 3.8 that the extrinsic information transfer char-

acteristic is symmetric to the(Io,a, Io,e) = (0.5, 0.5) point. Furthermore, Fig. 3.8 also

demonstrates that the RSC code converges fastest upon increasingIo,a in the range of

0.4 < Io,a < 0.8.
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Figure 3.8: Extrinsic information transfer characteristic of a 1/2-rate memory-4 RSC code.

3.2.2.3 Extrinsic Information Transfer Chart Results

The exchange of extrinsic information in the system of Fig. 3.1 can be visualized by

plotting the EXIT characteristics of the inner GMLST decoder and the outer RSC decoder

in a joint diagram, which is known as the EXIT chart [64,101].The outer RSC decoder’s

extrinsic output informationIo,e(co) becomes the inner GMLST decoder’sa priori input

information Ii,a(ui), which is represented on thex-axis of the EXIT chart. Similarly,

on they-axis we plot the inner GMLST decoder’s extrinsic output informationIi,e(ui),

which becomes the outer RSC decoder’sa priori input informationIo,a(co). Accordingly,

the axes of Figs. 3.5 and 3.8 are swapped intentionally for the sake of creating the EXIT

chart, as seen in Fig. 3.9.

More explicitly, Fig. 3.9 shows the EXIT chart of the iteratively detected serially con-

catenated RSC-coded GMLST(STTC-16) scheme, where three SIC operations are per-

formed within the GMLST(STTC-16) decoder. Ideally, in order for the exchange of ex-

trinsic information between the GMLST decoder and the outerRSC decoder to converge
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Figure 3.9: Extrinsic information transfer characteristic of 1/2-rate RSC code.

at a specificEb/N0 value, the EXIT curve of the GMLST decoder at theEb/N0 value

of interest and the extrinsic transfer characteristic of the outer RSC decoder should only

intersect at the (1.0, 1.0) point. If this condition is satisfied, then an openconvergence

tunnel[64,101] appears in the EXIT chart, which implies that an infinitesimally low BER

is achievable for the iteratively detected system. However, if the two extrinsic transfer

characteristics intersect at a point close to the line atIo,e(co) = 1.0 rather than at the (1.0,

1.0) point, then a moderately low BER may be still achieved, although a higher error floor

occurs than for the schemes, where the intersection is at the(1.0, 1.0) point. Observe in

Fig. 3.9 that the inner and outer EXIT curves intersect at a point very close to the vertical

Io,e(co) = 1.0 line at Eb/N0=-3.0 dB. This implies that according to the predictions of

the EXIT chart seen in Fig. 3.9, the iterative detection process is expected to converge to

a moderately low BER at anEb/N0 value between -3.0 dB and -4.0 dB. In practice, the

EXIT chart based convergence predictions are usually verified by the actual Monte-Carlo

simulation based iterative decoding trajectory, as will bediscussed in Section 3.3.

3.2.2.4 Area Properties of EXIT Charts

Let us now discuss the relevance of the EXIT chart areaAi beneath the inner code’s EXIT

characteristic and the areaAo beneath the inverted outer EXIT characteristic. In [122,

123], the areaAo beneath the inverted EXIT characteristic of anoptimalouter APP-based
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SISO decoder having a coding rate ofRo was shown to be given by

Ao = Ro. (3.16)

In the scenario where this outer code is serially concatenated with aRi-rate inner code

that is employed for protectingM-ary modulated transmissions, theeffectivethroughput

Ceff in bits per symbol is given by

Ceff = Ro · Ri · log2(M) = Ao · Ri · log2(M). (3.17)

As described in Section 3.2.2.3, maintaining an open EXIT chart tunnel is a necessary

condition for achieving iterative decoding convergence toan infinitesimally low BER.

Since an open EXIT chart tunnel can only be created if the EXITchart area beneath the

inverted outer EXIT characteristicAo is less than that beneath the inner code’s EXIT

characteristicAi, we haveAo < Ai. Hence maintaining

Ceff < Ai · Ri · log2(M) (3.18)

constitutes a necessary condition for iterative decoding convergence to an infinitesimally

low BER to be supported.

In the case where we haveRi = 1 and anoptimal inner APP-based SISO decoder is

employed, the authors of [122,123] showed that

Ai · Ri · log2(M) = C (3.19)

holds, whereC is the Discrete-input Continuous-output Memoryless Channel’s (DCMC)

capacity [14] expressed in bits per symbol. Hence, whenRi = 1 and anoptimal inner

APP-based SISO decoder is employed, maintaining

Ceff < C (3.20)

constitutes a necessary condition for iterative decoding convergence to an infinitesimally

low BER to be supported. Note that naturally this is in line with Shannon’s lesson stated

in his seminal publication of 1948 [1].

However, when we haveRi < 1 or asub-optimalinner APP-based SISO decoder is

employed, the authors of [122,123] showed that

Ai · Ri · log2(M) = C̄ ≤ C, (3.21)

whereC̄ is the attainable DCMC capacity (maximum achievable bandwidth efficiency/rate).

More explicitly, in this case, some capacity loss occurs, since the necessary condition for

iterative decoding convergence to an infinitesimally low BER to be supported becomes

Ceff < C̄. (3.22)

In conclusion, the properties of EXIT charts can be summarized as follows:
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Rate property: The area under the inverted EXIT curve of an optimal outer APP-based

SISO decoder is equal to its code rate.

Capacity property: The area beneath the EXIT curve of the inner decoder is equal to the

DCMC capacity, provided that the inner code rate is 1 and the optimal

inner APP-based SISO decoder is used.

Convergence property: The trajectory approaches the (1.0, 1.0) point of the EXIT chart

indicates the decoding convergence to an infinitesimally low BER.

Note that the EXIT chart area ofAi − Ao within an open EXIT chart tunnel is pro-

portional to the discrepancy between theeffectivethroughput and the (attainable) DCMC

capacity. Hence, we may conclude that near-capacity transmissions are facilitated, when

a narrow, marginally open EXIT chart tunnel can be created for facilitating convergence

to an infinitesimally low BER. This motivates the employmentof irregular coding tech-

niques, which deliberately shape the EXIT curve of the outercode with the aid of using

diverse outer code components, leading to the concept of EXIT chart matching, as will be

discussed in the following section.

3.3 Near-Capacity IRCC- and URC-Coded GMLST Schemes

As presented in Section 3.2.2.3, the employment of conventional two-stage iteratively-

detected GMLST schemes typically result in an intersectionof the inner and outer com-

ponents’ EXIT curves in the EXIT chart of Fig. 3.9 and hence they suffer from a BER

floor, preventing them from achieving infinitesimally low BER values, since the inner

coding stage is of non-recursive nature. In this section we circumvent this deficiency by

proposing a three-stage iteratively-detected GMLST scheme, where a recursive Unity-

Rate Code (URC) [67, 105, 106] is employed as the intermediate code in order for the

inner code’s EXIT curve to reach the (1.0, 1.0) point of perfect convergence and hence

to achieve an infinitesimally low BER. On the other hand, irregular coding [59, 60] has

been proposed for reliable communications at SNRs that are close to the channel capacity,

which was further applied for example in the context of serial concatenated schemes using

iterative decoding in [61]. Therefore, we apply an IRregular Convolutional Code (IRCC) [61,

81] as the outer code of our proposed three-stage serially concatenated scheme for the sake

of near-capacity communications.
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û1

L1,p(c1) L1,e(c1)

L2,p(u2)

L1,p(u1)

L1,a(c1) L2,e(u2)

π−1
2

L2,a(c2)

u3c2

L2,e(c2)

L3,e(u3)

π2

π2

L3,p(u3)

L2,p(c2)L2,a(u2) L3,a(u3)

Figure 3.10: Schematic of the proposed IRCC-URC-GMLST scheme.

3.3.1 System Overview

The schematic of the proposed three-stage serially concatenated system is illustrated in

Fig. 3.10. At the transmitter side, IRCCs [61, 81] having an overall code rate ofR1 are

employed for encoding specifically optimized fractions of the input stream, where each

fraction’s code rate was designed for achieving a near-capacity performance with the aid

of EXIT charts [101]. A recursive URC was amalgamated with the above-mentioned

GMLST in Fig. 3.10 as the inner code for assisting the non-recursive GMLST scheme

in achieving decoding convergence to an infinitesimally lowBER at near-capacity SNRs.

The GMLST encoder partitions the long bit stream emanating from the intermediate URC

encoder into several substreams and each substream is separately space-time encoded.

Two different high-length bit-wise interleavers are introduced between the three compo-

nent encoders so that the input bits of the URC and GMLST encoders can be rendered

independent of each other, which is one of the necessary conditions for achieving a good

match between the performance predictions of EXIT charts analysis and of classic bit-

by-bit Monte-Carlo simulations [101]. For simplicity, we refer to the proposed serially

concatenated system as the IRCC-URC-GMLST scheme.

At the receiver side, according to Fig. 3.10, an iterative decoding procedure is oper-

ated, which employs threeA Posteriori Probability(APP)-based decoders. The received

signals are first decoded by the APP-based GMLST decoder in order to produce thea pri-

ori Log-Likelihood Ratio (LLR) valuesL2,a(c2) of the coded bitsc2. The URC decoder

of Fig. 3.10 processes the information forwarded by the GMLST decoder in conjunction

with thea priori LLR valuesL2,a(u2) of the information bitsu2 in order to generate the

a posterioriLLR valuesL2,p(u2) andL2,p(c2) of the information bitsu2 and the coded

bits c2, respectively. In the scenario, when iterations are neededwithin the amalgamated

“URC-GMLST” decoder so as to achieve a near-capacity performance, thea priori LLRs
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L2,a(c2) are subtracted from thea posterioriLLR valuesL2,p(c2) and then they are fed

back to the GMLST decoder as thea priori informationL3,a(u3) through the interleaver

π2. Similarly, thea priori LLR values of the URC decoder are subtracted from thea

posterioriLLR values produced by the Maximum A-posteriori Probability (MAP) algo-

rithm [89], for the sake of generating the extrinsic LLR valuesL2,e(u2) seen in Fig. 3.10.

Next, the soft bitsL1,a(c1) are passed to the IRCC decoder in order to compute thea pos-

teriori LLR valuesL1,p(c1) of the IRCC encoded bitsc1. During the last iteration, only

the LLR valuesL1,p(u1) of the original information bitsu1 are required, which are passed

to the hard-decision block in order to estimate the source bits. As seen in Fig. 3.10, the ex-

trinsic informationL1,e(c1) is generated by subtracting thea priori information from thea

posteriori information, which is fed back to the URC decoder as thea priori information

L2,a(u2) through the interleaverπ1. For the sake of clarity, in the iterative detection pro-

cedure, we define the initial decoding process passing information from the inner decoder

to the outer decoder as the first iteration between the two decoders.

3.3.2 Capacity and Maximum Achievable Rate

Let us now consider a Discrete-input Continuous-output Memoryless Channel (DCMC)

in the context of discrete-amplitude QAM and PSK [14] modulation. In order to design

a near-capacity coding scheme, in this section we derive theDCMC capacity formula

for GMLST(STBC), which refers to the GMLST schemes using STBC [8, 31] as the

component STCs. Additionally, the maximum achievable bandwidth efficiency/rate of

various iterative SIC and ML based GMLST schemes is derived for transmission over the

DCMC based on the area properties of EXIT charts [122].

3.3.2.1 DCMC Capacity of “GMLST(STBC)”

As mentioned in Section 3.2.1.2, a specific GMLST scheme using an identical STBC as

its component STBCs is designed for encoding overL transmission symbols, assuming

that the channel’s envelope may be considered quasi-staticover this period. Let us rewrite

Eq. (3.2) as follows

Y = HC + N , (3.23)

whereY = [y1, . . . ,yL] ∈ CNr×L is the sampled received signal matrix,H ∈ CNr×Nt is

the quasi-static channel matrix, which is constant overL symbol periods,C = [c1, . . . , cL] ∈
CNt×L is the GMLST(STBC)codewordmatrix andN = [n1, . . . ,nL] ∈ CNr×L repre-

sents the additive white Gaussian noise matrix.

In this section, we only consider STBCs having square-shaped codewordmatrices [8,
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124–127] as the component STBCs of the GMLST schemes of Fig. 2.2, where we have

L = Nt/q. For example, when Alamouti’s G2 space-time scheme [8] is used as the

component STBC, the GMLST(STBC)codewordmatrix is as follows:

CGMLST (STBC) =

(

c1,1 c1,2 . . . cj,1 cj,2 . . . cq,1 cq,2

−c̄1,2 c̄1,1 . . . −c̄j,2 c̄j,1 . . . −c̄q,2 c̄q,1

)T

, (3.24)

where the columns representL = 2 different time slots, while the rows representqL

different transmit antennas, and

(

cj,1 cj,2

−c̄j,2 c̄j,1

)T

is the j-layer STBCcodewordma-

trix. Hence, when complex-valuedM-ary PSK/QAM is employed in a GMLST(STBC)

scheme, we have a total ofM = MqL possible GMLST(STBC)codewordmatrix combi-

nations forL consecutive symbol periods. Based on Eq. (3.23), the conditional probabil-

ity of receiving a signal matrixY, given that anM-ary GMLST(STBC)codewordmatrix

Cm, m ∈ {1, . . . , M}, was transmitted over uncorrelated flat Rayleigh fading channels is

determined by the Probability Density Function (PDF) of thenoise, yielding:

p(Y|Cm) =
1

(πN0)
LNr

exp

(−‖Y − HCm‖2

N0

)

, (3.25)

=
L
∏

k=1

Nr
∏

r=1

1

πN0
exp

(

−|yr,k −
∑Nt

t=1 hr,tc
m
t,k|2

N0

)

.
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Figure 3.11: The capacity of GMLST(STBC-G2) schemes obeying the architecture of Fig. 2.2,

when communicating over uncorrelated flat Rayleigh fading channels employingNt = 4 transmit

antennas andNr = 4 receive antennas.
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Figure 3.12: The bandwidth efficiency of GMLST(STBC-G2) schemes obeyingthe architecture

of Fig. 2.2, when communicating over uncorrelated flat Rayleigh fading channels employing

Nt = 4 transmit antennas andNr = 4 receive antennas.

The channel capacity per symbol period evaluated for the GMLST(STBC) scheme,

when using complex-valuedM-ary PSK/QAM for transmission over the DCMC can be

shown to be [127]:

CGMLST(STBC)
DCMC =

1

L
max

p(C1)...p(CM )

M
∑

m=1

∫

Y

p(Y|Cm)p(Cm)

· log2

(

p(Y|Cm)
∑M

n=1 p(Y|Cn)p(Cn)

)

dY, (3.26)

where the right hand side of Eq. (3.26) is maximized, when we havep(Cm) = 1/M for

m ∈ {1, . . . , M}. Hence, Eq. (3.26) can be simplified to:

CGMLST(STBC)
DCMC =

log2(M)

L
− 1

ML

M
∑

m=1

E

[

log2

M
∑

n=1

exp(Ψm,n)

∣

∣

∣

∣

Cm

]

, (3.27)

whereE[A|Cm] is the expectation ofA conditioned onCm and the expectation in Eq. (3.27)

is taken overH andN, while Ψm,n is given by:

Ψm,n =
−‖H(Cm − Cn) + N‖2 + ‖N‖2

N0
. (3.28)

Based on the DCMC capacity formula of Eq. (3.27) we can compute the capacity of

any GMLST(STBC) scheme by substituting the corresponding GMLST(STBC)codeword

matrixC ∈ C
Nt×L into Eq. (3.28).



3.3.2. Capacity and Maximum Achievable Rate 65

The resultant bandwidth efficiency is computed by normalising the channel capacity

given by Eq. (3.27), with respect to the product of the bandwidth W and the signalling

periodT , yielding:

η =
C

WT
[bit/s/Hz] , (3.29)

whereWT = 1 for PSK/QAM schemes, when assuming zero Nyquist excess band-

width. The bandwidth efficiency,η, is typically plotted against the SNR per bit given

by: Eb/N0 = SNR/η.

In this chapter, we consider the scenario whenNt = 4 transmit andNr = 4 receive

antennas are used, whereN1
t = N2

t = 2. Based on Eq. (3.27), the Monte-Carlo-based

evaluation of the GMLST(STBC-G2)’s DCMC capacity is illustrated in Fig. 3.11, which

is indicated by the label DCMC4×4-4QAM-GMLST(STBC-G2). The DCMC capacity

curves of the multiplexing-based MIMO scheme which employed a ML detector, and of

the unrestricted Continuous-input Continuous-output Memoryless Channel (CCMC) [6,

14] are depicted in Fig. 3.11 for comparison. Furthermore, the bandwidth efficiency/rate

curves are shown in Fig. 3.12.

3.3.2.2 Maximum Achievable Rate Based on EXIT Charts

Encoder
Channel 1

Channel 2

MAP

Decoder
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E(c)
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A(c)

v

yc
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u

Figure 3.13: The encoding and decoding processes of an intermediate encoder whose input bits

u emanate from an outer encoder and whose output symbolsc are fed to an inner encoder. The

a priori channels are used to model the outer and inner decoders, whereas the uppera priori

channel can be replaced by the communication channel to model the inner decoder. The notations

A(.) andE(.) represent thea priori andextrinsic information, respectively.

According to the discussions of Section 3.2.2.4, the maximum achievable bandwidth

efficiency/rate of the system is equal to the area under the EXIT curve of the inner code,

provided that the channel’s input is independently and uniformly distributed, assuming

furthermore that the inner code rate is 1 and that theoptimumor sub-optimumAPP-based

decoding algorithm is used. This area property of the EXIT charts may be exploited by

considering Fig. 3.13 as in [122]. Explicitly, the area under the EXIT curve of the inner

code quantifies the capacity of the communication channel (the uppera priori Channel

1 in Fig. 3.13), when the communication channel’s input is independently and uniformly
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distributed, while thea priori channel (the lowera priori Channel 2 in Fig. 3.13) is

modeled by a Binary Erasure Channel (BEC). This area property was experimentally

shown to be valid for arbitrary inner codes and communication channels, provided that

the a priori Channel 2 is a BEC. Furthermore, there is experimental evidence that the

area property of EXIT charts is also valid when thea priori Channel 2 is modeled by an

AWGN channel, as it was originally demonstrated in [101].

Based on the area property of EXIT charts, the maximum achievable rate curves of

various iterative SIC and ML based GMLST schemes of Figs. 3.2and 3.3 are shown in

Figs. 3.14-3.16 together with the CCMC and DCMC capacity curves of the multiplexing-

based MIMO scheme. As mentioned above, we consider the scenario when Nt = 4

transmit andNr = 4 receive antennas are used, where we haveN1
t = N2

t = 2. For

simplicity, the component STCs utilized in the schematic ofFig. 2.1 for all groups are

assumed to be identical. Specifically, we use STBC-G2 [8], 4-state based STTC-4 [9,

Fig. 4] and 16-state based STTC-16 [9, Fig. 5] as the component STCs of the GMLST

schemes of Fig. 2.1, respectively. As shown in Figs. 3.14-3.16, the DCMC capacity of

the multiplexing-based MIMO scheme employing 4QAM (DCMC4×4-4QAM) is higher

than that of all the GMLST schemes and may be regarded as the tight capacity upper

bound of the (4 × 4)-element 4QAM MIMO systems. On the other hand, the DCMC

capacity curve of the GMLST scheme of Fig. 2.2 using STBC-G2,namely DCMC4×4-

4QAM-GMLST(STBC-G2), is also plotted in Fig. 3.14 for comparison. It is clearly

seen in Fig. 3.14 that the bandwidth efficiency curve of the ML-based GMLST(STBC-

G2) scheme exactly matches the DCMC4×4-4QAM-GMLST(STBC-G2) capacity curve,

which verifies the area property of the EXIT chart presented in Section 3.2.2.4. Observe

by comparing Fig. 3.14 with Fig. 3.16 that the DCMC4×4-4QAM-GMLST(STBC-G2)

capacity curve is below that of the ML-based GMLST(STTC-16)scheme using three

iterations. This is due to the loss of temporal diversity within the STBC-G2 orthogonal

code of each group [6].

Furthermore, it is seen in Fig. 3.14 that upon invoking two SIC operations in the

GMLST(STBC-G2) scheme of Fig. 2.2, the maximum achievable rate curve approaches

the DCMC4×4-4QAM-GMLST(STBC-G2) rate curve, since the maximum attainable re-

ceive diversity has been approached. However, no substantial further improvements are

attained beyond two SICs, since the remaining inter-group interference propagating across

the groups is independently distributed acrossK/2 consecutive G2codewordblock pe-

riods duringK symbol intervals and hence cannot be eliminated by SIC operations. By

contrast, for the GMLST(STTC) schemes of Fig. 2.1 characterized in Figs. 3.15 and 3.16,

the maximum achievable rate improves steadily up to three SIC operations, although the

maximum attainable receive diversity has already been achieved during the second itera-



3.3.2. Capacity and Maximum Achievable Rate 67

mimo-gmlst-stbc.gle

-8 -7 -6 -5 -4 -3 -2 -1 0 1 2
Eb/N0 [dB]

0

1

2

3

4

5

6

(b
it/

s/
H

z)

-8 -7 -6 -5 -4 -3 -2 -1 0 1 2
Eb/N0 [dB]

0

1

2

3

4

5

6

(b
it/

s/
H

z)
CCMC4x4
DCMC4x4-4QAM
DCMC4x4-4QAM-GMLST(STBC-G2)
GMLST(STBC-G2)-4QAM, ML
GMLST(STBC-G2)-4QAM, 2 Soft SIC
GMLST(STBC-G2)-4QAM, 2 Hard SIC
GMLST(STBC-G2)-4QAM, 1 Hard SIC

Nt=4, Nr=4, =2 bit/s/Hz
Eb/N0=-6.20dB:CCMC4x4
Eb/N0=-6.10dB:DCMC4x4-4QAM
Eb/N0=-5.40dB:DCMC4x4-4QAM-GMLST(STBC-G2)
Eb/N0=-5.40dB:GMLST(STBC-G2)-4QAM, ML
Eb/N0=-5.00dB:GMLST(STBC-G2)-4QAM, 2 Soft SIC
Eb/N0=-4.70dB:GMLST(STBC-G2)-4QAM, 2 Hard SIC
Eb/N0=-3.40dB:GMLST(STBC-G2)-4QAM, 1 Hard SIC

Figure 3.14: The bandwidth efficiency of various iterative SIC and ML based GMLST(STBC-

G2) schemes obeying the architecture of Fig. 2.2, when communicating over uncorrelated flat

Rayleigh fading channels employingNt = 4 transmit antennas andNr = 4 receive antennas.

The system parameters are summarized in Table 3.1.
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Figure 3.15: The bandwidth efficiency of various iterative SIC and ML based GMLST(STTC-

4) schemes obeying the architecture of Fig. 2.1, when communicating over uncorrelated flat

Rayleigh fading channels employingNt = 4 transmit antennas andNr = 4 receive antennas.

The system parameters are summarized in Table 3.1.
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Figure 3.16: The bandwidth efficiency of various iterative SIC and ML based GMLST(STTC-

16) schemes obeying the architecture of Fig. 2.1, when communicating over uncorrelated flat

Rayleigh fading channels employingNt = 4 transmit antennas andNr = 4 receive antennas.

The system parameters are summarized in Table 3.1.

tion. This is due to the strong error-correcting capabilityof the STTC associated with tem-

poral vector-based interleavers. Observe in Figs. 3.15 and3.16 that beyond three SICs, the

additional performance improvements remain marginal. Forthe sake of attaining further

improvements, soft interference cancellation may be invoked for both the GMLST(STBC)

and GMLST(STTC) schemes, which is explicitly demonstratedin Figs. 3.14-3.16 as well.

Since no iterations can be carried out between the SIC-baseddemodulator and the

STTC decoder when using SIC-based detection, some mutual information or throughput

loss occurs, which cannot be recovered. For comparison, themaximum achievable rate of

the ML-based iteratively detected GMLST(STTC) schemes of Fig. 3.3 are also quantified

in Figs. 3.15 and 3.16. The number of iterations between the ML demapper and the

GMLST component STTC decoders was fixed to three for both the GMLST(STTC-4)

and GMLST(STTC-16) cases, which is the same as the number of SIC iterations. Hence,

both the SIC-based and ML-based schemes of Figs. 3.2 and 3.3 invoke the same number

of STTC decoder operations, but the ML demapper exhibits a higher complexity than

the SIC operation. As shown in Figs. 3.15 and 3.16, the ML-based schemes of Fig. 3.3

provide a higher maximum achievable rate than that of the SIC-based arrangement.
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Modulation Scheme 4QAM

No. of GMLST Layers 2

No. of Tx per GMLST Layer 2

No. of Rx 4

Channel Temporally uncorrelated

flat Rayleigh fading

GMLST(STBC) Component Codes STBC [8]

No. of GMLST(STBC) SIC Iterations 2 (hard and soft)

GMLST(STTC) Component Codes STTC-4 [9, Fig. 4] and

STTC-16 [9, Fig. 5]

No. of GMLST(STTC) SIC Iterations 3 (hard and soft)

No. of GMLST(STTC) ML Iterations 3

Interleaver Length 508000 bits

URC Generator (1, g1/g0) = (1, 1
1+D

)

IRCC Coding Rate 0.5

IRCC Components 17 or 36

Table 3.1: Iteratively-decoded IRCC-URC-GMLST system parameters used in the system archi-

tecture of Fig. 3.10.

3.3.3 EXIT Chart Aided System Design and Analysis

The main objective of employing EXIT charts [101] is to analyse the convergence be-

haviour of iterative decoders by examining the evolution ofthe input/output mutual infor-

mation exchange between the inner and outer decoders duringthe consecutive iterations.

As mentioned in Section 3.2.2.4, the area under the EXIT curve of the inner decoder is

approximately equal to the channel capacity, when the channel’s input is independently

and uniformly distributed. Similarly, the area under the inverted EXIT curve of the outer

code is approximately equal to the outer code rate. In this section, we will further exploit

the well-understood properties of EXIT charts that a narrow, but marginally open EXIT-

tunnel indicates a high probability of achieving a near-capacity performance, which was

concluded in Section 3.2.2.4, for the sake of designing a near-capacity iteratively-decoded

IRCC-URC-GMLST system. In what follows, all the results presented characterize the

GMLST schemes usingNt = 4 transmit andNr = 4 receive antennas in conjunction with

the system parameters outlined in Table 3.1.
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3.3.3.1 EXIT Function of the Amalgamated “URC-GMLST” Decoder
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Figure 3.17: The EXIT chart curves for the stand-alone GMLST(STBC-G2) decoder and the

amalgamated GMLST(STBC-G2)Hard-URC decoder of Fig. 3.10 using the parameters of Ta-

ble 3.1. The notation GMLST(STBC-G2)Hard-2 indicates 2 hard SIC iterations within the GMLST

decoder. By contrast no iterations are needed between the GMLST(STBC-G2)Hard and URC de-

coders, since the EXIT curve of the GMLST(STBC-G2)Hard detector is a horizontal line.

The original three-stage arrangement of the IRCC-URC-GMLST scheme seen in Fig.

3.10 would require a 3D EXIT chart analysis [67], which is hard to interpret visually.

However, our experimental results show that an intermediate URC changes only the

shape, but not the area under the EXIT curve of the inner code after a sufficiently high

number of inner iterations. Hence, the inner URC and GMLST decoder pair seen in

Fig. 3.10 requires only a few inner iterations between them,so that our three-stage sys-

tem reaches the (1.0, 1.0) point of perfect convergence. Generally speaking, we continue

invoking inner iterations between them until we succeed in generating sufficiently reli-

able mutual information, before activating the outer iterations. We can therefore view

these two blocks as an amalgamated inner decoder using several inner iterations, which is

portrayed by the lower dashed box in Fig. 3.10. This allows usto simplify the 3D EXIT

analysis [67] to 2D EXIT functions [64], while using the mostbeneficial activation order

of the iterative decoder components.

Let I·,a(x), 0 ≤ I·,a(x) ≤ 1, denote the mutual information between thea priori

LLRs L·,a(x) as well as the corresponding bitsx and letI·,e(x), 0 ≤ I·,e(x) ≤ 1, de-

note the mutual information between theextrinsicLLRs L·,e(x) and the corresponding
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Figure 3.18:The EXIT chart curves for the stand-alone GMLST(STTC-4) decoder and the amal-

gamated GMLST(STTC-4)Hard-URC decoder of Fig. 3.10 using the parameters of Table 3.1. The

notation GMLST(STTC-4)Hard-3 indicates 3 hard SIC iterations within the GMLST decoder and

the subscript of URC denotes the number of iterations between the GMLST(STTC-4)Hard and

URC decoders.

bits x. Considering the simplified two-stage iterative detectionof Fig. 3.10, the EXIT

characteristics of Decoder 2 and Decoder 1 can be described by the following two EXIT

functions [64,68]:

I2,e (u2) = T2,u2
[I2,a (u2, Eb/N0)] (3.30)

I1,e (c1) = T1,c1 [I1,a (c1)] . (3.31)

Figs. 3.17-3.19 show the EXIT curves of the stand-alone SIC-based GMLST decoders

and the amalgamated “URC-GMLST” decoders. We assume that the area under the EXIT

curve of the stand-alone GMLST decoder or of the amalgamated“URC-GMLST” de-

coder of Fig. 3.10 is represented byAE. It is observed in Fig. 3.17 that no inner iterations

are needed between the GMLST(STBC-G2) and URC decoders, since the EXIT curve

of the SIC-based GMLST(STBC-G2) detector is a horizontal line. The area under the

EXIT curve of the GMLST(STBC-G2) decoder of Fig. 3.10 is equal to that beneath the

EXIT curve of the amalgamated “URC-GMLST(STBC-G2)” decoder, which implies that

no information loss occurs, when a URC is employed as the intermediate code. On the

other hand, it is seen in Fig. 3.18 and 3.19 that the GMLST(STTC) decoders of Fig. 3.10

have slanted EXIT curves, hence extrinsic information exchange using decoding itera-
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Figure 3.19: The EXIT chart curves for the stand-alone GMLST(STTC-16) decoder and the

amalgamated GMLST(STTC-16)Hard-URC decoder of Fig. 3.10 using the parameters of Ta-

ble 3.1. The notation GMLST(STTC-16)Hard-3 indicates 3 hard SIC iterations within the GMLST

decoder and the subscript of URC denotes the number of iterations between the GMLST(STTC-

16)Hard and URC decoders.

tions between the URC decoder and the GMLST(STTC) decoder isrequired to produce

the maximum mutual information. After a sufficiently high number of inner iterations,

the area under the EXIT curve of the amalgamated “URC-GMLST(STTC)” decoder of

Fig. 3.10 is maximized, which is equal to that under the EXIT curve of the stand-alone

GMLST(STTC) decoder.

3.3.3.2 17-Component IRCC Aided System Design

Let A1 be the area under the inverted EXIT-curve of Decoder 1 of Fig.3.10. Then the

area property of EXIT charts mentioned in Section 3.2.2.4 can be expressed as

A1 =

∫ 1

0

T−1
1,c1

(i)di = R1, (3.32)

which implies that the lowest SNR convergence threshold occurs, when we haveA2 =

R1 + ǫ, whereA2 is defined as the area under the EXIT-curve of the URC Decoder 2of

Fig. 3.10 andǫ is an infinitesimally small number, provided that the following conver-

gence constraints hold [81]:

T2,u2
(0, Eb/N0) > 0, T2,u2

(1, Eb/N0) = 1, T2,u2
(i, Eb/N0) > T−1

1,c1
(i), ∀i ∈ [0, 1).(3.33)
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Figure 3.20: The EXIT curves for 17 original IRCC component codes.

Hence we invoke IRCCs [61,81] in Fig. 3.10 as outer codes, because they exhibit flexible

EXIT characteristics, which can be optimised to closely match the EXIT curveT2,u2
(i) of

the amalgamated “URC-GMLST” decoder in Fig. 3.10, rendering the near-capacity code

optimization a simple curve-fitting process.

The original IRCC scheme constituted by a set ofP = 17 subcodes was constructed

in [81] from a systematic, rate-1/2, memory-4 mother code defined by the generator

polynomial(1, g1/g0), whereg0 = 1 + D + D4 is the feedback polynomial andg1 =

1 + D2 + D3 + D4 is the feedforward one. Each of theP = 17 subcodes have a different

code rateRi
1, ∀i ∈ [1, 17], where puncturing was employed to obtain the rates ofRi

1 > 0.5

and the code rates ofRi
1 < 0.5 were created by adding more generators and by punctur-

ing under the constraint of maximizing the achievable free distance. The two additional

generators employed in [81] areg2 = 1+D+D2 +D4 andg3 = 1+D+D3 +D4, where

the resultantP = 17 subcodes have coding rates spanning0.1, 0.15, 0.2, . . . , to 0.9. Each

of theseP = 17 subcodes encodes a specific fraction of the information bit stream ac-

cording to a specific weighting coefficientαi, wherei = 1, 2, . . . , 17. More specifically,

assume that there areN number of encoded bits, where each subcodei encodes a frac-

tion of αiR
i
1N information bits and generatesαiN encoded bits using a coding rate of

Ri
1. As for theP = 17 number of subcodes, given the target overall average code rate of
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R1 ∈ (0, 1), the weighting coefficientsαi must satisfy:

1 =

P=17
∑

i=1

αi, R1 =

P=17
∑

i=1

αiR
i
1, andαi ∈ [0, 1], ∀i. (3.34)

The EXIT functionT1,c1[I1,a(c1)] of Eq. (3.31) corresponding to the IRCC may be con-

structed from the EXIT functions of theP = 17 subcodes,T i
1,c1

[I1,a(c1)], i = 1, . . . , P .

More specifically, the EXIT functionT1,c1 [I1,a(c1)] of the IRCC is the weighted superpo-

sition of theP = 17 EXIT functionsT i
1,c1

[I1,a(c1)], i = 1, . . . , P , which is expressed as

follows [81]

T1,c1(I1,a(c1)) =
P=17
∑

i=1

αiT
i
1,c1

[I1,a(c1)]. (3.35)

Fig. 3.20 shows the EXIT functions of the originalP = 17 subcodes used in [81].

Hence the coefficientsα1 are optimised with the aid of the iterative algorithm of [61],

so that the EXIT curve of the resultant IRCC is appropriatelyshaped and hence closely

matches the EXIT curveT2,u2
(i) at the specificEb/N0 value considered. More explicitly,

we intend to minimize the EXIT-tunnel area represented by the square of the error function

e(i) = [T2,u2
(i, Eb/N0) − T−1

1,c1
(i)] over alli ∈ [0, 1], namely

J(α1, . . . , αP ) =

∫ 1

0

e(i)2di, e(i) > 0, ∀i ∈ [0, 1), (3.36)

which is subject to the constraints of Eq. (3.34).

In this section, we consider an average coding rate ofR1 = 0.5 for the outer IRCC

code. Hence the effective throughput is2 × R1 log2 4 = 2 bit/s/Hz, when 4QAM is em-

ployed by the above-mentioned two-layer GMLST schemes of Fig. 2.1. The maximum

achievable rates of different GMLST schemes computed according to the properties of

EXIT charts [81, 122] at a throughput ofη = 2 bit/s/Hz are depicted in Figs. 3.14-3.16.

The exchange of extrinsic information in the schematic of Fig. 3.10 is visualised by plot-

ting the EXIT characteristics of the inner amalgamated “URC-GMLST” decoder and the

specificly optimized outer IRCC decoder in Figs. 3.21-3.29.

Note that for the GMLST(STBC-G2) scheme of Fig. 2.2 characterized in Figs. 3.21

and 3.22, a near-capacity performance may be achieved without extrinsic information

exchange using decoding iterations between the URC decoderand the GMLST(STBC-

G2) decoder, since the EXIT curve of the SIC-based GMLST(STBC-G2) decoder is a

horizontal line. As seen in Figs. 3.21, 3.22 and 3.23, when weemploy the 17 origi-

nal outer subcodes of [81] in our IRCC design, the outer IRCC is capable of accurately

matching the EXIT curve of the inner amalgamated “URC-GMLST” decoder with the

aid of the matching algorithm of [61]. On the other hand, observe in Figs. 3.24-3.29,
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Decoding trajectory for GMLST(STBC-G2)Hard-2-URC
Eb/N0 = -4.2 dB

Nt=4, Nr=4, =2 bit/s/Hz
GMLST(STBC-G2)Hard-2-URC: Eb/N0 = -4.2 dB (AE=0.53)
GMLST(STBC-G2)Hard-2: Eb/N0 = -4.7 dB (AE=0.50). IRCC : R1=0.5 (AE=0.50)

Figure 3.21:The EXIT chart curves for the GMLST(STBC-G2)Hard-URC of Fig. 3.10 using a 17-

component IRCC having weighting coefficients [α1, · · · , α17] = [0, 0, 0.0131465, 0.01553, 0, 0,

0.48839, 0.215005, 0, 0, 0, 0, 0.198844, 0, 0, 0, 0.0691192] and of the 17 original IRCC subcodes,

when using the parameters of Table 3.1. The notation GMLST(STBC-G2)Hard-2 indicates 2 hard

SIC iterations within the GMLST decoder and no iteration is needed between the GMLST(STBC-

G2)Hard and URC decoders, since the EXIT curve of the GMLST(STBC-G2)Hard detector is a

horizontal line.
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Figure 3.22: The EXIT chart curves for the GMLST(STBC-G2)Soft-URC of Fig. 3.10 using a

17-component IRCC having weighting coefficients [α1, · · · , α17] = [0, 0, 0.0131465, 0.01553,

0, 0, 0.48839, 0.215005, 0, 0, 0, 0, 0.198844, 0, 0, 0, 0.0691192] and of the 17 original IRCC

subcodes, when using the parameters of Table 3.1.
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Decoding trajectory for GMLST(STBC-G2)ML-URC2
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Nt=4, Nr=4, =2 bit/s/Hz
GMLST(STBC-G2)ML-URC2: Eb/N0 = -5.0 dB (AE=0.52)
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Figure 3.23: The EXIT chart curves for the GMLST(STBC-G2)ML -URC of Fig. 3.10 using a

17-component IRCC having weighting coefficients [α1, · · · , α17] = [0, 0, 0, 0, 0, 0.327442,

0.186505, 0.113412, 0, 0.0885527, 0, 0.0781214, 0.0962527, 0.0114205, 0.0346015, 0.0136955,

0.0500168] and of the 17 original IRCC subcodes, when using the parameters of Table 3.1. The

notation GMLST(STBC-G2)ML indicates the ML decoder for the GMLST(STBC-G2) scheme

and the subscript of URC denotes the number of iterations between the GMLST(STBC-G2)ML

and URC decoders.
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Decoding trajectory for GMLST(STTC-4)Hard-3-URC4 : Eb/N0 = -3.4 dB

Nt=4, Nr=4, =2 bit/s/Hz
GMLST(STTC-4)Hard-3-URC4: Eb/N0 = -3.4 dB (AE=0.53)
GMLST(STTC-4)Hard-3: Eb/N0 = -3.8 dB (AE=0.50). IRCC : R=0.5 (AE=0.50)

Figure 3.24: The EXIT chart curves for the GMLST(STTC-4)Hard-URC of Fig. 3.10 using

a 17-component IRCC having weighting coefficients [α1, · · · , α17] = [0.0226959, 0, 0, 0,

0.0665581, 0.381315, 0, 0, 0, 0.284711, 0, 0.0311994, 0.0769669, 0, 0.0935122, 0, 0.0430583]

and of the 17 original IRCC subcodes, when using the parameters of Table 3.1. The notation

GMLST(STTC-4)Hard-3 indicates 3 hard SIC iterations within the GMLST decoder.
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Decoding trajectory for GMLST(STTC-4)Soft-3-URC4 : Eb/N0 = -3.5 dB

Nt=4, Nr=4, =2 bit/s/Hz
GMLST(STTC-4)Soft-3-URC4: Eb/N0 = -3.5 dB (AE=0.53)
GMLST(STTC-4)Soft-3: Eb/N0 = -3.9 dB (AE=0.50). IRCC : R=0.5 (AE=0.50)

Figure 3.25: The EXIT chart curves for the GMLST(STTC-4)Soft-URC of Fig. 3.10 using

a 17-component IRCC having weighting coefficients [α1, · · · , α17] = [0.0226959, 0, 0, 0,

0.0665581, 0.381315, 0, 0, 0, 0.284711, 0, 0.0311994, 0.0769669, 0, 0.0935122, 0, 0.0430583]

and of the 17 original IRCC subcodes, when using the parameters of Table 3.1. The notation

GMLST(STTC-4)Soft-3 indicates 3 soft SIC iterations within the GMLST decoder.
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Decoding trajectory for GMLST(STTC-4)ML-3-URC4 : Eb/N0 = -3.5 dB

Nt=4, Nr=4, =2 bit/s/Hz
GMLST(STTC-4)ML-3-URC4: Eb/N0 = -3.5 dB (AE=0.52)
GMLST(STTC-4)ML-3: Eb/N0 = -5.2 dB (AE=0.50). IRCC : R=0.5 (AE=0.50)

Figure 3.26: The EXIT chart curves for the GMLST(STTC-4)ML-URC of Fig. 3.10 using

a 17-component IRCC having weighting coefficients [α1, · · · , α17] = [0.0226959, 0, 0, 0,

0.0665581, 0.381315, 0, 0, 0, 0.284711, 0, 0.0311994, 0.0769669, 0, 0.0935122, 0, 0.0430583]

and of the 17 original IRCC subcodes, when using the parameters of Table 3.1. The notation

GMLST(STTC-4)ML-3 indicates 3 iterations between ML demapper and GMLST component de-

coders.
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Decoding trajectory for GMLST(STTC-16)Hard-3-URC6
Eb/N0 = -4.2 dB

Nt=4, Nr=4, =2 bit/s/Hz
GMLST(STTC-16)Hard-3-URC6: Eb/N0 = -4.2 dB (AE=0.62)
GMLST(STTC-16)Hard-3: Eb/N0 = -5.7 dB (AE=0.50). IRCC : R=0.5 (AE=0.50)

Figure 3.27:The EXIT chart curves for the GMLST(STTC-16)Hard-URC of Fig. 3.10 using a 17-

component IRCC having weighting coefficients [α1, · · · , α17] = [0.327965, 0, 0, 0, 0, 0.099581,

0.0735821, 0, 0, 0, 0, 0.080471, 0.129813, 0, 0, 0, 0.288618]and of the 17 original IRCC sub-

codes, when using the parameters of Table 3.1. The notation GMLST(STTC-16)Hard-3 indicates 3

hard SIC iterations within the GMLST decoder, and the subscript of URC denotes the number of

iterations between the GMLST(STTC-16)Hard and URC decoders.
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Decoding trajectory for GMLST(STTC-16)Soft-3-URC6
Eb/N0 = -4.5 dB

Nt=4, Nr=4, =2 bit/s/Hz
GMLST(STTC-16)Soft-3-URC6: Eb/N0 = -4.50 dB (AE=0.62)
GMLST(STTC-16)Soft-3: Eb/N0 = -5.90 dB (AE=0.50). IRCC : R=0.5 (AE=0.50)

Figure 3.28:The EXIT chart curves for the GMLST(STTC-16)Soft-URC of Fig. 3.10 using a 17-

component IRCC having weighting coefficients [α1, · · · , α17] = [0.327965, 0, 0, 0, 0, 0.099581,

0.0735821, 0, 0, 0, 0, 0.080471, 0.129813, 0, 0, 0, 0.288618]and of the 17 original IRCC sub-

codes, when using the parameters of Table 3.1. The notation GMLST(STTC-16)Soft-3 indicates 3

soft SIC iterations within the GMLST decoder, and the subscript of URC denotes the number of

iterations between the GMLST(STTC-16)Soft and URC decoders.
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Decoding trajectory for GMLST(STTC-16)ML-3-URC6
Eb/N0 = -5.0 dB

Nt=4, Nr=4, =2 bit/s/Hz
GMLST(STTC-16)ML-3-URC6: Eb/N0 = -5.00 dB (AE=0.56)
GMLST(STTC-16)ML-3: Eb/N0 = -6.05 dB (AE=0.50). IRCC : R=0.5 (AE=0.50)

Figure 3.29:The EXIT chart curves for the GMLST(STTC-16)ML-URC of Fig. 3.10 using a 17-

component IRCC having weighting coefficients [α1, · · · , α17] = [0.327965, 0, 0, 0, 0, 0.099581,

0.0735821, 0, 0, 0, 0, 0.080471, 0.129813, 0, 0, 0, 0.288618]and of the 17 original IRCC sub-

codes, when using the parameters of Table 3.1. The notation GMLST(STTC-16)ML-3 indicates 3

iterations between ML demapper and GMLST component decoders.

for the GMLST(STTC) scheme of Fig. 2.1 that the EXIT curve of the GMLST(STTC)

decoder is a slanted line, hence extrinsic information exchange using decoding iterations

between the URC decoder and the GMLST(STTC) decoder is needed in order to achieve

a near-capacity performance. When there is no iteration between the URC decoder and

the GMLST(STTC) decoder, the EXIT curve shape of the URC decoder depends on the

I3,e(u3) value of the GMLST(STTC) decoder observed in Figs. 3.24-3.29 atI3,a(u3) = 0.

Hence, the URC-GMLST(STTC) scheme of Fig. 3.10 requires a higherEb/N0 value in

order to maintain a normalised area ofAE = 0.5, as shown in Figs. 3.24-3.29. In other

words, a certain mutual information i.e. throughput loss will occur, if there is no iteration

between the URC decoder and the GMLST(STTC) decoder. It is noted that in Figs. 3.24-

3.26, the outer IRCC is capable of accurately matching the EXIT curve of the inner amal-

gamated “URC-GMLST(STTC-4)” decoder. However, observe inFigs. 3.27-3.29 that

due to the “S”-shape of the inner amalgamated “URC-GMLST(STTC-16)” decoder’s

EXIT curve the original IRCC using 17 subcodes cannot match this shape sufficiently

accurately.
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Memory-4 CCs: [ 1,..., 17]
Repetition Codes: [ 18,..., 26]
Memory-1 CCs: [ 27,..., 36]

Figure 3.30: The EXIT curves for 36 IRCC component codes.

3.3.3.3 36-Component IRCC Aided System Design

For the sake of more accurately matching the shape of the inner amalgamated “URC-

GMLST” decoder’s EXIT curves, in this section we introduce anovel outer irregular

coding scheme using 36 component codes, which is constituted by a hybrid combination

of irregular repetition codes and convolutional codes. Observe the EXIT functions of the

17 original subcodes shown in Fig. 3.20, where it is clearly seen that the original memory-

4 IRCC exhibits a near-horizontal portion in the EXIT chart,which is typical of strong

CCs having a memory of 4 associated with 16 trellis states. Onthe other hand, in order to

match the shape of the inner codes’ EXIT curves more accurately, the shape of the outer

codes’ EXIT functions can be adjusted in a way, which allows us to match a more diverse-

shaped set of inner code EXIT functions. Hence we introduce amore diverse range of

EXIT functions, particularly near the diagonal of the EXIT chart. This can be achieved by

invoking weaker codes having a lower memory, which also impose a potentially reduced

complexity.

Accordingly, memory-1 CCs are incorporated into the original IRCC scheme, which

have a simple two-state trellis diagram. The generator polynomial of this rate-1/2 memory-

1 mother code is defined by(1, g1/g0), whereg0 = D andg1 = 1. For a lower code rate,

an extra output generator polynomial, namelyg2 is used, where we haveg2 = g1. For a

higher code rate, the puncturing pattern of the original memory-4 IRCC is employed [81].

This way we generate 10 additional EXIT functions, which areshown by the dashed lines

in Fig. 3.30, spanning the code-rate range of [0.45, 0.9] with a stepsize of 0.05. Fur-
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thermore, a repetition code is a simple memoryless code, which consists of only two

codewords, namely the all-zero and the all-one word. Since it has no memory, the EXIT

functions of such repetition codes are diagonally-shaped.Hence, we also incorporate 9

different-rate repetition codes in our novel IRCC scheme, as indicated by the solid lines

in Fig. 3.30 and spanning the code-rate range of [0.1, 0.5] with the rate-stepsize of 0.05.

Similarly, as for theP = 17 subcodes, Eq. (3.34) can be written for the 36-code

scheme as follows:

1 =

P=36
∑

i=1

αi, R1 =

P=36
∑

i=1

αiR
i
1, andαi ∈ [0, 1], ∀i. (3.37)

The EXIT functions of allP = 36 IRCC subcodes are shown in Fig. 3.30 and all the

subcodes are summarized in Table 3.2. As a benefit, the proposed 36-component IRCC

has a more diverse range of EXIT function shapes, hence it is capable of providing more

accurately matching EXIT curves to fit that of the inner amalgamated “URC-GMLST”

decoders, as evidenced in Figs. 3.31, 3.32 and 3.33.
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Decoding trajectory for GMLST(STTC-16)Hard-3-URC6
Eb/N0 = -5.0 dB

Nt=4, Nr=4, =2 bit/s/Hz
GMLST(STTC-16)Hard-3-URC6: Eb/N0 = -5.00 dB (AE=0.56)
GMLST(STTC-16)Hard-3: Eb/N0 = -5.70 dB (AE=0.50). IRCC : R=0.5 (AE=0.50)

Figure 3.31: The EXIT chart curves for the GMLST(STTC-16)Hard-URC of Fig. 3.10 using a

36-component IRCC having weighting coefficients [α1, · · · , α36] = [0, 0, 0, 0, 0, 0, 0, 0, 0, 0,

0.0238076, 0.0654278, 0.0108539, 0, 0.0736835, 0.0251597, 0.124231, 0.0829128, 0, 0.140577,

0.0983615, 0.134327, 0.109642, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0.00875876, 0.102257] and of the 36

IRCC subcodes, when using the parameters of Table 3.1. The notation GMLST(STTC-16)Hard-3

indicates 3 hard SIC iterations within the GMLST decoder.
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Decoding trajectory for GMLST(STTC-16)Soft-3-URC6
Eb/N0 = -5.1 dB

Nt=4, Nr=4, =2 bit/s/Hz
GMLST(STTC-16)Soft-3-URC6: Eb/N0 = -5.10 dB (AE=0.57)
GMLST(STTC-16)Soft-3: Eb/N0 = -5.90 dB (AE=0.50). IRCC : R=0.5 (AE=0.50)

Figure 3.32: The EXIT chart curves for the GMLST(STTC-16)Soft-URC of Fig. 3.10 using a

36-component IRCC having weighting coefficients [α1, · · · , α36] = [0, 0, 0, 0, 0, 0, 0, 0, 0, 0,

0.0238076, 0.0654278, 0.0108539, 0, 0.0736835, 0.0251597, 0.124231, 0.0829128, 0, 0.140577,

0.0983615, 0.134327, 0.109642, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0.00875876, 0.102257] and of the 36

IRCC subcodes, when using the parameters of Table 3.1. The notation GMLST(STTC-16)Soft-3

indicates 3 soft SIC iterations within the GMLST decoder.
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Decoding trajectory for GMLST(STTC-16)ML-3-URC6
Eb/N0 = -5.3 dB

Nt=4, Nr=4, =2 bit/s/Hz
GMLST(STTC-16)ML-3-URC6: Eb/N0 = -5.30 dB (AE=0.53)
GMLST(STTC-16)ML-3: Eb/N0 = -6.05 dB (AE=0.50). IRCC : R=0.5 (AE=0.50)

Figure 3.33: The EXIT chart curves for the GMLST(STTC-16)ML-URC of Fig. 3.10 using a

36-component IRCC having weighting coefficients [α1, · · · , α36] = [0, 0, 0, 0, 0, 0, 0, 0, 0, 0,

0.0238076, 0.0654278, 0.0108539, 0, 0.0736835, 0.0251597, 0.124231, 0.0829128, 0, 0.140577,

0.0983615, 0.134327, 0.109642, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0.00875876, 0.102257] and of the 36

IRCC subcodes, when using the parameters of Table 3.1. The notation GMLST(STTC-16)ML-3

indicates 3 iterations between ML demapper and GMLST component decoders, and the subscript

of URC denotes the number of iterations between the GMLST(STTC-16)ML and URC decoders.
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Code Indexi Type Coding Rate Code Indexi Type Coding Rate

1 CC mem-4 0.10 19 Rep. Code 0.15

2 CC mem-4 0.15 20 Rep. Code 0.20

3 CC mem-4 0.20 21 Rep. Code 0.25

4 CC mem-4 0.25 22 Rep. Code 0.30

5 CC mem-4 0.30 23 Rep. Code 0.35

6 CC mem-4 0.35 24 Rep. Code 0.40

7 CC mem-4 0.40 25 Rep. Code 0.45

8 CC mem-4 0.45 26 Rep. Code 0.50

9 CC mem-4 0.50 27 CC mem-1 0.45

10 CC mem-4 0.55 28 CC mem-1 0.50

11 CC mem-4 0.60 29 CC mem-1 0.55

12 CC mem-4 0.65 30 CC mem-1 0.60

13 CC mem-4 0.70 31 CC mem-1 0.65

14 CC mem-4 0.75 32 CC mem-1 0.70

15 CC mem-4 0.80 33 CC mem-1 0.75

16 CC mem-4 0.85 34 CC mem-1 0.80

17 CC mem-4 0.90 35 CC mem-1 0.85

18 Rep. Code 0.10 36 CC mem-1 0.90

Table 3.2: The 36 irregular component codes used in the hybrid IRCC scheme, where each

subcode indexi corresponds to the weighting coefficientαi.

3.3.4 Results and Discussions

As we can see from Figs. 3.24, 3.25, 3.27, 3.28, 3.31 and 3.32,the bit-by-bit Monte-Carlo

simulation based decoding trajectory of the IRCC-URC-GMLST(STTC) schemes using

SIC detection within the GMLST (STTC) decoder has a slight mismatch with respect to

their EXIT curves. This is due to the trellis structure of STTCs, which results in corre-

lated error propagation between the different layers in theprocess of SIC operation. We

found that the higher the correlation of the STTC coded bits owing to the trellis structure,

the higher the decoding trajectory mismatch. Furthermore,as the number of trellis states

increases from 4 to 16, the correlation of the STTC-16 coded bits becomes higher, be-

cause the code imposes more correlation. As a result, the STTC-16 scheme will impose a

higher correlation than the STTC-4 scheme, when there is error propagation between the

different layers due to the imperfect SIC operation. Hence,the decoding trajectory of the

GMLST(STTC-16)-URC-IRCC scheme of Fig. 3.10 has a higher mismatch in its EXIT
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Figure 3.34:The BER performance comparison of the IRCC-URC-GMLST(STBC-G2) schemes

of Fig. 3.10 and of the stand-alone GMLST(STBC-G2) schemes of Fig. 2.2 using the parameters

of Table 3.1.
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Figure 3.35: The BER performance comparison of the IRCC-URC-GMLST(STTC-4) schemes

of Fig. 3.10 and of the stand-alone GMLST(STTC-4) schemes ofFig. 2.1 using the parameters

of Table 3.1.



3.3.4. Results and Discussions 85

ber-ircc-urc-gmlst.gle

-6 -4 -2 0 2 4
Eb/N0 [dB]

10-6

10-5

10-4

10-3

10-2

10-1

1
B

E
R

.......
.

.

.

-6 -4 -2 0 2 4
Eb/N0 [dB]

10-6

10-5

10-4

10-3

10-2

10-1

1
B

E
R

GMLST(STTC-16)Hard-1
GMLST(STTC-16)Hard-3
GMLST(STTC-16)Soft-3
GMLST(STTC-16)ML-3

GMLST(STTC-16)Hard-3-URC-IRCC, 16 iter.
GMLST(STTC-16)Soft-3-URC-IRCC, 16 iter.
GMLST(STTC-16)ML-3-URC-IRCC, 16 iter.. GMLST(STTC-16)Hard-3-URC-IRCC, 20 iter.
GMLST(STTC-16)Soft-3-URC-IRCC, 20 iter.
GMLST(STTC-16)ML-3-URC-IRCC, 20 iter.

D
C

M
C

4x
4-

4Q
A

M
C

ap
ac

ity

G
M

LS
T

(S
T

T
C

-1
6)

M
ax

A
ch

ie
va

bl
e

R
at

e
1.9dB

2.1dB

1.0dB

Figure 3.36:The BER performance comparison of the IRCC-URC-GMLST(STTC-16) schemes

of Fig. 3.10 where the original 17-component IRCC is employed and of the stand-alone

GMLST(STTC-16) schemes of Fig. 2.1 using the parameters of Table 3.1.
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Figure 3.37:The BER performance comparison of the IRCC-URC-GMLST(STTC-16) schemes

of Fig. 3.10 where the 36-component IRCC is employed and of the stand-alone GMLST(STTC-

16) schemes of Fig. 2.1 using the parameters of Table 3.1.
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chart, as seen in Figs. 3.27, 3.28, 3.31 and 3.32. By contrast, the decoding trajectory of the

IRCC-URC-GMLST(STBC-G2) scheme of Fig. 3.10 characterized in Fig. 3.21 and 3.22

using hard and soft SIC accurately matches both the inner andthe outer EXIT curves ow-

ing to the uncorrelated error propagation. For comparison,Fig. 3.23 presents the decoding

trajectory of the IRCC-URC-GMLST(STBC-G2) scheme of Fig. 3.10 using an ML de-

coder. On the other hand, the decoding trajectory of the IRCC-URC-GMLST(STTC)

schemes of Fig. 3.10 employing ML detection is presented in Figs. 3.26, 3.29 and 3.33.

Again, we use three iterations between the ML demapper and GMLST component de-

coders so that the number of STTC decoder operations invokedremains the same as that

of the scheme employing three SIC iterations. Since there isno error propagation in the

ML-based scheme, the decoding trajectory of the ML-based scheme closely matches its

EXIT curve. However, the error propagation was avoided in the ML-based scheme at the

price of a higher complexity.

Figs. 3.34-3.37 present the BER performance of both the near-capacity IRCC-URC-

GMLST of Fig. 3.10 and of the stand-alone GMLST schemes of Figs. 2.1 and 2.2 employ-

ing various space-time codes combined with SIC and ML detection. It is observed that for

three SIC operations, the performance of both the GMLST(STTC-4) and GMLST(STTC-

16) schemes significantly improves as a benefit of attaining the maximum achievable

receive diversity, whereas the soft-SIC based scheme approaches the performance of the

ML-detected GMLST(STTC) scheme more closely, since the residual error propagation is

further mitigated. On the other hand as seen in Fig. 3.34, theGMLST(STBC-G2) scheme

using two SIC operations exhibits a 1.6 dB gain over a single hard-output SIC iteration

at the BER of10−2. Although not explicitly shown here, our investigations indicate that

no more improvements are attained beyond two SIC operations, since the residual inter-

ference propagating among groups is independently distributed acrossK/2 consecutive

G2 codewordblock periods duringK symbol intervals and hence it cannot be eliminated

by further SIC operations. Observe in Figs. 3.34-3.37 that the throughput of the stand-

alone GMLST schemes is relatively far from the corresponding DCMC capacity. For the

concatenated systems of Fig. 3.10, it is clearly shown in Fig. 3.34 that the IRCC-URC-

GMLST(STBC-G2) scheme is capable of performing within 0.9 dB of the corresponding

DCMC capacity of the GMLST(STBC-G2) scheme, when soft SIC isemployed. On

the other hand, observe in Figs. 3.31 and 3.32 that the IRCC-URC-GMLST(STTC-16)

scheme of Fig. 3.10 exhibits a mismatch between the decodingtrajectory and the EXIT

curve, but performs closer to the DCMC4×4-4QAM capacity, as shown in Fig. 3.37. This

improvement is achieved at the price of a significantly higher complexity, than that of the

IRCC-URC-GMLST(STBC-G2) scheme. The BER performance of the most complex

ML-detected IRCC-URC-GMLST(STTC-16) scheme is also depicted in Fig. 3.37, where
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we can see a 0.4 dB gain over the soft SIC based scheme. However, the complexity of the

ML-based scheme may be unaffordable, especially when the number of GMLST layers is

high.

3.4 Chapter Conclusion

In this chapter, we proposed the novel serially concatenated IRCC-URC-GMLST system

of Fig. 3.10 that exploits the advantages of both iterative detection as well as those of the

GMLST schemes using STBC and STTC as the component space-time codes. In Sec-

tion 3.2.1.1, an APP-based iterative multistage SIC detection algorithm has been invoked

for the GMLST schemes instead of the previous Viterbi-decoding-aided SIC detection for

the sake of supporting the iterative detection process at the receiver side. Furthermore,

in Section 3.2.1.2 we presented the significantly more complex iterative ML detection

scheme designed for the GMLST(STTC) schemes of Fig. 2.1 in the context of serially

concatenated systems for comparison, which invokes a concept similar to that of classic

BICM-ID schemes. On the other hand, the benefit of URC precoders was characterized

in Section 3.3.3.1, which was used as an intermediate code and assisted us in eliminating

the system’s error-floor and hence improved the attainable decoding convergence. More-

over, our investigations demonstrated in Section 3.3.3 that the proposed low-complexity

SIC-based iteratively decoded IRCC-URC-GMLST scheme of Fig. 3.10 is capable of

achieving a near-capacity performance, when designed withthe aid of EXIT chart analy-

sis. Table 3.3 presents the achievable coding gains, the SNR-distance from the maximum

achievable rate limit as well as that from the DCMC capacity limit for the various near-

capacity iteratively-decoded IRCC-URC-GMLST systems. Based on these simulation

results, we found that the iterative IRCC-URC-GMLST schemeof Fig. 3.10 using SIC

detection strikes an attractive trade-off between the complexity imposed and the effective

throughput achieved. In conclusion, we summarize our design procedure as follows:

1. We derived the DCMC capacity formula of the GMLST(STBC) schemes of Fig. 2.2

and quantified the maximum achievable rates of the GMLST schemes using STTCs

with the aid of EXIT charts.

2. We generated the EXIT curve of the inner decoder, which is constituted here by the

GMLST decoder and URC decoder of Fig. 3.10.

3. We designed an IRCC outer code to match the EXIT curve of theinner code. The

resultant scheme was capable of approaching the capacity determined for the high-

complexity, but optimum ML detector.
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GMLST(STBC) Using Coding Gain Distance from Distance from Extracted

17-Component IrCC Max. Achiev. Rate DCMC Capacity from Fig.

Iterative Hard SIC 12.5 dB 0.7 dB 2.1 dB

Iterative Soft SIC 12.9 dB 0.6 dB 1.7 dB (3.34)

ML 10.7 dB 0.7 dB 1.4 dB

GMLST(STTC-4) Using Coding Gain Distance from Distance from Extracted

17-Component IrCC Max. Achiev. Rate DCMC Capacity from Fig.

Iterative Hard SIC 11.2 dB 0.6 dB 2.9 dB

Iterative Soft SIC 10.2 dB 0.7 dB 2.9 dB (3.35)

Iterative ML 9.7 dB 0.7 dB 2.9 dB

GMLST(STTC-16) Using Coding Gain Distance from Distance from Extracted

17-Component IrCC Max. Achiev. Rate DCMC Capacity from Fig.

Iterative Hard SIC 7.4 dB 2.5 dB 2.9 dB

Iterative Soft SIC 7.2 dB 2.1 dB 2.3 dB (3.36)

Iterative ML 8.0 dB 1.0 dB 1.1 dB

GMLST(STTC-16) Using Coding Gain Distance from Distance from Extracted

36-Component IrCC Max. Achiev. Rate DCMC Capacity from Fig.

Iterative Hard SIC 8.6 dB 1.3 dB 1.7 dB

Iterative Soft SIC 7.9 dB 1.4 dB 1.6 dB (3.37)

Iterative ML 8.0 dB 1.0 dB 1.1 dB

Table 3.3: Performance summary of the iteratively-decoded IRCC-URC-GMLST systems of

Fig. 3.10 at the target BER of10−5.

4. We reduced the complexity imposed by the ML detector by using the lower-complexity

SIC detector of Fig. 3.2, while avoiding any substantial performance degradation by

redesigning the IRCC scheme using 36 component codes, whichhence matches the

EXIT curve of the SIC inner decoder more accurately.

5. This design procedure is generically applicable, regardless of the specific choice of

the inner and outer decoder components, as exemplified by other detectors, such as

Sphere Detectors (SD), Markov Chain Monte Carlo (MCMC) detectors as well as

by other outer codes, such as an irregular Low Density ParityCheck (LDPC) code,

etc.



Chapter4
Irregular Cooperative Space-Time

Coding Schemes

4.1 Introduction

I n previous chapters, classic Multiple-Input Multiple-Output (MIMO) systems have

been investigated, where the multiple antenna elements arecolocated. As discussed

in Chapter 1, the antenna elements in colocated MIMO systemsare assumed to be

positioned sufficiently far apart to ensure that the signalstransmitted from each antenna

element experience independent fading. Otherwise, the spatial fading correlation imposed

by insufficient antenna spacing and large-scale shadow fading [128] result in a degraded

capacity as well as BER performance for MIMO systems. However, the assumption of

having a sufficiently high antenna spacing may be impractical for hand-held wireless

devices, which are typically limited in size and hardware complexity. Hence, the conven-

tional colocated MIMO schemes presented in previous chapters are not readily applicable

to compact wireless devices due to the above-mentioned sizeand complexity constraints.

In the past few years, cooperative communication schemes [38,39,44,46,48,129,130]

have been intensively studied, which combine the benefits ofMIMO systems with relay-

aided techniques in order to eliminate the correlation amongst the spatial diversity paths.

Since the MIMO transmitter’s elements in such a network are distributed, the network

forms a “distributed MIMO” system. Relaying techniques maybe employed in diverse

communication scenarios, such as cellular networks, wireless ad-hoc and sensor net-

works, and wireless local area networks, in order to improvethe attainable transmission

efficiency and/or reliability. Specifically, in a relay aided network where the nodes (users)

are equipped with either single or multiple antennas, cooperative communications allow

the nodes (users) to assist each other in forwarding (relay)all messages to the destina-

89
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tion, rather than transmitting only their own messages. Specifically, two main aspects of

relay-aided networks have been investigated in the literatures, namely the fundamental

limits of transmissions over relay channels [131–137], andthe development of practical

cooperative protocols and transmission schemes [48,138,139].

The information theoretic study of the relay aided channel’s capacity was pioneered

by Cover and El Gamal [131]. Specifically, they derived the exact capacity expression

under certain conditions and evaluated both the lower and upper bounds of the achievable

modem-mode-related information rates. Recent information theoretic studies considered

the Gaussian relay channel in the context of multiple relay nodes [136], and relay nodes

operating in either full- or half-duplex mode [132], as wellas multi-antenna aided re-

laying systems [140] and two-way relay channels [137]. In addition to the information

theoretic investigations, there are numerous studies on practical transmission schemes

designed for relaying systems. For the sake of improving theattainable diversity gain

of relay-aided networks, numerous cooperative protocols [38, 39, 44, 48, 138] have been

proposed. According to the Amplify-and-Forward (AF) protocol [130], the source infor-

mation is simply amplified and forwarded by a relay to the destination. By contrast, in

the Decode-and-Forward (DF) protocol [130], the relayed signal is first detected, reen-

coded/remodulated and then forwarded to the destination. However, a strong channel

code is required for avoiding or at least mitigating the potential error propagation in the

DF scheme. Furthermore, the novel class of coded cooperation [139] was proposed by

Hunteret al., which combines the concept of cooperative communicationsand channel

coding. Similarly to DF relaying, a sophisticated code design is needed to improve the

efficiency of coded cooperation.

On the other hand, inspired by the family of classic turbo codes used in non-cooperative

communication scenarios, Distributed Turbo Codes (DTC) [49] have been proposed for

“distributed MIMO” systems, where the relay interleaves and re-encodes the message

prior to forwarding it to the destination. Hence, aturbo processinggain may be achieved

at the destination. However, DTCs suffer from having an imperfect communication link

between the source and relay nodes. In [50], a three-component Distributed Turbo Trellis

Coded Modulation (DTTCM) scheme has been proposed, which takes into consideration

the realistic condition of having an imperfect source-to-relay communication link. The

DTTCM scheme [50] designed using EXtrinsic Information Transfer (EXIT) chart analy-

sis [64,101] is capable of minimizing the decoding error probability at the relay node and

performs close to its idealized counterpart that assumes perfect decoding at the relay node.

However, the DTTCM of [50] fails to approach the corresponding relay channel’s capac-

ity. On the other hand, several near-capacity turbo coding schemes were proposed in [62]

and [63] by Zhang and Duman for full-duplex and half-duplex relay-aided systems, re-
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spectively, although the authors did not aim for finding the optimal coding schemes under

different relay/network configurations.

Against this background, our objective here is to design a near-capacity cooperative

scheme using a proposed joint source-and-relay mode designprocedure, which is suit-

able for arbitrary relay network configurations. Furthermore, the relay system’s effective

throughput is maximized as a benefit of the proposed design procedure. For the sake of

approaching the relay channel’s capacity, we first derive the theoretical lower and upper

bounds on the Continuous-input Continuous-output Memoryless Channel’s (CCMC) [6,

14] capacity as well as of the Discrete-input Continuous-output Memoryless Channel

(DCMC) [6, 14] capacity (constrained information rate) with independent and uniformly

distributed (i.u.d.) inputs. A new Irregular Cooperative Space-Time Coding (Ir-CSTC)

scheme is proposed, where two IRregular Convolutional Codes (IRCC) [61, 81] having

different IRCC weighting coefficients are employed at the source and relay nodes, re-

spectively, which are designed for supporting near-capacity cooperative communications.

On the other hand, since in most three-terminal cooperativescenarios, a significant

multiplexing losswill be incurred compared to direct transmissions due to thehalf-duplex

constraint1 of practical transceivers, a successive relaying protocolwas proposed in [141]

for the sake of recovering the multiplexing loss by incorporating an additional relay in

the network and arranging for the two relays to transmit in turn. In order to achieve

a near-capacity performance in the context of twin-relay aided network, we extend the

three-terminal Ir-CSTC scheme to suit the four-terminal network where the successive

relaying protocol is employed. Similarly, we also derive both the upper and lower bounds

of the CCMC capacity as well as the bounds of the information rates constrained by

i.u.d. discrete inputs for the successive relaying aided uncorrelated Rayleigh fading chan-

nel. Furthermore, the joint source-and-relay mode design procedure is generalized for

the twin-relay aided network. Specifically, the distributed code components used at the

source and relays are optimally designed. As a benefit, the Ir-CSTC scheme becomes

capable of approaching the DCMC capacity (constrained information rate) in the con-

text of the successive relaying aided network, when the frame length is sufficiently long

(e.g. 105 bits), while approaching the transmission efficiency of classic direct transmis-

sion operating without relaying. Most importantly, it willbe demonstrated that the joint

source-and-relay mode design procedure is capable of finding the optimal cooperative

1The reason of assuming half-duplex terminals relies on the fact that current limitations in radio transceiver imple-

mentations preclude the terminals from full-duplex operation, i.e. from transmitting and receiving at the same time in

the same frequency band. To elaborate a little further, indeed, it would be beneficial in capacity terms to transmit and

receive at the same time, but this would result in the following problems. The received signal may be almost 100dB

lower than the transmit signal. Hence the smallest leakage of the transmitted signal would desensitize the receiver’s

Automatic Gain Control (AGC), hence potentially drowning the received signal.
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coding scheme under arbitrary relay network configuration in both single-relay-aided and

twin-relay-aided networks.

The rest of this chapter is organised as follows. Section 4.2focuses on single-relay-

aided cooperative communications. The system model of the single-relay-aided network

is described in Section 4.2.1. Section 4.2.2 specifies the encoding and decoding processes

of the novel Ir-CSTC scheme. The single relay channel’s capacity computation and the

EXIT chart aided joint source-and-relay mode design are detailed in Section 4.2.3, while

the corresponding simulation results and discussions are provided in Section 4.2.4. Fur-

thermore, a twin-relay-based successive relaying aided cooperative communication sce-

nario is considered in Section 4.3, where the extended Ir-CSTC scheme conceived for our

four-terminal network is optimally designed for near-capacity operation with the aid of

EXIT chart analysis. We provide our simulation results in Section 4.3.5 for the twin-relay-

based successive relaying aided network. Finally, we conclude this chapter in Section 4.4.

4.2 Single-Relay-Aided Cooperative Communications

4.2.1 Single-Relay-Aided Network Model

DestinationSource

Relay

(d)
(s)

(r)

drd
dsr

dsd

Figure 4.1: Schematic of a single relay aided multi-antenna system, wheredab is the geographical

distance between nodea and nodeb.

We consider a two-hop relay-aided network, which has a single source node having

Ns antennas, a single relay node equipped withNr antennas and a destination node having

Nd antennas, where all nodes obey the half-duplex constraint,i.e. a node cannot transmit

and receive simultaneously. The schematic of the proposed system is shown in Fig. 4.1,

which typically entails two phases. InPhase I, the source node (s) broadcasts the in-

formation both to the relay node (r) and to the destination node (d). The relay node (r)

processes the received information and forwards it to the destination node (d) in Phase II,

while the source node (s) remains silent. The destination performs decoding based on the

messages it received in both phases. As in [142], we model thecommunication links in
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Fig. 4.1 as being subjected to both long-term free-space path loss as well as to short-term

uncorrelated Rayleigh fading.

Let dab andPab denote the geometrical distance and the path loss between nodesa and

b. The path loss and the geometrical distance can be related by[142]

Pab =
K

dα
ab

, (4.1)

whereK is a constant that depends on the environment andα is the path-loss exponent.

For a free space scenario, we haveα = 2. The relationship between the energyEsr

received at the relay node and that of the destination nodeEsd can be expressed as

Esr =
Psr

Psd

Esd = GsrEsd, (4.2)

whereGsr is the power-gain (or geometrical-gain) [142] experiencedby the source-to-

relay link with respect to the source-to-destination link as a benefit of the commensurately

reduced distance and path loss, which can be expressed as

Gsr =

(

dsd

dsr

)2

. (4.3)

Similarly, the geometrical-gain at the relay-to-destination link with respect to the source-

to-destination link can be formulated as

Grd =

(

dsd

drd

)2

. (4.4)

Naturally, the geometrical-gain at the source-to-destination link with respect to itself is

unity, i.e. Gsd = 1. Therefore, owing to the triangle inequality applied in Fig. 4.1, the

geometrical-gainsGsr andGrd have to satisfy

Gsr + Grd + 2
√

GsrGrd ≥ GsrGrd. (4.5)

We assume that the relay node is closer to the source node thanto the destination node,

while both the source and relay are far away from the destination, namely we have

Gsr > Grd. In this scenario, the relay benefits from a higher received signal power than

the destination. This assumption facilitates the employment of near-perfect DF relaying

(similar arguments can be found in [132, 143]), otherwise other relaying modes might

be better choices (e.g. Amplify-and-Forward (AF) and Compress-and-Forward (CF)).

Hence, the vector hosting the received signal at the relay node duringPhase I, which

consists ofLs number of symbol periods, can be formulated as

yr =
√

GsrHsrcs + nr, (4.6)

whereyr = [yr,1, . . . , yr,Nr
]T is theNr-element vector of the received signals at the relay

node,Hsr is the (Nr × Ns)-element channel matrix, the entries of which are independent
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and identically complex Gaussian distributed with a zero mean and a variance of 0.5 per

dimension. Furthermore,cs = [cs,1, . . . , cs,Ns
]T is anNs-element vector of the signals

transmitted from the source node at an average power ofP0 andnr = [nr,1, . . . , nr,Nr
]T

is anNr-element noise vector. Each element ofnr is an Additive White Gaussian Noise

(AWGN) process having a zero mean and a variance ofN0/2 per dimension. By contrast,

the signal vector received at the destination node duringPhase Ican be expressed as

yI
d =

√

GsdHsdcs + nd, (4.7)

and the signal vector received at the destination node during Phase II, whenLr number

of symbols are transmitted from the relay node, is formulated as

yII
d =

√

GrdHrdcr + nd, (4.8)

whereyI
d = [yI

d,1, . . . , y
I
d,Nd

]T andyII
d = [yII

d,1, . . . , y
II
d,Nd

]T are bothNd-element vectors of

the signals received duringPhase IandPhase IIat the destination node,Hsd ∈ CNd×Ns

and Hrd ∈ C
Nd×Nr are the corresponding channel matrices, the entries of which are

independent and identically complex Gaussian distributedwith a zero mean and a variance

of 0.5 per dimension. Finally,cr = [cr,1, . . . , cr,Nr
]T is an Nr-element vector of the

signals transmitted from the relay node at the same powerP0 as that ofcs andnd =

[nd,1, . . . , nd,Nd
]T is anNd-element AWGN vector with each element having a zero mean

and a variance ofN0/2 per dimension.

4.2.2 Irregular Cooperative Space-Time Codes
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Figure 4.2: Schematic of the Ir-CSTC encoder. The corresponding decoder is shown in Fig. 4.3

and all system parameters are summarized in Table 4.1.
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4.2.2.1 Ir-CSTC Encoder

At the source node of the proposed two-hop relay-aided network as shown in Fig. 4.2, we

use a Space-Time Code (STC) amalgamated with a recursive Unity-Rate Code (URC)2

as the inner code, while an IRCC [61,81] having an average code rate ofRs is employed

as the outer code, which is optimized with the aid of EXIT chart analysis for the sake of

near-error-free decoding at channel SNRs close to the capacity of the source-to-relay link

at the relay node during the relay’s receive period ofPhase I. On the other hand, as shown

in Fig. 4.2, in the relay’s transmit period ofPhase IIanother IRCC having a code rate of

Rr is amalgamated with another STC, where the IRCC is further improved with the aid

of a joint source-and-relay mode design procedure, as we will show in Section 4.2.3.2 for

the sake of approaching the relay channel’s capacity. Specifically, the notationsπs and

πr in Fig. 4.2 represent the bit-wise random interleaver used at the source node and the

relay node, respectively. Compared to the topology of the DTC [49], it may be observed

that the cooperative scheme seen in Fig. 4.2 combines the benefits of a serially concate-

nated scheme and of a DTC, which is referred to as an IrregularCooperative Space-Time

Coding (Ir-CSTC) scheme in this contribution.

4.2.2.2 Three-Stage Iterative Decoding at the Destination
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I
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Figure 4.3: The three-stage iterative decoder of the Ir-CSTC scheme of Fig. 4.2, where all system

parameters are summarized in Table 4.1.

The novel three-stage iterative decoder structure of the Ir-CSTC scheme is illustrated

in Fig. 4.3. At the destination node, the signals received during Phase Iare first de-
2URCs were proposed by Divsalaret al. [105] for the sake of extending the overall system’s impulseresponse to an

infinite duration, which efficiently spreads the extrinsic information, hence improves the achievable iterative detection

gain.
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coded by the amalgamated3 “STCs-URCs” decoder in order to produce thea priori Log-

Likelihood Ratio (LLR) valuesL1,a(c1) of the coded bitsc1 by the Maximum A-posteriori

Probability (MAP) algorithm [89]. The IRCCs decoder seen at the top right of Fig. 4.3

processes the information forwarded by the “STCs-URCs” decoder in conjunction with

thea priori LLR valuesL1,a(u1) of the information bitsu1 gleaned by the “STCr-IRCCr”

relay-decoder in order to generate thea posterioriLLR valuesL1,p(u1) andL1,p(c1) of the

information bitsu1 and of the coded bitsc1, respectively. As seen in Fig. 4.3, thea priori

LLRs L1,a(c1) are subtracted from thea posterioriLLR valuesL1,p(c1) and then they

are fed back to the “STCs-URCs” decoder as thea priori informationL2,a(u2) through

the interleaverπs. We term this information-exchange process seen in the top trace of

Fig. 4.3 as the “inner” iteration4. Similarly, during the “outer” iterations, thea priori

LLR valuesL1,a(u1) fed into the IRCCs decoder are also subtracted from thea posteriori

LLR valuesL1,p(u1) for the sake of generating the extrinsic LLR valuesL1,e(u1) as seen

at the top right corner of Fig. 4.3. ThenL1,e(u1) is passed to the amalgamated “STCr-

IRCCr” relay-decoder as thea priori informationL4,a(ũ1) through the interleaverπr in

conjunction with the signals received duringPhase IIin order to compute thea posteriori

LLR valuesL4,p(ũ1) of the permuted information bits̃u1 from the relay node. As seen in

Fig. 4.3, the extrinsic informationL4,e(ũ1) is generated by subtracting thea priori infor-

mationL4,a(ũ1) from thea posteriori informationL4,p(ũ1), beforeL4,e(ũ1) is fed back

to the IRCCs decoder as thea priori informationL1,a(u1) through the de-interleaverπ−1
r .

During the last “outer” iteration, only the LLR valuesL1,p(u1) of the original information

bits u1 are required, which are passed to the hard-decision block ofFig. 4.3 in order to

estimate the source bits.

4.2.3 Near-Capacity System Design and Analysis

In order to design a near-capacity coding scheme for the proposed two-hop relay-aided

network, in Section 4.2.3.1 we first derive the upper and lower bounds on the relay chan-

nel’s CCMC capacity as well as those of the DCMC capacity (constrained information

rate) for Alamouti’s STBC scheme, since the relay channel’sexact capacity formula is

unavailable. Then, our EXIT chart based joint source-and-relay mode design procedure

will be detailed in Section 4.2.3.2.
3The terminology “amalgamated” is used here to indicate thatalthough it might have some benefits to exchange

extrinsic information between these two blocks, no iterations were used between them.
4Explicitly, at the destination node, the extrinsic information exchange between the amalgamated “STCs-URCs”

decoder and the IRCCs decoder is referred to as the “inner” iteration, while that between the parallel amalgamated

“STCs-URCs-IRCCs” decoder and the amalgamated “STCr-IRCCr” relay-decoder is referred to as the “outer” itera-

tion.
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4.2.3.1 Single-Relay Channel’s Capacity

As presented in [132], a general upper bound on the CCMC capacity of a half-duplex5

relay system is derived based on the original work on the full-duplex relay channels [131],

which is given by

Ccoop
CCMC ≤ max

p(x1,x2,x)

{

min
{

λE [I(X1; Y1, Y )] + (1 − λ)E [I(X2; Y2|X)] ,

λE [I(X1; Y1)] + (1 − λ)E [I(X2, X; Y2)]
}

}

, (4.9)

wherep(x1, x2, x) indicates the joint probability of the signals transmittedfrom the source

and the relay nodes, whileλ is the ratio of the first time slot duration to the total frame

duration. The signalsX1 andX2 are transmitted from the source node during the first and

the second time slot, respectively, whileY1 andY2 represent the corresponding signals

received at the destination during the two consecutive timeslots. Furthermore,Y andX

are the received and transmitted signals at the relay node, respectively. On the other hand,

another achievable rate definition for the DF protocol, which can be regarded as a lower

bound on the CCMC capacity of the relay system, was provided in [132] in the form of

Ccoop
CCMC ≥ max

p(x1,x2,x)

{

min
{

λE [I(X1; Y )] + (1 − λ)E [I(X2; Y2|X)] ,

λE [I(X1; Y1)] + (1 − λ)E [I(X2, X; Y2)]
}

}

,(4.10)

whereI(A; B) represents the mutual information between the channel’s inputA and the

corresponding outputB, andE(·) denotes the expectation with respect to the fading co-

efficients.

In our half-duplex-constrained relay-aided system, the source node does not transmit

during Phase II, i.e. X2 = 0, we haveE[I(X2; Y2|X)] = 0 and E[I(X2, X; Y2)] =

E[I(X; Y2)] in (4.9) and (4.10). Hence, based on Eqs. (4.6)-(4.8) the upper and lower

bounds of the single relay channel’s capacity can be derivedaccordingly as

Ccoop
CCMC ≤ max

p(cs,cr)

{

min
{ Ls

Ls + Lr

E
[

I(Cs; Y
I
d , Yr)

]

,

Ls

Ls + Lr

E
[

I(Cs; Y
I
d )
]

+
Lr

Ls + Lr

E
[

I(Cr; Y
II
d )
]

}

}

(4.11)

5In [132], the source node continues transmission during thesecond time slot.
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and

Ccoop
CCMC ≥ max

p(cs,cr)

{

min
{ Ls

Ls + Lr

E [I(Cs; Yr)] ,

Ls

Ls + Lr

E
[

I(Cs; Y
I
d )
]

+
Lr

Ls + Lr

E
[

I(Cr; Y
II
d )
]

}

}

, (4.12)

respectively.

In addition to the CCMC capacity bounds, we also evaluate theinformation-rate

bounds for the single relay channel in conjunction with i.u.d. discrete inputs. Thus,

the upper and lower constrained information-rate bounds are given by

Ccoop
DCMC ≤ min

{ Ls

Ls + Lr

E
[

Id(Cs; Y
I
d , Yr)

]

,

Ls

Ls + Lr

E
[

Id(Cs; Y
I
d )
]

+
Lr

Ls + Lr

E
[

Id(Cr; Y
II
d )
]

}

(4.13)

and

Ccoop
DCMC ≥ min

{ Ls

Ls + Lr

E [Id(Cs; Yr)] ,

Ls

Ls + Lr

E
[

Id(Cs; Y
I
d )
]

+
Lr

Ls + Lr

E
[

Id(Cr; Y
II
d )
]

}

, (4.14)

respectively, where the subscriptd indicates the i.u.d. discrete-input constraint.

In this contribution, we employ Alamouti’s 4QAM-based G2 scheme at both the

source and relay nodes, where the two-hop single-relay-aided network model is config-

ured withNs = 2, Nr = 2 andNd = 4, as shown in Figs. 4.2 and 4.3. Thecodeword

matrix of the G2 scheme is given by:

CG2 =

(

c1 c2

−c̄2 c̄1

)T

. (4.15)

Based on Eqs. (4.6)-(4.8), the signal received at the relay node duringV = 2 consecutive

symbol periods can be written as

Yr =
√

GsrHsrCs + Nr, (4.16)

while the signals received at the destination node duringV = 2 consecutive symbol

periods inPhase IandPhase IIare expressed as

YI
d =

√

GsdHsdCs + Nd, (4.17)

and

YII
d =

√

GrdHrdCr + Nd, (4.18)
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respectively. Specifically,Yr = [yr,1, . . . ,yr,V ] ∈ CNr×V , YI
d = [yI

d,1, . . . ,y
I
d,V ] ∈

CNd×V andYII
d = [yII

d,1, . . . ,y
II
d,V ] ∈ CNd×V are the matrices hosting the sampled signal

received at the relay node and the destination node, respectively, while Hsr ∈ CNr×Ns,

Hsd ∈ CNd×Ns andHrd ∈ CNd×Nr are the corresponding quasi-static channel matri-

ces, which are constant overV = 2 consecutive symbol periods. Furthermore,Cs =

[cs,1, . . . , cs,V ] ∈ CNs×V andCr = [cr,1, . . . , cr,V ] ∈ CNr×V represent Alamouti’s G2

matrices characterizing the transmissions of the source and relay nodes, whileNr =

[nr,1, . . . ,nr,V ] ∈ CNr×V andNd = [nd,1, . . . ,nd,V ] ∈ CNd×V represents the AWGN

matrix incurred at the relay and the destination nodes, respectively.

Hence, we may readily derive the upper and lower bounds on theconstrained infor-

mation rate of the relaying channel with i.u.d. G2codeword-matrix inputs as

Ccoop-g2
DCMC ≤ min

{ Ls

Ls + Lr

E
[

Id(Cs;Y
I
d,Yr)

]

,

Ls

Ls + Lr

E
[

Id(Cs;Y
I
d)
]

+
Lr

Ls + Lr

E
[

Id(Cr;Y
II
d )
]

}

(4.19)

and

Ccoop-g2
DCMC ≥ min

{ Ls

Ls + Lr

E [Id(Cs;Yr)] ,

Ls

Ls + Lr

E
[

Id(Cs;Y
I
d)
]

+
Lr

Ls + Lr

E
[

Id(Cr;Y
II
d )
]

}

, (4.20)

respectively.

Considering a relay channel associated with a perfect source-to-relay link, i.e.Gsr =

∞, where the relay node is very close to the source node and is capable of perfectly

recovering all the information transmitted from the sourcenode, we have

max
p(cs,cr)

E[I(Cs; Y
I
d , Yr)] → ∞, max

p(cs,cr)
E[I(Cs; Yr)] → ∞, (4.21)

and

E[Id(Cs;Y
I
d,Yr)] = 2, E[Id(Cs;Yr)] = 2, (4.22)

since the 4QAM-based G2 STC is used. Therefore, the CCMC capacity upper and lower

bounds of (4.11) and (4.12) converge to

Ccoop
CCMC = max

p(cs,cr)

{ Ls

Ls + Lr

E
[

I(Cs; Y
I
d )
]

+
Lr

Ls + Lr

E
[

I(Cr; Y
II
d )
]

}

. (4.23)

Similarly, the lower and upper bounds on the information rates constrained by the i.u.d.

G2 codeword-matrix inputs converge to

Ccoop-g2
DCMC = min

{ 2Ls

Ls + Lr

,
Ls

Ls + Lr

E
[

Id(Cs;Y
I
d)
]

+
Lr

Ls + Lr

E
[

Id(Cr;Y
II
d )
]

}

.(4.24)
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Figure 4.4: The CCMC capacity curve and constrained information rates employing Alamouti’s

G2 scheme in conjunction withGsr = ∞ andGrd = 1 as well asLs = Lr for the single-relaying

channel of Fig. 4.1.
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Figure 4.5: The relay channel’s CCMC capacity and constrained information-rate bounds em-

ploying the 4QAM-modulated G2 scheme when the network of Fig. 4.1 is configured with

Gsr = 8 andGrd = 2 as well asLs = Lr.

Finally, we reformulate (4.24) as follows

Ccoop-g2
DCMC (SNRcoop

e ) = min
{ 2Ls

Ls + Lr

,
Ls

Ls + Lr

Cs→d
DCMC (SNRs

e)

+
Lr

Ls + Lr

C r→d
DCMC (SNRr

e, Grd)
}

,(4.25)
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where we refer to SNRse and SNRre as the equivalent SNRs6 at the source and relay, respec-

tively, which are both equal toP0/N0, since they transmit at the same power ofP0. Fur-

thermore, SNRcoop
e is the equivalent overall SNR of the relay-aided network, which is de-

fined by SNRcoop
e = P0/N0. The variablesCs→d andC r→d represent the channel capacities

of the direct source-to-destination link and of the relay-to-destination link, respectively.

Furthermore, the corresponding constrained information rates ofE
[

Id(Cs;Y
I
d,Yr)

]

,

E [Id(Cs;Yr)], E
[

Id(Cs;Y
I
d)
]

andE
[

Id(Cr;Y
II
d )
]

can be similarly evaluated with the

aid of Monte-Carlo techniques based on Eq. (9) of [127].

An example is given in Fig. 4.4 for the single-relay-aided uncorrelated Rayleigh fading

channel associated withGrd = 1 andLs = Lr. Based on Eqs. (4.23), (4.24) and (4.25),

we characterize the CCMC capacity and the information ratesobeying the i.u.d. 4QAM-

based G2codeword-matrix-input constraint. The capacity and information rates of the

direct source-to-destination link channel are also depicted in Fig. 4.4, where we assume

that the power constraint isP0 for the direct transmission based benchmarker for the sake

of a fair comparison. We can observe in Fig. 4.4 that the information-rate of the single-

relay-aided channel is exactly the same as that of the directtransmission in the low-SNR

regime, but only half of that in the high-SNR regime due to themultiplexing loss at the

half-duplex single-relay-aided system.

Furthermore, we consider a more practical example for a specific network associated

with Ls = Lr as well asGsr = 8 andGrd = 2 in Fig. 4.5, where the source-to-relay link

is imperfect. The CCMC capacity and the information rates obeying the i.u.d. 4QAM-

modulated G2codeword-matrix-input constraint are evaluated by the upper and lower

bounds given in (4.11)-(4.12) and (4.19)-(4.20). We can seein Fig. 4.5 that the lower and

upper bounds converge and exhibit a substantial capacity gain over conventional direct

transmission in the low and medium SNR regimes below a certain convergence threshold,

which is caused by the geometrical-gain of the relay-to-destination link. On the other

hand, it is observed that the relay channel’s DCMC capacity is only half of the direct

transmission due to a factor ofLs+Lr

Lr
= 2.0 multiplexing loss in the half-duplex scenario.

The DCMC capacity provides the fundamental limits on the performance of a practical

coding/decoding scheme. In Section 4.2.3.2, we will propose an optimal distributed cod-

ing scheme, which is capable of approaching the relay channel’s limits under arbitrary

relay network configuration.

6Here we introduced the terminology of equivalent SNRe to define the ratio of the signal power at the transmitter

side with respect to the noise level at the receiver side, as in [142]. Although this does not have a direct physical

interpretation, it simplifies our discussions.
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4.2.3.2 Joint Code Design for the Source-and-Relay Nodes Based on EXIT Charts

For the sake of analysing the convergence behaviours of iterative decoders employed by

the two-hop relay-aided system, we use two EXIT charts [64, 101] to examine the evo-

lution of the input/output mutual information exchanges between the inner amalgamated

“STCs-URCs” decoder and the outer IRCCs decoder at the relay node, as well as between

the parallel amalgamated “STCs-URCs-IRCCs” decoder and the amalgamated “STCr-

IRCCr” decoder at the destination node during the consecutive iterations. As has been

investigated in [69, 108], a narrow but marginally open EXIT-tunnel between the EXIT

curves of the inner amalgamated “STCs-URCs” decoder and the outer IRCCs decoder

at the relay node indicates that a performance close to the capacity of the source-to-relay

link could be achieved. Similarly, at the destination node,a narrow-but-open EXIT-tunnel

between the EXIT curves of the parallel amalgamated “STCs-URCs-IRCCs” decoder and

the amalgamated “STCr-IRCCr” decoder indicates the possibility of achieving decoding

convergence to an infinitesimally low Bit Error Ratio (BER) at SNRs close to the relay

channel’s capacity. Therefore, we propose a joint source-and-relay mode design proce-

dure for supporting near-capacity cooperative communications as well as for maximizing

the system’s effective throughput, which can be simplified to two EXIT curve matching

problems summarised as follows:

Step 1: Choose a specific average code rateRs for the IRCCs at the source node

and employ the EXIT curve matching algorithm of [61] to obtain the

optimized weighting coefficientsαi, i = 1, . . . , 17 of IRCCs, where a

narrow but marginally open EXIT-tunnel between the EXIT curves of

the inner amalgamated “STCs-URCs” decoder and the outer IRCCs de-

coder emerges at the relay node. This implies that a near-capacity per-

formance may be achieved for the source-to-relay communication link.

Then we store the value of the corresponding transmit power required at

the source node.

Step 2: Choose the same transmit power at the source as stored inStep 1. Fix

the optimized weighting coefficientsαi, i = 1, . . . , 17 of the IRCCs ob-

tained inStep 1at the source node, perform iterative decoding by ex-

changing extrinsic information between the amalgamated “STCs-URCs”

decoder and the IRCCs decoder duringPhase Iat the destination node,

until the further increase of the areaAE under the EXIT curve of the

amalgamated “STCs-URCs-IRCCs” decoder becomes marginal, then stop

this “inner” iterative decoding process.
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No. of Source AntennasNs 2

No. of Relay AntennasNr 2

No. of Destination AntennasNd 4

Channel long-term path loss + short-term

uncorrelated flat Rayleigh fading

STCs at the Source and Relay STBC [8]

Modulation Scheme 4QAM

Source Coding RateRs 0.5

Geometrical Gain ofs-to-r link Gsr 8

Geometrical Gain ofr-to-d link Grd 2

Frame Length 250 000 bits

Table 4.1: Single-relay-aided Ir-CSTC system parameters. The system’s architecture was shown

in Figs. 4.2 and 4.3.

Step 3: Assume perfectly error-free DF relaying and the same transmit power at

the relay as that of the source in the second EXIT chart, whichexam-

ines the evolution of the input/output mutual information exchanges in

the three-stage iterative decoder of the Ir-CSTC scheme. Use the EXIT

curve matching algorithm of [61] to match the SNR-dependentEXIT

curve of the amalgamated “STCr-IRCCr” decoder to the target EXIT

curve of the amalgamated “STCs-URCs-IRCCs” decoder observed in

Step 2. Obtain the maximized average code rateRr and the optimized

weighting coefficientsβj , j = 1, . . . , 17 of IRCCr when a narrow-but-

open EXIT-tunnel emerges.

In the following part of this section, all the results presented characterize an Ir-CSTC

scheme using the system parameters outlined in Table 4.1, where we consider an aver-

age code rate ofRs = 0.5 for the outer IRCCs at the source node and the specific relay

network configuration associated withGsr = 8 andGrd = 2, which satisfies Eq. (4.5).

The EXIT chart of the serially concatenated IRCCs-URCs-STBCs scheme of the source-

to-relay link is depicted in Fig. 4.6, whereIA and IE indicate the mutual information

between the information bits and thea priori LLR values as well as the corresponding

extrinsic LLR values, respectively. The EXIT curve of the outer IRCCs having optimized

weighting coefficientsαi as shown in the caption of Fig. 4.6 was constructed using the

curve matching algorithm of [61]. As we can see from Fig. 4.6,a narrow but marginally

open EXIT tunnel emerges for the2 × 2 source-to-relay communication link. A receive
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Figure 4.6: The EXIT chart curves of the URCs-G2s, the IRCCs with optimized weighting coef-

ficients[α1, . . . , α17]= [0, 0, 0, 0, 0, 0.327442, 0.186505, 0.113412, 0, 0.0885527,0, 0.0781214,

0.0962527, 0.0114205, 0.0346015, 0.0136955, 0.0500168] and 17 IRCC subcodes for the2 × 2

source-to-relay communication link. The transmitter’s schematic is shown in Fig. 4.2 and the

system parameters are summarized in Table 4.1.

SNR of about -2.1 dB is needed in order to attain a decoding convergence to an infinites-

imally low BER. Due to the geometrical-gain of the source-to-relay link, the equivalent

SNR at the source node can be computed as

SNRs
e = SNRsr

r − 10log10(Gsr)[dB] , (4.26)

where SNRsrr is the receive SNR at the relay node. Hence, the minimum SNRs
e at the

source node required for the sake of obtaining a near error-free performance at the relay

node is -11.1 dB. As presented in Section 4.2.1, we assume that both the source and relay

transmit their signals at the same transmit power, hence they have the same equivalent

SNR. In order to avoid the potentially high computational complexity at the relay node, a

wider-than-necessary EXIT tunnel7 is created in the EXIT chart of Fig. 4.6 at the receive

SNR of -1.0 dB at the relay node, which corresponds to an equivalent SNR of -10 dB

based on Eq. (4.26) at both the source and relay nodes. As clearly seen in the EXIT
7A ‘wider-than-necessary’ EXIT tunnel indicates the possibility of reaching the convergence (1.0, 1.0) point for

fewer iterations, which involves lower complexity.
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Figure 4.7: The EXIT chart curves for the URCs-G2s, the IRCCs with the same optimized

weighting coefficients [α1, . . . , α17] = [0, 0, 0, 0, 0, 0.327442, 0.186505, 0.113412, 0, 0.0885527,

0, 0.0781214, 0.0962527, 0.0114205, 0.0346015, 0.0136955, 0.0500168] and 17 IRCC subcodes

for the source-to-destination link in non-cooperative scenario where the SNRsd
r denotes the re-

ceive SNR of the source-to-destination link. The transmitter’s schematic is shown in Fig. 4.2 and

the system parameters are summarized in Table 4.1.

chart of Fig. 4.8 at the destination node, after 5 “inner” iterations between the IRCCs

decoder and the amalgamated “STBCs-URCs” decoder, the increase of the areaAE under

the amalgamated “STBCs-URCs-IRCCs” decoder becomes marginal. Hence, we fix the

number of “inner” iterations toId
i = 4 at the destination node. Following the design

procedure above, we obtain the resultant matching EXIT curve for the Ir-CSTC scheme in

Fig. 4.8, where the IRCCr has the optimized weighting coefficientsβj and a maximized

average code rate ofRr = 0.5, hence we haveLs = Lr. It is clearly seen in Fig. 4.8

that a narrow-but-open EXIT-tunnel emerges, which indicates the possibility of achieving

decoding convergence to an infinitesimally low BER at near-capacity SNRs for the Ir-

CSTC scheme. This prediction is verified in Fig. 4.8 by plotting the corresponding Monte-

Carlo simulation-related decoding trajectory, which indeed reaches the (1.0,1.0) point of

the EXIT chart. On the other hand, since the code rateRr of the relay’s IRCC has been

maximized by the joint source-and-relay mode design procedure, the Ir-CSTC scheme

achieves a maximum effective throughput ofLs

Ls+Lr
Rslog24 = 0.5 bit/s/Hz, when the
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Figure 4.8: The EXIT chart curves for the IRCCs-URCs-G2s with various “inner” iterations,

the IRCCr-G2r with IRCCr having optimized weighting coefficients[β1, . . . , β17] = [0, 0, 0,

0, 0.233115, 0.0158742, 0.292084, 0.220065, 0.0151108, 0,0, 0, 0, 0, 0, 0, 0.22375] and 17

SNR-dependent IRCCr-G2r subcodes. The subscript of IRCCs denotes the number of “inner”

iterations between the IRCCs and “G2s-URCs” decoders and the SNRe represents the equiva-

lent SNR at both the source and relay nodes. The transmitter/receiver schematics are shown in

Figs. 4.2 and 4.3, respectively, and the system parameters are summarized in Table 4.1.

4QAM-modulated G2 scheme is employed.

4.2.4 Simulation Results and Discussions

In this section, we present the BER versus equivalent SNR performance of both the perfect

and imperfect relaying aided Ir-CSTC schemes as well as thatof a non-cooperative serial

concatenated IRCC-URC-STBC scheme in Fig. 4.9. For the Ir-CSTC scheme, according

to the trajectory predictions seen in Figs. 4.6 and 4.8, the number of decoding iterations

between the IRCCs decoder and the amalgamated “STBCs-URCs” decoder was fixed to

Ir = 13 at the relay node. At the destination node, the number of “inner” decoding it-

erations was fixed toId
i = 4, while the number of “outer” decoding iterations between

the parallel amalgamated “STBCs-URCs-IRCCs” decoder and the amalgamated “STBCr-

IRCCr” decoder was fixed toId
o = 17. On the other hand, for the non-cooperative serial
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Figure 4.9: BER versus equivalent overall SNR performance of both perfect and imperfect re-

laying Ir-CSTC and non-cooperative IRCC-URC-G2 schemes for a frame length of 250 000 bits,

where the cooperative network is configured withGsr = 8 andGrd = 2 as well asLs = Lr

and the non-cooperative system is equipped with two transmit and four receive antennas. The

transmitter/receiver schematics are shown in Figs. 4.2 and4.3 and the system parameters are

summarized in Table 4.1.

concatenated IRCC-URC-STBC scheme, we employ an outer IRCC, which has the same

weighting coefficientsαi as that of the IRCCs in the cooperative system. The EXIT chart

for the non-cooperative IRCC-URC-STBC scheme is shown in Fig. 4.7, where a narrow-

but-open tunnel emerges at a receive SNR of about -5.3 dB at the destination node. For

comparison, the number of decoding iterations exchanging extrinsic information between

the outer IRCC decoder and the inner “STBC-URC” decoder in the non-cooperative sce-

nario was fixed toInon = 13 as well.

As seen in Fig. 4.9, the Ir-CSTC scheme outperforms the non-cooperative IRCC-

URC-STBC scheme by approximately 5.1 dB in terms of the required equivalent SNR,

which corresponds to a 3 dB lower value of 2.1 dB in terms ofEb/N0 due to a factor

two multiplexing loss in the half-duplex Ir-CSTC scheme. Onthe other hand, the perfor-

mance of the perfect relaying-aided Ir-CSTC scheme matchesthe EXIT chart predictions

of Fig. 4.8, while the imperfect relaying-aided Ir-CSTC scheme performs similarly to

the perfect relaying scheme. This is due to the fact that the source information becomes

near-error-free at the relay node after a sufficiently high number of decoding iterations.

Furthermore, it is clearly shown in Fig. 4.9 that the Ir-CSTCscheme is capable of per-

forming within 1.4 dB of the corresponding relay channel’s DCMC capacity.
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4.3 Twin-Relay-Aided Cooperative Communications

4.3.1 Twin-Relay-Aided Network Model

s d

r1

r2

(a) Phase 1

s d

r2

r1

(b) Phase 2

s d

r1

r2

(c) Phase 3

Figure 4.10: System model for the successive relaying aided network, where the interference

between the relays is negligible. This may be contrasted to the single-relay based architecture of

Fig. 4.1.

In this section, we consider the four-terminal successive relaying aided network of

Fig. 4.10, where a single sources is equipped withNs antennas, and intends to commu-

nicate with the destinationd havingNd antennas. The two relaysr1 andr2 are equipped

with Nr1
andNr2

antennas, respectively, and each relayri can be either a mobile user or

a fixed relay. Compared to the conventional single-relay-aided scheme of Section 4.2.1,

it is clearly seen that one additional relay is required to support the successive relaying,

which potentially increases the overall infrastructure cost. However, this can be avoided,

when the relays are constituted by inactive mobile users. Asstated in Section 4.2, to

obey the realistic limitations of practical transceivers,all nodes in the successive relaying

network obey the half-duplex constraint as well. Furthermore, we consider a similar sce-

nario to that of [144], where the relays were said to have “weak interconnections”. In our

case, the interference between the relays is considered to be negligible compared to the

desired signal power, especially when no line-of-sight (LOS) transmission exists among

the relays. Similarly, we model the communication links between the nodes of Fig. 4.10

as being subjected to both free-space path loss as well as to uncorrelated Rayleigh fad-

ing, except for the link between the relays. The proportional geometrical-gain [142] for

the source-to-relay (SR) links and the relay-to-destination (RD) links with respect to the

source-to-destination (SD) link are denoted byGsr1
, Gsr2

andGr1d, Gr2d, respectively. In

this section, we also assume that the relays are closer to thesource than to the destina-

tion8, while both the source and relays are far away from the destination, namely we have

Gsri
> Grid, i = 1, 2.

8In [145] and [146], the effects of relay position were investigated and the authors considered the benefits of power

allocation as a countermeasure.
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4.3.2 Successive Relaying Protocol Description
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Figure 4.11: Frame structure of the successive relaying scheme of Fig. 4.10, solid box for trans-

mitted signal, dashed box for received signal and dotted boxfor idle status.

We split the source transmissions into different identical-length frames. As illustrated

in Fig. 4.10, the transmission scheduling of the successiverelaying protocol can be de-

scribed as follows9. In Phase1 of Fig. 4.10(a),s transmits frame 1;r1 listens tos; r2

remains silent andd receives frame 1 froms. In Phase2 of Fig. 4.10(b),s transmits

frame 2;r1 decodes, re-encodes and forwards frame 1;r2 listens tos andd receives frame

1 from r1 and frame 2 froms. By contrast, duringPhase3 seen in Fig. 4.10(c),s trans-

mits frame 3;r2 decodes, re-encodes and forwards frame 2;r1 listens tos andd receives

frame 2 fromr2 and frame 3 froms. This progress is repeated in this manner untilPhase

N . In Phase(N + 1), s andr1 (or r2) keep silent. Thenr2 (or r1) decodes, re-encodes

and forwards frameN , while d receives frameN from r2 (or r1). The frame structure of

the successive relaying scheme is further illustrated in Fig. 4.11. It is clearly seen that in

our successive relaying scheme, (N +1) communication phases are required to conveyN

frames of information with the aid of two relays. Hence, the efficiency of classic direct

transmission is approached, provided thatN is sufficiently high. The vector hosting the

received signal at the relayri can be formulated as:

yri
=
√

Gsri
Hsri

cs + nri
. (4.27)

By contrast, the signal vector received at the destinationd during the first and last trans-

mission phase can be expressed as:

yd =
√

GsdHsdcs + nd, (4.28)

and

yd =
√

GridHridcri
+ nd, i = 1 or 2, (4.29)

9In this contribution, we only consider the scenario, where the two relays are always active in assisting the source.

The cooperative systems, where the relays are not always cooperating are investigated in [44] and [147].
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respectively, while the signal received byd from s during the intermediate phase is con-

taminated by the interfering signals received from the relay, which is formulated as:

yd =
√

GsdHsdcs +
√

GridHridcri
+ nd, i = 1 or 2, (4.30)

whereyri
= [yri,1, . . . , yri,Nri

]T is theNri
-element vector of the signals received at relay

ri. Furthermore,yd = [yd,1, . . . , yd,Nd
]T is theNd-element vector of the signals received

at the destination, whileHsri
∈ CNri

×Ns , Hsd ∈ CNd×Ns andHrid ∈ CNd×Nri are the

corresponding channel matrices having independent and identically complex Gaussian

distributed elements with a zero mean and a variance of 0.5 per dimension. Furthermore,

cs = [cs,1, . . . , cs,Ns
]T andcri

= [cri,1, . . . , cri,Nri
]T are theNs-element vector of the sig-

nals transmitted from the sources and theNri
-element vector of signals transmitted from

the relayri, respectively. For a fair comparison with the conventionalsingle-relay-aided

system of Section 4.2, in this section we assume that the source and relays transmit at

the same powerP0/2. Finally,nri
= [nri,1, . . . , nri,Nri

]T andnd = [nd,1, . . . , nd,Nd
]T are

the correspondingNri
-element andNd-element AWGN vectors, both with each element

having a zero mean and a variance ofN0/2 per dimension.

4.3.3 Irregular Cooperative Space-Time Coding for Successive Relaying Network
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Figure 4.12: Schematic of the generalized Ir-CSTC encoder for the successive relaying aided

network. The decoder’s schematic can be found in Fig. 4.13, while the corresponding single-

relay based transmitter may be contrasted by observing Fig.4.2.

In Section 4.2, we have proposed a novel Ir-CSTC scheme for the three-terminal relay-

aided network. In this section, we will extend this Ir-CSTC scheme for the four-terminal

successive relaying aided network, which will be shown in Section 4.3.4 to be capable of

approaching the DCMC capacity limit for the successive relaying channels.
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4.3.3.1 Distributed Encoding at the Source and Relays

As seen in Fig. 4.12, at the source of the four-terminal successive relaying aided network,

we use a same three-component serial concatenated IRCC-URC-STC scheme. At both of

the two relays, the same two-component serial concatenatedIRCC-STC scheme is em-

ployed for the successive relaying aided network considered in this contribution, where

the IRCCs at the relays may have different coding rates and weighting coefficients de-

pending on the different relay topologies, and will assist us in attaining a near-capacity

performance, as in Section 4.2.2. Since the frames transmitted and relayed from the

source and relays have the same frame length, as seen in Fig. 4.11, we choose the same

average code rate for the different IRCCs used at the source and relays of the twin-relay

aided network, namely we haveRs = Rr1
= Rr2

. Note that there is no interference be-

tween the two relays during any of their transmission phases, as detailed in [144]. Hence,

no interference suppression is needed at the relays, as seenin Fig. 4.12. However, at the

destination, except for the first and last phase, suppression of the interference becomes a

potential problem, which will be detailed in the next subsection.

4.3.3.2 SIC-Aided Iterative Decoding at the Destination
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Figure 4.13: A frame-by-frame SIC aided iterative decoder of the generalized Ir-CSTC scheme

of Fig. 4.12 at the destination. The corresponding single-relay based decoder may be contrasted

by observing Fig. 4.3.

In contrast to the iterative decoder of the conventional single-relay-aided network of

Section 4.2.2.2, Fig. 4.13 illustrates our novel frame-by-frame successive interference

cancellation (SIC) aided iterative decoder designed for the generalized Ir-CSTC scheme

of the successive relaying aided network. The SIC aided iterative decoder of Fig. 4.13 has

two distinctive parts. Except for the first and last phase of the (N +1)-phase relaying pro-

tocol, in each intermediate phase, the destination first uses the iterative SIC algorithm [76]
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to separate the signals received from the source and relays.For example, inPhasen of

Fig. 4.13, the destination receives the signals of frames (n − 1) andn from the relay

rj , j = 1 or 2 as well as from the sources, respectively. It first detects the signals of

frame (n−1) using SIC, while treating the signals of framen as interference. After frame

(n − 1) is detected, the destination subtracts it from the received signals and proceeds to

detect framen. As discussed in Section 2.6 of Chapter 2, after a sufficient number of

SIC iterations near-optimum performance may be achieved for both frames (n−1) andn.

After the iterative SIC operations, the appropriately separated signals of frame (n− 1) re-

ceived from the relayrj are used in the ensuing iterative decoding process of Fig. 4.13 in

conjunction with the detected signals of frame (n−1) received from the sources in Phase

(n − 1). The detected signals of framen are then decoded by the URCs decoder seen in

the middle of the top part of Fig. 4.13 in order to produce thea priori Log-Likelihood

Ratio (LLR) valuesL1,a(c1) of the coded bitsc1 by the Maximum A-posteriori Probabil-

ity (MAP) algorithm [89]. The IRCCs decoder seen at the top right of Fig. 4.13 processes

the information forwarded by the URCs decoder in conjunction with thea priori LLR

valuesL1,a(u1) of the information bitsu1 gleaned by the “STCr-IRCCr” relay-decoder in

order to generate thea posterioriLLR valuesL1,p(u1) andL1,p(c1) of the information bits

u1 and of the coded bitsc1, respectively. As seen in Fig. 4.13, thea priori LLRs L1,a(c1)

are subtracted from thea posterioriLLR valuesL1,p(c1) and then they are fed back to

the URCs decoder as thea priori informationL2,a(u2) through the interleaverπs. We

term this information-exchange process seen in the top trace of Fig. 4.13 as the “inner”

iteration. Similarly, during the “outer” iterations, thea priori LLR valuesL1,a(u1) fed

into the IRCCs decoder are also subtracted from thea posterioriLLR valuesL1,p(u1) for

the sake of generating the extrinsic LLR valuesL1,e(u1), as seen at the top right corner

of Fig. 4.13. ThenL1,e(u1) is passed to the amalgamated “STCr-IRCCr” relay-decoder

as thea priori informationL4,a(ũ1) through the interleaverπr in conjunction with the

signals received from the relayri, i = 2 or 1 duringPhase(n + 1) in order to compute

the a posterioriLLR valuesL4,p(ũ1) of the permuted information bits̃u1. As seen in

Fig. 4.13, the extrinsic informationL4,e(ũ1) is generated by subtracting thea priori infor-

mationL4,a(ũ1) from thea posteriori informationL4,p(ũ1), beforeL4,e(ũ1) is fed back

to the IRCCs decoder as thea priori informationL1,a(u1) through the de-interleaverπ−1
r .

During the last “outer” iteration, the LLR valuesL1,p(u1) of the original information bits

u1 are passed to the hard-decision block of Fig. 4.13 in order toestimate the source bits.

Similarly, in the subsequentPhase(n + 1), the signals of framen received from the

relay ri and frame (n + 1) received from the sources are detected consecutively by the

iterative SIC algorithm at the destination. The detected signals of framen are passed to

the amalgamated “STCri
-IRCCri

” decoder and are used in the ensuing iterative decoding
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process. The separated signals of frame (n +1) will then be used in the subsequent three-

stage iterative decoding process in conjunction with the detected signals of frame (n + 1)

in Phase(n + 2). This process continues, until the last frame is decoded.

4.3.4 Near-Capacity Coding Design

As presented in [70], the proposed Ir-CSTC scheme is capableof near-capacity coopera-

tive communications in the context of a conventional single-relay-aided network. In this

section, we will demonstrate that our general Ir-CSTC scheme is also capable of achieving

decoding convergence to an infinitesimally low Bit Error Ratio (BER) at Signal-to-Noise

Ratios (SNRs) close to the DCMC capacity limit (constrainedinformation rate) of the

successive relaying channel. We first derive the upper and lower bounds of the CCMC

capacity as well as the constrained-information-rate bounds for the successive relaying

system, when employing Alamouti’s STBC scheme [8], as detailed in Section 4.3.4.1.

Then, the EXIT chart based joint source-and-relay mode design will be carried out in

Section 4.3.4.2. In Section 4.3.4.3, the EXIT chart analysis of a specific example will

be given to demonstrate the proficiency of the code design procedure proposed in Sec-

tion 4.3.4.2.

4.3.4.1 Capacity and Information-Rate Bounds

Referring to the transmission frame structure of Fig. 4.11,the transmission arrangement

of our twin-relay-aided successive relaying network can betreated as a superposition of

the transmissions of two half-duplex three-terminal networks [132] minus a single direct

source-to-destination link, provided that the number of frames is sufficiently high. Hence,

according to Eqs. (4.9) and (4.10), we may readily derive theupper and lower bounds on

the CCMC capacity of our successive relaying channel as

Ccoop
CCMC ≤ max

p(cs,cr1
,cr2

)

{

min
{1

2
E
[

I(C1
s ; Y

1
d , Yr1

)
]

+
1

2
E
[

I(C2
s ; Y

2
d |Cr1

)
]

,

1

2
E
[

I(C1
s ; Y 1

d )
]

+
1

2
E
[

I(C2
s , Cr1

; Y 2
d )
]

}

+ min
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2
E
[

I(C1
s ; Y

1
d , Yr2

)
]

+
1

2
E
[

I(C2
s ; Y

2
d |Cr2

)
]

,

1

2
E
[

I(C1
s ; Y 1

d )
]

+
1

2
E
[

I(C2
s , Cr2

; Y 2
d )
]

}

− E [I(Cs; Yd)]

}

(4.31)
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and

Ccoop
CCMC ≥ max

p(cs,cr1
,cr2

)

{
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)
]

+
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[
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]

+
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E
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I(C2
s , Cr2

; Y 2
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]

}

− E [I(Cs; Yd)]

}

,

(4.32)

respectively, whereCs =







C1
s , 1st time slot

C2
s , 2nd time slot

andYd =







Y 1
d , 1st time slot

Y 2
d , 2nd time slot

. Since

the signalsCs andCr are independent of each other in most practical scenarios, (4.31)

and (4.32) can be simplified to

Ccoop
CCMC ≤ max

p(cs,cr1
,cr2

)

{

min
{1

2
E
[
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s ; Y

1
d , Yr1

)
]

,
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E
[

I(C2
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d )
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}
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}

(4.33)

and

Ccoop
CCMC ≥ max

p(cs,cr1
,cr2

)

{

min
{1
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[
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s ; Yr1

)
]

,
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E
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,

(4.34)

respectively.

Similarly, we also evaluate the information-rate bounds for the successive relaying

channel in conjunction with i.u.d. discrete inputs. Thus, the upper and lower constrained

information-rate bounds are given by

Ccoop
DCMC ≤ min

{1

2
E
[

Id(C
1
s ; Y

1
d , Yr1

)
]

,
1

2
E
[

Id(C
2
s , Cr1

; Y 2
d )
]

}

+ min
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2
E
[

Id(C
1
s ; Y

1
d , Yr2

)
]

,
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2
E
[

Id(C
2
s , Cr2

; Y 2
d )
]

}

(4.35)
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and

Ccoop
DCMC ≥ min

{1

2
E
[

Id(C
1
s ; Yr1

)
]

,
1
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E
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Id(C
2
s , Cr1
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,

(4.36)

respectively.

In this section, we also employ Alamouti’s 4QAM-based G2 scheme at both the source

and two relay nodes, where the network model is configured withNs = 2, Nr1
= Nr2

= 2

andNd = 4, as shown in Figs. 4.12 and 4.13. Based on Eqs. (4.27) and (4.30), the signal

received at the relay noderi duringV = 2 consecutive symbol periods can be written as:

Yri
=
√

Gsri
Hsri

Cs + Nri
, (4.37)

and except for the first and last phase, the signal received atthe destination node during

V = 2 consecutive symbol periods in the intermediate phase can bewritten as:

Yd =
√

GsdHsdCs +
√

GridHridCri
+ Nd, (4.38)

respectively, whereYri
= [yri,1, . . . ,yri,V ] ∈ CNri

×V and Yd = [yd,1, . . . ,yd,V ] ∈
C

Nd×V are the matrices hosting the sampled signal received at the relay noderi and

the destination node, respectively. Furthermore,Cs = [cs,1, . . . , cs,V ] ∈ CNs×V and

Cri
= [cri,1, . . . , cri,V ] ∈ CNri

×V represent Alamouti’s G2 matrices characterizing the

transmissions of the source and relayri, while Nri
= [nri,1, . . . ,nri,V ] ∈ CNri

×V and

Nd = [nd,1, . . . ,nd,V ] ∈ CNd×V represents the AWGN matrix incurred at relayri and the

destination, respectively. Hence, the G2codeword-matrix-input constrained information-

rate bounds of (4.35) and (4.36) are given, respectively, by
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{1

2
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(4.39)

and

Ccoop-g2
DCMC ≥ min

{1

2
E
[

Id(C
1
s;Yr1

)
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,
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+ min
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E
[

Id(C
2
s,Cr2

;Y2
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]

}

.

(4.40)

When we consider a relay channel associated with perfect source-to-relay links, i.e.

Gsr = ∞, where the relay nodes are very close to the source node and are capable of

perfectly recovering all the information transmitted fromthe source node, we have

max
p(cs,cr)

E[I(Cs; Yd, Yr)] → ∞, max
p(cs,cr)

E[I(Cs; Yr)] → ∞, (4.41)
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Figure 4.14:The CCMC capacity curve and constrained information rates employing Alamouti’s

G2 scheme in conjunction withGsr1
= Gsr2

= ∞ andGr1d = Gr2d = 1 for the successive

relaying channel of Fig. 4.10. The corresponding single-relay based capacity curves may be

contrasted by observing Fig. 4.4.

and

E[Id(Cs;Yd,Yr)] = 2, E[Id(Cs;Yr)] = 2, (4.42)

since the 4QAM-based G2 STC is used. Therefore, the CCMC capacity upper and lower

bounds of (4.33) and (4.34) converge to

Ccoop
CCMC = max

p(cs,cr1
,cr2

)

{1

2
E
[

I(C2
s , Cr1

; Y 2
d )
]

+
1

2
E
[

I(C2
s , Cr2

; Y 2
d )
]

}

. (4.43)

Similarly, the lower and upper bounds on the information rates constrained by the i.u.d.

G2 codeword-matrix inputs converge to

Ccoop-g2
DCMC = min

{1

2
E
[

Id(C
2
s,Cr1

;Y2
d)
]

, 1
}

+ min
{1

2
E
[

Id(C
2
s,Cr2

;Y2
d)
]

, 1
}

. (4.44)

Finally, we reformulate (4.44) as follows

Ccoop-g2
DCMC (SNRcoop

e ) = min
{1

2
Csr1→d

DCMC (SNRs
e, SNRr1

e , Gr1d) , 1
}

+min
{

1
2
Csr2→d

DCMC (SNRs
e, SNRr2

e , Gr2d) , 1
}

,(4.45)

where the equivalent SNRse, SNRr1

e and SNRr2

e at the source and relays are all equal to

P0/2N0, since they transmit at the same power ofP0/2, as stated in Section 4.3.2. On the

other hand, the equivalent overall SNR of the successive relaying aided network is defined

by SNRcoop
e = P0/N0. The variablesCsr1→d and Csr2→d represent the corresponding

multiple-access channels’ capacities, which can be similarly computed with the aid of

Monte-Carlo techniques based on Eq. (11) of [76].
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Figure 4.15:The CCMC capacity curve and constrained information rates employing Alamouti’s

G2 scheme in conjunction withGsr1
= Gsr2

= 8 andGr1d = Gr2d = 2 for the successive

relaying channel of Fig. 4.10. The corresponding single-relay based capacity curves may be

contrasted by observing Fig. 4.5.

In Fig. 4.14, we quantify the capacity of the successive relaying aided uncorrelated

Rayleigh fading channel associated withGr1d = Gr2d = 1. More explicitly, based on

Eqs. (4.43), (4.44) and (4.45), we characterize the CCMC capacity and the information

rates obeying the i.u.d. 4QAM-based G2codeword-matrix-input constraint. The capac-

ity and achievable information rates of the direct source-to-destination link channel are

also depicted in Fig. 4.14, where we assume that the total power constraint isP0 for the

direct transmission based benchmarker for the sake of a faircomparison. We can observe

in Fig. 4.14 that the attainable information-rate gain is substantial and the factor two

multiplexing loss imposed by creating a separate transmit and receive slot is recovered

compared to the classic direct transmission scheme.

Furthermore, we consider a more practical example for a specific network associated

with Gsr1
= Gsr2

= 8 andGr1d = Gr2d = 2 in Fig. 4.15, where the source-to-relay

links are imperfect. The CCMC capacity and the information rates are evaluated by the

upper and lower bounds given in (4.33)-(4.34) and (4.39)-(4.40). In this scenario, we can

see in Fig. 4.15 that the lower and upper bounds converge in the low and medium SNR

regimes below a certain convergence threshold. Next, we will show in Section 4.3.4.3

that the optimized cooperative coding scheme is capable of performing near-perfectly at

the relay nodes, despite having imperfect source-to-relaylinks. The substantial capacity

gains shown in Fig. 4.15 may be achieved by using successive relaying techniques instead

of classic direct transmissions, partially, because the factor two multiplexing loss of [70]

is recovered.
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4.3.4.2 Joint Code Design for the Source-and-Relay Nodes

For the sake of near-capacity cooperative communications in the successive relaying aided

network in this section, we generalize the joint source-and-relay mode design procedure

of Section 4.2.3.2 to suit our four-terminal network of Fig.4.10, which is summarised as

follows:

Step 1: Choose a specific average code rateR for the IRCCs at the source and

employ the EXIT curve matching algorithm of [61] at the relays in or-

der to obtain the optimized weighting coefficientsαi, i = 1, . . . , 17 of

IRCCs, where a narrow but marginally open EXIT-tunnel is created be-

tween the EXIT curves of the inner amalgamated “STCs-URCs” decoder

of Fig. 4.13 and the outer IRCCs decoder at the relays. This implies that

a near-capacity performance may be achieved for the SR links. Then

we store the value of the corresponding transmit power required at the

source.

Step 2: Choose the same transmit power at the source as stored inStep 1. Fix

the optimized IRCCs weighting coefficientsαi, i = 1, . . . , 17 obtained

in Step 1at the source. Then perform iterative decoding by exchanging

extrinsic information between the amalgamated “STCs-URCs” decoder

of Fig. 4.13 and the IRCCs decoder at the destination, until the further in-

crease of the areaAE under the EXIT curve of the amalgamated “STCs-

URCs-IRCCs” decoder of Fig. 4.13 becomes marginal. Then stop this

“inner” iterative decoding process.

Step 3: Assume perfectly error-free DF relaying and the same transmit power at

the relayr1 as that of the source in the second EXIT chart, which exam-

ines the evolution of the input/output mutual information exchanges in

the three-stage iterative decoder of the Ir-CSTC scheme. Use the EXIT

curve matching algorithm of [61] to match the SNR-dependentEXIT

curve of the amalgamated “STCr1
-IRCCr1

” decoder of Fig. 4.13 to the

target EXIT curve of the amalgamated “STCs-URCs-IRCCs” decoder

observed inStep 2. If an open EXIT-tunnel fails to appear, increase the

transmit power at both the sources and the relayr1, until a narrow-but-

open EXIT-tunnel emerges. Obtain the optimized weighting coefficients

βj , j = 1, . . . , 17 of IRCCr1
.

Step 4: Repeat the operations outlined inStep 3for relayr2.
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Source Antennas No.Ns 2

Relayr1 Antennas No.Nr1
2

Relayr2 Antennas No.Nr2
2

Destination Antennas No.Nd 4

Channel long-term path loss + short-term

uncorrelated flat Rayleigh fading

STCs at the Source and Relays STBC [8]

Modulation Scheme 4QAM

IRCCs Coding RateRs 0.5

IRCCr1
Coding RateRr1

0.5

IRCCr2
Coding RateRr2

0.5

Geometrical Gain ofs-to-r1 link Gsr1
8

Geometrical Gain ofs-to-r2 link Gsr2
8

Geometrical Gain ofr1-to-d link Gr1d 2

Geometrical Gain ofr2-to-d link Gr2d 2

Frame Length 250 000 bits

Table 4.2: Twin-relay-aided Ir-CSTC system parameters. The corresponding transmitter and

receiver schemes are portrayed in Figs. 4.12 and 4.13.

Step 5: Finally, choose the higher of the two transmit power values obtained

in Step 3andStep 4as the ultimate transmit power at the source and

relays.

4.3.4.3 EXIT Charts Analysis

In this section, we present simulation results for the twin-relay-aided Ir-CSTC scheme of

Fig. 4.12 using the system parameters outlined in Table 4.2.We consider the same aver-

age code rate of 0.5 for the IRCCs at the source and relays, andthe specific successive

relaying aided network geometry associated withGsr1
= Gsr2

= 8 andGr1d = Gr2d = 2.

Hence, the effective network throughput isN
N+1

Rlog24 ≈ 1.0 bit/s/Hz, when 4QAM is

employed and provided that the number of framesN is sufficiently high. Since the net-

work is geographically symmetrical, for simplicity we willnot differentiate the relaysr1

andr2. Fig. 4.16 depicts the EXIT chart of the serial concatenatedIRCCs-URCs-STBCs

scheme of the SR link. The EXIT curve of the outer IRCCs having optimized weighting

coefficientsαi was constructed using the curve matching algorithm of [61] as shown in
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sr = -0.7 dB (AE=0.61)
URCs-G2s: SNR

sr = -2.1 dB (AE=0.52). IRCCs: Rs=0.5 (AE=0.50)

r

r

Figure 4.16:The EXIT chart curves of the URCs-G2s, the IRCCs with optimized weighting coef-

ficients [α1, . . . , α17] = [0, 0, 0, 0, 0, 0.327442, 0.186505, 0.113412, 0, 0.0885527, 0, 0.0781214,

0.0962527, 0.0114205, 0.0346015, 0.0136955, 0.0500168] and 17 IRCC subcodes for the (2×2)

SR link where the SNRsr
r is the receive SNR at the relay. The transmitter’s schematicis shown in

Fig. 4.12 and the system parameters are summarized in Table 4.2.

Fig. 4.16 and the Monte-Carlo-simulation based decoding trajectories are computed for

a frame length of 250 000 bits. As seen from Fig. 4.16, a narrowbut marginally open

EXIT tunnel emerges for the (2 × 2) SR communication link. A receive SNR of about

-2.1 dB is needed in order to attain a decoding convergence toan infinitesimally low BER.

Hence, according to Eq. (4.26) the minimum SNRs
e at the source required for the sake of

obtaining vanishingly low BERs at the relay is -11.1 dB. Since we assume that the source

and relays transmit at the same power, we have SNRcoop
e = SNRs

e = SNRr
e. Following

the design procedure of Section 4.3.4.2, a ‘wider-than-necessary’ EXIT tunnel is created

in the EXIT chart of Fig. 4.16 at the receive SNR of -0.7 dB at the relay, which corre-

sponds to an equivalent SNR of -9.7 dB based on Eq. (4.26) at the source and relays.

Accordingly, it is clearly seen in the EXIT chart of Fig. 4.17at the destination that after

5 “inner” iterations between the IRCCs decoder and the amalgamated “STBCs-URCs”

decoder, the increase of the areaAE under the amalgamated “STBCs-URCs-IRCCs” de-

coder’s EXIT curve becomes marginal. The resultant matching EXIT curve of the amalga-

mated “STBCr-IRCCr” decoder is shown in Fig. 4.17, where the IRCCr has the optimized
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S->D IRCCs,1-URCs-G2s: AE=0.14, Phase n>1
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Decoding Trajectory for Successive-Relaying
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Figure 4.17: The EXIT chart curves for the IRCCs-URCs-G2s with various “inner” iterations,

the IRCCr-G2r with IRCCr having optimized weighting coefficients[β1, . . . , β17] = [0, 0, 0,

0, 0.233115, 0.0158742, 0.292084, 0.220065, 0.0151108, 0,0, 0, 0, 0, 0, 0, 0.22375] and 17

SNR-dependent IRCCr-G2r subcodes. The subscript of IRCCs denotes the number of “inner”

iterations between the IRCCs and “G2s-URCs” decoders and the SNRe represents the equivalent

overall SNR of the successive relaying aided network. The transmitter/receiver schematics are

shown in Figs. 4.12 and 4.13 and the system parameters are summarized in Table 4.2.

weighting coefficientsβj , as summarized in Fig. 4.17. Similarly, as discussed in [70], the

‘narrow-but-open’ EXIT-tunnel of Fig. 4.17 indicates the possibility of achieving decod-

ing convergence to an infinitesimally low BER at near-capacity SNRs for the Ir-CSTC

scheme in the successive relaying aided network. This prediction is verified in Fig. 4.17

by plotting the corresponding Monte-Carlo simulation-based decoding trajectory, which

indeed reaches the (1.0,1.0) point of the EXIT chart. Furthermore, we also plot the EXIT

curves of the amalgamated “STBCs-URCs-IRCCs” decoder inPhase1 and the amalga-

mated “STBCr-IRCCr” decoder inPhase(N + 1) in Fig. 4.17, respectively. Since the

tunnels inPhase1 andPhase(N + 1) are wider, the trajectories can traverse through the

tunnels at a reduced number of iterations to reach the (1.0,1.0) point.
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Figure 4.18: BER versus equivalent overall SNR performance of both perfect and imperfect

relaying aided Ir-CSTC schemes in the successive relaying aided network for a frame length

of 250 000 bits, while the performance of the non-cooperative system is also depicted here for

comparison. The transmitter/receiver schematics are shown in Figs. 4.12 and 4.13 and the system

parameters are summarized in Table 4.2.

4.3.5 Simulation Results and Discussions

In this section, we characterize the BER versus equivalent overall SNR performance of

both the perfect and imperfect relaying aided Ir-CSTC schemes in the successive relaying

aided network as well as that of a non-cooperative IRCC-URC-STBC scheme in Fig. 4.18.

According to the trajectory predictions seen in Figs. 4.16 and 4.17, for the cooperative

space-time coding scheme, the number of decoding iterations between the IRCCs decoder

and the amalgamated “STBCs-URCs” decoder was fixed toIr = 11 at the relays. At the

destination, the number of “inner” decoding iterations wasfixed to Id
i = 5, while the

number of “outer” decoding iterations between the parallelamalgamated “STBCs-URCs-

IRCCs” decoder and the amalgamated “STBCr-IRCCr” decoder was fixed toId
o = 11. On

the other hand, for the non-cooperative serial concatenated IRCC-URC-STBC scheme,

we employ an outer IRCC, which has the same weighting coefficientsαi as that of the

IRCCs in the cooperative system. The number of decoding iterations exchanging extrinsic

information between the outer IRCC decoder and the inner “STBC-URC” decoder was

fixed to Inon = 11 as well. It is clearly seen in Fig. 4.18 that the performance of the

perfect relaying-aided scheme matches the EXIT chart predictions of Fig. 4.17, while

the imperfect relaying-aided scheme performs similarly tothe perfect relaying scheme.

This is due to the fact that the source information is detected without decoding errors

after a sufficiently high number of decoding iterations at the relays. On the other hand,
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the Ir-CSTC scheme employed in the successive relaying aided network outperforms the

non-cooperative serial concatenated IRCC-URC-STBC scheme by about 2.2 dB, while

maintaining the same effective throughput. As portrayed inFig. 4.18, the Ir-CSTC scheme

is capable of performing within 1.5 dB of the corresponding successive relaying channel’s

DCMC capacity.

4.4 Chapter Conclusion

In Section 4.2, we proposed an Ir-CSTC scheme designed for near-capacity communi-

cations in the conventional single-relay-aided network seen in Figs. 4.2 and 4.3. The

encoding and decoding processes of Figs. 4.2 and 4.3 of the novel Ir-CSTC scheme were

specified in Section 4.2.2, where we employed a serially concatenated three-component

IRCC-URC-STBC scheme at the source and a two-component IRCC-STBC at the relay.

In Section 4.2.3.1, we derived the CCMC capacity and the constrained information-rate

bounds of Alamouti’s G2 scheme for the half-duplex single-relay channel of Fig. 4.5. A

joint source-and-relay mode design procedure designed with the aid of EXIT charts anal-

ysis was proposed in Section 4.2.3.2 for the sake of finding the optimal Ir-CSTC scheme,

which performs closest to the single-relay channel’s capacity as well as achieves the max-

imum effective throughput as an extra benefit of the joint mode design procedure. The

numerical results seen in Fig. 4.9 of Section 4.2.4 demonstrated that the joint source-and-

relay mode design based on EXIT chart analysis is capable of near-capacity cooperative

communications in the single-relay-aided network.

Furthermore, in Section 4.3 an extended Ir-CSTC scheme was studied in the context

of the twin-relay aided network of Fig. 4.10 in which the successive relaying protocol

was employed. The factor two multiplexing loss of the single-relay-aided network was

recovered by the successive relaying protocol, although this was achieved at the cost

of an additional relay. Similarly, the CCMC capacity and theconstrained information-

rate bounds of Alamouti’s STBC scheme were derived for the successive relaying aided

schemes of Figs. 4.11 and 4.12 in Section 4.3.4.1. It was observed in Figs. 4.14 and 4.15

that the factor two multiplexing loss of the single-relay-aided network may be recovered

by the successive relaying protocol with the aid of an additional relay, which is more

practical than the assumption of a full-duplex system. The generalized joint source-and-

relay mode design procedure advocated relies on the proposed procedure of finding the

optimal cooperative coding scheme, which performs close tothe capacity limit, in the

context of twin-relay-aided network, as demonstrated by the BER performance results of

Fig. 4.18 discussed in Section 4.3.5.
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Figure 4.19: The CCMC capacity curve and constrained information rates of both the single-

relay-aided and twin-relay-aided networks in conjunctionwith the network geometries ofGsr =

∞ andGrd = 1, where Coop-I denotes the conventional single-relay-aided network of Fig. 4.1

and Coop-II indicates the successive relaying aided network of Fig. 4.10.
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Figure 4.20: The CCMC capacity curve and constrained information rates of both the single-

relay-aided and twin-relay-aided networks in conjunctionwith the network geometries ofGsr =

8 andGrd = 2, where Coop-I denotes the conventional single-relay-aided network of Fig. 4.1

and Coop-II indicates the successive relaying aided network of Fig. 4.10.

Figs. 4.19-4.21 portrayed our performance comparisons of the Ir-CSTC schemes in the

context of both the single-relay-aided and the twin-relay-aided networks in terms of the

attainable capacity and BER performance. It may be clearly observed that although the

twin-relay-aided Ir-CSTC scheme of Fig. 4.12 requires 0.3 dB higherEb/N0 to achieve

decoding convergence to an infinitesimally low BER than its single-relay-aided counter-
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Figure 4.21: BER versusEb/N0 performance comparison of the Ir-CSTC scheme in the con-

texts of single-relay-aided and twin-relay-aided networks, where Coop-I denotes the conventional

single-relay-aided network of Fig. 4.1 and Coop-II indicates the successive relaying aided net-

work of Fig. 4.10. The Coop-I transmitter/receiver schematics are shown in Figs. 4.2 and 4.3 and

the system parameters are summarized in Table 4.1, while Coop-II transmitter/receiver schemat-

ics are shown in Figs. 4.12 and 4.13 and the corresponding system parameters are summarized in

Table 4.2. The performance of the non-cooperative system isalso depicted for comparison.

part of Fig. 4.2, it maintains the same effective throughputas classic direct transmission,

which is achieved with the aid of an additional relay used in conjunction with the proposed

successive relaying protocol.

To summarize, the Ir-CSTC schemes of Figs. 4.2 and 4.12 proposed in this chapter are

insensitive to the network’s geometry. In other words, as long as the number of antennas as

well as the space-time coding schemes used at the source and relays are fixed, the irregular

components employed at the source and relays also remain unchanged, regardless of the

network topology considered. This is because the EXIT curveshape of the inner decoder

“STCs-IRCCs” of Fig. 4.3 employed at the relays as well as that of the amalgamated

“STCs-URCs-IRCCs” decoder of Fig. 4.3 invoked at the destination remains unaffected

by the network’s geometry. The topology only affects the transmit power thresholds to be

used at the source and relays, when the EXIT tunnels open, as shown in Figs. 4.6-4.8 and

4.16-4.17. However, if the number of antennas, or the space-time coding schemes used at

the source and relays are changed, say we replace the G2 STBC by a STTC, we have to

redesign the irregular components both at the source and relays.

More specifically, the joint source-and-relay mode design procedures advocated in

Sections 4.2.3.2 and 4.3.4.2 operate off-line in order to find the optimal distributed code

components. In other words, they do not have to operate on-line in order to adapt the
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parameters according to the instantaneous channel conditions. Once the irregular com-

ponents at the source and relays were determined, they remain fixed during the transmit

and receive periods. However, the knowledge of the channel state information is required

during the off-line search procedure, which was assumed to be perfectly known at both

the relay and destination in this chapter. Furthermore, thecode design procedure is not

limited to a specific networking scenario, but applicable under virtually any network con-

figuration. Most importantly, it is in fact generically applicable, regardless of the specific

choice of the space-time codes at the source and relays as well as of the irregular compo-

nents, as exemplified by the family of irregular low-densityparity-check (LDPC) codes,

etc., provided that the inherent irregularity of the designs used at the source and relays is

retained.

After investigating the Ir-CSTC scheme’s performance in the single-user scenario, a

more practical scenario, where the interference between the relays is taken into account,

will be considered in the next chapter, where we will consider operating cooperative sys-

tems in a multi-user scenario. In that scenario interference suppression is required not

only at the destination, but also at the relays.



Chapter5
Relay-Assisted Multiple-Antenna Aided

Multi-User SDMA Uplink

5.1 Introduction

I n the previous chapters, multiple antenna aided techniqueshave been studied in

the context of single-user multiple-input multiple-output (SU-MIMO) systems, such

as for example multiplexing-gain-oriented BLAST schemes,diversity-gain-oriented

STC schemes and the flexible compromise-scheme of GMLST. In this chapter, we will

extend their employment to the multiuser MIMO (MU-MIMO) scenario [148]. In an ef-

fort to further increase the achievable system capacity, antenna arrays can be employed

for supporting multiple users in a space division multiple access (SDMA) communica-

tions scenario [149], which attempts to increase the attainable system throughput in a

given bandwidth by incorporating several spatial channels. To gain insight into the mul-

tiuser supporting capability of such an SDMA system, it is useful to draw some compar-

isons with code division multiple access (CDMA) multiuser systems. In a CDMA system

each user is identified by a unique user-specific spreading code. By contrast, an SDMA

system differentiates each user by the associated unique user-specific channel impulse

response (CIR) encountered at the receiver antenna. In a simplistic but conceptually ap-

pealing interpretation, we may argue that the unique user-specific CIR plays the role of

a user-specific CDMA signature. To be more specific, in this analogy the CIR-signatures

of SDMA systems are not orthogonal to each other, but this limitation is not serious, be-

cause even the orthogonal spreading codes of CDMA systems become non-orthogonal

upon convolution by the CIR. However, owing to the non-orthogonal nature of the CIRs,

an efficient multiuser receiver is required for separating the users in an SDMA system.

In conventional SDMA uplink systems, the transmitted signals of L simultaneous mo-

127
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bile stations (MSs) - each equipped with a single transmitter antenna - are received by the

M different receiver antennas of the base station (BS). At theBS the individual users’

signals are separated with the aid of their unique user-specific spatial signatures. A va-

riety of multiuser detection (MUD) schemes, such as the Least Squares (LS) [148, 150]

and Minimum Mean Square Error (MMSE) [148,150,151] detectors, or Successive Inter-

ference Cancellation (SIC) [148,150–152], Parallel Interference Cancellation (PIC) [148,

152, 153], Sphere Detection (SD) [154, 155], Minimum Bit Error Rate (MBER) detec-

tion [156] and Maximum Likelihood Detection (MLD) [148, 151, 157] schemes may be

invoked for the sake of separating the different users at theBS. Among these schemes, the

MLD arrangement was found to give the best performance, although this was achieved at

the cost of a dramatically increased computational complexity, especially in the context

of a high number of users and higher-order modulation schemes. By contrast, MMSE

combining exhibits the lowest complexity in this set of detectors, while suffering from a

performance loss [152,158].

Although traditionally only the base station is equipped with more than one trans-

mit/receive antenna elements, ideally the mobile stationsshould also be equipped with

multiple antennas, which would facilitate achieving a highdiversity gain and a high peak

data rate. Therefore, it is a natural ambition to try and enhance the attainable uplink

performance for multiple-antenna aided users. The basic constraint for multiple antenna

uplink transmission is that the affordable antenna spacingis limited, since the mobile sta-

tions are usually of small size. In the literature, only a limited number of studies were

dedicated to the multiple-antenna aided multi-user (MU) SDMA uplink. Against this

background, in Section 5.2 of this chapter, we will investigate a multiple-antenna aided

MU SDMA uplink system, where each user employs a Space-Time Block Code [8] for

the sake of providing transmit diversity. In Section 5.2.2,a generalized MMSE-based

SIC multiuser detector will be proposed for the multiple-antenna aided MU SDMA up-

link system, which is capable of providing a better performance at low Signal-to-Noise

Ratios (SNRs) and is applicable for employment in rank-deficient systems. Naturally,

the achievable performance of the SDMA uplink system can be significantly improved, if

Forward Error Correction (FEC) schemes, such as for exampleturbo convolutional codes

are incorporated [89]. Hence, an IRregular Convolutional Coded (IRCC) and Unity-Rate

Coded (URC) SDMA uplink system will be studied in Section 5.2.3, which significantly

improves the uncoded SDMA system’s performance, especially for rank-deficient scenar-

ios.

On the other hand, as in Chapter 4, we have investigated the relay-aided single-user

scenario, where a single MS is communicating with the BS withthe aid of single or mul-

tiple relays. As a natural application example, we will alsoconsider the multiuser SDMA
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uplink combined with relaying techniques in this chapter. In Section 5.3, instead of con-

sidering a single-user scenario, multiple interfering MSsare taken into account, when we

evaluate the overall relay-aided multiuser system’s performance. Naturally, the multiple

MSs interfere with each other and hence degrade the overall system performance achieved

at the base station. In this multiuser scenario, interference suppression is required not only

at the BS, but also at the relaying MS. Finally, we will also investigate the effects of the

spatial correlation on the MS transmitters in Section 5.4, while our conclusions are sum-

marized in Section 5.5.

5.2 STBC-Based Multiple-Antenna Aided Multi-User SDMA Uplink

5.2.1 SDMA System Model

.

.

.

.
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Figure 5.1: Schematic of the multiple-antenna aided multi-user SDMA uplink scenario, where

each of theL users is equipped with two transmit antennas and the base station’s receiver is

assisted by anM -element antenna array.

We consider an STBC-aided SDMA uplink MU-MIMO system supportingL users, as

depicted in Fig. 5.1, where each of the users is equipped withNt = 2 transmit antennas

and the base station’s receiver is assisted by anM-element antenna array. For the sake

of simplicity, the well-known STBC scheme proposed by Alamouti in [8] is employed

by each user, which is also known as the G2 scheme. The signal seen at each receive

antenna-element of the base station is a noisy superposition of the(L × Nt) transmitted

signals corrupted by the flat Rayleigh fading channel. In general, the fading channel is

spatially correlated due to the size limitation of the mobile station. For simplicity, in

this section we first assume that the fading is statisticallyindependent from one transmit-

receive antenna pair to another, while the spatial correlation effects of the MIMO channel

will be discussed in Section 5.4. The signal received by antennai (1 ≤ i ≤ M) at time
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instantk at the base station is given by

yi
k =

L
∑

l=1

Nt
∑

j=1

hl
i,jc

l
j,k + ni

k, (5.1)

wherehl
i,j is the complex-valued channel coefficient between thej-th transmit antenna of

userl and thei-th receive antenna of the base station, which is modeled by independent

complex Gaussian random variables having a zero mean and a variance of 0.5 per dimen-

sion. Furthermore,cl
j,k is the symbol transmitted from antennaj of userl at time instant

k, andni
k is the Additive White Gaussian Noise (AWGN) encountered by thei-th antenna

of the base station at time instantk and modeled by the samples of independent complex

Gaussian random variables having a zero mean and a variance of N0/2 per dimension.

For notational simplicity, we defineyk, ck andnk as

yk = [y1
k, y

2
k, . . . , y

M
k ]T ,

ck = [c1
k, c2

k, . . . , cL
k ]T =

[

[c1
1,k, c

1
2,k, . . . , c

1
Nt,k

], . . . , [cL
1,k, c

L
2,k, . . . , c

L
Nt,k

]
]T

,

and

nk = [n1
k, n

2
k, . . . , n

M
k ]T ,

respectively. Then the channel model of Eq. (5.1) may be expressed using a more compact

matrix notation as

yk = Hck + nk, (5.2)

whereH is the(M × (L × Nt))-element channel matrix, which may be further expressed

as

H = [H1, H2, . . . , HL]

=















h1
1,1 . . . h1
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1,1 . . . h2
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. . . hL
1,1 . . . hL
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2,1 . . . h1
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. . . hL
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
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. (5.3)

5.2.2 Maximum-SINR-Based SIC Multiuser Detection

As mentioned above, at the receiver side of an SDMA uplink MU-MIMO system, mul-

tiuser detection schemes have to be invoked for the sake of detecting the received signals

of different users. For the conventional single-antenna-user aided SDMA systems [148], a

family of various MUD techniques, represented for example by the Maximum Likelihood
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Detector (MLD) [148, 151, 157], Sphere Detector (SD) [154, 155], Parallel Interference

Canceller (PIC) [148,152,153], Successive Interference Canceller (SIC) [148,150–152],

Minimum Mean Square Error (MMSE) [148,150,151] and Least Squares (LS) [148,150]

detectors have been extensively studied. Specifically, ML detection is known to exhibit

the optimum performance, although this is achieved at the highest complexity. In order

to avoid the potentially excessive complexity of optimum MLdetection, sub-optimum

detection techniques such as the LS- and MMSE-MUD have been devised. Specifically,

these linear multiuser detectors exhibit the lowest detection complexity at the cost of a

performance degradation [152,158].

In the linear MUDs, the estimates of the different users’ transmitted signals are gener-

ated with the aid of the linear combiner. More specifically, the estimated signal vectorĉk

generated from the transmitted signalck of theL simultaneous users, as shown in Fig. 5.1,

is obtained by linearly combining the signals received by theM different receiver antenna

elements of the base station with the aid of the array weight matrix, as follows [148]:

ĉk = WHyk, (5.4)

where the superscriptH denotes the Hermitian transpose, andW is the LS- or MMSE-

based weight matrix given by [148]:

WLS = H(HHH)−1 (5.5)

and

WMMSE = H(HHH + σ2
nI)−1, (5.6)

respectively, whileI is the identity matrix andσ2
n = N0/2 is the AWGN noise variance.

On the other hand, for the multiple-antenna aided MU SDMA systems [148,154], the

above-mentioned linear MUDs also perform well. However, not all the non-linear MUD

schemes designed for single-antenna-user aided SDMA systems can be directly trans-

planted into the multiple-antenna aided MU SDMA systems. In[154], Sphere Detection

was studied in the context of multiple-antenna assisted MU systems, which guarantees a

good performance, while imposing a rather low computational complexity. In Chapter 2,

a zero-forcing (ZF) based iterative SIC algorithm was proposed for a multi-layer space-

time scheme in order to achieve the maximum attainable receive diversity, while imposing

only a fraction of the ML’s complexity. Obviously, when we consider the different layers

of the multi-layer space-time scheme as different SDMA users, the iterative SIC detec-

tion algorithm can be employed in the multiple-antenna aided MU SDMA system for the

sake of maintaining a balance between the performance obtained and the complexity im-

posed. It is widely recognized that zero-forcing degrades the performance at low-to-mid
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SNRs due to its noise enhancement. A performance improvement is thus expected, if

one seeks to strike a trade-off between the interference suppression and noise enhance-

ment. Naturally, MMSE-based SIC [148] is a promising solution for providing a better

performance at low SNRs. However, in the multiple-antenna aided MU SDMA system,

minimizing the mean squared error (MSE) of the signals involves averaging over the data

symbols. Maximizing the signal-to-interference-plus-noise ratio (SINR) may be handled

more concisely [86–88]. As an alternative, in this section we will design a multi-user

detector based on the maximum SINR array processor for the multiple-antenna aided MU

SDMA system. This maximum SINR (MaxSINR) based MUD differs from the conven-

tional MMSE-based detector in that there are more than one desired signal dimensions,

each of which corresponding to one of the multiple-antenna aided users. In the following

section, we will derive the MaxSINR-based SIC multi-user detector.

5.2.2.1 Maximum-SINR-Based SIC Algorithm

Without loss of generality, we first consider natural ordering based SIC detection of the

SDMA users. Let us rewrite Eq. (5.2) as

yk = H1c1
k + Hoco

k + nk, (5.7)

where we have

c1
k = [c1

1,k, c
1
2,k, . . . , c

1
Nt,k

]T , (5.8)

co
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2
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2
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]
]T

, (5.9)

and
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Ho = [H2, . . . , HL]
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Firstly, in this section we derive the maximum SINR based array processor. Since the

space-time coded symbols of the multiple users are unknown at the array processing stage,
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the SINR can only be maximized statistically. Therefore, wedefine the covariance ma-

trices of the desired signal and of the interference, when considering the detection of the

first user, as

R1
s = H1E

[

c1
k

(

c1
k

)H
]

HH
1 , (5.12)

R1
n = HoE

[

co
k (co

k)
H
]

HH
o + N0I , (5.13)

respectively. Using the MMSE filter representation advocated in [159], the maximum

SINR array processor will require the same number of linear filters as the dimension of

the signal space for the sake of collecting all the energy representing the specific user’s

signal. Each of these linear filters can be decomposed into two components: one in the

signal space and the other in the orthogonal space. We may consider the linear filtering

in two steps. First, we assemble the above-mentionedk linear filtersw1, w2, · · · , wk into

a linear filter bank characterized byΘ1 = (w1, w2, · · · , wk) in order to filter the receive

antenna outputs at the base station. The outputs of this filter bank are then combined in

order to achieve the maximum SINR. Without loss of generality, the interference compo-

nents of the filter bank outputs are assumed to be uncorrelated with each other. In other

words, the matrixΘH
1 R1

nΘ1 is diagonal. This assumption is reasonable since for any filter

bank consisting ofk linear filters, we can find a nonsingular(k × k)-element matrix to

transform it and to diagonalize the interference covariance matrix of its output using the

singular value decomposition (SVD) [160] ofΘH
1 R1

nΘ1. This transformation is reversible

and will not destroy the information contained in the filter bank outputs. Furthermore, we

assume that the linear filters constituting this filter bank are linearly independent of each

other, which may be readily justified by the fact that if this is not true, we can always

combine the corresponding correlated filters to form a linearly independent filter bank

constituted by a reduced number of filters.

Based on the above assumptions and on the fact thatRn is nonsingular, the filter bank

outputs hence have nonzero and uncorrelated interference components. Naturally, under

these conditions, the maximum SINR based combining of the filter bank outputs becomes

identical to maximum ratio combining (MRC). Due to the independence of the different

users’ transmissions, the expectation of the signal and of the interference, i.e. ofc1
k and

co
k, can be taken separately. Hence, the resultantk maximum-SINR linear filters have to

satisfy

(w1, w2, · · · , wk) = arg

{

max
w1,··· ,wk

∑

j

wH
j Rswj

}

, (5.14)

which is subject to the constraints of

wH
i Rnwi = ν, ∀i, (5.15)
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whereν is a predefined constant, which will not affect the results. This constrained opti-

mization may be formulated with the aid of the classic Lagrange multipliers as follows:

∂

∂w∗
i

(

∑

j

wH
j Rswj −

∑

j

λjwH
j Rnwj

)

= 0, ∀i. (5.16)

The solutions to the Lagrangian optimization problem of Eq.(5.16) satisfy

(Rs − λiRn)wi = 0, ∀i (5.17)

where

λi =
wH

i Rswi

wH
i Rnwi

(5.18)

are the corresponding SINRs of the maximum SINR filter outputs.

We can now readily derive the linear maximum SINR array processorΘ1 for user

1 from Eq. (5.17), which consists of a set ofk linearly independent eigenvectors corre-

sponding to the nonzero eigenvalues of thegeneralized eigenvalue problem1 of

Rsw = λRnw, (5.19)

wherek is the rank ofRs. On the other hand, since we have

E
[

wH
i yk

(

wH
j yk

)H
]

= E
[

wH
i ykyH

k wj

]

= wH
i (Rs + Rn) wj, (5.20)

and

wH
i Rnwj =







ν, i = j

0, i 6= j
wH

i Rswj =







λiν, i = j

0, i 6= j,
(5.21)

we can observe that the outputs of the maximum SINR filter bank
{

wH
i yk

}k

i=1
are uncor-

related with each other.

Based on the above analysis, we may readily see that the maximum SINR filter gen-

eralizes the classic MMSE filtering for multidimensional signals. When we haveNt = 1

(single-antenna user) orc1
1,k = c1

2,k = · · · = c1
Nt,k

(repetitive transmission), the maximum

SINR-based array processor becomes the conventional MMSE filter. Intuitively, the max-

imum SINR array processor pre-whitens the interference andorthogonalizes the desired

users’ signal. Following the maximum SINR-based array processing, the resultant output

may be expressed as:

ỹk = H̃1c1
k + ñk, (5.22)

1The solution of the generalized eigenvalue problem is described in the Appendix.
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where we havẽyk = ΘH
1 yk, H̃1 = ΘH

1 H1 and ñk = ΘH
1 Hoco

k + ΘH
1 nk. When using

the Gaussian approximation of the maximum SINR-based arrayprocessor outputs [161],

Eq. (5.22) becomes the maximum likelihood solution, where the detection result is ob-

tained as:

(

c1
0, c1

1, . . . , c1
k, . . .

)

= arg

{

min
{c1

k}
∑

k

‖ ΘH
1 yk − ΘH

1 H1c1
k ‖ 2

}

. (5.23)

Compared to the classic zero-forcing approach of Chapter 2,the maximum SINR-based

approach does not impose any constraint on the number of receive antennas at the base

station. In other words, the maximum SINR-based array processor is also applicable to

rank-deficient systems. It works even when we have(M − (L − 1)Nt) ≤ 0, although the

performance of this scenario will be poor. Once the signal ofuser 1 is detected, we cancel

its contribution from the received signal at the base station and proceed to the detection

of all the other SDMA users in the same manner.

5.2.2.2 Ordered Maximum-SINR-Based SIC Detection

As we have seen in Chapter 2 for nonlinear detection schemes,using the appropriate SIC

detection order is crucial for the overall SDMA system’s performance, which may lead to

a substantial performance gain for all users. Similarly to the ZF-based SIC of Chapter 2,

according to the ‘best first’ rule, at every step of interference suppression and interference

cancellation, we detect the SDMA user associated with the highest post-suppression SINR

and then cancel its contribution from the received signal. Observe from Eq. (5.22) that

the total output SINR of user 1 recorded after suppressing all the other users is

SINR1 = trace
(

(

R1
n

)−1
R1

s

)

, (5.24)

where trace(.) indicates the sum of all diagonal elements ofthe matrix. Similarly, the

output SINR of thel-th user, provided that it is detected first after suppressing all the

other users’ signals becomes

SINRl = trace
(

(

Rl
n

)−1
Rl

s

)

, (5.25)

where we have

Rl
s = HlE

[

cl
k

(

cl
k

)H
]

HH
l , (5.26)

Rl
n = Hl

oE

[

cl,o
k

(

cl,o
k

)H
]

(

Hl
o

)H
+ N0I , (5.27)

with Hl
o = [H1, H2, . . . , Hl−1, Hl+1, . . . , HL] andcl,o

k = [c1
k, c2

k, . . . , cl−1
k , cl+1

k , . . . , cL
k ]T .

Hence, the determination of the optimal user ordering process imposes some additional
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Modulation Scheme QPSK

No. of MSs L = 1, 2, 3, 4 or 5

No. of Antenna Elements per MS Nt = 2

No. of Antenna Elements at BS M = 4

STC STBC [8]

Frame Length 130 symbols

per transmit antenna

Channel Temporally uncorrelated

flat Rayleigh fading

Channel Estimation Perfect

MUD MaxSINR-based SIC

Table 5.1: SDMA system parameters.

computational complexity in terms of the associated matrixinversion process of Eq. (5.25)

than the natural ordering based SIC process, while achieving a significant performance

improvement, as will demonstrate in the next section.

5.2.2.3 Simulation Results

In this section, we characterize the attainable performance of the STBC-aided SDMA

uplink of Fig. 5.1 in Fig. 5.2, where both the naturally and optimally ordered MaxSINR-

based SIC multiuser detectors are employed at the BS for comparison. We assume that

all SDMA users have the same transmit power, while all the other system parameters

are summarized in Table 5.1. We can see from Fig. 5.2 that as the number of users

increases, the BER performance degrades owing to the increased multiuser interference

imposed. Furthermore, it is clearly observed in Fig. 5.2 that our MaxSINR-based SIC

detection is capable of supporting rank-deficient systems,although naturally the system

performance suffers under these conditions. Specifically,there are severe error floors for

the rank-deficient 3-user, 4-user and 5-user scenarios, when employing naturally ordered

MaxSINR-based SIC detection. On the other hand, the optimally ordered SIC detection

significantly improves the multiuser system performances,which dramatically reduces

the error floor of the 3-user system to an acceptable BER levelof 10−4. Furthermore, in

conjunction with the optimal ordering based SIC detection the system performance of the

2-user scenario was improved by approximately 2.0 dB at the target BER of10−4.
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Figure 5.2: Average BER versus SNR performance of the STBC-aided SDMA uplink systems

of Fig. 5.1, where at the base station a MaxSINR-based SIC multiuser detection algorithm is

employed.
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Figure 5.3: Schematic of the IRCC- and URC-coded STBC-aided SDMA uplinkemploying

MaxSINR-based multiuser detection.
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In Section 5.2.1, we have briefly reviewed the multiuser STBCuplink system of

Fig. 5.1. For the sake of improving the multiuser system’s performance, especially for the

rank-deficient scenario, in this section we characterize the channel-code-assisted STBC-

aided multiuser system shown in Fig. 5.3. At the mobile stations of Fig. 5.3, the in-

formation bit sequences of the geographically-separatedL simultaneous users are firstly

encoded by a bank of half-rate IRregular Convolutional Codes (IRCCs). After interleav-

ing, the IRCC coded bits are forwarded to an identical Unity-Rate Code (URC), which

is concatenated with the STBC as the inner code for each user.As stated in the previous

chapters, the URCs are employed for the sake of eliminating the error floor as well as

achieving a near-capacity performance together with the outer IRCC. The power of these

simple URCs is a benefit of their infinite impulse response, which allow us to spread the

extrinsic information more efficiently without increasingthe system’s delay. The STBC

symbols are then transmitted by the MSs to the base station over the SDMA MIMO chan-

nel. Then each element of the receiver antenna array shown atthe bottom right of Fig. 5.3

receives the superposition of the AWGN-contaminated and faded signals, which are for-

warded to the MaxSINR-based SIC multiuser detector for separating the different users’

signals. The detected signals are then successively decoded by the corresponding URC

and IRCC decoders. The turbo iterations exchange extrinsicinformation between the

IRCC and URC decoders for the sake of achieving near-capacity performance for each

user.

5.2.3.2 System Design and Simulation Results

Similarly, in this section we first design the IRCCs with the aid of EXtrinsic Informa-

tion Transfer (EXIT) charts for the IRCC- and URC-coded multiuser system. Without

loss of generality, we consider the first user in our EXIT chart analysis, while other users

can be analysed in the same manner. As presented in Chapter 3,EXIT charts are em-

ployed for the sake of analysing the iterative detection/decoding process, which visualize

the mutual information exchange between the inner and outerdecoders. For our IRCC-

and URC-coded SDMA uplink system, a specific user’s inner decoder is composed by the

MaxSINR-based SIC multiuser detector and the corresponding URC decoder. It is clearly

seen in Fig. 5.4 that a specific user’s inner EXIT curve is shifted downwards at a given

SNR when more interfering mobile stations communicate withthe base station simulta-

neously. This is because the extra interference effectively reduces the SNR. As stated in

Chapter 3, we design the outer IRCC’s components by employing the EXIT curve match-

ing algorithm of [61] to match the outer IRCC’s EXIT curve to the shape of the inner

decoder’s EXIT curve, as shown in Fig. 5.4, where the Monte-Carlo simulation-based de-



5.2.3. Channel-Code-Assisted STBC-Aided SDMA Uplink 139

exitchart-sdma-g2.gle

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
IA

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

I E

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

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

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
IA

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

I E

Decoding trajectory for 3-User SDMA Uplink, SNR= -3.0 dB.

MS Antenna Nt=2, BS Antenna M=4
Inner ’URC-MUD’: SNR= -3.0 dB (AE=0.41), 5 Users
Inner ’URC-MUD’: SNR= -3.0 dB (AE=0.47), 4 Users
Inner ’URC-MUD’: SNR= -3.0 dB (AE=0.53), 3 Users
Inner ’URC-MUD’: SNR= -3.0 dB (AE=0.61), 2 Users
Inner ’URC-G2’: SNR= -3.0 dB (AE=0.69), 1 User
Outer IRCC: R=0.5 (AE=0.50)

Figure 5.4: Exit charts of the IRCC- and URC-coded STBC-aided multiuserSDMA uplink sys-

tems of Fig. 5.3.
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Figure 5.5: Average BER versus SNR performance of the IRCC- and URC-coded STBC-aided

SDMA uplink systems of Fig. 5.3, where at the base station a MaxSINR multiuser detection

algorithm is employed. The system parameters are summarized in Table 5.2.
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Modulation Scheme QPSK

No. of MSs L = 1, 2, 3, 4 or 5

No. of Antenna Elements per MS Nt = 2

No. of Antenna Elements at BS M = 4

IRCC Coding Rate 0.5

IRCC Components [0, 0, 0, 0, 0, 0.327442, 0.186505,

Coefficientsαi 0.113412, 0, 0.0885527, 0,

0.0781214, 0.0962527, 0.0114205,

0.0346015, 0.0136955,

0.0500168]

Frame Length 250 000 bits

URC Generator (1, g1/g0) = (1, 1
1+D

)

STC STBC [8]

Channel Temporally uncorrelated

flat Rayleigh fading

Channel Estimation Perfect

MUD MaxSINR-based SIC

No. of Iterations at BS 10

Table 5.2: Channel-coded SDMA system parameters.

coding trajectory was also plotted for our 3-user scenario for example. Since there is no

difference in the inner EXIT curve shapes for different SDMAusers, we employ IRCCs

in conjunction with the same weighting coefficients, as shown in Table 5.2 for all SDMA

users.

Following the EXIT chart analysis of Fig. 5.4, Fig. 5.5 portrays the BER performance

of the IRCC- and URC-coded multiuser SDMA uplink, where the system parmeters are

summarized in Table 5.2. Similarly, we also assume that all SDMA users transmit at

the same power. Fig. 5.5 demonstrates that the BER performances of the iteratively-

detected channel-coded SDMA systems closely match the EXITchart based predictions

of Fig. 5.4. As expected, the channel-coded SDMA systems provide dramatic coding

gains over their uncoded counterparts. For theL = 1 to L = 5 scenarios, the systems

approach a target BER of10−4 at SNRs of -4.5 dB, -3.4 dB, -2 dB, 0 dB and 4.2 dB,

respectively, when using 10 iterations at the BS. Compared to the uncoded systems of

Fig. 5.2, the channel-coded SDMA systems achieved coding gains of around 9 dB, 9.7 dB

and 17.4 dB in terms ofEb/N0 at the target BER of10−4 for theL = 1 toL = 3 scenarios,

respectively. On the other hand, for the rank-deficientL = 4 andL = 5 scenarios, we can
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see that powerful turbo detection significantly enhances the multiuser SDMA system’s

performance and totally eliminates the error floors of the uncoded SDMA systems of

Fig. 5.2. Furthermore, the system performance can be further improved at the cost of

a higher computational complexity, when employing more iterations between the IRCC

and URC decoders of each SDMA user.

5.3 Relay-Assisted Multi-User SDMA Uplink

5.3.1 System Model

BS

. . .

Inactive MS pool

MB channels

RB channel

MS
Relaying

MR ch
annels

Served MS

Interfering MS 1

Interfering MS L-1

(a) Network topology.

URC G2

MS transmitter

IrCC
S=0

π
S=0

S=1 S=1

πr

αi/βj

(b) MS’s transmitter structure, where the Unity-Rate Code is employed as the intermedi-

ate code when MS is in the active transmission mode (S = 0). Otherwise, when MS is

in the relay mode (S = 1), the URC is deactivated and a bit-wise random interleaver is

incorporated before the outer IRCC code for the sake of achieving iterative gains at the

BS side. The IRCC is then concatenated directly with the inner G2 scheme.

Figure 5.6: Relay-assisted multiple-antenna aided MU SDMA uplink system.

In Chapter 4, we have investigated the relay-aided single-user scenario, where a single

MS is communicating with the BS with the aid of single or multiple relays. In this section,
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we will consider a relay-assisted multiuser SDMA uplink system, in which multiple inter-

fering MSs are considered. Naturally, the multiple MSs willinterfere with each other and

hence degrade the overall relay-aided multiuser system performance at the base station.

In contrast to the single-user scenario of Chapter 4, in thismultiuser interference-limited

scenario, interference suppression is required not only atthe BS, but also at the relaying

MS.

Let us now consider the multiuser scenario of Fig. 5.6, wherethe network is consti-

tuted by a group of active MSs and an inactive MS pool. For simplicity, we assume that

all the MSs are transmitting at the same power. The served MS is actively communicating

with the base station positioned far away, while (L-1) interfering MSs are simultaneously

transmitting in the same bandwidth. The inactive MS pool consists of all the MSs being

in idle mode. For the sake of achieving extra spatial diversity as well as reduced-pathloss

based geometrical gains [142], the served MS will attempt tofind the geometrically near-

est idle MS in the inactive MS pool in order to seek assistancein its communications with

the base station. Following the design philosophy of the irregular cooperative space-time

coding (Ir-CSTC) schemes of Chapter 4, we can readily extendthe Ir-CSTC schemes to

multiuser scenarios. Fig. 5.6(b) shows the MS’s transmitter structure, where we can see

that the MS can readily switch between its active transmission mode and the relaying

mode. Specifically, when we haveS = 0, the MS is in its active transmission mode

and its outer IRCC will have the weighting coefficients ofαi. When acting as a relaying

station (S = 1), the MS’s intermediate URC is deactivated and the outer IRCC changes

its weighting coefficients fromαi to βj , which will be directly concatenated with the in-

ner STBC scheme. Meanwhile, a bit-wise interleaver is incorporated before the outer

IRCC code, which helps us to achieve distributed turbo coding gains at the base station,

as stated in Chapter 4. In contrast to the relay-aided single-user systems of Figs. 4.1 and

4.10, multiuser detection should be employed at the relaying MS of Fig. 5.6(a) since many

simultaneous active MSs will interfere the signals received from the served MS. There-

fore, we employ the MaxSINR-based MUD at the relaying MS for the active MSs to

relaying MS (MR) link. Although the MR link is typically rank-deficient, the MaxSINR-

based MUD is capable of separating the signals received at the relaying MS at a moderate

complexity. After the MUD, iterative decoding is carried out by exchanging extrinsic

information between the IRCC and URC decoders at the relaying MS, until a reliable

estimate of the served MS is generated. On the other hand, at the base station, the dis-

tributed turbo detection scheme of Fig. 4.13 is employed forthe sake of detecting the

served MS’s signals, where we replace the iterative ZF-based SIC detector of Fig. 4.13 by

the MaxSINR-based MUD of Section 5.2.2.



5.3.2. EXIT Chart Analysis and Simulation Results 143

Modulation Scheme QPSK

No. of Served MSs 1

No. of Relaying MSs 1

No. of Interfering MSs (L − 1) = 0, 1, 2, 3 or 4

No. of Antenna Elements per MS Nt = 2

No. of Antenna Elements at BS M = 4

Served MS’ IRCC Coding Rate 0.5

Relaying MS’ IRCC Coding Rate 0.5

Served MS’ IRCC Components [0, 0, 0, 0, 0, 0.327442, 0.186505,

Coefficientsαi 0.113412, 0, 0.0885527, 0,

0.0781214, 0.0962527, 0.0114205,

0.0346015, 0.0136955,

0.0500168]

Relaying MS’ IRCC Components [0, 0, 0, 0, 0.233115, 0.0158742,

Coefficientsβj 0.292084, 0.220065,

0.0151108, 0, 0, 0, 0, 0, 0, 0,

0.22375]

Geometrical Gain of Relaying MS to BS link 2

Geometrical Gains of Active MS to BS links 1

Frame Length 250 000 bits

Channel long-term path loss + short-term

uncorrelated flat Rayleigh fading

Channel Estimation at Relaying MS Perfect

Channel Estimation at BS Perfect

MUD at Relaying MS MaxSINR-based SIC

MUD at BS MaxSINR-based SIC

No. of Iterations at Relaying MS 10

No. of Inner Iterations at BS 5

No. of Outer Iterations at BS 10

Table 5.3: Relay-assisted multiuser SDMA system parameters.

5.3.2 EXIT Chart Analysis and Simulation Results

For the sake of realizing a power-efficient multiuser system, we apply the design proce-

dure proposed in Section 4.2.3.2 to our relay-assisted multiuser SDMA uplink system of

Fig. 5.6. Specifically, in order to design the optimized IRCCof the served MS, EXIT
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chart analysis is required at the relaying MS. Fig. 5.7 provides an example of the served

MS and a single interfering MS having the same distance from the relaying MS. Follow-

ing the MaxSINR-based MUD process at the relaying MS, it is clearly seen in Fig. 5.7

that a ’narrow-but-open’ tunnel emerges after careful EXITchart design using the curve

matching algorithm of [61]. Since the inner ’URC-MUD’ decoder’s EXIT curves remain

unchanged, the optimized IRCC observed in Fig. 5.7 is our final scheme, whose weighting

coefficientsαi are summarized in Table 5.3. Considering the geometrical gains facilitated

by the commensurately reduced distance and path loss of the MR link, it is safe to say that

there exists a relaying MS in the inactive MS pool, which willmaintain an open EXIT

tunnel, as exemplified in Fig. 5.7, as long as it is sufficiently close to the served MS, even

in the scenario of many interfering MSs. Therefore, in our forthcoming analysis we will

not focus on the detailed iterative detection process at therelaying MS and assume that

sufficiently reliable information can always be recovered at the relay.

Furthermore, following the design procedure of Section 4.2.3.2, Figs. 5.8-5.12 portray

the EXIT charts recorded at the base station for zero, one, two, three and four interfering-

MS scenarios, respectively, where we summarize the optimized relaying mobile station’s

IRCC weighting coefficientsβj in Table 5.3. The minimum required equivalent SNRe
2

at both the served and relaying MSs are obtained as shown in Figs. 5.8-5.12, when the

required ’narrow-but-open’ EXIT tunnels emerge. The Monte-Carlo simulation-based

decoding trajectories are computed for a frame length of 250000 bits, while all other

system parameters are summarized in Table 5.3.

Following our EXIT chart analysis, in Fig. 5.13 we characterize the BER performance

of the relay-assisted multiuser SDMA uplink system of Fig. 5.6. For the sake of gener-

ating a reliable estimate of the served MS’s information at the relaying MS after several

iterations, in the presence of multiple interfering MSs theserved MS always attempts

to link up with the closest relaying MS in the inactive MS pool, which will result in an

open EXIT tunnel, as exemplified in Fig. 5.7. It can be clearlyobserved in Fig. 5.13

that the BER performances closely match the EXIT chart basedperformance predictions

of Figs. 5.8-5.12. Naturally, relay-assisted systems willbenefit from extra spatial di-

versity and from reduced-pathloss based geometrical gains. As seen in Fig. 5.13, the

relay-assisted multiuser SDMA systems outperform their non-relay-aided counterparts of

Fig. 5.3 by approximately 5.7 dB, 6.4 dB, 7.3 dB, 8.7 dB and 12.4 dB in terms of the

required SNR for theL = 1 to L = 5 scenarios, respectively, which correspond to 3 dB

lower values in terms ofEb/N0, when considering the associated factor two throughput

reduction.

2Similarly to that of Chapter 4, the equivalent SNRe defines the ratio of the signal power at the transmitter side with

respect to the noise level at the receiver side.
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Figure 5.7: The EXIT chart for the served MS to relaying MS link of Fig. 5.6with a single

interfering user, where the MaxSINR-based multiuser detection algorithm is employed at the

relaying MS. The SNRr represents the received SNR at the relaying MS. The system parameters

are summarized in Table 5.3.
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Figure 5.8: The EXIT chart for the relay-aided SDMA uplink system of Fig.5.6 when no in-

terfering user exists. The SNRe represents the equivalent SNR at both the service and relaying

mobile stations. The MS transmitter structure is shown in Fig. 5.3.1 and the system parameters

are summarized in Table 5.3.
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Figure 5.9: The EXIT chart for the relay-aided SDMA uplink system of Fig.5.6 for one inter-

fering user. The SNRe represents the equivalent SNR at both the service and relaying mobile

stations. The MS transmitter structure is shown in Fig. 5.3.1 and the system parameters are sum-

marized in Table 5.3.
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Figure 5.10: The EXIT chart for the relay-aided SDMA uplink system of Fig.5.6 for two inter-

fering users. The SNRe represents the equivalent SNR at both the service and relaying mobile

stations. The MS transmitter structure is shown in Fig. 5.3.1 and the system parameters are sum-

marized in Table 5.3.
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Figure 5.11: The EXIT chart for the relay-aided SDMA uplink system of Fig.5.6 for three

interfering users. The SNRe represents the equivalent SNR at both the service and relaying mobile

stations. The MS transmitter structure is shown in Fig. 5.3.1 and the system parameters are

summarized in Table 5.3.
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Figure 5.12: The EXIT chart for the relay-aided SDMA uplink system of Fig.5.6 for four inter-

fering users. The SNRe represents the equivalent SNR at both the service and relaying mobile

stations. The MS transmitter structure is shown in Fig. 5.3.1 and the system parameters are sum-

marized in Table 5.3.
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Figure 5.13: Average BER versus SNRe performance comparison of the single-relay-aided mul-

tiuser SDMA uplink system of Fig. 5.6, where the system parameters are summarized in Table 5.3.

5.4 Effects of Spatially Correlated MIMO Channels

As specified in Section 5.1, the basic constraint for our multiple-antenna-user SDMA

uplink transmission is that the mobile station’s antenna spacing is limited due to the lim-

ited physical size of MSs. In a realistic radio environment,the low antenna spacing will

impose correlation on the MIMO channels [162–170], which istypically regarded as a

detrimental factor, since it results in a reduced degree of freedom [162, 163]. In this sec-

tion, we will briefly investigate the impact of the MIMO channel’s spatial correlation on

the attainable performance of our multiuser SDMA uplink system.

In this section, we still consider aL-user SDMA uplink system communicating over

a flat multiple access channel associated withM antennas at the base station andNt

antennas at each MS. Hence, we can rewrite Eq. (5.2) as follows

yk =

L
∑

l=1

Hlcl
k + nk, (5.28)

whereHl indicates the spatially correlated MIMO channel matrix of the link between MSl

and the BS. For simplicity, we assume that{Hl}L
l=1 are uncorrelated with each other for

the different mobile stations.

Following the common Kronecker correlation model of [163, 164], Hl can be written

as

Hl = R
1

2

BSHlR
1

2

MS, (5.29)

whereHl is a Rayleigh fading matrix, whose entries are independent and identically dis-
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tributed (i.i.d.) complex Gaussian variables with zero mean and unit variance. Further-

more,(.)
1

2 denotes the matrix square root and can be derived with the aidof eigenvalue

decomposition. Furthermore,RBS ∈ CM×M andRMS ∈ CNt×Nt in Eq. (5.29) are semi-

definite positive matrices that characterize the spatial correlation effects imposed on the

antennas at the receiver and the transmitter, respectively, for the uplink between MSl

and the BS. For normalization purposes, tr(RBS) = M and tr(RMS) = Nt are assumed

throughout this chapter. More specifically, according to [171, 172], the transmit correla-

tion matrix ofRMS is given as

RMS =

[

1 βMS

β∗
MS 1

]

, (5.30)

where(.)∗ denotes the complex conjugate operation. Specifically,βMS = 0 indicates the

presence of no correlation at the MS, whileβMS = 1 represents full correlation at the

MS. On the other hand, it is commonly assumed that the antennaelements at the base

station are spaced far enough, hence the correlation matrixof RBS is of full rank and can

be represented by the identity matrix.

5.4.1 Performance Evaluation

Based on the spatially correlated channel model of Eq. (5.29), Fig. 5.14 portrays the per-

formance of the multiuser SDMA uplink system of Fig. 5.1 in conjunction with transmit

antenna correlation in terms of the associated average BER.The MaxSINR-based SIC

multiuser detection algorithm is employed at the base station, while all other system pa-

rameters are listed in Table 5.1. The correlation coefficient of βMS at the MS is set to be

as high as 0.9 [172], while the correlation at the BS is zero. For comparison, we also plot

the BER curves of the systems associated withβMS = 0 in Fig. 5.14. It is clearly seen in

Fig. 5.14 that for the single-user scenario, the system associated with correlated transmit

antennas performs worse than its uncorrelated counterpart. Specifically, at a certain BER

of 10−4, a 1.6 dB SNR loss is encountered by the system in conjunctionwith correlated

transmitters owing to the partial loss of transmit diversity gains. Furthermore, for the

L = 2 uplink system, a similar performance degradation is observed in the system associ-

ated with transmitter correlation, although the loss is reduced. However, when supporting

L = 3 users or more in the SDMA system, the systems subjected to transmitter corre-

lation outperform their uncorrelated counterparts. Particularly in theL = 3 user SDMA

system, the error floor of the uncorrelation system is reduced to a BER of5 × 10−4. To

elaborate a little further, Fig. 5.15 characterizes the relationship between the average BER

and the antenna correlation coefficientsβMS for the multiuser SDMA systems considered

at SNR = 11 dB. It is clearly observed from Fig. 5.15 that for the single-user scenario,
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Figure 5.14: Average BER versus SNR performance comparison of the multiuser SDMA uplink

system of Fig. 5.1 in conjunction with transmit antenna correlation. The system parameters are

summarized in Table 5.1.
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Figure 5.15:Average BER as a function of transmit antenna correlation for the multiuser SDMA

uplink system of Fig. 5.1. The system parameters are summarized in Table 5.1.

the BER increases with the spatial correlation. For theL = 2 user system, the BER

initially increases with the correlation and then decreases for high-correlation scenarios.

For systems involving more thanL = 2 users, the BER decreases with the correlation.

This observation is due to the fact that in the multiuser system, the transmit diversity loss

imposed by correlation for every single user is compensatedby the gains achieved by the

MUD, since the multiple MSs associated with higher correlations may be more readily

separated at the BS. Similar arguments can be found in [173],which indicates that antenna
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correlation can be potentially beneficial in a multiuser environment.

5.5 Chapter Conclusion

In this chapter, we first investigated a multiple-antenna aided MU SDMA uplink system

in Section 5.2, where each MS is equipped with two antennas and employs Alamouti’s G2

scheme for the sake of providing transmit diversity. In Section 5.2.2, a maximum-SINR-

based SIC MUD was proposed for the multiple-antenna aided MUSDMA uplink system,

which is capable of balancing the interference suppressionand noise enhancement. More

specifically, in contrast to the ZF-based SIC detection, theMaxSINR-based SIC MUD

is applicable for rank-deficient systems. Furthermore, we designed an IRCC- and URC-

coded multiuser SDMA uplink system in Section 5.2.3 for the sake of improving the

system’s performance. The IRCC’s weighting coefficients were optimally designed with

the aid of EXIT charts for the sake of realizing a power-efficient SDMA system, while

the URC helped to eliminate the error floors encountered in the rank-deficient uncoded

multiuser systems. On the other hand, in Section 5.3 we incorporated relaying techniques

in the channel-coded SDMA systems. The system design procedures of Chapter 4 con-

ceived for single-user Ir-CSTC schemes were extended to suit our multiuser systems. In

contrast to the single-user scenario, interference suppression was performed at both the

BS and the relaying MS in the multiuser scenario. Finally, inSection 5.4 we investigated

the effects of spatial correlation at the MS transmitters onthe average system BER perfor-

mance in the context of multiuser scenarios. In conclusion,we summarize all the relevant

simulation results of this chapter in Table 5.4.



5.5.
C

hapter
C

onclusion
152

Average SNR required at BER of10−4 System Throughput
System Configuration

Single-user 2-user 3-user 4-user 5-user (b/s/Hz)

Uncoded SDMA uplink of error floor error floor error floor

Fig. 5.1, Natural Ordering
7.5 dB 11.5 dB

of 5 × 10−3 of 4 × 10−2 of 1 × 10−1

Uncoded SDMA uplink of error floor error floor error floor

Fig. 5.1, Optimal Ordering
7.5 dB 9.2 dB

of 1 × 10−4 of 1.2 × 10−2 of 5 × 10−2 2.0 × L

Uncoded SDMA uplink of error floor error floor error floor

Fig. 5.1,βMS = 0.9
9.1 dB 12.2 dB

of 5 × 10−4 of 1 × 10−2 of 4.5 × 10−2

Channel-coded SDMA uplink

of Fig. 5.3
-4.5 dB -3.4 dB -2 dB 0 dB 4.2 dB 1.0 × L

Relay-assisted SDMA uplink

of Fig. 5.6
-10.1 dB -9.7 dB -9.2 dB -8.7 dB -8.3 dB 0.5 × L

Table 5.4: Performance summary of the multiple-antenna aided MU SDMA uplink systems, whereL denotes the number of SDMA users.



Chapter6
Conclusions and Future Work

In this final chapter, we will summarise the key contributions of each chapter in Sec-

tion 6.1. Then some design guidelines for near-capacity communications will be pre-

sented in Section 6.2. Our suggestions for future research will be outlined in Section 6.3.

6.1 Chapter Summaries

6.1.1 Chapter 1

Chapter 1 constitutes the background of our research throughout the thesis. Specifically, a

rudimentary overview of colocated and distributed MIMO techniques, iterative detection

and near-capacity communications was provided in Sections1.1-1.3. Furthermore, the

outline of the thesis was presented in Section 1.4 and we described our novel contributions

in Section 1.5.

6.1.2 Chapter 2

In Chapter 2, a combination of V-BLAST and STCs designed for MIMO systems was

investigated, which we referred to as Generalized Multi-Layer Space-Time Coding. Two

fundamental schemes were designed, namely the GMLST(STBC)and GMLST(STTC)

arrangements of Figs. 2.1 and 2.2, where STBCs and STTCs wereused as the component

space-time codes, respectively. According to the different mapping of the signals to the

antennas, the GMLST(STTC) regime was further divided into the H-GMLST(STTC) and

D-GMLST(STTC) arrangements. On the other hand, for the GMLST(STBC) scheme of

Fig. 2.2, only horizontal mapping was considered, since no additional spatial diversity

can be obtained, when employing diagonal mapping. The basicdetection procedure de-

153
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vised for the GMLST schemes is constituted by the ordered successive detection scheme

combining group-based interference nulling and interference cancellation, as portrayed

in Fig. 2.3. Furthermore, in Section 2.4 we introduced Tarokh’s power allocation regime

conceived for detection using an arbitrary order, which outperformed the conventional

schemes relying on equal-power allocation at the same computational complexity. For

the H-GMLST systems of Figs. 2.1(b) and 2.2, which relied on equal-power allocation,

in Section 2.5 we also discussed the optimal detection orderbased on the assumption

that the channel coefficients are perfectly known at the receiver. Finally, in Section 2.6

an iterative SIC-based detection scheme was advocated for both the GMLST(STTC) and

GMLST(STBC) arrangements, in order to exploit the potential of full receive antenna

diversity. The simulation results of Figs. 2.10 and 2.11 show that the iterative detec-

tion scheme is capable of approaching the same receive diversity order as ML-style joint

detection, while imposing only a fraction of the computational complexity of ML-style

joint detection. Table 2.2 summarizes the performance versus complexity of various

GMLST schemes, where the SNR loss is caused by the SIC-induced error propagation

among the different layers of the GMLST scheme. In conclusion, the iterative SIC-based

GMLST scheme of Fig. 2.9 provides a promising practical solution for high-data-rate,

high-integrity communications in MIMO systems, especially when the number of anten-

nas is high.

6.1.3 Chapter 3

Chapter 3 demonstrated that as expected, further performance improvements may be at-

tained by the concatenation of the GMLST schemes with channel codes and upon per-

forming iterative detection by exchanging extrinsic information between the different

component decoders/demodulators at the receiver side. Specifically, the proposed seri-

ally concatenated IRCC-URC-GMLST system of Fig. 3.10 exploits the advantages of

both iterative detection as well as those of the GMLST schemes using STBC and STTC

as the component space-time codes. In Section 3.2.1.1, an APP-based iterative multistage

SIC detection algorithm has been invoked for the GMLST schemes instead of the previ-

ous Viterbi-decoding-aided SIC detection for the sake of supporting the iterative detection

process at the receiver side. Furthermore, in Section 3.2.1.2 we presented a significantly

more complex iterative ML detection scheme designed for theGMLST(STTC) regime of

Fig. 2.1 in the context of serially concatenated systems forcomparison, which invokes a

concept similar to that of classic BICM-ID schemes. On the other hand, the benefit of

URC precoders was characterized in Section 3.3.3.1, which was used as an intermediate

code and assisted us in eliminating the system’s error-floor, hence improving the attain-

able decoding convergence. Moreover, our investigations demonstrated in Section 3.3.3
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that the proposed low-complexity SIC-based iteratively decoded IRCC-URC-GMLST

scheme of Fig. 3.10 is capable of achieving a near-capacity performance, when designed

with the aid of EXIT chart analysis. Table 3.3 presents the achievable coding gains, the

SNR-distance from the maximum achievable rate limit as wellas that from the DCMC

capacity limit for the various near-capacity iteratively-decoded IRCC-URC-GMLST sys-

tems. Based on these simulation results, we found that the iterative IRCC-URC-GMLST

scheme of Fig. 3.10 using SIC detection strikes an attractive trade-off between the com-

plexity imposed and the effective throughput achieved. It is demonstrated further that the

design procedure is generically applicable, regardless ofthe specific choice of the inner

and outer decoder components, as exemplified by other detectors, such as Sphere Detec-

tors, MCMC detectors as well as by different outer channel codes, such as an irregular

LDPC codes, etc.

6.1.4 Chapter 4

Following the investigation of near-capacity communication schemes using colocated

MIMO elements in Chapter 3, Chapter 4 proposed relay-aided schemes for the sake of

near-capacity communications in distributed MIMO systems. Specifically, in Section 4.2

an Ir-CSTC scheme was designed for near-capacity communications in the conventional

single-relay-aided network seen in Figs. 4.2 and 4.3. The encoding and decoding pro-

cesses of Figs. 4.2 and 4.3 designed for our Ir-CSTC scheme were specified in Sec-

tion 4.2.2, where we employed a serially concatenated three-component IRCC-URC-

STBC scheme at the source and a two-component IRCC-STBC at the relay. In Sec-

tion 4.2.3.1, we derived the CCMC capacity and the constrained information-rate bounds

of Alamouti’s G2 scheme for the half-duplex single-relay channel of Fig. 4.5. A joint

source-and-relay mode design procedure designed with the aid of EXIT charts analysis

was proposed in Section 4.2.3.2 for the sake of finding the optimal Ir-CSTC scheme,

which performs closest to the single-relay channel’s capacity as well as achieves the max-

imum effective throughput, which is an extra benefit of the joint mode design procedure.

The numerical results seen in Fig. 4.9 of Section 4.2.4 demonstrated that the joint source-

and-relay mode design based on EXIT chart analysis is capable of near-capacity coop-

erative communications in the single-relay-aided network. Furthermore, in Section 4.3

an extended Ir-CSTC scheme was studied in the context of the twin-relay aided network

of Fig. 4.10, in which the successive relaying protocol was employed. The factor two

multiplexing loss of the single-relay-aided network was recovered by the successive re-

laying protocol, although this was achieved at the cost of anadditional relay. Similarly,

the CCMC capacity and the constrained information-rate bounds of Alamouti’s STBC

scheme were derived for the successive relaying aided schemes of Figs. 4.11 and 4.12
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in Section 4.3.4.1. It was observed in Figs. 4.14 and 4.15 that the factor two multiplex-

ing loss of the single-relay-aided network may be recoveredby the successive relaying

protocol with the aid of an additional relay, which is a more practical technique than the

assumption of a full-duplex system. The generalized joint source-and-relay mode design

procedure advocated relies on the proposed procedure of finding the optimal cooperative

coding scheme, which performs close to the capacity limit, in the context of twin-relay-

aided network, as demonstrated by the BER performance results of Fig. 4.18 discussed in

Section 4.3.5. It is further demonstrated that the Ir-CSTC schemes proposed in Chapter 4

are insensitive to the network’s geometry. In other words, as long as the number of anten-

nas as well as the space-time coding schemes used at the source and relays are fixed, the

irregular components employed at the source and relays alsoremain unchanged, regard-

less of the network topology considered. The topology only affects the transmit power

thresholds to be used at the source and relays, when the EXIT tunnels are open, as shown

in Figs. 4.6-4.8 and 4.16-4.17. However, if the number of antennas, or the space-time cod-

ing schemes used at the source and relays are changed, we haveto redesign the irregular

components both at the source and relays. More specifically,the joint source-and-relay

mode design procedures advocated in Sections 4.2.3.2 and 4.3.4.2 operate off-line in or-

der to find the optimal distributed code components. In otherwords, they do not have

to operate on-line in order to adapt the parameters according to the instantaneous chan-

nel conditions. Once the irregular components at the sourceand relays were determined,

they remain fixed during the transmit and receive periods. However, the knowledge of the

channel state information is required during the off-line search procedure, which was as-

sumed to be perfectly known at both the relay and destinationin Chapter 4. Furthermore,

the code design procedure is not limited to a specific networking scenario, but applica-

ble under virtually any network configuration. Most importantly, it is in fact generically

applicable, regardless of the specific choice of the space-time codes at the source and re-

lays as well as of the irregular components, provided that the inherent irregularity of the

designs used at the source and relays is retained.

6.1.5 Chapter 5

In contrast to the noise-limited single-user scenario of Chapter 4, Chapter 5 investigated

the Ir-CSTC schemes in the context of our interference-limited multiuser SDMA scenario,

where the multiple access interference (MAI) significantlydegrades the overall system

performance. Specifically, in Section 5.2.2 a MaxSINR-based SIC multiuser detector was

proposed for the multiple-antenna-user aided SDMA uplink system, which is capable of

striking a trade-off between the interference suppressioncapability and noise enhance-

ment, as shown in Fig. 5.2, while supporting rank-deficient systems. Furthermore, in Sec-
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tion 5.2.3 the multiuser SDMA system was combined with channel codes, which assisted

us in eliminating the typical BER floors of rank-deficient systems, as depicted in Fig. 5.5.

Referring to the Ir-CSTC scheme for the single-user scenario of Chapter 4, in Section 5.3

relay aided techniques were incorporated in channel-codedSDMA systems, which bene-

fit from extra spatial diversity and reduced-pathloss basedgeometrical gains. In contrast

to the single-user Ir-CSTC schemes, interference suppression was required at both the

base station and the relaying mobile station. Finally, a more practical scenario where the

MSs have spatially correlated transmit antennas was studied in Section 5.4. In contrast

to the conventional views, the simulation results of Figs. 5.14 and 5.15 demonstrated that

the transmitter’s spatial correlation is potentially beneficial in multiuser SDMA uplink

systems, when employing efficient MUDs.

6.2 Design Guidelines

In this section, we summarize the general design guidelinesof near-capacity transceivers

in the context of both colocated and distributed MIMO systems by examining the various

schemes investigated throughout Chapter 2 to Chapter 5.

1. Near-capacity operation is of particular interest in digital multimedia broadcast ap-

plications. In conventional colocated MIMO systems, following the advent of turbo

codes near-capacity communications may be facilitated by concatenating simple

constituent codes and employing efficient iterative decoding. EXIT charts consti-

tute convenient tools, which may be used to analyse the iterative extrinsic informa-

tion exchange process among the constituent decoders. An ’open-but-narrow’ EXIT

tunnel indicates that near-capacity performance may be achieved, provided that the

Monte-Carlo simulation based decoding trajectory matchesthe EXIT curves.

2. Hence, near-capacity transceiver designs may involve several design aspects, such

as the choice of the parallel versus serial concatenation structure, the appropriate

selection of the constituent codes, the interleaver length, the detection algorithm,

which complement the transmission scheme. The best attainable performance is

determined by the DCMC capacity.

3. Firstly, the choice of the inner code of a serially concatenated scheme has to be

resolved. In Chapter 2 we considered a multi-layer space-time coding scheme re-

ferred to as GMLST, which provides both multiplexing and diversity gains. Hence

a high configuration flexibility spanning the entire range ofoptions between the

full-multiplexing and the full-diversity oriented systems may be attained. As a de-

sign example, a novel iterative multi-stage SIC scheme was proposed in Section 2.6,
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which is capable of achieving the maximum attainable receive diversity of the po-

tentially excessive-complexity classic ML detection, while imposing only a fraction

of the ML complexity.

4. Once the choice of the inner code was resolved, we should opt for an appropriate

outer channel code, which leads itself to so-called irregular designs, yielding diverse

EXIT-curve shapes. In Chapter 3, a powerful IRCC was employed. Then, the area

of the EXIT tunnel between the outer and inner decoders’ EXITcurves may be min-

imized by employing a curve-matching algorithm, which indicates the possibility of

near-capacity performance.

5. On the other hand, for the sake of eliminating the error floor, a recursive URC was

also needed as an intermediate code in the serially concatenated scheme, as demon-

strated in Section 3.3. The resultant near-capacity transceiver based on EXIT-chart-

matching designs in Chapter 3 is generically applicable, regardless of the specific

choice of the inner and outer decoder components, as long as the inherent irregular-

ity of the inner or outer codes is retained. Since they are capable of reducing the area

of the open EXIT-tunnel, they facilitate decoding convergence to an infinitesimally

low BER at near-capacity SNRs.

6. Naturally, invoking more IRCC components is capable of providing more diverse

EXIT curves, hence matching the inner codes’ EXIT functionsmore accurately,

which indicates that a ’very-near-capacity’ performance is achievable, as shown in

Section 3.3.3.3.

7. The above-mentioned advances may also be exploited in thecontext of distributed

MIMO systems. More specifically, parallel concatenation ofthe geographically

separated transceivers may be invoked as shown in Chapter 4.More specifically,

a three-stage serially concatenated scheme may be employedat the source for the

sake of approaching the SR link capacity, while another irregular scheme may be

employed at the relay for the sake of assisting the near-capacity operation of the

distributed system following the philosophy of distributed turbo codes. As a design

example, in Chapter 4, an Ir-CSTC scheme was designed using the following joint

source-and-relay mode design procedure:

(a) Firstly, optimized irregular components are designed at the source using EXIT-

curve-matching for the SR link.

(b) Then, the irregular components to be used at the relay areoptimized by another

EXIT curve matching process at the destination, where the EXIT curve of the

RD link is matched against that of the SD link.
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(c) Finally, the decoding convergence threshold of the Ir-CSTC scheme is calcu-

lated. More specifically, when the EXIT tunnel area between the EXIT curves

of the SD link and the RD link is minimized, a near-capacity performance may

be achieved in the distributed MIMO system considered.

6.3 Future Work

The research presented in this thesis can be extended in several directions. In this section,

a brief overview of some ideas for potential future work are presented as follows:

Differential Multi-functional MIMO Scheme

The multi-functional GMLST schemes presented in Chapter 2 use coherent detec-

tion, while assuming perfect channel knowledge at the receiver. In a realistic scenario,

however, channel estimation is required when employing coherent detection, which will

degrade the system’s performance due to channel estimationerrors. Additionally, the

channel estimation complexity increases with the product of the number of transmit and

receive antennas. Therefore, an attractive solution for eliminating the potentially high-

complexity channel estimation as well as the performance degradation due to channel

estimation errors is to design non-coherent receivers thatdo not require any channel

knowledge. As a further extension of the multi-functional GMLST schemes of Chap-

ter 2, we can design differential multi-functional MIMO schemes that do not require any

channel knowledge. Naturally, it is expected that the differential scheme will have a 3

dB performance degradation when compared to the corresponding coherent scheme as-

suming perfect channel knowledge at the receiver. However,when channel estimation

is employed, differential detection eliminates the complexity of channel estimation and

we may even attain a better BER performance than that of the coherent scheme, when a

practical, finite-precision channel estimation scheme is considered.

Adaptive Multi-functional MIMO Systems

In Chapter 2, the proposed multi-functional GMLST scheme provides flexibility in

terms of multiplexing and diversity oriented system benefits. Hence, an adaptive multi-

functional MIMO system is worth investigating in our futureresearch. Specifically, the

sophisticated multi-functional system will adaptively switch between the full-multiplexing

oriented BLAST, partial-multiplexing, partial-diversity oriented GMLST and full-diversity

STC schemes according to the quality of the channel experienced. When the channel is

gravely faded, the system will automatically adapt itself to STC mode, which provides

diversity gains to combat the effects of the fading channel.On the other hand, BLAST

will be employed in a rather benign channel environments forthe sake of maximizing
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system throughput, while maintaining an acceptable BER level at the receiver side. Oth-

erwise, we use the flexible GMLST scheme to strike an attractive trade-off between the

multiplexing gain and diversity gain.

Employing Symbol-Based URC in Near-Capacity IRCC-URC-GMLST Schemes

In Chapter 3, a bit-based URC was invoked as the intermediatecode in the three-

stage serially concatenated IRCC-URC-GMLST scheme. It wasobserved in Fig. 3.26

that a significant amount of information/throughput loss occurs in iterative ML detected

IRCC-URC-GMLST(STTC-4) schemes when converting the output symbol probabilities

of the GMLST(STTC-4) decoder to LLR values used for the bit-based URC decoder.

Hence, as an explicit benefit, a symbol-based URC can be used to recover the above-

mentioned information loss, since no conversion from symbol probabilities to LLR values

is needed between the GMLST decoder and the symbol-based URCdecoder. However,

the complexity of the symbol-based URC is higher than that ofthe bit-based URC.

Joint Power Allocation and Relay-Position Optimization for Ir-CSTC Schemes

In Chapter 4, an irregular cooperative space-time coding scheme was proposed for the

sake of achieving the corresponding relay channel’s single-link DCMC capacity. How-

ever, from a perspective of maximizing the multiuser network’s capacity, the network’s

configuration used in Chapter 4 is not optimal. As seen from Eq. (4.25) of Chapter 4, the

three-terminal network’s capacity is dependent on the equivalent SNRs (transmit powers)

at the source and relay nodes as well as the distance (power gain) between the relay and

destination nodes. On the other hand, in [174] a closed-formapproximation of the MIMO

capacity was proposed, which is capable of approximately calculating the correspond-

ing MIMO channel’s DCMC capacity without invoking time-consuming Monte-Carlo

simulations. Hence, we can employ a joint power allocation and relay location opti-

mization scheme to maximize the three-terminal network’s DCMC capacity, which is still

approachable by our proposed Ir-CSTC scheme. Hence, the joint power allocation and

relay-position optimization algorithm can be further simplified to a convex optimization

problem as follows.

Assuming that the source and relay nodes have the same codingrate of 0.5, the three-

terminal network’s capacity of Eq. (4.25) can be rewritten as:

Ccoop-g2
DCMC (P s

t , P r
t , Grd) = min

{

1.0,
1

2
Cs→d

DCMC(P s
t ) +

1

2
C r→d

DCMC(P r
t , Grd)

}

. (6.1)

Our objective is to maximize1
2
Cs→d

DCMC(P s
t ) + 1

2
C r→d

DCMC(P r
t , Grd), which is subject to the
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0 6 P s
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P s
t + P r
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P s
t + 10 log10(Gsr) > P r

r,min,

Gsr + Grd + 2
√

GsrGrd ≥ GsrGrd,

(6.2)

whereP s
t andP r

t are the transmit powers at the source and relay nodes, respectively,

while P r
r,min is the minimum receive power required at the relay node to maintain an open

EXIT tunnel as in Fig. 4.6.

Channel Estimation in Multiuser SDMA Uplink Systems

In Chapter 5, we have considered multiuser SDMA systems assuming perfectly accu-

rate channel knowledge at the base station. However, it is well known that SDMA systems

are sensitive to channel estimation errors, which will significantly degrade the overall sys-

tem performance. Therefore, it is worth exploring efficientchannel estimation techniques

for the sake of minimizing the performance loss due to inaccurate channel knowledge in

a realistic SDMA uplink scenario.



AppendixA
Mathematical Preliminaries

A.1 The Nulling Matrix

For the sake of nulling the effects of interference imposed by the interfering groups in

Eq. (2.5), the following condition must be satisfied in Section 2.3:

Wj
k · [H(j+1)′,k, . . . , Hq′,k] = 0, (A.1)

which can be reformulated using the matrix transpose notation as:

[H(j+1)′,k, . . . , Hq′,k]
T · [Wj

k]
T = 0. (A.2)

Since the null space of a matrixA is the set of all vectorsv, which solves the equation

Av = 0, wherev is also referred to as the kernel ofA, in set-construction notation we

have:

Null(A) = {v ∈ V : Av = 0}.

Hence, we can mathematically deduce the nulling matrixWj
k in Eq. (A.1) from the null

space of[H(j+1)′,k, . . . , Hq′,k]
T . For the sake of maximizing the receive diversity order,

we choose a nulling matrixWj
k having the largest rank, which is equal to the dimension

of the null space. There are several computational approaches for determining the null

space ofA and the choice of the specific method used depends on both the structure and

size ofA. A popular approach which can be used, even whenA is large, is to invoke the

singular value decomposition (SVD) ofA and use the resultant right-hand-side singular

vectors corresponding to the singular values of zero as a basis for the null space. Below

we generate the nulling matrixWj
k in details as follows:

As [H(j+1)′,k, . . . , Hq′,k]
T is an[(Nt − N1′

t · · · − N j′

t ) × Nr]-element matrix, its SVD

i
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is given by:

[H(j+1)′,k, . . . , Hq′,k]
T = U

[

Σr×r 0

0 0

]

VH, (A.3)

where we haveU ∈ C(Nt−N1
′

t ···−N
j′

t )×(Nt−N1
′

t ···−N
j′

t ), V ∈ CNr×Nr andΣr×r is a diagonal

matrix having singular values on the diagonal andr = rank([H(j+1)′,k, . . . , Hq′,k]
T ). Since

the subchannels are uncorrelated and random, the matrix[H(j+1)′,k, . . . , Hq′,k]
T is of full

rank andr = Nt − N1′

t · · · − N j′

t < Nr. As a result, the matrix

[

Σr×r 0

0 0

]

can be

reformulated as
[

Σr×r 0r×(Nr−r)

]

. Upon substituting Eq. (A.3) into Eq. (A.2), we have

U
[

Σr×r 0r×(Nr−r)

]

VH [Wj
k]

T = 0 (A.4)

if and only if
[

Σr×r 0r×(Nr−r)

]

VH [Wj
k]

T = 0. (A.5)

When choosingVH[Wj
k]

T =

[

0r×(Nr−r)

I(Nr−r)×(Nr−r)

]

, the nulling matrixWj
k is obtained as

W
j
k =

{

V

[

0r×(Nr−r)

I(Nr−r)×(Nr−r)

]}T

=

{

[

ṼNr×rV̄Nr×(Nr−r)

]

[

0r×(Nr−r)

I(Nr−r)×(Nr−r)

]}T

(A.6)

= V̄T
Nr×(Nr−r).

A.2 Maximum SINR Array Processor

For the sake of deriving the maximum SINR array processor, wehave to find the solution

of the following generalized eigenvalue equation in Section 5.2.2:

Rsw = λRnw. (A.7)

To be consistent with the assumption of uncorrelated interference components, as stated

in Section 5.2.2, we can decompose the covariance matrixRn of the interference by

Cholesky decomposition [160] as

Rn = LL H , (A.8)

sinceRn is Hermitian and positive definite, whereL is a lower triangular matrix having

strictly positive diagonal entries. When both sides of Eq. (A.7) are left-multiplied byL−1,
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we obtain

C
(

LHw
)

= λ
(

LHw
)

, (A.9)

where

C = L−1Rs

(

L−1
)H

(A.10)

is the Hermitian and nonnegative definite with the same rankk as that ofRs. According

to Eq. (5.12),k cannot be larger than the rank ofH1, so we havek ≤ min(M, Nt). Ob-

viously, the eigenvalues ofC are the same as those of the original generalized eigenvalue

equation of (A.7). There arek nonzero eigenvalues, and a set of orthogonal eigenvectors
{

LHwi

}k

i=1
can be found by using the SVD onC.

As C = L−1Rs

(

L−1
)H

is an [M × M ]-element Hermitian semi-positive definite

matrix, its SVD is given by:

C = U

[

Σk×k 0

0 0

]

UH , (A.11)

whereU ∈ CM×M andΣk×k is a diagonal matrix having singular values on the diagonal,

which correspond to thek number of nonzero eigenvalues ofC. With the aid of matrix

manipulation, Eq. (A.11) can be further simplified to

C = [U1,U2]

[

Σk×k 0

0 0

]

[U1,U2]
H = U1Σk×kU

H
1 , (A.12)

whereU1 ∈ C
M×k andU2 ∈ C

M×(M−k). The columns of the matrixU1 are the eigen-

vectors ofC, which correspond to the eigenvalues on the diagonal ofΣk×k, respectively.

Finally, we obtain the linear maximum SINR array processor of Section 5.2.2 as follows

Θ = [w1, w2, · · · , wk]

= (L−1)H
[

LHw1, LHw2, · · · , LHwk

]

(A.13)

= (L−1)HU1.



Glossary

4QAM 4-level Quadrature Amplitude Modulation

AF Amplify-and-Forward

APP A Posteriori Probability

AWGN Additive White Gaussian Noise

BCJR Bahl-Cocke-Jelinek-Raviv algorithm

BEC Binary Erasure Channel

BER Bit Error Ratio

BICM-ID Bit-Interleaved Coded Modulation scheme using Iterative Decod-

ing

BLAST Bell-labs LAyered Space-Time architecture

BPS Bits Per modulated Symbol

BPSK Binary Phase Shift Keying

BS A common abbreviation for Base Station

CCMC Continuous-input Continuous-output Memoryless Channel

CDMA Code Division Multiple Access

CF Compress-and-Forward

CIR Channel Impulse Response

CSI Channel State Information

D-BLAST Diagonal Bell-labs LAyered Space-Time architecture

iv



Glossary v

DCMC Discrete-input Continuous-output Memoryless Channel

DF Decode-and-Forward

D-GMLST Diagonal Generalized Multi-Layer Space-Time architecture

DSTC Differential Space-Time Coding scheme

DTC Distributed Turbo Code

DTTCM Distributed Turbo Trellis Coded Modulation

Eb/N0 Ratio of bit energy to noise power spectral density.

EGC Equal Gain Combining

EXIT EXtrinsic Informathion Transfer

FEC Forward Error Correction

FER Frame Error Ratio

GMLST Generalized Multi-Layer Space-Time architecture

GMLST(STBC) GMLST schemes using STBC as the component codes

GMLST(STTC) GMLST schemes using STTC as the component codes

H-GMLST Horizontal Generalized Multi-Layer Space-Time architecture

IC Interference Cancellation

i.i.d. independent and identically distributed

IN Interference Nulling

IRCCs IRregular Convolutional Codes

Ir-CSTC Irregular Cooperative Space-Time Coding scheme

i.u.d. independent and uniformly distributed

JD Joint Detection

LDC Linear Dispersion Code

LDPC Low Density Parity Check code

LLR Log-Likelihood Ratio

log-domain logarithmic-domain



Glossary vi

Log-MAP Log Maximum Aposteriori Probability

LOS Line of Sight

LS Least Square

MAI Multiple Access Interference

MAP Maximum A Posteriori

MaxSINR Maximum Signal-to-Interference-plus-Noise Ratio

MBER Minimum Bit Error Rate detection

MCMC Markov Chain Monte Carlo detection

MIMO Multi-Input Multi-Output

ML Maximum Likelihood

MLSE Maximum Likelihood Sequence Estimator

MMSE Minimum Mean Square Error

MR The active MSs to Relaying MS link

MRC Maximum Ratio Combining

MS Mobile Station

MU Multi-User

MUD Multi-User Detector

MU-MIMO Multiple-User MIMO system

MSE Mean Square Error

OSTBC Orthogonal Space-Time Block Coding

PDF Probability Density Function

PIC Parallel Interference Cancellation

PSD Power Spectral Density

PSK Phase Shift Keying

PWEP Pair-Wise Error Probability

QAM Quadrature Amplitude Modulation



Glossary vii

QPSK Quadrature Phase Shift Keying

RD Relay-to-Destination link

RSC Recursive Systematic Convolutional

Rx Receiver

SD Selection Diversity or Sphere Detection / Source-to-Destination

link

SDMA Space Division Multiple Access

SER Symbol Error Ratio

SIC Successive Interference Cancellation

SINR Signal-to-Interference-plus-Noise Ratio

SISO Soft-Input Soft-Output/Single-Input Single-Output

SNR Signal to Noise Ratio, noise energy compared to the signal energy

SP Set Partitioning

S/P Serial-to-Parallel

SR Source-to-Relay link

STBC Space-Time Block Code

STC Space-Time Coding

STTC Space-Time Trellis Code

STTC-4 4-state based Space-Time Trellis Code

STTC-16 16-state based Space-Time Trellis Code

SU-MIMO Single-User MIMO system

SVD Singular-Value Decomposition

TCM Trellis Coded Modulation

Tx Transmitter

URC Unity-Rate Code

VA Viterbi Algorithm



Glossary viii

VAA Virtual Antenna Arrays

V-BLAST Vertical Bell-lab LAyered Space-Time architecture

ZF Zero Forcing.
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[61] M. Tüchler and J. Hagenauer, “EXIT charts of irregularcodes,” inProceeding

of the 36th Annual Conference on Information Sciences and Systems [CDROM],

(Princeton, NJ, USA), March 2002.

[62] Z. Zhang and T. Duman, “Capacity-approaching turbo coding and iterative decod-

ing for relay channels,”IEEE Transactions on Communications, vol. 53, pp. 1895–

1905, Nov. 2005.

[63] Z. Zhang and T. Duman, “Capacity-approaching turbo coding for half-duplex re-

laying,” IEEE Transactions on Communications, vol. 55, pp. 1895–1906, Oct.

2007.

[64] S. ten Brink, “Designing Iterative Decoding Schemes with the Extrinsic Informa-
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