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Abstract

Exploiting the available diversity from various sources inwireless networks is an easy way

to improve performance at the expense of additional hardware, space, complexity and/or

bandwidth. Signal space diversity (SSD) and cooperative communication are two promising

techniques that exploit the available signal space and space diversity respectively. This study

first presents symbol error rate (SER) analysis of an SSD system containing a single transmit

antenna andN receive antennas with maximal-ratio combining (MRC) reception; thereafter

it presents a simplified maximum-likelihood (ML) detectionscheme for SSD systems, and

finally presents the incorporation of SSD into a distributedswitch and stay combining with

partial relay selection (DSSC-PRS) system.

Performance analysis of an SSD system containing a single transmit antenna and multiple

receive antennas with MRC reception has been presented previously in the literature using the

nearest neighbour (NN) approximation to the union bound, however results were not presented

in closed form. Hence, closed form expressions are presented in this work. A new lower bound

for the SER of an SSD system is also presented which is simplerto evaluate than the union

bound/NN approximation and also simpler to use with other systems. The new lower bound is

based on the minimum Euclidean distance of a rotated constellation and is termed the minimum

distance lower bound (MDLB); it is also presented here in closed form. The presented bounds

have been validated with simulation and found to be tight under certain conditions.

The SSD scheme offers error performance and diversity benefits with the only penalty being an

increase in detector complexity. Detection is performed inthe ML sense and conventionally,

all points in an M-ary quadrature amplitude modulation (M-QAM) constellation are searched

to find the transmitted symbol. Hence, a simplified detectionscheme is proposed that only

searchesm symbols from M after performing initial signal conditioning. The simplified

detection scheme is able to provide SER performance close tothat of optimal ML detection in

systems with multiple receive antennas.

Cooperative communication systems can benefit from the error performance and diversity

gains of the spectrally efficient SSD scheme since it requires no additional hardware,

bandwidth or transmit power. Integrating SSD into a DSSC-PRS system has shown an

improvement of approximately5dB at an SER of 10-4 with a slight decrease in spectral

efficiency at low SNR. Analysis has been performed using the newly derived MDLB and

confirmed with simulation.
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1. Introduction

Wireless communication has seen accelerated growth in recent years. It is increasingly

becoming not just a means of transmitting voice but also a means of accessing services such as

broadband internet, teleconferencing, and streaming video. These services are being delivered

over a wide variety of wireless networks including wirelesslocal area networks (WLAN),

city wide or even inter-city networks, and the increasing predominant and ubiquitous cellular

networks. Wireless networking technologies, while being updated constantly, have been

unable to keep up with the increasing demands for higher datarates, greater coverage and

increased user capacity.

The mobile communication paradigm places a unique blend of constraints on the wireless

communication system. Processing power, transmit power and physical space are all limited

at mobile nodes. Moreover, by their mobile nature, mobile terminals often face severe signal

degradation due to the effects of large and small scale fading [1]. Spatial diversity is a common

technique used to combat the effects of fading and is steadily becoming a primary method of

increasing performance in mobile wireless networks.

Cooperative communication has been proposed [2, 3] as a spatial diversity technique to

combat the effects of fading in mobile terminals that often do not have the space required

to implement multiple transmit/receive antennas (although the newly released Apple iPhone

4S does make use of transmit and receive diversity [4]). By making use of additional relay

nodes in the communication process, network coverage can beexpanded and natural resilience

to shadowing and fading can be attained. Cooperative communication, however, also has the

fundamental problem of reduced spectral efficiency due to the re-transmission of signals by

relaying nodes. This reduction in spectral efficiency worsens with an increase in the number

of participating relays, however, it can be somewhat mitigated by careful system design.

Making optimal use of the available diversity from the addition of cooperating nodes often

means using complex combiners at the receiver [5–7]. Lowering the complexity at the receiver,

necessary for mobile terminals, also results in significanterror performance and diversity

losses. This motivates research into methods of improving error performance and spectral

efficiency in low complexity cooperative communication systems. Signal space diversity

(SSD) is proposed as a diversity method that does not requireadditional space or bandwidth to

improve error performance and provide diversity gains, andhence is ideal for mobile wireless

networks [8].
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The issue of complexity is significant when dealing with mobile cellular networks. Hence, in

this work, significant attention is paid to decreasing the complexity of the network wherever

possible, while maximising the available diversity.

1.1 Cooperative Communication

Cooperative communication makes use of additional ‘relay’(R) nodes in the communication

process to relay information between the conventional source (S) and destination (D) nodes.

The relays provide additional independent paths for signalpropagation between the source and

destination and hence provide the possibility of spatial diversity. The independent paths created

from the relays and source to the destination can be imaginedto form a ‘virtual’ antenna array

at the destination [9], similar to the independent paths created by a physical antenna array with

sufficient spacing. A typical relay network can be visualized in Figure 1.1.

S D

R

Figure 1.1: Typical cooperative communication system witha single relay

Employing cooperative communication necessitates the re-transmission of information from

the relay(s) on orthogonal channels, usually subsequent time slot(s). Doing so presents the

obvious problem of decreased spectral efficiency, especially as the number of relays,N ,

gets larger. This can be somewhat mitigated by system design, usually at the expense of

error performance [10]. Regardless, cooperative communication yields obvious benefits with

regards to the mitigation of fading and increased coverage of a network. Opportune placement

of relays can also assist signal propagation around large natural objects which would otherwise

hamper such propagation.

1.1.1 Relaying Strategies

A ‘relaying strategy’ broadly refers to the way received signals are processed by the relay

before re-transmission. Various levels of performance canbe attained depending on the level

of complexity at the relay and at the destination.
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The simplest relaying strategy from a processing point of view is amplify-and-forward (AF).

With AF, the relay simply amplifies the received analogue waveform with an amplification

factor G and then re-transmits without any other processing. Enforcing a typical average

transmit power constraint at the relay, the amplification factor is bounded by [9]:

G ≤
√

ES

|hSR|2 ES +N0

(1.1)

whereES is the average energy per symbol,|hSR|2 is the fading power between the source

and the relay node, andN0 is the noise power spectral density. When the AF strategy is used in

anN relay cooperative system, full diversity ofN +1 can be achieved at the destination node

with the use of maximal-ratio combining (MRC) [11]. However, the AF strategy requires the

storage of analogue waveforms at the relay before re-transmission which can be prohibitive.

Decode-and-forward (DF) is a regenerative strategy that first decodes the received information

and thereafter re-encodes and re-transmits it. This mitigates the need to store analogue

waveforms at the relay and is thus simple to implement. However, DF suffers from potential

error propagation due to possible decoding errors at the relay, thus making the source-relay-

destination (S − R − D) channel non-linear and non-Gaussian [6]. The DF strategy can

therefore not guarantee full diversity without additionalprocessing at either the relay or

destination. Further, the end-to-end equivalent signal-to-noise ratio (SNR) of the dual-hop

S−R−D link is not known due to the mentioned properties. However, in [6, Property 1], the

dual-hop equivalent SNR was found to be upper bounded by the minimum of the two single

hop SNRs. In the analysis, it was shown that the error rate achieved using the bound was tight

in the high SNR region.

Various selective decode-and-forward (SDF) relaying schemes have also been proposed in the

literature which use SNR thresholds, CRC codes, or similar error detection techniques to detect

possible decoding errors at the relay [12, 13]. Received symbols are then not forwarded if the

SNR threshold is not met or if errors are detected when decoding. Such schemes are able to

achieve full diversity since error propagation is mitigated; however when coding is used to

determine forwarding, spectral efficiency is further reduced.

1.1.2 Cooperative Communication Schemes

Uncoded cooperative communication schemes are reviewed here with emphasis on their

complexity and achievable diversity order.

4



As mentioned, the DF relaying strategy cannot collect full diversity at the receiver without

additional processing. In [2, 3], aλ-MRC detector at the destination was presented which

weights the signals received by the destination from the relay with a factorλ before employing

MRC to combine all received signals. It was shown that full diversity could then be collected

at the destination. However, the parameterλ was not found analytically and was used as an

upper bound on the maximum error performance attainable.

In [6], it was shown that while the optimal maximum-likelihood (ML) detector can collect

full diversity at the destination, ML detection becomes prohibitively complex with larger than

binary constellations. A cooperative-MRC (C-MRC) combiner was proposed at the destination

which weights the signals arriving from the relay node at thedestination according to:

wRD =
γeq
γRD

h∗RD (1.2)

wherewRD is the weight being designed,γeq andγRD are the equivalentS −R−D channel

andR − D channel instantaneous SNRs respectively,hRD is the fading coefficient of the

R − D link, and (·)∗ denotes the complex conjugate. This C-MRC scheme, similar to the

λ-MRC proposed in [2, 3], achieves full diversity when used atthe destination along with an

accompanying reduction in complexity relative to ML detection.

Smart relaying [5, 7], scales transmit power at the relay to compensate for a weakS − R

channel relative to theR−D channel, achieving full diversity at the cost of requiring feedback

from the destination at the relay. It was further shown that by using soft power scaling at the

relay, i.e. scaling using the averageR − D channel SNR, no feedback is required to achieve

full diversity in exchange for slightly decreased error performance. Smart relaying and C-MRC

were both easily extended to multi-hop and multi-relay cooperative networks independent of

modulation [5–7].

The diversity-multiplexing problem, tackled in [10], shows that optimal diversity-multiplexing

trade-off can be achieved. However, in the interests of attaining maximum spectral efficiency,

relay selection has been proposed which selects a single ‘best’ relay fromN total based on

some criterion, usually the two-hop channel characteristics [14–17]. This also circumvents

the need for complex time and carrier synchronization between relay nodes. Communication

thus takes place in two time slots only and thus improves spectral efficiency compared toN

relay forwarding schemes while still enabling the use of multiple relays to give full diversity.

However, a combiner is still required at the destination to combine signals from the source and

the best relay.
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Employing switch and stay combining (SSC) at the destination as in [18] to give a distributed

switch and stay combining (DSSC) ‘antenna’ array between the source and relay nodes

mitigates the need for a combiner at the destination. This was extended to a dual-relay system

that does not make use of the directS −D link in [19]. In [20], a DSSC system was proposed

for multiple relays, making use of relay selection to choosea single relay to participate as the

relayed branch of the DSSC system. However, this requires feedback from the destination to

select the best relay as the selection is made based on two-hop channel characteristics.

A partial relay selection (PRS) scheme was proposed in [11] using the AF relaying strategy.

PRS uses only the first hop (S − R) SNR when choosing the best relay fromN . This

mitigates the need for feedback from the destination to the relay nodes. In [11], diversity

from cooperation was not achieved due to the lack of a directS − D link. DSSC with PRS

was proposed in [21] for the DF relaying strategy, enabling multiple relays to be used in a

DSSC system without feedback from the destination for relayselection. Employing SSC at

the destination also improves spectral efficiency since there is no need for two time slots when

the direct link is active. It was shown in [21] that additional diversity order is attained with

the use of a directS − D link, however an increase in the number of relays participating in

the PRS protocol does not improve error performance aboveN = 3 relays nor diversity order

above a single relay.

It is clear that from a complexity and spectral efficiency standpoint, the DSSC-PRS system

provides advantages over other systems. However, the achieved error performance is far lower

than that achievable by schemes such as C-MRC and does not scale with the addition of

relays to the system. This motivates the addition of the SSD technique which improves error

performance and diversity order with no bandwidth, transmit power or space penalty. Thus,

the relatively high spectral efficiency of the system is maintained.

1.2 Signal Space Diversity

Multi-dimensional constellations can provide ‘signal space’ diversity by exploiting the

inherent diversity present in the different dimensions of the constellation. By subjecting

the individual dimensions to independent fading, it was found that diversity order up to

the minimum number of distinct points in a constellation is possible [22], with the only

disadvantage being an ML detector with increased complexity at the receiver, and no

bandwidth, space or transmit power penalty. A simple rotation operation on a typical two-

dimensional M-QAM constellation increases the minimum number of distinct components

6



present between any two points in the constellation; this isillustrated on a typical4-QAM

constellation in Figure 1.2. Interleaving the in-phase andquadrature components of a symbol

pair before transmission and de-interleaving after transmission results in no fading correlation

between the in-phase and quadrature components of a symbol.

Figure 1.2: Increasing the minimum number of distinct components for4-QAM

Early work on multi-dimensional constellations focused oncarving effective constellations

from lattices inn-dimensional space and matching them to fading channels [23]. The idea

of rotating a constellation and interleaving the components to provide diversity gains was

first presented in [24]. Thereafter, the problem of carving aconstellation from the rotated

cubic latticeZn to achieve the highest diversity order was tackled in [22]. It was found that

multi-dimensional constellations, generated by the Cartesian product ofn/2 two-dimensional

constellations, could be found with diversity order high enough to approach Gaussian channel

error performance with the only drawback being increased detector complexity.

SSD is thus an extremely spectral and power efficient method of increasing performance

in a system with minimal increase in complexity, making it anideal candidate to improve

performance in a system with low complexity as a design criterion. Digital terrestrial video

broadcasting system DVB-T2 already makes use of rotated constellations for performance

improvements [25].

Rotating a two-dimensional constellation results in everypoint being uniquely identifiable

from either of its components, a fact well exploited in the signal space cooperation scheme

proposed in [26]. In that system, the relay is able to generate the second symbol in an

interleaved symbol pair by merely detecting the first symbolcorrectly. This results in

the system obtaining a diversity order of two and the mentioned benefits of cooperative

communication, but not the maximum possible benefit of diversity from SSD and from

cooperative communication.
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Constellation rotation in SSD schemes has traditionally been performed via real rotation

matrices. However, complex rotation matrices are possible[27–29] and provide error

performance gains relative to real rotation matrices with an increase in overall system

complexity. SSD has also been applied to cooperative communication systems. In [30], SSD

was used in a coded DF cooperative system resulting in additional diversity order benefits,

however no analysis was given. In [31], SSD was added to a DF cooperative system with

knowledge of correct reception at the relay and M-PSK modulation. Analysis showed that a

diversity order increase from SSD was achieved and that optimal power allocation at the relay

could provide further error performance improvements.

Diversity order and error performance can be improved by performing an additional rotation

and interleaving stage [32]. The additional rotation and interleaving stage brings a further

diversity order of two at the expense of increased ML detector complexity relative to a single

stage. Termed 4-dimensional constellation rotation (4D CR), the 4D SSD system was found to

outperform conventional 2D SSD systems; however no analytical results were presented.

In most studies, error probability of SSD systems is evaluated with the union bound [22, 26,

33–35] or the nearest neighbour (NN) approximation; presented for M-PSK in [33] and M-

QAM with receive MRC in [36], however the expressions in [36]were not presented in closed

form. Error performance of uncoded rotated lattice constellations has also been evaluated with

the sphere lower bound (SLB) [37], performed by integrationover the Voronoi region presented

in [38]. Exact expressions for the error rates of SSD systemswere presented in [39, 40] for

both Rayleigh and Rician fading channels. However, these were not presented in closed form

and require numerical evaluation of complicated integrals. Thus, an expression for the error

probability of SSD systems that is simple to compute and is easily applied to other systems

does not yet exist.

Conventional ML detection for SSD requires an exhaustive search among all points in

the constellation to find the point closest in Euclidean distance to the received signal

[22]. Therefore, the possibility of developing detection schemes which simplify processing

requirements at the receiver exists and will be explored in this work.
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2. Motivation and Research Objective

Error performance evaluation of a system with M-QAM SSD modulation, a single transmit

antenna andN receive antennas with MRC reception was presented using theNN

approximation to the union bound in [36], however, analytical expressions were not presented

in closed form. This motivates the derivation of closed formexpressions based on the union

bound and NN approximation for a similar system.

Error performance evaluated using the union bound requirescomputation of the Euclidean

distance between all constellation points in a rotation constellation [22, 34], and exact results

in [39, 40] require numerical evaluation of integrals. Thismotivates the derivation of a new

lower bound on the SER of an SSD system based on the minimum Euclidean distance of a

rotated constellation which is simple to compute and easilyapplied to other systems. The new

lower bound will also be presented in closed form for the system mentioned above.

Conventional ML detection for SSD systems requires an exhaustive search among all points in

a rotated constellation to find the transmitted symbol [22].This motivates the development of

a simplified ML detection scheme that only searchesm points fromM , whereM denotes the

cardinality of the constellation. The achieved SER of the simplified detection scheme will be

compared with that of optimal ML detection using simulation.

The DSSC-PRS system provides diversity benefit from cooperation and attains better spectral

efficiency than conventional cooperative systems [21]; however, error performance can still be

improved. This motivates the application of SSD to DSSC-PRSto provide diversity and error

performance improvements without bandwidth, transmit power or space penalty.
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3. Contributions of Included Papers

The contributions of the dissertation are presented in two papers prepared for submission

to peer reviewed journals, summarized below. The papers arepresented in Part II of this

dissertation and concluding remarks are presented in Part III.

3.1 Paper A

Z. Paruk and H. Xu, “Performance Analysis and Simplified Detection for Signal Space

Diversity with MRC Reception,” 2012.

In Paper A, closed form SER expressions are presented for a system employing M-QAM SSD

modulation, a single transmit antenna andN receive antennas with MRC reception using the

union bound and the NN approximation in Rayleigh fading. A new lower bound on the SER

based on the minimum Euclidean distance of a rotated constellation is also presented in closed

form. Analytical results for the derived bounds are validated with simulations in Rayleigh

fading channels with differing values ofN . A simplified detection scheme for ML detection

of SSD symbols is also presented, with simulation results shown for systems containing single

and multiple receive antennas.

3.2 Paper B

Z. Paruk and H. Xu, “Distributed Switch and Stay Combining with Partial Relay Selection and

Signal Space Diversity,” 2012.

In Paper B, the SSD scheme is incorporated into a DSSC-PRS network. Analytical results

are derived in the form of a lower bound on the SER, making use of the lower bound derived

in Paper A and further approximations to find the SER of the system. Results are validated

with simulation and the spectral efficiency of the new systemis derived and compared with the

non-SSD system implementation as well as other cooperativesystems.
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4. Future Work

The derived SER lower bound for SSD, while fairly tight across the SNR range, is not exact.

Hence, the need for a simple, exact, closed form expression for the error performance of SSD

systems still exists and the problem of finding such an expression is still an open one. Further,

the simplified detection scheme presented does not achieve optimal error performance or full

diversity in single transmit/receive antenna systems. Therefore, the possibility of simplified

detection schemes that achieve optimal performance is another topic for future investigation.

Distributed switched/selective systems are attractive for their spectral efficiency and simplicity.

However, there still exists further scope for research intodistributed switched/selective systems

with improved error performance, diversity and spectral efficiency. A variety of techniques

could be used to improve error performance such as the decision statistic for selection systems

proposed in [41]. This work could also be extended to the caseof relays of different types as

well as relays which contain information of their own to transmit to the destination. The effects

of feedback imperfections when selecting the best relay in the DSSC-PRS-SSD system could

also be studied.
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Abstract

Signal space diversity (SSD) is a promising technique for obtaining diversity without increases

in bandwidth, transmit power or physical hardware at the expense of increased ML detection

complexity. Symbol error rate (SER) analysis of a system containing a single transmit antenna

andN receive antennas with maximal-ratio combining (MRC) reception is presented here

along with a simplified detection scheme for SSD systems. Theunion bound and the nearest

neighbour (NN) approximation are presented in closed form,and a new, simpler SER bound for

SSD systems based on the minimum Euclidean distance of a rotated constellation is presented,

also in closed form. Performance of the new bound is found to be tight for low signal-to-noise

ratios (SNRs), small rotation angles and when the number of receive antennas (N ) is large;

the new bound is also easily applied to other systems. The simplified detection scheme, while

losing diversity and SER performance whenN = 1, achieves a7dB and4dB performance

improvement over non-SSD transmission at SERs of10−3 and10−2 for 4-QAM and16-QAM

respectively. However, whenN ≥ 3, SER performance is close to indistinguishable from that

of optimal ML detection while achieving complexity reductions of up to25%, 75% and93%

for 4-QAM, 16-QAM and64-QAM respectively.
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1. Introduction

Diversity schemes typically rely on multiple copies of a transmitted signal arriving at the

receiver over independent channels, which may be orthogonal in time or frequency or separated

in space. These redundant copies available at the destination may then be combined in various

ways [1] depending on the processing and hardware constraints at the receiver. Typically,

spatial diversity schemes use multiple transmit and/or receive antennas [2] to generate the

redundant signal copies. Spatial diversity, while capableof providing substantial gains,

requires additional antennas and enough distance between them to avoid correlation at either

the transmitter or receiver and hence is not a practical solution in all cases.

A diversity technique which has not seen much attention is signal space diversity (SSD) [3].

SSD exploits the inherent diversity available in the different dimensions of a multi-dimensional

constellation by ensuring that different components are each affected by independent fading.

Consequently, no additional bandwidth, transmit power or space is required, however this is

achieved at the cost of necessitating a more complicated maximum-likelihood (ML) detector at

the receiver. This makes SSD a useful technique in the modernmobile communication focused

age, as more processing power becomes available in mobile devices but space constraints

are not lifted. Second generation digital terrestrial television systems already employ rotated

constellations to provide error performance and diversitygains [4].

It was demonstrated in [5] that the union bound could be used to evaluate error performance

of rotated constellations with component interleaving by summing over the pairwise error

probabilities (PEP) between any arbitrary constellation point and every other constellation

point. The pairwise error probability has been found in closed form in [5] and [6] for M-QAM

and PSK modulations respectively, and is sometimes used in conjunction with the Chernoff

bound [5]. The union bound, while asymptotically tight, is loose at low signal-to-noise (SNR)

and for larger constellations [7], while the Chernoff boundis looser by close to4dB [5].

The nearest neighbour (NN) approximation approximates theunion bound by only considering

the PEP of the nearest neighbours of any constellation point. The NN approximation was

presented in [8] for MRC reception and M-QAM modulation, andin [6] for PSK modulation.

However, no closed form solution was presented for M-QAM with MRC reception in [8].

Recently, exact error expressions have been derived for SSDsystems by introducing a change

in signal model and by using polar coordinates for both Rayleigh [9] and Rician [10]

channels. The new signal model takes the ratio of the standard deviation of the in-phase
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and quadrature components into account, and hence states that the resulting decision regions

become non-perpendicular. The conditional probability oferror is then integrated over these

non-perpendicular regions defined by the angles between them using polar coordinates. The

derived expressions, while accurate, are not presented in closed form and require numerical

evaluation of integrals.

Also recently, a lower bound for uncoded rotated lattice constellations based on the sphere

lower bound (SLB) was proposed in [11] for Nakagami-m fading. The SLB shown in [11]

is based on the integration of the Voronoi region shown in [7]. It was shown that the SLB

exhibits good performance for infinite lattices regardlessof the lattice structure. However for

finite multi-dimensional constellations obtained from therotation of M-PAM (Pulse Amplitude

Modulation) constellations, the SLB only exhibits tight performance asM gets large.

An accurate and simple to compute closed form expression forthe error probability of rotated

multi-dimensional constellations with SSD that is also easy to use with other systems does

not yet exist. In this study, we attempt to derive such an expression in the form of a lower

bound based on the minimum Euclidean distance of a rotated constellation. The lower bound

is presented in closed form and compared with the union boundand NN approximations, which

are also presented here in closed form, for a system containing a single transmit antenna and

multiple receive antennas with MRC reception.

The optimal ML detection rule requires an exhaustive searchamong all constellation points

before estimating the transmitted symbol. Hence, the possibility of reducing the complexity

of ML detection exists. A simplified detection scheme is presented here which searches

constellation points from a total of M after performing initial signal conditioning. The

performance of the simplified detection scheme is compared to that of the optimal detection

scheme using simulation for both single and multiple antenna reception.

The rest of this paper is organized as follows: Section 2 presents the system model, Section 3

presents performance analysis of the various bounds, Section 4 presents the simplified

detection scheme, results are presented in Section 5 and Section 6 presents concluding remarks.
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2. System Model

A multi-dimensional constellation is said to be capable ofL order diversity when the minimum

number of unique components between any two points of the constellation isL. Consider the

conventional (S) and rotated (̃S) constellations shown in Figure A.1. Clearly, rotating the

constellation maximizes the minimum number of distinct components between any two points

in the constellation while retaining the same average energy, given by the expectationE[S2],

whereE[·] denotes the expectation operator. Thus, in the absence of fading (AWGN channel),

the rotated set̃S exhibits the same performance as the conventional setS.

(a) (b)

Figure A.1: (a) original constellationS and (b) rotated constellatioñS showing expansion

We formally defineS to be a signal set such thatS =
{

sIl + jsQl : l = 0, 1, ...,M − 1
}

, where

M denotes the cardinality ofS, and(·)I , (·)Q refer to the in-phase and quadrature part of a

signal respectively. The rotated setS̃ is then obtained by applying a rotation matrixRθ to

each element ofS according tõsl = R
θsl, for a rotation of angleθ. For a two-dimensional

constellation, the rotation matrix takes the form [12]:

R
θ =





cosθ −sinθ

sinθ cosθ



 (A.1)

To obtain diversity, the unique components need to be affected by independent fading. This

is achieved by a component interleaver/de-interleaver present at the transmitter and receiver

respectively. Performing the interleaving/de-interleaving action ensures that a single deep

fade will not affect all components of the signal simultaneously, thus achieving signal space

diversity. Note that the rotated constellation, once component interleaved, now forms an

expanded constellation equivalent to the Cartesian product of the in-phase and quadrature
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components of the original constellation set, defined asS̃E = SI × SQ, where× denotes

the Cartesian product. This can be visualized in Figure A.1.

We now consider the system with block diagram shown in FigureA.2. Consider a network

containing a source node with a single transmit antenna and adestination node containingN

receiving antennas, also referred to here asN independent branches. The receive antennas are

spaced far enough apart for there to be no correlation among the respective received signals.

There is no feedback channel between the destination and source nodes and no source or

channel coding is performed.
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Figure A.2: Block diagram of SSD system with MRC reception

Following the system block diagram, a bit stream is mapped tosymbols denotedx = xI + jxQ

from the rotated constellatioñS as shown in the first block in Figure A.2, which are then

arbitrarily grouped into pairs of symbols and passed through a component interleaver, shown

in the second block. The component interleaver interleavesthe in-phase and quadrature

components of the symbols in each pair to give new symbolsut, t ∈ {1, 2}, wheret is the

index of a symbol in a symbol pair. A typical interleaved symbol pair is shown below:

u1 = xI1 + jxQ2

u2 = xI2 + jxQ1

(A.2)
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The interleaved symbolsut are then transmitted by the single transmit antenna and arrive

at the destination overN i.i.d (independent and identically distributed) Rayleighfading

channels with additive white Gaussian noise from theN receive antennas. Each symbolut

in a symbol pair is transmitted over an orthogonal channel, assumed to be independent time

slots in this study. Transmission occurs in two subsequent time slots, withu1 transmitted

in the first time slot andu2 in the second. Therefore, the SSD system consumes no more

bandwidth than comparable non-SSD systems. Thus we denote the received symbols to be

ri,j, where the subscripti ∈ {1, 2} is the orthogonal channel (time slot) index and the subscript

j ∈ {1, 2, ..., N} is the receive antenna index. The received symbols at antennaj are then given

by:

ri,j = hi,jut + ni,j (A.3)

wherehi,j is the fading coefficient in time sloti at antennaj. We assume that full channel state

information (CSI) of all paths is available at the receiver and that no inter-symbol interference

occurs, hence the receiver is able to remove the phase shift induced by fading. Thus the fading

is modelled as independent Rayleigh distributed random variables with amplitude distributed

according tofh (hi,j) = hi,j

σ2 exp
(

−h2

i,j

2σ2

)

and unit second moment, i.e.E
[

h2i,j

]

= 2σ2 = 1.

The fading is assumed to be flat. The transmitted signals are perturbed by additive white

Gaussian noise, modelled as circular symmetric Gaussian random variables with distribution

ni ∼ CN (0, N0), i.e. zero mean and varianceN0/2 per dimension.

Diversity combining is performed at the destination in the optimal fashion using MRC.

Symbols are combined on a symbol-by-symbol basis as they arereceived, however detection

is only performed after a symbol pair from allN antennas has been received, combined and

de-interleaved. Combining is performed by weighting the received signal from each path with

the respective instantaneous fading coefficient for that path. This gives the combined signal

for time sloti:

ri = hi,1ri,1 + hi,2ri,2 + ...+ hi,Nri,N (A.4)

where we have defined the combined signal to beri. This is similar to combining in a non-SSD

system, and combines the branches in the optimal fashion. Wefurther define an instantaneous

combined fading term based on the sum of the individual instantaneous branch fading powers:

h2i = h2i,1 + h2i,2 + ...+ h2i,N (A.5)
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De-interleaving is then performed on a symbol pair to ensurethat the in-phase and quadrature

components of the original symbol are reassembled before detection. The symbols are then

detected in the ML sense after de-interleaving, assuming full CSI. For MRC reception, the ML

rule can be written as, for both time slots [13, 14]:

x̂1 = arg min
xk∈S̃

{

h22
∣

∣rI1 − h21x
I
k

∣

∣

2
+ h21

∣

∣

∣
rQ1 − h22x

Q
k

∣

∣

∣

2
}

x̂2 = arg min
xk∈S̃

{

h21
∣

∣rI2 − h22x
I
k

∣

∣

2
+ h22

∣

∣

∣r
Q
2 − h21x

Q
k

∣

∣

∣

2
} (A.6)

whereh2i has been defined in (A.5), and̂xi are the detected symbols for time sloti. Note the

addition of the combined fading coefficient in each term of the ML decision rule, e.g. theh22

in h22
∣

∣rI1 − h21x
I
k

∣

∣

2
.
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3. Performance Analysis

In this section we first review the conventional approach to approximating the error probability

of SSD systems based on the union bound as presented in [3, 5, 6]. We then review the NN

approximation [8] and present it in closed form, since the NNapproximation often has tighter

error performance, especially at low SNR. We thereafter present a simpler minimum Euclidean

distance based lower bound which is applicable to any squareM-QAM constellation.

For convenient discussion, we usef(x) to denote the PDF of random variablex, F (x) to

denote its CDF, andP (z) to denote the probability of eventz.

3.1 Union Bound

The union bound gives a standard method of evaluating the error probability of an arbitrary

signal set by summing the PEPs across all possible transmit and receive pairs. The union

boundPU
S on the symbol error probability (SER) is given as [5]:

PU
S (e) ≤ 1

∣

∣

∣S̃
∣

∣

∣

∑

x∈S̃

∑

x̂∈S̃
x 6=x̂

P (x → x̂) (A.7)

where
∣

∣

∣S̃
∣

∣

∣ denotes the cardinality of the signal set andP (x → x̂) is the unconditional PEP

of the detector choosinĝx given thatx was transmitted. Lettingyi = h2i (ES/N0) be the

combined instantaneous SNR in time sloti, the conditional PEP follows from the ML rule

expressed in equation (A.6) and can be written as [5]:

P (x → x̂|h1, h2) = P
(

‖r− h⊙x‖2 ≥ ‖r− h⊙x̂‖2 |h1, h2
)

= P
(

‖n‖2 ≥ ‖r− h⊙x̂‖2 |h1, h2
)

= Q

(
√

1

2N0

(

h21d
2
1 + h22d

2
2

)

)

= Q

(
√

1

2ES

(

γ21d
2
1 + γ22d

2
2

)

)

(A.8)

wherer =
(

rI , rQ
)

, h = (h1, h2), x =
(

xI , xQ
)

andx̂ =
(

x̂I , x̂Q
)

are the two-dimensional

received signal, channel coefficient, transmitted and chosen signal vectors respectively, the‖·‖
operation represents the vector norm, the⊙ operation represents the vector product,ES is the

average energy per symbol, andd21, d
2
2 represent the in-phase and quadrature distances between
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x andx̂ respectively. Averaging the conditional PEP over the independent fading distributions

for MRC reception gives the unconditional PEP:

P (x → x̂) =

∫ ∞

0

∫ ∞

0
Q

(
√

1

2ES

(

γ21d
2
1 + γ22d

2
2

)

)

fγMRC
(γ1) fγMRC

(γ2) dγ1dγ2 (A.9)

Closed form expressions for the PEP have been shown in [5] and[6] for M-QAM and

PSK modulations respectively in Rayleigh fading with a single transmit/receive antenna.

Substituting (A.9) into (A.7) yields the final union bound onthe error probability.

The NN approximation can be used to simplify the union bound by considering only the

points closest in Euclidean distance to any symbol in a constellation [6, 8]. For small

constellations such as4-QAM the NN approximation is equivalent to the union bound [6].

The NN approximation was presented in [8] for a system employing MRC reception, however

no closed form expressions were presented. We thus present closed form expressions for the

NN approximation withN -branch receive MRC using the trapezoidal approximation tothe

Q (·) function, presented later in this section.

Following the approach presented in [8], the NN approximation for 4-QAM is equivalent to

the union bound since the nearest points constitute the entire constellation. For16-QAM, the

NN approximation can be written, by considering the points in the corners, centre, and sides

of the constellation, as [8]:

PNN
16−QAM (e) =

1

4
Pcorner (e) +

1

4
Pcentre (e) +

1

2
Pside (e) (A.10)

wherePcorner (e), Pcentre (e), andPside (e) are the error probabilities of the points located at

the corners, centre and sides of the constellation respectively. Each of the described points has

perpendicular and diagonal neighbours with different Euclidean distances. By considering the

different neighbours, the NN approximation for16-QAM can be written as1 :

PNN
16−QAM (e) =

1

4
[2Pperp (x → x̂) + Pdiag (x → x̂)]+

1

4
[4Pperp (x → x̂) + 4Pdiag (x → x̂)] +

1

2
[3Pperp (x → x̂) + 2Pdiag (x → x̂)]

= 3Pperp (x → x̂) +
9

4
Pdiag (x → x̂)

(A.11)

1Equation (21) in [13] incorrectly calculates the number of diagonal neighbours forPcentre (e) andPside (e), the corrected
calculation is presented here.
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wherePperp (x → x̂) andPdiag (x → x̂) are the PEPs between any point and its perpendicular

and diagonal neighbours respectively. The PEPs can be founddirectly by substituting the

relevant distances into (A.9). These distances are easily computed for perpendicular and

diagonal neighbours as1 :

d21perp
= 4cos2 θ d22perp

= 4 sin2 θ

d21diag
= 4 (1 + sin 2θ) d22diag

= 4 (1− sin 2θ)
(A.12)

After making the relevant substitutions, integrating overthe fading distributions gives the final

PEP. We make use of the trapezoidal approximation to theQ (x) function shown in [15] to

simplify analysis. TheQ (·) function can be approximated as:

Q (δ) =
1

2n

(

1

2
exp

(−δ2

2

)

+

n−1
∑

c=1

exp

(−δ2

Sc

)

)

(A.13)

whereSc = 2 sin2 (cπ/2n) andn is the total number of iterations used in the approximation.

The PEP can thereafter be written using (A.9), (A.12) and (A.13) forN -branch MRC reception

as:

P (x → x̂) =

∫ ∞

0

∫ ∞

0

[

1

2n

(

1

2
exp

(−χ

2

)

+

n−1
∑

i=1

exp

(−χ

Si

)

)]

×

fγMRC
(γ1) fγMRC

(γ2) dγ1dγ2

=
1

4n

(

2

ρ21z
γ + 2

)N ( 2

ρ22z
γ + 2

)N

+

1

2n

n−1
∑

i=1

(

Si

ρ21z
γ + Si

)N ( Si

ρ22z
γ + Si

)N

(A.14)

whereχ = 1
2ES

(

γ21d
2
1 + γ22d

2
2

)

, fγMRC
(γi) = 1

(N−1)!
1
γN γN−1

i exp
(

−γi

γ

)

is the well-known

MRC PDF forN receive antennas,ρ2iz =
(

d2iz/2ES

)

andz refers to thediag or perp distances

in (A.12). Substituting the relevant distances from (A.12)into (A.14) and thereafter (A.14) into

(A.11) gives the final NN approximation to the union bound forN -branch MRC reception for

16-QAM. The expression in (A.14) can also be used in the union bound shown in (A.7) after

computing and substituting the relevant distances.

1The diagonal distance is reported incorrectly in [13]. The corrected distance is shown here.
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3.2 Minimum Distance Lower Bound

The union bound sums the PEPs between any transmitted symboland all possible received

symbols to upper bound the SER, making use of the squared Euclidean distance between the

points under consideration. We now derive a lower bound on the SER using the minimum

Euclidean distance of the constellation, taking into consideration the independent fading on

the individual components of the signal set.

The minimum Euclidean distance of a binary constellation issometimes used to quantify

its performance [16]. We now extend the concept to larger constellations. The minimum

Euclidean distance (hereafter referred to as the minimum distance) is defined as:

dmin = min
xk,xl∈S

{
√

|xk − xl|2
}

(A.15)

wherexk, xl are any symbols from a signal setS. For a conventional square M-QAM

constellation, the minimum distance can easily be shown to be dmin =
√
2d, whered is

the relative size of the constellation.

The minimum distance of a constellation is not affected by rotation. However, in a system

employing SSD, the individual components of the signal are affected by independent fading

due to the interleaving and de-interleaving action. We therefore modify the minimum distance

calculation to account for the fading on the individual components of the signal:

dmin = min
xk,xl∈S̃

{
√

h21
∣

∣xIk − xIl
∣

∣

2
+ h22

∣

∣

∣x
Q
k − xQl

∣

∣

∣

2
}

(A.16)

where h1 and h2 refer to the independent fading affecting the in-phase and quadrature

parts of the signal from the first and second time slot respectively. This in effect is the

minimum distance of the constellation after the rotation, interleaving, transmission over fading

channel, and de-interleaving operations. Now, due to the independent fading on the individual

dimensions, the minimum distance is dependent on the rotation angle.

For square M-QAM constellations, the minimum distance is easily calculated from any

constellation point to any of its closest constellation points along a rotated perpendicular axis.

Figure A.3 illustrates this graphically.

Assuming that an M-QAM constellation has a spacing of two in each dimension between

neighbouring constellation points, the minimum distance for a rotated two-dimensional

constellationS̃ can be computed as:
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Figure A.3: Closest points for minimum distance calculation

dS̃min =
√

4h21 cos
2 θ + 4h22 sin

2 θ (A.17)

The conventional square M-QAM SER conditioned upon the instantaneous SNR can be written

as [17]:

PM−QAM
S (e|γ) = 4aQ

(

√

bγ
)

− 4a2Q2
(

√

bγ
)

(A.18)

wherea =
(

1− 1√
M

)

andb = 3
M−1 . We again make use of the trapezoidal approximation to

theQ (x) andQ2 (x) functions shown in [15] to simplify analysis. The conditional M-QAM

SER for any square M-QAM constellation can be written using the mentioned approximations

as:

PM−QAM
S (e|γ) = 4aQ

(

√

bγ
)

− 4a2Q2
(

√

bγ
)

=
a

n























1

2
exp

(−bγ

2

)

− a

2
exp (−bγ)+

(1− a)

n−1
∑

c=1

exp

(−bγ

Sc

)

+

2n−1
∑

c=n

exp

(−bγ

Sc

)























(A.19)

whereSc = 2 sin2 cπ/4n. The factor
√

d2min/2N0 can be substituted into the conditional SER

in (A.19) (similar to the factor
√

d2i /2N0 in the PEP in (A.8)) in place of
√
bγ to give (A.20).

Doing so lower bounds the SER since not all error events are taken into consideration. We

henceforth term the new lower bound the minimum distance lower bound (MDLB).
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PMDLB
S (e|h1, h2) ≥ 4aQ





√

d2min

2N0



− 4a2Q2





√

d2min

2N0



 (A.20)

After some simple manipulations, we arrive at the final conditional MDLB on the SER

in equation (A.21), with the termsa and b defined as they were in (A.18), and defining

γi = h2i (ES/N0) to be the combined instantaneous SNR from theN receive antennas. Notice

now that the final conditional MDLB resembles the exact conditional M-QAM SER with the

instantaneous SNR changed to represent the independent fading on each dimension and the

SSD rotation angle:

PMDLB
S (e|γ1, γ2) ≥ 4aQ

(

√

bζ
)

− 4a2Q2
(

√

bζ
)

(A.21)

whereζ =
(

γ1 cos
2 θ + γ2 sin

2 θ
)

. The conditional MDLB is then averaged over both fading

distributions to give the final bound on the error probability:

PMDLB
S (e) ≥

∫ ∞

0

∫ ∞

0

{

4aQ
(

√

bζ
)

− 4a2Q2
(

√

bζ
)}

×

fγMRC
(γ1) fγMRC

(γ2) dγ1dγ2

(A.22)

Substituting the relevant fading distributions for MRC with N receive antennas and then

performing the double integration gives the final expression for the unconditional MDLB:

PMDLB
S (e) ≥ a

n



































































1

2

(

2

αbγ + 2

)N ( 2

βbγ + 2

)N

−

a

2

(

1

αbγ + 1

)N ( 1

βbγ + 1

)N

+

(1− a)

n−1
∑

c=1

(

Sc

αbγ + Sc

)N ( Sc

βbγ + Sc

)N

+

2n−1
∑

c=n

(

Sc

αbγ + Sc

)N ( Sc

βbγ + Sc

)N



































































(A.23)

whereα = cos2 θ, β = sin2 θ andγ = E [γ]. The new MDLB can be easily computed, is free

from any complicated mathematical functions due to the approximations used, is presented

in closed form, and can easily be applied to any system already using the conditional square

M-QAM SER expression from (A.18) by making a simple substitution.
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4. Simplified Detection

The conventional ML detection rule in (A.6) performs an exhaustive search among all points

in a constellation to find the one closest in squared Euclidean distance to the received symbol

using the ML decision criterion. While providing optimal error performance, this is far from

efficient. We thus propose a sub-optimal simplified detection scheme that first equalises the

received symbols and then, after de-interleaving, selectsthe point closest in Euclidean distance

to the equalized symbol. A search using the ML decision criterion is then performed among

them points closest to the equalised point, where1 ≤ m ≤ M . The new ML detection rule

thus significantly reduces the complexity of ML detection interms of the number of searches

required.

The simplified detection scheme is split into two phases: theequalisation and selection phase,

and the search phase. As with conventional ML detection, symbols can only be detected once

both symbols in a symbol pair have been received and de-interleaved. The equalisation and

selection phase first equalises the symbols received in eachtime slot by dividing by the known

fading coefficient for that time slot to give symbolsyi. A typical equalised symbol pair is

shown below, where the equalization is performed knowing that hi (defined in (A.5)) is an

amplitude distribution:

y1 =
r1
h1

= u1 +
n1

h1

y2 =
r2
h2

= u2 +
n2

h2

(A.24)

Equalising the received symbols now gives the original transmitted symbolsui together with

noise from each time slot scaled by the fading coefficient. Note that the symbolsui are still

component interleaved; they must now be de-interleaved to reassemble the respective in-phase

and quadrature components together.

The selection part of the first phase uses a simple boundary check to choose a symbol from

the original constellationS closest to the equalised symbolyi. However, since the equalised

symbols are rotated, they must first be un-rotated before theboundary check is performed. The

un-rotation operation is performed by applying the rotation matrix from (A.1) with an angle of

−θ. Thereafter, the boundary check is performed on both in-phase and quadrature components

of the equalised symbol to determine the location of the closest symbol fromS, denotedv,

v ∈ S.
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The search phase uses the location of symbolv to create a new symbol setT̃ (which is a subset

of S̃) consisting ofm−1 symbols closest tov andv itself. The symbol set̃T for each symbolv

can be pre-determined and stored, and hence need not be recreated for every received symbol.

This can be visualized in Figure A.4, wherem = 5 and the diamond represents the location of

symbolv after rotation. A conventional ML search is then performed on the new symbol set

T̃ , as opposed to the entire rotated setS̃. This greatly reduces the complexity of ML detection

required for SSD systems employing large constellations.

Figure A.4: Location ofm = 5 closest points

The new ML rule can thus be expressed as:

x̂1 = arg min
xk∈T̃

{

h22
∣

∣rI1 − h21x
I
k

∣

∣

2
+ h21

∣

∣

∣r
Q
1 − h22x

Q
k

∣

∣

∣

2
}

x̂2 = arg min
xk∈T̃

{

h21
∣

∣rI2 − h22x
I
k

∣

∣

2
+ h22

∣

∣

∣
rQ2 − h21x

Q
k

∣

∣

∣

2
} (A.25)

where x̂i, hi, ri andxk follow the definitions from (A.6). Note that the original received

symbols, and not the equalised symbols, are used for detection. The ML decision criterion has

remained the same; it is merely the signal set to which the criterion is applied that has been

reduced, along with the addition of the first equalization and selection phase.
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5. Numerical Results and Simulations

Presented in this section are numerical results based on theunion bound, NN approximation

and the new MDLB, all validated through simulation. The SER performance of the new

simplified detection scheme is also compared with that of optimal ML detection. As shown in

[5], the optimum rotation angle for both4-QAM and16-QAM with a single receive antenna is

31.7◦. This rotation angle is used here in all analyses since, as discovered through simulation,

the optimum angle forN ≥ 3 (whereN is the number of relays) does not result in a

significantly different SER. Simulations are performed over i.i.d flat fading Rayleigh channels

with AWGN as described in Section 2 using4-QAM and 16-QAM modulation. Simulation

with 64-QAM modulation is also included for simplified detection with multiple receive

antennas. We assume that full CSI for all channels is available at the receiver, that the receive

antennas are spaced far enough apart to avoid correlation, and that all systems contain only a

single transmit antenna. Since SER vs. rotation angle performance is mirrored horizontally

along the45◦ line, analysis is restricted to the range0◦-45◦.

5.1 Single Antenna Reception

We initially analyse SER performance for a system with a single receive antenna. Figure A.5

plots simulation results against the conventional union bound, the NN approximation and the
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Figure A.5: SER of SSD system withN = 1
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new MDLB for both4-QAM and16-QAM modulation. The NN approximation is identical to

the union bound for4-QAM and hence is not shown. The new MDLB, while the most accurate

at low SNR (below10dB), is not as tight as the union bound/NN approximation at high SNR

at the chosen rotation angle. The NN approximation manages better SER performance than

the union bound across the entire SNR range and hence is a better method for approximating

the SER. All bounds show better SER performance with a smaller signal set and achieve full

diversity.

As shown in [8], the optimum rotation angle for a system with MRC at the receiver is

dependent on the number of receive antennas. It also varies for systems employing coding [14],

and for cooperative SSD [18]. It is therefore of interest to determine the error performance of

the derived performance bounds relative to the angle of rotation. The SER of the single receive

antenna system is plotted against rotation angle in Figure A.6 at an SNR of25dB, well into

the high SNR region for both modulation schemes. Inspectionof Figure A.6 reveals that the

new MDLB is tight for the angles between4◦ and24◦ for 4-QAM and 8◦ and20◦ for 16-

QAM, making it suitable for error performance evaluation insystems using rotation angles

in the mentioned ranges. Clearly, the NN approximation seems to switch between upper and

lower bounding the error probability depending on the rotation angle for16-QAM; however it

does remain fairly tight throughout the rotation angle range. Figure A.6 visually corroborates

the findings in [5]: the optimum rotation angle, defined as theangle at which the SER is a

minimum, is approximately31.7◦ for both4-QAM and16-QAM whenN = 1.
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Figure A.6: SER vs. rotation angle at25dB andN = 1
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Figure A.7 plots the SER of the simplified detection scheme for single antenna reception.

The simplified detection scheme appears to lose diversity with single antenna reception, yet

SER performance is still better than conventional modulation by approximately7dB at an

SER of10−3 for 4-QAM and approximately4dB at an SER of10−2 for 16-QAM when the

number of searches is equal tom = 3 andm = 5 respectively. Increasingm to 9 brings

further performance gains for16-QAM; the improvement in complexity is worth the slight

performance trade-off (approximately1dB at 10−3) when using16-QAM and m = 9 as

compared to conventional SSD detection.

0 5 10 15 20 25 30
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

E
S
/N

0
 (dB)

S
ym

bo
l E

rr
or

 R
at

e

 

 
Optimal
m=3
m=5
m=9
Non−SSD

16−QAM

4−QAM

Figure A.7: SER of simplified SSD detection scheme withN = 1

5.2 Multiple Antenna Reception with MRC

We now consider performance of a system containing multiplereceive antennas. The SER of

the NN approximation and the new MDLB are plotted against simulation results in Figure A.8

for N = 3 andN = 4 receive antennas and MRC reception. The new MDLB, while not

as tight as the NN approximation in the high SNR region, is farmore accurate in the low

SNR region and tight enough across the SNR range for the evaluation of SER performance in

systems containing multiple receive antennas.
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Figure A.9 plots SER against rotation angle for the NN approximation and the MDLB at10dB

for 4-QAM and 15dB for 16-QAM with N = 3 receive antennas. The NN approximation

is clearly tighter than the MDLB since the system is well intothe high SNR region for both

modulations. The MDLB, however, manages to be tight for a wide range of rotation angles:

between4◦ and28◦ for 4-QAM and between8◦ and24◦ for 16-QAM. Even though the MDLB
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Figure A.9: SER vs. rotation angle withN = 3
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appears to only be tight for the mentioned rotation angles asshown in Figure A.9, it is suitable

for SER evaluation in multiple receive antenna systems as shown in Figure A.8. Comparing

Figure A.5 and Figure A.8, it is clear that the MDLB achieves tighter performance across the

SNR range whenN ≥ 3 compared toN = 1, and comparing Figure A.6 and Figure A.9 shows

that the MDLB achieves tighter performance across a wider rotation angle range whenN = 3

compared toN = 1.

Figure A.10 plots the SER of the simplified detection scheme for N = 3 andN = 4 receive

antennas. SER performance in all cases is close to indistinguishable from the optimal detection

scheme. Thus, in a system with multiple receive antennas, the simplified detection scheme

is able to achieve very close to optimal detection SER performance with greatly reduced

complexity compared to the optimal detection scheme. This is achieved for bothN = 3

andN = 4 with 4-QAM whenm = 3; however with16-QAM and64-QAM, m = 5 can only

achieve close to optimal SER performance whenN = 4, m = 9 is required whenN = 3.

Increasing the number of receive antennas results in a larger received SNR; enabling the value

of m to be reduced since the received symbols have a higher probability of being closer in

Euclidean distance to the transmitted symbols.
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Figure A.10: SER of simplified SSD detection scheme with multiple receive antennas and

MRC

Finally, we compare the complexity reduction achieved by the simplified detection scheme in

Table A.1 in terms of the average number of searches needed ina given M-QAM constellation
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for a given value ofm. For the optimal ML detection scheme, the number of searchesis

the same for any point in the constellation. However, for thesimplified detection scheme the

number of searches is dependent on the location of symbolv, we thus compute the average

number of searches required for a given M-QAM constellationsize. The percentage reduction

achieved is given by:

% =
opt− simp

opt
× 100 (A.26)

whereopt refers to the number of searches needed for optimal ML detection andsimp refers

to the average number of searches needed for the simplified detection scheme. The4-QAM

constellation does not see much of a complexity decrease dueto the small constellation size,

however moving to16-QAM and64-QAM reduces the complexity substantially by up to75%

and93% respectively.

For 4-QAM, the achieved SER for simplified detection with single antenna reception is in

between non-SSD transmission and optimal detection while giving a complexity reduction of

25%. However, with multiple receive antennas, SER performanceis close to indistinguishable

from optimal detection with only3 searches required. For16-QAM, m can be reduced to

5 whenN = 4 and reduced to 9 whenN = 3, resulting in complexity reductions of75%

and61% respectively. Close to optimal SER performance can be achieved using simplified

detection withm = 9, 16-QAM, and a single receive antenna (up to1dB at an error rate of

10−3). This results in a complexity reduction of61%, however diversity from SSD is lost.

Finally, similar to16-QAM, m can be reduced to 5 whenN = 4 and reduced to 9 when

N = 3, resulting in complexity reductions of93% and88% respectively for64-QAM with

multiple receive antennas. With all modulation schemes, increasing the number of receive

antennas improves the SER performance of the simplified detection scheme and brings SER

performance closer to that of optimal detection.

Table A.1: Average number of searches for given value ofm and corresponding average

complexity reduction percentage

4-QAM 16-QAM 64-QAM

Avg. % Avg. % Avg. %

Optimal ML 4 100% 16 100% 64 100%

m = 3 3 25% - - - -

m = 5 - - 4 75% 4.5 93%

m = 9 - - 6.25 61% 7.56 88%
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6. Conclusion

SER performance of an SSD system employing a single transmitantenna andN receive

antennas with MRC reception was presented. The union bound and the NN approximation

were presented in closed form along with a new lower bound based on the minimum Euclidean

distance (MDLB) of a rotated constellation. This was also presented in closed form. It was

found that the NN approximation exhibits tighter SER performance than the union bound

across most of the rotation angle range, and that the new MDLBexhibits tighter low SNR

performance than the upper bounds, yet is looser than the upper bounds at high SNR and

angles closer to the optimum whenN = 1. However, whenN ≥ 3, SER performance of the

MDLB is tight across the SNR range. The MDLB is simple to compute and only requires a

change in variable to evaluate SSD in other systems if the conventional M-QAM conditional

SER is used.

A simplified detection scheme for SSD systems was also presented and compared to the

optimal detection scheme using simulation. It was found that the simplified detection scheme

loses diversity whenN = 1, however SER performance is still significantly better thannon-

SSD transmission and improves with increasing values ofm. With N = 3, SER performance

is close to indistinguishable from optimal detection for4-QAM, 16-QAM and64-QAM with

complexity reductions of25%, 61% and88% respectively; and withN = 4, of 25%, 75% and

93% respectively.
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Abstract

Spatial diversity schemes are often used to extract additional performance from wireless

communication systems. Combining a distributed switch andstay combining (DSSC)

cooperative communication network with the partial relay selection (PRS) protocol gives the

benefit of diversity while simplifying hardware, processing and feedback requirements. Since

only a single relay is ever active, the destination employs no combiner and the best relay

is chosen based on first hop relay conditions; however achieved performance is worse than

other distributed protocols such as distributed selectioncombining (DSC). In this study, signal

space diversity (SSD) is added to the DSSC-PRS system to provide further diversity and error

performance gains at the expense of necessitating a maximum-likelihood (ML) detector with

increased complexity at the receiver. Analytical results are presented in the form of a lower

bound based on the minimum distance lower bound (MDLB) for SSD systems and are verified

with simulation. The DSSC-PRS-SSD system shows an improvement of 5dB at a symbol

error rate (SER) of10−4 and a clear diversity order improvement. Spectral efficiency of the

new system with SSD is slightly decreased at low signal-to-noise ratio (SNR), but is still an

improvement over other distributed schemes such as DSC.
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1. Introduction

Diversity is an often used method of extracting additional performance from wireless

communication systems. Most often, space or time diversityis exploited to provide

performance gains. Classical spatial diversity schemes involve combining multiple copies

of a signal received over independent paths, usually multiple antennas, to give a signal with

significantly better signal-to-noise ratio (SNR) [1]. Cooperative communication has also been

proposed [2] to exploit the inherent diversity present in a multi-user cooperative system by

retransmitting signals received by a ‘relay’ node to the destination node, thereby creating

another independent channel. Further, signal space diversity (SSD) has been proposed [3]

which exploits the diversity present in the different dimensions of a multi-dimensional signal

set by ensuring that the different dimensions are affected by independent fading through the

interleaving of the in-phase and quadrature components of asymbol pair.

In anN relay cooperative system employing allN relays to forward signals, throughput is

adversely affected asN gets large due to the time division multiple access (TDMA) time slot

allocation per relay [4]. In [5], a relay selection scheme for amplify-and-forward (AF) relays

was proposed that chooses only a single relay for re-transmission, namely the ‘best’ relay

based on the two-hop channel conditions. The proposed relayselection scheme (distributed

selection combining or DSC) achieves full diversity ofN + 1 for N relays.

Diversity order analysis of cooperative decode-and-forward (DF) networks employing relay

selection was conducted in [6]. It was found that full diversity is also achievable withN

DF relays using the appropriate combining at the destination and relay selection. Selecting

only a single relay for retransmission achieves higher spectral efficiency when compared toN

retransmitting relays [5, 6], however feedback requirements are high. In addition, while relay

selection schemes offer higher spectral efficiency thanN relay forwarding schemes, spectral

efficiency can still be improved further.

Switch and stay combining (SSC) is another efficient diversity exploiting scheme that switches

between signals from two branches based on their instantaneous received SNR. SSC is an

improvement over selection combing (SC) since the frequency of branch switching is reduced,

lowering switching losses, although some error performance is sacrificed [7]. In [8], a ‘virtual’

antenna array was created consisting of the ‘relayed’ and ‘direct’ branches: the relayed branch

comprising of a single DF relay and the direct branch comprising of the source node. It was

found that full diversity was achievable with a single relaywith higher spectral efficiency

compared to relay selection schemes.
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Two relays were considered for a distributed switch and staycombining (DSSC) network

in [9], however messages only arrive at the destination via either relay and not the source

directly. Partial relay selection (PRS) was proposed in [10] for amplify-and-forward (AF)

relays enabling multiple relays to form part of a cooperative network, with only a single relay

chosen to forward messages entirely by its first-hop SNR. This negates the need for overhead

inducing feedback from the destination for relay selection. Instead, the relays communicate

with the source to determine the best relay for communication if the relayed link is active. In

[10], signals arrive at the destination only via the relays and not via the source, providing no

additional diversity from cooperation.

In [11], the DSSC system was extended to a network comprisingof N DF relays with the best

relay selected according to the PRS protocol, along with a signal path from the source to the

destination. It was found that diversity up to an order of twowas therefore achievable, however,

due to PRS, increasing the number of relays beyondN = 3 does not result in any further

improvements in error performance. The DSSC-PRS system thus provides a low complexity

cooperative network with high spectral efficiency; however, error performance and diversity

can be improved further.

In this study, we propose the addition of SSD to a DSSC-PRS system to enable further

diversity and error performance gains while making no changes to the configuration of

the cooperative network. The addition of SSD merely adds a more complex maximum-

likelihood (ML) detector at the relays and destination, since all nodes participate in the SSD

protocol. SSD achieves the additional diversity and error performance gains without any

additional bandwidth, hardware or transmit power requirements. Thus, the low complexity

of the DSSC-PRS system is maintained while bringing additional performance gains. Signal

space cooperative communication was also proposed in [12],however in that work diversity

from both cooperation and SSD was not achieved. In [13], SSD was added to a coded DF

cooperative network, however no performance analysis was given.

Symbol error rate (SER) performance will be evaluated usingthe minimum distance lower

bound (MDLB) proposed in [14] and compared with simulation results. Variances in channel

conditions between the source, relays and the destination will also be investigated as well as the

spectral efficiency of the new system. The rest of this paper is organized as follows: Section 2

presents the system model, Section 3 presents performance analysis, Section 4 presents results

and Section 5 presents concluding remarks.
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2. System Model

Consider a cooperative communication network comprising of N + 2 total nodes. The

source node is termedS, the N relay nodes are termedRi with i being the relay index,

and the destination node is termedD. Each node contains a single transmit/receive antenna.

Communication occurs in a half-duplex fashion, i.e. nodes cannot transmit and receive at the

same time. M-QAM modulation with SSD is used between all nodes. The network can be

visualized in Figure B.1.

S D

R

R

1

N

{

Figure B.1: Typical distributed switch and stay combining network withN relays

As shown in Figure B.1, a DSSC network [8] is so named because of the switching between

the direct path (termedD) from the source to the destination, and the relayed path (termedR)

created between the source,ith relay and the destination (theS −Ri −D path). Only a single

relay ever communicates with the destination at any time. The two mentioned paths form the

virtual branches of the DSSC network.

Following the standard SSC scheme operation, the destination chooses to either stay with the

current branch for reception or switch to the other branch; this switching occurs when the

currently selected branch instantaneous SNR falls below a threshold. The threshold, denoted

γT , can be entirely pre-determined according to the network topology and modulation method

employed and thus saves the selecting node from performing costly calculations to determine

the optimal threshold. The destination, therefore, employs no combiner.

The forwarding relay is chosen by the PRS protocol [10]. WithPRS, the relay with the largest

first-hop SNR is chosen to relay messages during the second hop if the relayed link is currently

active. This ensures that the number of branches in the network is restricted to two; a necessary

constraint since SSC does not offer any diversity or error performance improvement when the

number of identically distributed branches is greater thantwo [7].
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We assume quasi-static flat fading channels between all nodes (S−D,S−Ri, andRi−D) i.e.

the fading is constant over a block of SSD symbols referred toas SSDj in Figure B.2, where

j is the SSD time segment index, explained further in this section. It is also assumed that

detection is performed after the removal of the phase shift induced by fading. Thus the fading

is modelled as a Rayleigh distributed random variable with amplitude distributed according to

fh (hp,j) =
hp,j

σ2 exp
(

−h2

p,j

2σ2

)

wherep refers to the signal path (S−D,S−Ri, andRi−D). The

fading has unit second moment, i.e.E
[

h2p,j

]

= 2σ2 = 1. The transmitted signals are perturbed

by additive white Gaussian noise (AWGN), modelled as a circular symmetric Gaussian random

variable with distributionnp,j ∼ CN (0, N0), i.e. zero mean and varianceN0/2 per dimension.

We further assume that the relays are grouped into clusters,with an entire cluster of relay

nodes chosen to participate in the communication based on favourable channel conditions.

This assumption grants the relays the property of shared average channel characteristics [11].

Similar to [11], transmission occurs in two phases: the broadcast phase and the relay phase.

In the broadcast phase the source transmits a message block to all participating nodes in the

network, i.e. all relay nodes and the destination node. During the relay phase, if the relayed

branch is active, a single relay fromN (chosen by partial relay selection, i.e. the relay with

the highest first-hop SNR) retransmits to the destination. The chosen relay node employs the

well-studied uncoded DF processing protocol, i.e. it fullydetects the signal received in the

broadcast phase and thereafter re-modulates and retransmits during the relay phase. The two

phases are assumed to be two time slots in this system.

The transmission protocol presented in [11] has been modified due to the addition of SSD.

The time slots for individual phases are now split into two time segments to facilitate the

transmission of SSD symbol pairs. Figure B.2 visualizes thetime slot arrangement for the four

possible cases arising due to the addition of SSD, contrasting with the two cases possible for

the non-SSD system. In each case, the instantaneous SNR of the link is determined via pilot

symbols transmitted during a training period at the beginning of each SSD time segment as

indicated in the figure. Defining the active link to be the linkchosen by the destination for

reception during the previous time slot, the four cases can be briefly described as follows:

• Case 1: The direct link is active (D) and the destination chooses to stay with the direct

link (D) for reception. Maximum spectral efficiency is obtained with this case since there

is no need for messages to be relayed.
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• Case 2: The direct link is active (D) and the relayed link (R) is chosen for reception.

Thus the relay phase is required and the destination uses thesignals received during the

relay phase only.

• Case 3: The relayed link is active (R) and the relayed link (R) is chosen for reception.

Again the relay phase is required.

• Case 4: The relayed link is active (R) and the destination chooses the direct link for

reception (D). In this case, a single SSD symbol block (with pilot symbols) needs to be

transmitted during the first SSD time segment along with pilot symbols during the second

SSD time segment training period before the destination is able to make a decision about

the quality of the relayed link. This is necessary since it decides based on the minimum

of the two SSD time segment SNRs (explained further in this section). This symbol block

is subsequently discarded, resulting in spectral efficiency loss.

We assume perfect feedback channels between the relays and the source for the purpose

of choosing the best relay according to the PRS protocol, andbetween the destination and

relays/source for informing them of branch switching in alloutlined cases.

In Figure B.2, the subscriptj in SSDj refers to the SSD symbol block transmitted in time

segmentj.

SSD1 SSD2

Broadcast

Case 1:

SSD1 SSD2

Broadcast

Case 2 & 3: SSD1 SSD2

Relay

SSD1 SSD2

Broadcast

Case 4: SSD1

Relay

Training period

Figure B.2: Time slot arrangement for a DSSC-PRS network with SSD

Transmission of SSD symbols occurs according to the following procedure: The source node

maps incoming data bits to symbols chosen from a constellation S̃ which has been rotated

by an angleθ to give rotated symbolsx. The rotated symbolsx are then arbitrarily grouped

into pairs and component interleaved to give symbolsu. The interleaved symbols are then

split between the two SSD time segments, i.e. all of the first symbols in a symbol pair are
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denotedu1 and transmitted in SSD time segment 1, and the second symbolsof a symbol pair

are denotedu2 and transmitted in SSD time segment 2 of the broadcast phase.The received

symbols at the relays and the destination during either timesegment in the broadcast phase can

then be written:

rSRi,j = hSRi,juj + nSRi,j

rSD,j = hSD,juj + nSD,j

(B.1)

wherei ∈ {1, ..., N} is the relay index,j ∈ {1, 2} is the SSD time segment index andrp,j is the

received signal from pathp during time segmentj. If the direct branchD is currently active,

the relays do not participate any further in the current symbol transmission and the destination

performs detection of the symbols received during the broadcast phase. If the relayed branch

R is currently active, the pre-selected relay (denoted with indexl) then performs detection of

the received SSD symbols to give symbolsûj, which are then re-transmitted to the destination

during the relay phase. The received symbols at the destination during either time segment of

the relay phase can then be written:

rRlD,j = hRlD,jûj + nRlD,j (B.2)

wherel is the chosen relay index andj is the SSD time segment index. We assume that full

CSI is available at all nodes for the purposes of SSD detection.

The utilization of SSD necessitates the arrival of symbols from both SSD time segments

at each participating node before detection can be performed. Thus, the problem of

which time segment instantaneous SNR to choose to maximise error performance presents

itself. In [15], it has been shown that the equivalent two-hop instantaneous SNRγeq of a

cooperative communication system is upper bounded by the minimum of the two single-hop

instantaneous SNRs; and that the subsequent error rate approximated using the equivalent

two-hop distribution is asymptotically tight in the high SNR region. It is further shown [15]

that a system using the equivalent SNR to represent the dual-hop SNR achieves full diversity

regardless of modulation. Analogously, we propose that theminimum of the instantaneous

SNRs across the two SSD time segments be chosen to represent the instantaneous channel

SNR during both time segments. Thus the equivalent SNR across the SSD time segments can

be expressed as:

γSSD = min (γ1, γ2) (B.3)
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whereγ1 andγ2 are the instantaneous SNRs of the respective SSD time segments. Detection

of the SSD symbols after the arrival of a symbol pair is performed in the ML sense, and it is

here that the increase in system complexity is introduced. The ML rule for both symbols in a

symbol pair can be written after de-interleaving, for any path p, as:

x̂1 = arg min
xk∈S̃

{

∣

∣rIp,1 − hp,1x
I
k

∣

∣

2
+
∣

∣

∣
rQp,1 − hp,2x

Q
k

∣

∣

∣

2
}

x̂2 = arg min
xk∈S̃

{

∣

∣rIp,2 − hp,2x
I
k

∣

∣

2
+
∣

∣

∣r
Q
p,2 − hp,1x

Q
k

∣

∣

∣

2
} (B.4)

where x̂j are the detected symbols,rp,j are the received symbols,hp,j are the fading

coefficients,j indicates the SSD time segment, andk ∈ {1, ...,M}, whereM denotes

the cardinality of the constellation. The operations(·)I and (·)Q refer to the in-phase and

quadrature components of a signal respectively.
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3. Performance Analysis

For convenient discussion, we usef (x) to denote the PDF of random variablex, F (x) to

denote its CDF, andP (z) to denote the probability of eventz.

The minimum of the instantaneous received SNRs between the two SSD time segments is

needed for best relay selection and for branch switching. The following expression given in

[16] can be used to find the instantaneous SNR between the two SSD time segments, which

we term the decision SNR:

ω = min (x, y) =







y x > y

x x ≤ y
(B.5)

We can then write the following expression:

Fω (ω) = P {min (x, y) ≤ ω} = P {y ≤ ω, x > y}+ P {x ≤ ω, x ≤ y}

= 1− P {w > ω} = 1− P {x > ω, y > ω}

= Fx (ω) + Fy (ω)− Fx,y (ω, ω)

(B.6)

Assuming that the random variables are independent, (B.6) can be differentiated to give an

expression for the PDF of the minimum of two random variables:

fω (ω) = fx (ω) + fy (ω)− fx (ω)Fy (ω)− Fx (ω) fy (ω) (B.7)

Wherefx (ω) andfy (ω) are the PDF’s of the two independent variables. Substituting the

exponential (chi-square with two-degrees of freedom) distributions representing the SNR for

a given Rayleigh fading channel and performing some straightforward manipulation gives the

following, also shown in [11]:

fγSSD
(γ) =

1

κp
exp

(−γ

κp

)

(B.8)

whereγ is the new decision SNR and the new variableκp = (1/γ1 + 1/γ2)
−1 now represents

the average decision SNR over both SSD time segments, given thatγj is the average channel

SNR during SSD time segmentj. Having assumed that the average channel SNR remains the

same during both SSD time segments, the average decision SNRbecomesκp = γp/2, where

γp is the average SNR of the channel over a given pathp (S−D,S−R orR−D). We term this

decision PDFfγSSD
(γ). Note that the minimum of any number of exponentially distributed
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random variables is still exponentially distributed, witha change in expectation. Integrating

the PDF in (B.8) gives the decision CDF:

FγSSD
(γ) = 1− exp

(−γ

κp

)

(B.9)

It is important to note that the presented decision PDF and CDF and the corresponding

decision SNR will be used only to determine the steady state branch selection probabilities,

the probability of branch switching, and for best relay selection, but not for the probability of

error since the receiving nodes use symbols from both time slots (as opposed to the minimum

as suggested by the PDF) when detecting received symbols.

Following the PRS protocol given in section 2, the relay withthe best instantaneous first-

hop SNR is chosen for re-transmission if the relayed branch is currently active. Defining the

instantaneous SNR from the source to the best relay to beγSR, the desired SNR can then be

expressed as:

γSR = max (γSR1
, γSR2

, ..., γSRN
) (B.10)

whereγSRi
denotes the SNR between the source and relayi as defined in the system model,

and now with PDFfγSRi
(γ) distributed according to (B.8) and CDFFγSRi

(γ) distributed

according to (B.9). From [16], we know that the CDF of the maximum of two independent

random variables can be found by multiplying their respective CDF’s, i.e. the CDF ofz =

max (x, y) can be writtenF (z) = F (x)F (y); we can therefore write, using the binomial

expansion [11]:

FγSR
(γ) =

[

FγSRi
(γ)
]N

=

N
∑

i=1

(

N

i

)

(−1)i+1

(

1− exp

(−iγ

κSR

))

(B.11)

whereκSR = γSR/2 now represents the average decision SNR of the link between the source

and the best relay. Taking the derivative of the CDF in (B.11)gives the PDF:

fγSR
(γ) =

N
∑

i=1

(

N

i

)

(−1)i+1 i

κSR
exp

(−iγ

κSR

)

(B.12)

The path between the best relay and the destination node withdecision SNR denotedγRD

follows a simple exponential distribution as defined in (B.8) and (B.9), with PDF and CDF

[11]:
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fγRD
(γ) =

1

κRD
exp

( −γ

κRD

)

(B.13)

FγRD
(γ) = 1− exp

( −γ

κRD

)

(B.14)

With κRD = γRD/2 representing the average decision SNR between the best relay and the

destination. Again making use of Property 1 from [15], the dual-hop SNR, i.e. the SNR of

the relayed linkγR, can be approximated by the minimum of the two single-hop SNRs found

previously:

γR = min (γSR, γRD) (B.15)

Making use of (B.7) and substituting (B.11), (B.12), (B.13)and (B.14), the following

expression for the PDF ofγR is easily obtainable:

fγR (γ) =

N
∑

i=1

(

N

i

)

(−1)i+1 i

µi
exp

(−γ

µi

)

(B.16)

whereµi is given byµi = (i/κSR + 1/κRD)−1. The CDF ofγR is easily given by integrating

the PDF from (B.16) to give:

FγR (γ) =

∫ γ

0
fγR (γ) dγ =

N
∑

i=1

(−1)i−1

(

N

i

)(

1− exp

(−γ

µi

))

(B.17)

The direct path (i.e. the path between the source and the destination nodes) SNRγD is

equivalent toγSD, with PDF and CDF distributed according to (B.8) and (B.9) respectively:

fγD (γ) =
1

κSD
exp

( −γ

κSD

)

(B.18)

FγD (γ) = 1− exp

( −γ

κSD

)

(B.19)

whereκSD = γSD/2 now represents the average decision SNR of the link between the

source and the destination. The steady state selection probabilities for the direct branchD

or the relayed branchR can be derived by considering a two-state Markov chain [17].Steady

state analysis gives the following probabilities of branchselection, wherepD andpR are the

probabilities of the direct and relayed branch being activerespectively:
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pD = FγR (γT ) / [FγD (γT ) + FγR (γT )]

pR = FγD (γT ) / [FγD (γT ) + FγR (γT )]
(B.20)

These can easily be computed using the CDF’s outlined previously in (B.19) and (B.17).

3.1 Symbol Error Probability

The SER is easily derived by considering the law of total probability. Assuming that the

current branch is the direct branch (D), two possible cases arise: that of the current branch

SNR being less than the threshold or the current branch SNR being greater the threshold, i.e.

γD < γT or γD > γT . Considering the symbol error probabilities for each of these cases

individually, and repeating the process for the relayed branch, the symbol error probability for

the DSSC-PRS-SSD system can be expressed as [8]:

PDSSC−PRS−SSD
S (e) ≥

pD





(1− FγD (γT ))P (e| {D, γD > γT })+

FγD (γT )P (e|R)



+

pR





(1− FγR (γT ))P (e| {R, γR > γT })+

FγR (γT )P (e|D)





(B.21)

where the SER is lower bounded by the MDLB, shown in (B.27). The termsFγD (γT )P (e|R)

and FγR (γT )P (e|D) are not conditioned upon the relevant instantaneous branchSNR

because it does not matter; if a branch switch occurs the new branch is used regardless of

its instantaneous SNR being above or below the threshold. For each of the following error

cases, the average link SNR (γp) is used with the relevant PDF and not the average decision

SNR (κp).

The symbol error probability for the direct and relayed branches will be considered separately.

It is convenient, however, to define an auxiliary functionI (·) which will assist in simplifying

the analytical expressions. We define theI (·) function as the integration of the conditional

symbol error probability for a direct link from a threshold valuez, specifying any square M-

QAM as the modulation scheme and the exponential distribution to represent the SNR of a

Rayleigh fading channel. We can then write:

I (a, b, c, z) =

∫ ∞

z

P (e|γ) fγ (γ) dγ

=

∫ ∞

z

[

4aQ
(

√

bγ
)

− 4a2Q2
(

√

bγ
)] 1

c
exp

(−γ

c

)

dγ

(B.22)
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where the conditional symbol error probabilityP (e|γ) is given in [18], the exponential

distribution accepts any averagec as a parameter,a =
(

1− 1√
M

)

and b = 3
M−1 . Using

the trapezoidal approximations to theQ (·) andQ2 (·) functions [19], the definedI (·) function

integral can easily be solved and written as:

I (a, b, c, z) =
a

n

{

α− β + (1− a)

n−1
∑

d=1

ε+

2n−1
∑

d=1

ε

}

(B.23)

where

α =
1

2

(

2

bγ + 2

)

exp

(

−z

[

bγ + 2

2γ

])

(B.24)

β =
a

2

(

1

bγ + 1

)

exp

(

−z

[

bγ + 1

γ

])

(B.25)

ε =

(

Sd

bγ + Sd

)

exp

(

−z

[

bγ + Sd

γSd

])

(B.26)

andSd = 2 sin2 (dπ/4n) andn is the total number of iterations used in the approximation.We

now extend theI (·) function to consider the case of M-QAM with SSD modulation. Using

SSD modulation, the definedI (·) function can be redefined using the MDLB presented in

[14] to consider the independent fading on each dimension ofthe constellation and the rotation

angleθ. Double integrating over the MDLB gives theISSD (·) function:

ISSD (a, b, c, z, θ) =

∫ ∞

z

∫ ∞

z







4aQ
(

√

bζ
)

−

4a2Q2
(

√

bζ
)















1

c
exp

(−γ1
c

)

×

1

c
exp

(−γ2
c

)









dγ1dγ2 (B.27)

whereζ =
(

γ1 cos
2 θ + γ2 sin

2 θ
)

, obtained by computing the minimum Euclidean distance

of a rotated constellation with independent fading on the different dimensions. Performing the

integration in (B.27) gives a lower bound which can be directly substituted into the conditional

symbol error probability expressions in the following analysis. The result of the integration is

presented in the Appendix.

The conditional symbol error probability for the direct branch,P (e| {D, γD > γT }), follows

the symbol error probability for a direct link between two nodes using SSD with the link SNR

greater thanγT . This can be expressed using theISSD (·) function as:

P (e| {D, γD > γT }) ≥
∫ ∞

γT

PSD (e|γSD) fγSD
(γ) dγ ≥ ISSD (a, b, γSD, γT , θ) (B.28)
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where the average SNRγSD is the average SNR of the link itself and not the average decision

SNR, andPSD (e|γSD) represents the symbol error probability of theS −D link conditioned

upon the SNR. This is not an exact representation of the symbol error probability for the

S−D link, but an approximation. The effect of the approximationwill be shown in the results

section.

The symbol error probability for the relayed branch can be derived by considering the symbol

error probability for a two-hop relayed link. Expressed using the inverse of correct reception

across both hops, we get:

P (e| {R, γR > γT }) ≥ 1−
[

1− PSR (e)
] [

1− PRD (e)
]

≥ PSR (e) + PRD (e)− PSR (e)PRD (e)
(B.29)

wherePSR (e) andPRD (e) independently represent the symbol error probability in theS−R

andR − D channels respectively. Similar to theS −D link, the symbol error probability in

theR −D link follows the symbol error probability of a direct link employing SSD with the

link SNR greater thanγT :

PRD (e) ≥
∫ ∞

γT

PRD (e|γRD) fγRD
(γ) dγ ≥ ISSD (a, b, γRD, γT , θ) (B.30)

The symbol error probability for theS − R channel, however, needs to take into account the

PRS protocol. Using the PDF from (B.12) with expectation given by the average link SNR

results in the following expression for the symbol error probability:

PSR (e) ≥
∫ ∞

γT

PSR (e|γSR) fγSR
(γ) dγ

≥
∫ ∞

γT

PSR (e|γSR)
N
∑

i=1

(

N

i

)

(−1)i−1

[

i

γSR
exp

(−iγ

γSR

)]

dγ

≥
N
∑

i=1

(

N

i

)

(−1)i−1 ISSD (a, b, γSR/i, γT , θ)

(B.31)

Substituting (B.30) and (B.31) into (B.29) gives the symbolerror probability for the relayed

branch. Note that settingz = 0 gives the symbol error probability for the expressions not

conditioned upon the SNR being greater than the threshold, i.e.P (e|R) andP (e|D). Finally,

substituting (B.29) and (B.28) into (B.21) along with the respective selection probabilities

gives the final probability of error for the DSSC-PRS-SSD system.
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Due to clustering, all relays are assumed to share the same average channel SNR both from the

source and to the destination [11]. The average inter-nodalSNRs have remained independent in

the analysis, facilitating analysis of the system with a stronger relayed link relative to the direct

link, a favourable condition for employing relaying which will be considered in Section 4.

3.2 Spectral Efficiency

Cooperative communication systems suffer from poor spectral efficiency relative to other

spatial diversity systems. DSSC systems, however, have been shown to provide better spectral

efficiency than other cooperative systems such as DSC [11] and N relay forwarding systems

[4]. It is therefore of interest to compute the spectral efficiency of the DSSC-PRS-SSD system

since, as discussed in Section 2, the spectral efficiency of the DSSC-PRS system is affected by

the addition of SSD due to changes made to the system model.

The spectral efficiency of the DSSC-PRS-SSD system can be computed by considering the

steady state branch selection probabilities and the probability of branch switching. This gives

the following expression for the average spectral efficiency:

q̃ = pD

[

(1− FγD (γT )) q + FγD (γT )
q

2

]

+pR

[

(1− FγR (γT ))
q

2
+ FγR (γT )

2q

3

]

(B.32)

whereq is the spectral efficiency of non-cooperative direct transmission, q̃ is the average

spectral efficiency of the DSSC-PRS-SSD system, andFγD (γT ) andFγR (γT ) are defined

in (B.19) and (B.17) respectively.
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4. Numerical Results and Simulations

In this section we present numerical results validated withsimulations for the DSSC-PRS-

SSD system, investigating error performance, spectral efficiency and the effect of variations

in channel strengths. The optimum switching threshold is used in all cases, obtained from

minimization of the relative performance bound. The optimum rotation angle of31.7◦ [20] is

used throughout with4-QAM modulation. It was found through simulation that the optimum

rotation angle for the DSSC-PRS-SSD system is unchanged from that of a direct transmission

SSD system. Simulations are performed over quasi-static flat fading Rayleigh channels with

AWGN as described in section 2, with a block length of100. It is assumed that full CSI is

available at all receiving nodes.

Figure B.3 shows the SER of the DSSC-PRS-SSD system using theMDLB with N = 1 and

N = 3 relays along with simulation results for comparison. Also shown is the SER of the

DSSC-PRS system without SSD.
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Figure B.3: SER of DSSC-PRS with and without SSD forN = 1 andN = 3 relays

The lower bound on the SER is within0.3dB of simulation results at the chosen rotation

angle for a single relay, and within0.5dB for N = 3 relays in the asymptotic high SNR

region, validating the performance analysis. The error induced by the approximation to the

SER for each link appears to increase with an increase inN . Clearly, the addition of SSD
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to the DSSC-PRS system has brought about substantial SER performance and diversity gains.

At an error rate of10−4, the DSSC-PRS-SSD system outperforms the DSSC-PRS system by

approximately5dB. The SER improvement will continue to grow as the SER decreases due

to the diversity increase, thus partially alleviating the relatively poor error performance of the

DSSC-PRS system. However, similar to the non-SSD case, it isreadily apparent from the

figure that no diversity order increase is attained with an increase in the number of cooperating

relays. The SER merely improves by approximately1dB whenN is increased from 1 to 3.

Figure B.4 shows simulation results for the SER of DSSC-PRS-SSD forN = 1, N = 3 and

N = 5 relays. It is clear that for the system with SSD, increasing the number of relays beyond

3 does not result in any further SER performance or diversitygains, similar to the system

without SSD [11].
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Figure B.4: SER simulation of DSSC-PRS-SSD with differing values ofN

A potentially stronger relay link is one of the primary motivators for the use of cooperative

communication. Hence, we investigate the effect of a stronger relay path on the DSSC-PRS-

SSD system. Figure B.5 plots the SER for the single relay casewith varying channel strengths

using the derived MDLB. The change in channel strength is indicated by a multiplicative factor

λ for any given channel, i.e. the new strength is given byλγ.

It is clear that the best SER performance is attained with a strongS−D channel whenλ = 10;

however this is an unfavourable condition for cooperation and should be avoided. With a strong
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S−R channel (or a strongR−D channel which produces the same result), the SER decrease

is marginal as the probability of error in theR −D channel is unchanged, as expected. With

strong channels both to and from the relay, substantial gainis achieved, equivalent to the gain

from a strongS − D channel at high SNR and an improvement of close to4dB. This is the

most favourable condition for relaying. Increasing the channel strength factor toλ = 20 both

to and from the relay results in a further SER improvement of approximately1dB as expected.

0 5 10 15 20 25 30
10

−7

10
−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

E
S
/N

0
 (dB)

S
ym

bo
l E

rr
or

 R
at

e

 

 

λ
SD

=1, λ
SR

=1, λ
RD

=1

λ
SD

=1, λ
SR

=10, λ
RD

=1

λ
SD

=10, λ
SR

=1, λ
RD

=1

λ
SD

=1, λ
SR

=10, λ
RD

=10

λ
SD

=1, λ
SR

=20, λ
RD

=20

Figure B.5: SER forN = 1 relay and various channel strengths

Even though employing more than a single relay does not significantly improve SER

performance, it can increase resilience to shadowing and other fading effects, especially if the

relays happen to be moving mobile terminals. However, as shown in [11], spectral efficiency

decreases with an increase in the number of relays due to the relayed link benefitting from

an improved SNR, and hence being utilized more often. However, spectral efficiency is still

higher than that of DSC [11].

We compare the spectral efficiency attained by the DSSC-PRS-SSC system to other non-SSD

systems using the derived spectral efficiency expression from Section 3.2. Figure B.6 plots

the spectral efficiency against the average SNR for DSSC-PRSwith and without SSD, and the

boundary cases of direct transmission and DSC [11] (note that DSC represents higher spectral

efficiency thanN relay forwarding systems). Clearly, the addition of SSD hasreduced the

spectral efficiency at low SNR due to Case 4 occurring more often, however at high SNR

the spectral efficiency approaches the non-SSD system. As with the non-SSD system [11],
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increasing the number of relays results in decreased spectral efficiency compared to a single

relay system.
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Figure B.6: Spectral efficiency of DSSC-PRS with and withoutSSD
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5. Conclusion

SSD has been successfully incorporated into a DSSC-PRS system to alleviate its comparatively

low error performance. Doing so necessitated a change to thesystem model which

consequently decreases spectral efficiency at low SNR. Analytical results were presented in

the form of a lower bound on the SER and were found to closely approximate the simulation

results. The DSSC-PRS-SSD system was found to outperform the conventional DSSC-PRS

system by approximately5dB at an SER of10−4, making the addition of SSD a better proposal

for increasing error performance and diversity when compared to schemes such as DSC which

suffer from lower spectral efficiency. Overall, the addition of SSD to the system provides

substantial SER performance gain, with an increase in detector complexity and slight decrease

in spectral efficiency at low SNR as penalty.
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6. Appendix

TheISSD (·) function can be expressed as:

ISSD (a, b, c, z, θ) =

∫ ∞

z

∫ ∞

z
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(B.33)

whereζ = γ1 cos
2 θ + γ2 sin

2 θ, Sd = 2 sin2 (dπ/4n) andn is the total number of iterations

used in the approximation.
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Conclusion
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1. Conclusion

Cooperative communication systems are able to offer performance improvements through the

exploitation of available spatial diversity in wireless networks. They can also enhance coverage

and provide natural resilience to shadowing and fading, although they typically have higher

complexity and feedback requirements and reduced spectralefficiency when compared to other

spatial diversity techniques such as diversity from multiple antennas. The distributed switch

and stay combining with partial relay selection scheme manages to reduce the processing,

complexity and feedback requirements for a cooperative communication system; however

error performance suffers as a result. This study attemptedto improve the error performance

of the DSSC-PRS system by incorporating signal space diversity. A simpler expression for

the error probability of SSD systems was also derived, alongwith a simplified maximum-

likelihood detection scheme. The results are presented in two papers contained in this

dissertation.

In Paper A, SER performance of an SSD system with a single transmit antenna andN receive

antennas with MRC reception was presented and validated with simulation. Closed form SER

expressions were presented using the conventional union bound and the NN approximation for

both4-QAM and16-QAM modulation. A new lower bound based on the minimum Euclidean

distance of a rotated constellation was also presented in closed form. The NN approximation

was found to have tighter SER performance than the conventional union bound at high SNR,

and the new MDLB, while tight at low SNR, is looser than the union bound/NN approximation

at high SNR for single antenna reception. However, SER performance of the new MDLB was

found to improve with an increase in the number of receive antennas.

The proposed simplified detection scheme was successfully implemented and, while losing

diversity with single antenna reception, attains SER performance within1dB of optimal

detection at an SER of10−3 for 16-QAM with a complexity reduction in terms of the

average number of searches required of61% (m = 9). Reducing the complexity further to

75% (m = 5) for 16-QAM degrades SER performance with single antenna reception. The

simplified detection scheme is able to achieve SER performance close to indistinguishable

from optimal detection with multiple antenna reception. This is achieved forN = 3 with

m = 9, giving complexity reductions of61% and88% for 16-QAM and64-QAM respectively;

and forN = 4 with m = 5, resulting in complexity reductions of75% and93% respectively.

In Paper B, SSD was incorporated into a DSSC-PRS system to alleviate the error performance

penalty introduced by DSSC. SER analysis was performed using the MDLB derived in Paper
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A and was found to be in agreement with simulation results. Itwas found that employing SSD

in the DSSC-PRS system brings an SER improvement of approximately5dB at an error rate

of 10−4 along with an increase in diversity order.

The spectral efficiency of the new system was also evaluated and found to be reduced at low

SNR compared to the system without SSD due to the changes madeto the system model,

however at high SNR, spectral efficiency approaches that of the system without SSD. The

effect of variations in channel conditions was also evaluated with the new system; it was found

that the best SER performance was attained when the relay link was strongest, which is also

the most favourable condition for relaying.
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