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Abstract

Exploiting the available diversity from various sourcesaiteless networks is an easy way
to improve performance at the expense of additional harelwspace, complexity and/or
bandwidth. Signal space diversity (SSD) and cooperativensonication are two promising
techniques that exploit the available signal space andesgi@ersity respectively. This study
first presents symbol error rate (SER) analysis of an SS2sysbontaining a single transmit
antenna andV receive antennas with maximal-ratio combining (MRC) rditep thereafter
it presents a simplified maximum-likelihood (ML) detectisocheme for SSD systems, and
finally presents the incorporation of SSD into a distribusadtch and stay combining with

partial relay selection (DSSC-PRS) system.

Performance analysis of an SSD system containing a singhsririt antenna and multiple
receive antennas with MRC reception has been presenteidpséyin the literature using the
nearest neighbour (NN) approximation to the union boundigwer results were not presented
in closed form. Hence, closed form expressions are pregéntkis work. A new lower bound
for the SER of an SSD system is also presented which is simplevaluate than the union
bound/NN approximation and also simpler to use with othstesys. The new lower bound is
based on the minimum Euclidean distance of a rotated cdasdaland is termed the minimum
distance lower bound (MDLB); it is also presented here isetbform. The presented bounds

have been validated with simulation and found to be tighteurertain conditions.

The SSD scheme offers error performance and diversity heméth the only penalty being an
increase in detector complexity. Detection is performethenML sense and conventionally,
all points in an M-ary quadrature amplitude modulation (M) constellation are searched
to find the transmitted symbol. Hence, a simplified detecsiomeme is proposed that only
searchesn symbols from M after performing initial signal conditiogin The simplified
detection scheme is able to provide SER performance clabatof optimal ML detection in

systems with multiple receive antennas.

Cooperative communication systems can benefit from tha @edormance and diversity
gains of the spectrally efficient SSD scheme since it requite additional hardware,
bandwidth or transmit power. Integrating SSD into a DSSCGPRstem has shown an
improvement of approximatelgdB at an SER of 10 with a slight decrease in spectral
efficiency at low SNR. Analysis has been performed using eIy derived MDLB and

confirmed with simulation.
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Introduction



1. Introduction

Wireless communication has seen accelerated growth imrgaars. It is increasingly
becoming not just a means of transmitting voice but also ammebaccessing services such as
broadband internet, teleconferencing, and streamingvitleese services are being delivered
over a wide variety of wireless networks including wireléssal area networks (WLAN),
city wide or even inter-city networks, and the increasingdmminant and ubiquitous cellular
networks. Wireless networking technologies, while beimpglated constantly, have been
unable to keep up with the increasing demands for higher ddées, greater coverage and

increased user capacity.

The mobile communication paradigm places a unique blendostcaints on the wireless
communication system. Processing power, transmit powetpagsical space are all limited
at mobile nodes. Moreover, by their mobile nature, mobiteteals often face severe signal
degradation due to the effects of large and small scaledddinSpatial diversity is a common
technique used to combat the effects of fading and is stebddoming a primary method of

increasing performance in mobile wireless networks.

Cooperative communication has been proposed [2, 3] as @bpatersity technique to

combat the effects of fading in mobile terminals that oftenrbt have the space required
to implement multiple transmit/receive antennas (althotige newly released Apple iPhone
4S does make use of transmit and receive diversity [4]). Bkingause of additional relay

nodes in the communication process, network coverage caxydaanded and natural resilience
to shadowing and fading can be attained. Cooperative conwmation, however, also has the
fundamental problem of reduced spectral efficiency due ¢oré¢htransmission of signals by
relaying nodes. This reduction in spectral efficiency wosseith an increase in the number

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

Making optimal use of the available diversity from the aiddfitof cooperating nodes often
means using complex combiners at the receiver [5—7]. Lowgelie complexity at the receiver,
necessary for mobile terminals, also results in significamor performance and diversity
losses. This motivates research into methods of improvingr @erformance and spectral
efficiency in low complexity cooperative communication teyss. Signal space diversity
(SSD) is proposed as a diversity method that does not readditional space or bandwidth to
improve error performance and provide diversity gains, lartce is ideal for mobile wireless
networks [8].



The issue of complexity is significant when dealing with melgiellular networks. Hence, in
this work, significant attention is paid to decreasing theplexity of the network wherever

possible, while maximising the available diversity.

1.1 Cooperative Communication

Cooperative communication makes use of additional ‘re{&@)’ nodes in the communication
process to relay information between the conventionalco(ff) and destinationip) nodes.
The relays provide additional independent paths for sigrgagation between the source and
destination and hence provide the possibility of spatiadiity. The independent paths created
from the relays and source to the destination can be imaginfedm a ‘virtual’ antenna array
at the destination [9], similar to the independent pathatetby a physical antenna array with

sufficient spacing. A typical relay network can be visuaize Figure 1.1.

N )

Figure 1.1: Typical cooperative communication system \aigingle relay

Employing cooperative communication necessitates thearesmission of information from
the relay(s) on orthogonal channels, usually subsequeet $iot(s). Doing so presents the
obvious problem of decreased spectral efficiency, espg@al the number of relaysy,
gets larger. This can be somewhat mitigated by system desgyrally at the expense of
error performance [10]. Regardless, cooperative comnatinit yields obvious benefits with
regards to the mitigation of fading and increased coverdgaetwork. Opportune placement
of relays can also assist signal propagation around largeal@bjects which would otherwise

hamper such propagation.

1.1.1 Relaying Strategies

A ‘relaying strategy’ broadly refers to the way receivednsity are processed by the relay
before re-transmission. Various levels of performancelmattained depending on the level

of complexity at the relay and at the destination.



The simplest relaying strategy from a processing point eiwis amplify-and-forward (AF).
With AF, the relay simply amplifies the received analogue @fakm with an amplification
factor G and then re-transmits without any other processing. Eirfgra typical average

transmit power constraint at the relay, the amplificatiandais bounded by [9]:

E
G < — (1.1)
|hsr|” Es + No

where Eg is the average energy per symbp}zlgm2 is the fading power between the source
and the relay node, an, is the noise power spectral density. When the AF strategyed in
an N relay cooperative system, full diversity 8f + 1 can be achieved at the destination node
with the use of maximal-ratio combining (MRC) [11]. Howey#te AF strategy requires the

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

Decode-and-forward (DF) is a regenerative strategy thettdecodes the received information
and thereafter re-encodes and re-transmits it. This nésyéhe need to store analogue
waveforms at the relay and is thus simple to implement. HewedF suffers from potential
error propagation due to possible decoding errors at tlag,rédus making the source-relay-
destination § — R — D) channel non-linear and non-Gaussian [6]. The DF strategy c
therefore not guarantee full diversity without additiomabcessing at either the relay or
destination. Further, the end-to-end equivalent signaieise ratio (SNR) of the dual-hop
S — R — D link is not known due to the mentioned properties. Howevej6j Property 1], the
dual-hop equivalent SNR was found to be upper bounded by thienum of the two single
hop SNRs. In the analysis, it was shown that the error rateaeti using the bound was tight
in the high SNR region.

Various selective decode-and-forward (SDF) relaying sersehave also been proposed in the
literature which use SNR thresholds, CRC codes, or simitar detection techniques to detect
possible decoding errors at the relay [12, 13]. Receivedsysrare then not forwarded if the
SNR threshold is not met or if errors are detected when dagoduch schemes are able to
achieve full diversity since error propagation is mitightbowever when coding is used to

determine forwarding, spectral efficiency is further reshlic

1.1.2 Cooperative Communication Schemes

Uncoded cooperative communication schemes are reviewss viiéh emphasis on their

complexity and achievable diversity order.



As mentioned, the DF relaying strategy cannot collect fidksity at the receiver without
additional processing. In [2, 3], #MRC detector at the destination was presented which
weights the signals received by the destination from treyrefth a factor before employing
MRC to combine all received signals. It was shown that fulkedsity could then be collected
at the destination. However, the parameteras 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 maximume-likelind (ML) detector can collect
full diversity at the destination, ML detection becomestpbitively complex with larger than
binary constellations. A cooperative-MRC (C-MRC) combiweas proposed at the destination
which weights the signals arriving from the relay node atdéstination according to:

Y b (1.2)
RD

WRD =

wherewrp is the weight being designesl,, andyrp are the equivalerf — R — D channel
and R — D channel instantaneous SNRs respectivilyp is the fading coefficient of the
R — D link, and (-)* denotes the complex conjugate. This C-MRC scheme, sintldne
A-MRC proposed in [2, 3], achieves full diversity when usethatdestination along with an

accompanying reduction in complexity relative to ML deieict

Smart relaying [5, 7], scales transmit power at the relayamgensate for a weak — R
channelrelative to th& — D channel, achieving full diversity at the cost of requiriegéback
from the destination at the relay. It was further shown thatising soft power scaling at the
relay, i.e. scaling using the averafe— D channel SNR, no feedback is required to achieve
full diversity in exchange for slightly decreased errorfpenance. Smart relaying and C-MRC
were both easily extended to multi-hop and multi-relay aragive networks independent of

modulation [5-7].

The diversity-multiplexing problem, tackled in [10], shetihat optimal diversity-multiplexing
trade-off can be achieved. However, in the interests ofraitiga maximum spectral efficiency,
relay selection has been proposed which selects a singd€ tteday from NV total based on
some criterion, usually the two-hop channel charactegdqil4—17]. This also circumvents
the need for complex time and carrier synchronization betwelay nodes. Communication
thus takes place in two time slots only and thus improvestegesfficiency compared tov
relay forwarding schemes while still enabling the use oftipld relays to give full diversity.
However, a combiner is still required at the destinationaimbine signals from the source and

the best relay.



Employing switch and stay combining (SSC) at the destimea®in [18] to give a distributed
switch and stay combining (DSSC) ‘antenna’ array betweengburce and relay nodes
mitigates the need for a combiner at the destination. Thisexéended to a dual-relay system
that does not make use of the diréct- D link in [19]. In [20], a DSSC system was proposed
for multiple relays, making use of relay selection to chcasingle relay to participate as the
relayed branch of the DSSC system. However, this requietbieck from the destination to

select the best relay as the selection is made based on fwoHamnel characteristics.

A patrtial relay selection (PRS) scheme was proposed in [&itjguthe AF relaying strategy.
PRS uses only the first ho'(— R) SNR when choosing the best relay froW. This
mitigates the need for feedback from the destination to ét@yrnodes. In [11], diversity
from cooperation was not achieved due to the lack of a difeet D link. DSSC with PRS
was proposed in [21] for the DF relaying strategy, enablingtiple relays to be used in a
DSSC system without feedback from the destination for rekgction. Employing SSC at
the destination also improves spectral efficiency sinceetlseno need for two time slots when
the direct link is active. It was shown in [21] that additibdéversity order is attained with
the use of a direct — D link, however an increase in the number of relays partigigain
the PRS protocol does not improve error performance abowve 3 relays nor diversity order

above a single relay.

It is clear that from a complexity and spectral efficiencynsliigoint, the DSSC-PRS system
provides advantages over other systems. However, thevachégror performance is far lower
than that achievable by schemes such as C-MRC and does hetvgta the addition of

relays to the system. This motivates the addition of the S&brtique which improves error
performance and diversity order with no bandwidth, trangroiver or space penalty. Thus,

the relatively high spectral efficiency of the system is reimed.

1.2 Signal Space Diversity

Multi-dimensional constellations can provide ‘signal spadiversity by exploiting the
inherent diversity present in the different dimensions hif tonstellation. By subjecting
the individual dimensions to independent fading, it wasnfibuhat diversity order up to
the minimum number of distinct points in a constellation @sgible [22], with the only
disadvantage being an ML detector with increased complexitthe receiver, and no
bandwidth, space or transmit power penalty. A simple rotatperation on a typical two-

dimensional M-QAM constellation increases the minimum bemof distinct components



present between any two points in the constellation; thiflustrated on a typicali-QAM
constellation in Figure 1.2. Interleaving the in-phase quadrature components of a symbol
pair before transmission and de-interleaving after trassion results in no fading correlation

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

>l

[ 3

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

Early work on multi-dimensional constellations focusedaanving effective constellations
from lattices inn-dimensional space and matching them to fading channels T2 idea

of rotating a constellation and interleaving the composédatprovide diversity gains was
first presented in [24]. Thereafter, the problem of carvingoastellation from the rotated
cubic latticeZ™ to achieve the highest diversity order was tackled in [22Jvds found that
multi-dimensional constellations, generated by the Gateproduct of:/2 two-dimensional
constellations, could be found with diversity order higloegh to approach Gaussian channel

error performance with the only drawback being increasé¢elatier complexity.

SSD is thus an extremely spectral and power efficient methHddooeasing performance
in a system with minimal increase in complexity, making itideal candidate to improve
performance in a system with low complexity as a designroite Digital terrestrial video
broadcasting system DVB-T2 already makes use of rotatedtelbmtions for performance

improvements [25].

Rotating a two-dimensional constellation results in eveoynt being uniquely identifiable
from either of its components, a fact well exploited in thgnsil space cooperation scheme
proposed in [26]. In that system, the relay is able to gepetla¢ second symbol in an
interleaved symbol pair by merely detecting the first symboirectly. This results in
the system obtaining a diversity order of two and the memtibbenefits of cooperative
communication, but not the maximum possible benefit of dgrfrom SSD and from

cooperative communication.



Constellation rotation in SSD schemes has traditionallgnbperformed via real rotation
matrices. However, complex rotation matrices are posdib#-29] and provide error
performance gains relative to real rotation matrices withircrease in overall system
complexity. SSD has also been applied to cooperative cormation systems. In [30], SSD
was used in a coded DF cooperative system resulting in additidiversity order benefits,
however no analysis was given. In [31], SSD was added to a Dpearative system with
knowledge of correct reception at the relay and M-PSK mdihria Analysis showed that a
diversity order increase from SSD was achieved and thatnappower allocation at the relay

could provide further error performance improvements.

Diversity order and error performance can be improved bjop@ing an additional rotation
and interleaving stage [32]. The additional rotation arnérieaving stage brings a further
diversity order of two at the expense of increased ML detemonplexity relative to a single
stage. Termed 4-dimensional constellation rotation (4D, @t 4D SSD system was found to

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

In most studies, error probability of SSD systems is evaldiatith the union bound [22, 26,
33-35] or the nearest neighbour (NN) approximation; preskefor M-PSK in [33] and M-
QAM with receive MRC in [36], however the expressions in [8@re not presented in closed
form. Error performance of uncoded rotated lattice cofetiehs has also been evaluated with
the sphere lower bound (SLB) [37], performed by integratieer the Voronoi region presented
in [38]. Exact expressions for the error rates of SSD systeare presented in [39, 40] for
both Rayleigh and Rician fading channels. However, these wet presented in closed form
and require numerical evaluation of complicated integralsus, an expression for the error
probability of SSD systems that is simple to compute and sslyeapplied to other systems

does not yet exist.

Conventional ML detection for SSD requires an exhaustivergde among all points in
the constellation to find the point closest in Euclidean afise to the received signal
[22]. Therefore, the possibility of developing detectiathemes which simplify processing

requirements at the receiver exists and will be exploretigwork.



2. Motivation and Research Objective

Error performance evaluation of a system with M-QAM SSD miatlon, a single transmit
antenna andN receive antennas with MRC reception was presented usingNiKe
approximation to the union bound in [36], however, anabjteExpressions were not presented
in closed form. This motivates the derivation of closed faxpressions based on the union

bound and NN approximation for a similar system.

Error performance evaluated using the union bound reqaipesputation of the Euclidean
distance between all constellation points in a rotatiorstelfation [22, 34], and exact results
in [39, 40] require numerical evaluation of integrals. Ttistivates the derivation of a new
lower bound on the SER of an SSD system based on the minimuiid&aic distance of a
rotated constellation which is simple to compute and eagiplied to other systems. The new

lower bound will also be presented in closed form for theesystnentioned above.

Conventional ML detection for SSD systems requires an estihausearch among all points in
a rotated constellation to find the transmitted symbol [Z®]s motivates the development of
a simplified ML detection scheme that only searchegoints fromA/, whereM denotes the

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

compared with that of optimal ML detection using simulation

The DSSC-PRS system provides diversity benefit from codiparand attains better spectral
efficiency than conventional cooperative systems [21]; dwmw, error performance can still be
improved. This motivates the application of SSD to DSSC-RiR@ovide diversity and error

performance improvements without bandwidth, transmit grogv space penalty.



3. Contributions of Included Papers

The contributions of the dissertation are presented in tapeps prepared for submission
to peer reviewed journals, summarized below. The paperprsented in Part Il of this

dissertation and concluding remarks are presented in Part |

3.1 PaperA

Z. Paruk and H. Xu, “Performance Analysis and Simplified Dete for Signal Space
Diversity with MRC Reception,” 2012.

In Paper A, closed form SER expressions are presented fatasyemploying M-QAM SSD
modulation, a single transmit antenna asMdeceive antennas with MRC reception using the
union bound and the NN approximation in Rayleigh fading. Avdewer bound on the SER
based on the minimum Euclidean distance of a rotated cdastalis also presented in closed
form. Analytical results for the derived bounds are vakdhtvith simulations in Rayleigh
fading channels with differing values &f. A simplified detection scheme for ML detection
of SSD symboils is also presented, with simulation resuligvsifor systems containing single

and multiple receive antennas.

3.2 PaperB

Z. Paruk and H. Xu, “Distributed Switch and Stay CombininghwRartial Relay Selection and
Signal Space Diversity,” 2012.

In Paper B, the SSD scheme is incorporated into a DSSC-PR&nrket Analytical results
are derived in the form of a lower bound on the SER, making Gisieeolower bound derived
in Paper A and further approximations to find the SER of theesys Results are validated
with simulation and the spectral efficiency of the new sysitederived and compared with the

non-SSD system implementation as well as other coopesystems.

10



4. Future Work

The derived SER lower bound for SSD, while fairly tight actise SNR range, is not exact.
Hence, the need for a simple, exact, closed form expressidhé error performance of SSD
systems still exists and the problem of finding such an exsjwass still an open one. Further,
the simplified detection scheme presented does not achggivead error performance or full
diversity in single transmit/receive antenna systems.rdfoee, the possibility of simplified

detection schemes that achieve optimal performance isiantapic for future investigation.

Distributed switched/selective systems are attractivéieir spectral efficiency and simplicity.
However, there still exists further scope for researchdidgtributed switched/selective systems
with improved error performance, diversity and spectréitiefincy. A variety of techniques
could be used to improve error performance such as the daatatistic for selection systems
proposed in [41]. This work could also be extended to the ofselays of different types as
well as relays which contain information of their own to arit to the destination. The effects
of feedback imperfections when selecting the best relagegriSSC-PRS-SSD system could

also be studied.

11



5. References

[1]  A. Goldsmith,Wireless Communication€ambridge: Cambridge Univ. Press, 2005.

[2]  A.Sendonaris, E. Erkip, and B. Aazhang, “User cooperatiiversity - Part |: System
description,"IEEE Trans. Communvol. 51, no. 11, pp. 1927-1938, Nov. 2003.

[8] —, “User cooperation diversity - Part 1l: Implementati@spects and performance
analysis,"IEEE Trans. Communvol. 51, no. 11, pp. 1939-1948, Nov. 2003.

[4] Certification test report for iPhone with GSM WCDMA 1IxRTTMA1XEVDO rev.a,
Bluetooth EDR 2.1, Bluetooth 4.0 LE, and WiFi 802.11 bigremont, CA, U.S.A:
Compliance Certification Services (UL CSS), Oct. 2011. [@ejl Available: https:
Ilapps.fcc.gov/eas/GetApplicationAttachment.htma#2i653679.

[5] N. H. Vien, H. H. Nguyen, and T. Le-Ngoc, “Diversity analg of smart relaying,”
IEEE Trans. Veh. Technolol. 58, no. 6, pp. 2849-2862, Jul. 2009.

[6] T. Wang, A. Cano, G. B. Giannakis, and J. N. Laneman, “Higiformance
cooperative demodulation with decode-and-forward relafEE Trans. Commun.
vol. 55, no. 7, pp. 1427-1438, Jul. 2007.

[7] T. Wang, G. B. Giannakis, and R. Wang, “Smart regeneeatlays for link-adaptive
cooperative communicationsEEE Trans. Communvol. 56, no. 11, pp. 1950-1960,
Nov. 2008.

[8] N. H. Tran, H. H. Nguyen, and T. Le-Ngoc, “BICM-ID with sigl space diversity
over cascaded Rayleigh fading channelgEE Trans. Communyvol. 56, no. 10,
pp. 1561-1568, Oct. 2008.

[9] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Coopemtiversity in wireless
networks: Efficient protocols and outage behavit#FEE Trans. Inf. Theoryol. 50,
no. 12, pp. 3062—3080, Dec. 2004.

[10] K. Azarian, H. El Gamal, and P. Schniter, “On the achidealiversity-multiplexing
tradeoff in half-duplex cooperative channelE§EE Trans. Inf. Theoryvol. 51, no.
12, pp. 4152-4172, Dec. 2005.

[11] I. Krikidis, J. Thompson, S. McLaughlin, and N. Goertamplify-and-forward with
partial relay selection [EEE Commun. Lettvol. 12, no. 4, pp. 235-237, Apr. 2008.

[12] M. Janani, A. Hedayat, T. E. Hunter, and A. Nosratini€otled cooperation in
wireless communications: Space-time transmission andtive decoding,’IEEE
Trans. Signal Processvol. 52, no. 2, pp. 362-371, Feb. 2004.

12



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

J. Hu and N. C. Beaulieui, “Performance analysis of diecand-forward relaying
with selection combining,IEEE Commun. Lettvol. 11, no. 6, pp. 489-491, Jun.
2007.

Z. Yi and I. Kim, “Diversity order analysis of the deco@ad-forward cooperative
networks with relay selection,JEEE Trans. Wireless Communvol. 7, no. 5,
pp. 1792-1799, May 2008.

M. Abouelseoud and A. Nosratinia, “Opportunistic setselection with a direct link,”

in Proc. Global Telecommunications Cqar#010, pp. 1-5.

Y. Jing and H. Jafarkhani, “Single and multiple relaylestion schemes and
their achievable diversity orderslEEE Trans. Wireless Commuyneol. 8, no. 3,
pp. 1414-1423, Mar. 2009.

Y. Zhao, R. Adve, and T. J. Lim, “Symbol error rate of sglen amplify-and-forward
relay systems,JEEE Commun. Lettvol. 10, no. 11, pp. 757-759, Nov. 2006.

D. S. Michalopoulos and G. K. Karagiannidis, “Distrtled switch and stay combining
(DSSC) with a single decode and forward reldf£EE Commun. Lettvol. 11, no. 5,
pp. 408-410, May 2007.

—, “Two-relay distributed switch and stay combininggZEE Trans. Communvol.
56, no. 11, pp. 1790-1794, Nov. 2008.

V. N. Q. Bao and H. Y. Kong, “Distributed switch and stagnabining for selection
relay networks, TEEE Commun. Lettvol. 13, no. 12, pp. 914-916, Dec. 2009.

—, “Distributed switch and stay combining with partialay selection over Rayleigh
fading channels JEICE Trans. Communvol. 93, no. 10, pp. 2795-2799, Oct. 2010.

J. Boutros and E. Viterbo, “Signal space diversity: Ayao- and bandwidth-efficient
diversity technique for the Rayleigh fading channéEEE Trans. Inf. Theoryvol.
44, no. 4, pp. 1453-1467, Jul. 1998.

J. Boutros, E. Viterbo, C. Rastello, and J.-C. Belfid&god lattice constellations for
both Rayleigh fading and Gaussian channeBEE Trans. Inf. Theoryol. 42, no. 2,
pp. 502-518, Mar. 1996.

K. Boulle and J.-C. Belfiore, “Modulation scheme desdrfor the Rayleigh fading
channel,” presented at the CISS’92, Princeton, NJ, Mar2199

Frame structure channel coding and modulation for a secoadegation digital
terrestrial television broadcasting system (DVB-TEuropean Standard, ETSI EN
302 755, Sep. 2009.

13



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

S. A. Ahmadzadeh, S. A. Motahari, and A. K. Khandanigiil space cooperative
communication,1EEE Trans. Wireless Commumwol. 9, no. 4, pp. 1266-1271, Apr.
2010.

A. Correia, “Optimised complex constellations for riemitter diversity,”Wireless
Pers. Communyvol. 20, no. 3, pp. 267—-284, 2002.

A. Correia and A. Hottinen, “Complex constellations iWCDMA with transmitter
diversity,” in Proc. IEEE 6th Int. Symp. on Spread Spectrum Techniques and
Applications vol. 2, 2000, pp. 439-443.

A. Correia, A. Hottinen, and R. Wichman, “Optimised stellations for transmitter
diversity,” in Proc. IEEE 50th Vehicular Technology Cagnfvol. 3, 1999,
pp. 1785-1789.

W. Ning, Z. Zhongpei, and L. Shaogian, “Signal spaceedsity in decode-and-
forward cooperative communication,” Proc. WRI Int. Conf. Communications and
Mobile Computing2009, pp. 127-130.

N. F. Kiyani, U. H. Rizvi, and G. Dolmans, “Modulation \@irsity benefits in

cooperative communications,” iRroc. Wireless Telecommunications Syn2f10,
pp. 1-5.

J. Kim, H. Kim, T. Jung, J. Bae, and G. Lee, “New const@la-rotation diversity
scheme for DVB-NGH,” inEEE 72nd Vehicular Technology Cori2010, pp. 1-4.

N. F. Kiyani, J. H. Weber, A. G. Zajic, and G. L. Stubergifformance analysis of
a system using coordinate interleaving and constellattation in Rayleigh fading
channels,” inProc. IEEE 68th Vehicular Technology Cqr#008, pp. 1-5.

G. Taricco and E. Viterbo, “Performance of componeneéiieaved signal sets for
fading channels,JEE Electronics Lettersvol. 32, no. 13, pp. 1170-1172, Apr. 1996.

N. H. Tran, H. H. Nguyen, and T. Le-Ngoc, “PerformanceBdé€CM-ID with signal
space diversity,IEEE Trans. Wireless Commuwol. 6, no. 5, pp. 1732-1742, May
2007.

S. Jeon, |. Kyung, and M.-S. Kim, “Component-interledveceive MRC with rotated
constellation for signal space diversity,” IEEE 70th Vehicular Technology Conf.
Fall, 2009, pp. 1-6.

A. G. |. Fabregas and E. Viterbo, “Sphere lower bounddétated lattice constellations
in fading channels,JEEE Trans. Wireless Communrol. 7, no. 3, pp. 825-830, Mar.
2008.

14



[38]

[39]

[40]

[41]

J.-C. Belfiore and E. Viterbo, “Approximating the errgrobability for the
independent Rayleigh fading channel,Rnoc. Int. Symp. Information Theqr005,
pp. 362—-362.

J. Kim and I. Lee, “Analysis of symbol error rates for 3@ space diversity in
Rayleigh fading channels,” ifProc. IEEE Int. Conf. on Communication2008,
pp. 4621-4625.

J. Kim, W. Lee, J.-K. Kim, and I. Lee, “On the symbol ermates for signal space
diversity schemes over a Rician fading channi®EE Trans. Communvol. 57, no.
8, pp. 2204-2209, Aug. 2009.

Y. G. Kimand S. W. Kim, “Optimum selection diversity f&PSK signals in Rayleigh
fading channels,JEEE Trans. Communvol. 49, no. 10, pp. 1715-1718, Oct. 2001.

15



Part Il

Included Papers

16



Paper A

Performance Analysis and Simplified Detection for Signal Sace
Diversity with MRC Reception

Z. Paruk and H. Xu

Prepared for submission to SAIEE Africa Research Journal.

17



Abstract

Signal space diversity (SSD) is a promising technigue feaining diversity without increases
in bandwidth, transmit power or physical hardware at thecesp of increased ML detection
complexity. Symbol error rate (SER) analysis of a systentaiomg a single transmit antenna
and N receive antennas with maximal-ratio combining (MRC) reimepis presented here
along with a simplified detection scheme for SSD systems. uffien bound and the nearest
neighbour (NN) approximation are presented in closed farmd,a new, simpler SER bound for
SSD systems based on the minimum Euclidean distance oftadatanstellation is presented,
also in closed form. Performance of the new bound is founattight for low signal-to-noise
ratios (SNRs), small rotation angles and when the numbeeadive antennasy) is large;
the new bound is also easily applied to other systems. Thglifieal detection scheme, while
losing diversity and SER performance whanh= 1, achieves &dB and4dB performance
improvement over non-SSD transmission at SERE)of and10~2 for 4-QAM and16-QAM
respectively. However, wheN > 3, SER performance is close to indistinguishable from that
of optimal ML detection while achieving complexity redumis of up t025%, 75% and93%
for 4-QAM, 16-QAM and64-QAM respectively.
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1. Introduction

Diversity schemes typically rely on multiple copies of ansmitted signal arriving at the
receiver over independent channels, which may be orthdgotiae or frequency or separated
in space. These redundant copies available at the destimaly then be combined in various
ways [1] depending on the processing and hardware constrairthe receiver. Typically,
spatial diversity schemes use multiple transmit and/oeivecantennas [2] to generate the
redundant signal copies. Spatial diversity, while capaifleroviding substantial gains,
requires additional antennas and enough distance betlveanto avoid correlation at either

the transmitter or receiver and hence is not a practicatisolin all cases.

A diversity technique which has not seen much attentiongealispace diversity (SSD) [3].
SSD exploits the inherent diversity available in the défgrdimensions of a multi-dimensional
constellation by ensuring that different components aoh edfected by independent fading.
Consequently, no additional bandwidth, transmit powerpace is required, however this is
achieved at the cost of necessitating a more complicatetmiax-likelihood (ML) detector at
the receiver. This makes SSD a useful technique in the madehile communication focused
age, as more processing power becomes available in mohileedebut space constraints
are not lifted. Second generation digital terrestrialvisien systems already employ rotated

constellations to provide error performance and diveigdins [4].

It was demonstrated in [5] that the union bound could be usexvaluate error performance
of rotated constellations with component interleaving bynming over the pairwise error
probabilities (PEP) between any arbitrary constellatioinpand every other constellation
point. The pairwise error probability has been found in etb®rm in [5] and [6] for M-QAM
and PSK modulations respectively, and is sometimes usednjugction with the Chernoff
bound [5]. The union bound, while asymptotically tight,a®@$e at low signal-to-noise (SNR)

and for larger constellations [7], while the Chernoff bousitboser by close tddB [5].

The nearest neighbour (NN) approximation approximatesii@n bound by only considering
the PEP of the nearest neighbours of any constellation pdihe NN approximation was
presented in [8] for MRC reception and M-QAM modulation, am¢6] for PSK modulation.

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

Recently, exact error expressions have been derived forsyS@ms by introducing a change
in signal model and by using polar coordinates for both Rghld9] and Rician [10]

channels. The new signal model takes the ratio of the stdndiariation of the in-phase
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and quadrature components into account, and hence statabelresulting decision regions
become non-perpendicular. The conditional probabilitgwbr is then integrated over these
non-perpendicular regions defined by the angles between tising polar coordinates. The
derived expressions, while accurate, are not presenteldsed form and require numerical

evaluation of integrals.

Also recently, a lower bound for uncoded rotated latticesteltations based on the sphere
lower bound (SLB) was proposed in [11] for Nakagamifading. The SLB shown in [11]
is based on the integration of the Voronoi region shown in [7vas shown that the SLB
exhibits good performance for infinite lattices regardigfsthe lattice structure. However for
finite multi-dimensional constellations obtained from tbtation of M-PAM (Pulse Amplitude

Modulation) constellations, the SLB only exhibits tightfmemance as\/ gets large.

An accurate and simple to compute closed form expressiaméoerror probability of rotated
multi-dimensional constellations with SSD that is alsoye@msuse with other systems does
not yet exist. In this study, we attempt to derive such an&sgion in the form of a lower
bound based on the minimum Euclidean distance of a rotatestedation. The lower bound
is presented in closed form and compared with the union banddNN approximations, which
are also presented here in closed form, for a system conggingingle transmit antenna and

multiple receive antennas with MRC reception.

The optimal ML detection rule requires an exhaustive searnbng all constellation points
before estimating the transmitted symbol. Hence, the piisgiof reducing the complexity
of ML detection exists. A simplified detection scheme is preed here which searches
constellation points from a total of M after performing ialt signal conditioning. The
performance of the simplified detection scheme is comparddat of the optimal detection

scheme using simulation for both single and multiple argeneiception.

The rest of this paper is organized as follows: Section 2gmssthe system model, Section 3
presents performance analysis of the various bounds, dBedtipresents the simplified

detection scheme, results are presented in Section 5 atidriB@presents concluding remarks.

20



2. System Model

A multi-dimensional constellation is said to be capablé afrder diversity when the minimum
number of unique components between any two points of thetethation isL. Consider the
conventional §) and rotated §) constellations shown in Figure A.1. Clearly, rotating the
constellation maximizes the minimum number of distinct poments between any two points
in the constellation while retaining the same average snegigen by the expectatioR[S?],
whereE[-] denotes the expectation operator. Thus, in the absencdin§féAWGN channel),

the rotated se$ exhibits the same performance as the conventiona set

(a) (b)

° ° I« — °
T
el \
L I * T \
i } - |
| -7 \
| e \
! -
! @——0 \ °
! | \
| \
| |
! I
! I
|

Figure A.1: (a) original constellatiofi and (b) rotated constellatio$i showing expansion

We formally defineS to be a signal set such thét= {s{ +jle l=0,1,.... M — 1}, where

M denotes the cardinality o, and(-), (-)€ refer to the in-phase and quadrature part of a
signal respectively. The rotated sgtis then obtained by applying a rotation mati¥ to
each element of according tos; = R%s;, for a rotation of anglé. For a two-dimensional

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

0 cos —sinf
R’ = (A.2)
sinfl  cosb
To obtain diversity, the unique components need to be affelby independent fading. This
is achieved by a component interleaver/de-interleavesgmieat the transmitter and receiver
respectively. Performing the interleaving/de-interiegvaction ensures that a single deep
fade will not affect all components of the signal simultanglyg, thus achieving signal space
diversity. Note that the rotated constellation, once congmb interleaved, now forms an

expanded constellation equivalent to the Cartesian ptodiuthe in-phase and quadrature
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components of the original constellation set, definecﬁgs: ST x S9, where x denotes

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

We now consider the system with block diagram shown in Figu& Consider a network
containing a source node with a single transmit antenna ategtination node containiny
receiving antennas, also referred to her&asdependent branches. The receive antennas are
spaced far enough apart for there to be no correlation anfengespective received signals.
There is no feedback channel between the destination armdesoodes and no source or

channel coding is performed.

Source
~ A0
PR 1’,,\.;,,, X
o | . 1
0 0110 01010 by \l " JAJTS
11 01 1110 — L — | —
0 10110 11 Y e ad
Ay i Lo
AN ] v, 2
P
Map and Rotate Interleave
hi;
Destination
N

0 0110 01010
11 01 1110 <+—
0 10110 11

!

I

Figure A.2: Block diagram of SSD system with MRC reception

ML Detect De-interleave

Following the system block diagram, a bit stream is mappegtabols denoted = 2! + j2@
from the rotated constellatiof as shown in the first block in Figure A.2, which are then
arbitrarily grouped into pairs of symbols and passed thincugomponent interleaver, shown
in the second block. The component interleaver interledlhesin-phase and quadrature
components of the symbols in each pair to give new symbglg € {1,2}, wheret is the

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

Uy :x{—i-ng?

Q

(A.2)
Uy = azé + jzy
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The interleaved symbols, are then transmitted by the single transmit antenna andearri
at the destination oveN i.i.d (independent and identically distributed) Rayleifgiding
channels with additive white Gaussian noise from M@eceive antennas. Each symhgl

in a symbol pair is transmitted over an orthogonal chanrssumed to be independent time
slots in this study. Transmission occurs in two subsequem slots, withu; transmitted

in the first time slot and:; in the second. Therefore, the SSD system consumes no more
bandwidth than comparable non-SSD systems. Thus we ddmteteived symbols to be

ri ;, where the subscripte {1,2} is the orthogonal channel (time slot) index and the subiscrip

j €{1,2,..., N} isthereceive antennaindex. The received symbols at amjeame then given

by:

Tij = h@j'dt + N5 (A3)

whereh; ; is the fading coefficient in time slétat antenng. We assume that full channel state
information (CSI) of all paths is available at the received that no inter-symbol interference
occurs, hence the receiver is able to remove the phasergthiftéd by fading. Thus the fading
is modelled as independent Rayleigh distributed randotiabies with amplitude distributed
according tofy, (hi ;) = %exp(%@j) and unit second moment, i.£. [hfj} =20% = 1.
The fading is assumed to be flat. The transmitted signals enteirped by additive white
Gaussian noise, modelled as circular symmetric Gaussiatora variables with distribution

n; ~ CN (0, Np), i.e. zero mean and varian®g /2 per dimension.

Diversity combining is performed at the destination in th@imal fashion using MRC.
Symbols are combined on a symbol-by-symbol basis as theyeaedved, however detection

is only performed after a symbol pair from @il antennas has been received, combined and
de-interleaved. Combining is performed by weighting treeieed signal from each path with
the respective instantaneous fading coefficient for th#t.p@his gives the combined signal

for time slot::

ri = hiarin + higrig + ...+ hi NTi N (A.4)

where we have defined the combined signal te;b@ his is similar to combining in a non-SSD
system, and combines the branches in the optimal fashioriuktt'eer define an instantaneous

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

hi=hi1+hio+ .. +hiy (A.5)

1y
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De-interleaving is then performed on a symbol pair to enthaethe in-phase and quadrature
components of the original symbol are reassembled befdexiiten. The symbols are then
detected in the ML sense after de-interleaving, assumih@g&i. For MRC reception, the ML

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

2
5, = arg min{hg rf — el 4+ 03 |12 — h3a?] }
S

TKE

) 9 (A.6)
$9 = arg mir){h% |rs — h3xf|” + h3 ‘r? - h%xf‘ }

rRES
whereh? has been defined in (A.5), arig are the detected symbols for time slotNote the
addition of the combined fading coefficient in each term @ ML decision rule, e.g. ths3

120 2, 1|2
Inh2|r1—h1:ﬂk :
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3. Performance Analysis

In this section we first review the conventional approactpiaraximating the error probability
of SSD systems based on the union bound as presented in [B,\We@hen review the NN

approximation [8] and present it in closed form, since the &figroximation often has tighter
error performance, especially at low SNR. We thereaftesgmea simpler minimum Euclidean

distance based lower bound which is applicable to any squa@&M constellation.

For convenient discussion, we ugér) to denote the PDF of random variahie F'(z) to

denote its CDF, ané’(z) to denote the probability of event

3.1 Union Bound

The union bound gives a standard method of evaluating ttoe probability of an arbitrary
signal set by summing the PEPs across all possible transmiteceive pairs. The union

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

Pi(e) <= > Plx—2) (A7)

Where‘S‘ denotes the cardinality of the signal set itk — ) is the unconditional PEP
of the detector choosing given thatz was transmitted. Letting; = h?(Es/Np) be the
combined instantaneous SNR in time sipthe conditional PEP follows from the ML rule

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

P(z — &|h1, ha) = P (||r — hox|? > ||r — hog|? Ay, hQ)

I
O

P
=P (I > v — hox? by, b
<\/ (h2d2 + h2d2)> ao

=Q <\/ L (2 +’v§d2)>

wherer = (r/,79), h = (hy, he), x = (2!, 29) andx = (27, 29) are the two-dimensional

received signal, channel coefficient, transmitted andehsggnal vectors respectively, the|
operation represents the vector norm, ¢heperation represents the vector produgs, is the

average energy per symbol, adid d3 represent the in-phase and quadrature distances between
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x andz respectively. Averaging the conditional PEP over the irshejent fading distributions

for MRC reception gives the unconditional PEP:

P (CL’ - i') = A /O Q <\/ﬁ (W%d% + 722d%)> f’YMRc (/71) f’YMRc (72) d71d72 (Ag)

Closed form expressions for the PEP have been shown in [5][@ntbr M-QAM and
PSK modulations respectively in Rayleigh fading with a &nggansmit/receive antenna.

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

The NN approximation can be used to simplify the union bougpctbnsidering only the
points closest in Euclidean distance to any symbol in a etlagon [6, 8]. For small
constellations such a&EQAM the NN approximation is equivalent to the union boundl [6
The NN approximation was presented in [8] for a system emptpMRC reception, however
no closed form expressions were presented. We thus prdesatidorm expressions for the
NN approximation withN-branch receive MRC using the trapezoidal approximatioth&

@ (-) function, presented later in this section.

Following the approach presented in [8], the NN approxiorafor 4-QAM is equivalent to
the union bound since the nearest points constitute theeardnstellation. Fot6-QAM, the
NN approximation can be written, by considering the pointthie corners, centre, and sides

of the constellation, as [8]:

1 1 1
Pljg]_VQAM (e) = ZPcorner (6) + ZPcentre (6) + §Pside (6) (AlO)

where P, o ner (€), Peentre (€), @ndPy;4. (€) are the error probabilities of the points located at
the corners, centre and sides of the constellation respéctEach of the described points has
perpendicular and diagonal neighbours with different Eieeln distances. By considering the

different neighbours, the NN approximation fug-QAM can be written as:

1 N N
Pig%ganr (€) = 7 [2Bperp (v = &) + Paiag (v — £)] +

1 . .
— [4Pperp (x = &) + 4Pgjiqq (v — Z)] +

‘11 (A.11)
= [3Pyerp (z — &) + 2Pyiag (z — )]

2
. 9 .
= 3Pperp (. — T) + ZPdiag (r — &)

1Equation (21) in [13] incorrectly calculates the numberiagonal neighbours foPeentre (€) and Py, q. (€), the corrected
calculation is presented here.
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whereP,.,, (x — &) and Py, (x — &) are the PEPs between any point and its perpendicular
and diagonal neighbours respectively. The PEPs can be fdectly by substituting the
relevant distances into (A.9). These distances are easitypated for perpendicular and

diagonal neighbours s

d?  =4cos?0 d2  =4sin?0
perp perp

2 . 2 ) (A.12)
dldiag == 4 (]. + S11 29) d2diag = 4 (1 — SIn 29)

After making the relevant substitutions, integrating aerfading distributions gives the final
PEP. We make use of the trapezoidal approximation tociie) function shown in [15] to

simplify analysis. The&) (-) function can be approximated as:

Q) = % (% exp <_752> + nz;;lexp (_552» (A.13)

&

whereS, = 2sin? (er/2n) andn is the total number of iterations used in the approximation.
The PEP can thereafter be written using (A.9), (A.12) and8\for N-branch MRC reception
as:

N 0o 5% 1 1 —x n—1 “x
P(:L'—)l’)—/o /0 [% <§exp<7>+i:1exp<si>>]x
f’YMRc (71) f“{MRc (72) d71d72

Cdn \ply+2 P37 +2

i (o) (a7r)
= \pf T+ Si) \pp7+S

wherex = gi- (47} +1343), frune (%) = ik exp (%) is the well-known

MRC PDF forN receive antennap; = (d? /2Es) andz refers to theliag or perp distances
in (A.12). Substituting the relevant distances from (A.it2) (A.14) and thereafter (A.14) into
(A.11) gives the final NN approximation to the union bound féibranch MRC reception for

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

computing and substituting the relevant distances.

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

The union bound sums the PEPs between any transmitted syandall possible received
symbols to upper bound the SER, making use of the squareitEanldistance between the
points under consideration. We now derive a lower bound enSER using the minimum
Euclidean distance of the constellation, taking into cdesition the independent fading on

the individual components of the signal set.

The minimum Euclidean distance of a binary constellatiosdmetimes used to quantify
its performance [16]. We now extend the concept to larges@dhlations. The minimum

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

i 2
dmin xfilfels{\/’xk wz\} (A.15)

where z, x; are any symbols from a signal s&t For a conventional square M-QAM
constellation, the minimum distance can easily be shownetd,h,, = v/2d, whered is

the relative size of the constellation.

The minimum distance of a constellation is not affected mtron. However, in a system
employing SSD, the individual components of the signal dfiected by independent fading
due to the interleaving and de-interleaving action. Weefoge modify the minimum distance

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

- : 20,0 _ T2 21,Q . Q 2

dpmin = min _ hi ‘xk wl| +h3 |z — (A.16)
Tk, L1 €S

where hy and hy refer to the independent fading affecting the in-phase amadcpture

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

minimum distance of the constellation after the rotatiotgileaving, transmission over fading

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

dimensions, the minimum distance is dependent on the oatatigle.

For square M-QAM constellations, the minimum distance isilgacalculated from any
constellation point to any of its closest constellatiomp®along a rotated perpendicular axis.

Figure A.3 illustrates this graphically.

Assuming that an M-QAM constellation has a spacing of two actedimension between
neighbouring constellation points, the minimum distanoe & rotated two-dimensional

constellationS can be computed as:

28



Figure A.3: Closest points for minimum distance calculatio

05, = /43 cos? 6 + 4h}sin? ¢ (A.17)

The conventional square M-QAM SER conditioned upon thaimsineous SNR can be written
as [17]:

P (ely) = 40Q (Vi) - 4a2Q? (V) (A.18)

wherea = (1 - \/Lﬁ) andb = ;2. We again make use of the trapezoidal approximation to
the Q () and@? () functions shown in [15] to simplify analysis. The conditidM-QAM
SER for any square M-QAM constellation can be written usirgrhentioned approximations
as:

P (ely) = 4aQ

/) - (v

—b
on () - St

N = /N

a 9 2 (A.19)
- n n—1 —b’}/ 2n—1 —b’)/

1—

( a);eXp<Sc>+;exp<Sc>

whereS, = 2sin? err /4n. The factor,/d2,,, /2N, can be substituted into the conditional SER
in (A.19) (similar to the factor/d? /2N in the PEP in (A.8)) in place of/by to give (A.20).
Doing so lower bounds the SER since not all error events &entato consideration. We

henceforth term the new lower bound the minimum distancetdwund (MDLB).
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PYPLE (e|hy, hy) > 4aQ ( (A.20)

2 2
After some simple manipulations, we arrive at the final cbadal MDLB on the SER
in equation (A.21), with the terms and b defined as they were in (A.18), and defining
v; = h? (Es/Ny) to be the combined instantaneous SNR fromAheeceive antennas. Notice
now that the final conditional MDLB resembles the exact cbadal M-QAM SER with the
instantaneous SNR changed to represent the independérg fad each dimension and the
SSD rotation angle:

PYPEE (cly,75) = 4aQ (V/IC) — 4a*Q* (v/iC) (A.21)

where( = (71 cos? 6 4 o sin? 0). The conditional MDLB is then averaged over both fading
distributions to give the final bound on the error probayailit

poen 0> [ [ {10 (ViG) - 0202 (Vi) )

f’YMRc (’Yl) f’yMRc (72) d’Yld’YZ

(A.22)

Substituting the relevant fading distributions for MRC hwvilv receive antennas and then

performing the double integration gives the final expras&io the unconditional MDLB:

L2 Y2 Y
2 \ aby +2 By + 2

/

a 1 \" 1 N+
a 2 \aby+1 By + 1
PYPLEB () > - n—1 g N s N (A.23)
(1_a);<ab7+sc> <5b7+56> *

2n—1

Se
; <ozb7 +

N g N
z) (75w)

wherea = cos? 6, 3 = sin? # andy = E []. The new MDLB can be easily computed, is free

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

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

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

The conventional ML detection rule in (A.6) performs an exstive search among all points
in a constellation to find the one closest in squared Eudiidistance to the received symbol
using the ML decision criterion. While providing optimaker performance, this is far from
efficient. We thus propose a sub-optimal simplified detectioheme that first equalises the
received symbols and then, after de-interleaving, seleetpoint closest in Euclidean distance
to the equalized symbol. A search using the ML decision rioiteis then performed among
them points closest to the equalised point, whére m < M. The new ML detection rule
thus significantly reduces the complexity of ML detectioniémms of the number of searches

required.

The simplified detection scheme is split into two phasesetiialisation and selection phase,
and the search phase. As with conventional ML detectionpsyscan only be detected once
both symbols in a symbol pair have been received and ddeatexd. The equalisation and
selection phase first equalises the symbols received intimaelslot by dividing by the known
fading coefficient for that time slot to give symbajs A typical equalised symbol pair is
shown below, where the equalization is performed knowirad ¥ (defined in (A.5)) is an

amplitude distribution:

1 ni
M T T

! ! (A.24)
Y2 By 2 Iy

Equalising the received symbols now gives the originaldnaitted symbols:; together with
noise from each time slot scaled by the fading coefficientteNbat the symbols,; are still
component interleaved; they must now be de-interleaveeldssemble the respective in-phase

and quadrature components together.

The selection part of the first phase uses a simple bounda&gkdb choose a symbol from
the original constellatioy’ closest to the equalised symhgl However, since the equalised
symbols are rotated, they must first be un-rotated beforkdhadary check is performed. The
un-rotation operation is performed by applying the rotatizatrix from (A.1) with an angle of
—0. Thereafter, the boundary check is performed on both irs@had quadrature components
of the equalised symbol to determine the location of theedbsymbol fromS, denotedv,
veS.
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The search phase uses the location of symliolcreate a new symbol sét(which is a subset
of S) consisting ofn— 1 symbols closest to andv itself. The symbol sef for each symbob
can be pre-determined and stored, and hence need not bateecfer every received symbol.
This can be visualized in Figure A.4, where= 5 and the diamond represents the location of
symbolv after rotation. A conventional ML search is then performedtte new symbol set
T, as opposed to the entire rotated Sef his greatly reduces the complexity of ML detection

required for SSD systems employing large constellations.

Figure A.4: Location ofn = 5 closest points

The new ML rule can thus be expressed as:

2
21 = arg min {h% !r{ — h%xi!z + h? ‘r? - h%wg‘ }
el (A.25)
5 = arg min {h% v — 3l + 12
x€T

2
o§ - wta )

wherez;, h;, r; andzy follow the definitions from (A.6). Note that the original eseed
symbols, and not the equalised symbols, are used for datedthe ML decision criterion has
remained the same; it is merely the signal set to which theran is applied that has been

reduced, along with the addition of the first equalizatiod aelection phase.
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5. Numerical Results and Simulations

Presented in this section are numerical results based aimiba bound, NN approximation
and the new MDLB, all validated through simulation. The SE&fgrmance of the new
simplified detection scheme is also compared with that dfregdtML detection. As shown in
[5], the optimum rotation angle for bothQAM and 16-QAM with a single receive antenna is
31.7°. This rotation angle is used here in all analyses since s®aered through simulation,
the optimum angle fotN > 3 (where N is the number of relays) does not result in a
significantly different SER. Simulations are performedrial flat fading Rayleigh channels
with AWGN as described in Section 2 usidgQAM and 16-QAM modulation. Simulation
with 64-QAM modulation is also included for simplified detectiontlvimultiple receive
antennas. We assume that full CSI for all channels is aveikithe receiver, that the receive
antennas are spaced far enough apart to avoid correlatidrthat all systems contain only a
single transmit antenna. Since SER vs. rotation angle padoce is mirrored horizontally

along thet5° line, analysis is restricted to the ran@fe45°.

5.1 Single Antenna Reception

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

plots simulation results against the conventional uniomrigl) the NN approximation and the
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Figure A.5: SER of SSD system withi = 1
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new MDLB for both4-QAM and16-QAM modulation. The NN approximation is identical to
the union bound fo4-QAM and hence is not shown. The new MDLB, while the most aat&ur
at low SNR (belowl0dB), is not as tight as the union bound/NN approximation ghtf8NR

at the chosen rotation angle. The NN approximation managteriSER performance than
the union bound across the entire SNR range and hence isea lmetthod for approximating
the SER. All bounds show better SER performance with a smsitj@al set and achieve full

diversity.

As shown in [8], the optimum rotation angle for a system witlR® at the receiver is
dependenton the number of receive antennas. It also varisgstems employing coding [14],
and for cooperative SSD [18]. It is therefore of interestébedmine the error performance of
the derived performance bounds relative to the angle ofiootaThe SER of the single receive
antenna system is plotted against rotation angle in Figuéeafian SNR o25dB, well into
the high SNR region for both modulation schemes. Inspedidfigure A.6 reveals that the
new MDLB is tight for the angles betweet? and24° for 4-QAM and 8° and 20° for 16-
QAM, making it suitable for error performance evaluationsistems using rotation angles
in the mentioned ranges. Clearly, the NN approximation setenswitch between upper and
lower bounding the error probability depending on the fotaangle for16-QAM; however it
does remain fairly tight throughout the rotation angle engigure A.6 visually corroborates
the findings in [5]: the optimum rotation angle, defined asahgle at which the SER is a
minimum, is approximatel$1.7° for both4-QAM and16-QAM whenN = 1.

Symbol Error Rate

——— Simulation

—— MDLB

—+— Union Bound

—6— NN Approx
T T

1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90
Rotation Angleéd (°)

Figure A.6: SER vs. rotation angle 28dB andN = 1
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Figure A.7 plots the SER of the simplified detection schemesfngle antenna reception.
The simplified detection scheme appears to lose diversilly single antenna reception, yet
SER performance is still better than conventional modaoifatly approximatelyrdB at an
SER of10~3 for 4-QAM and approximatelytdB at an SER ofil0~2 for 16-QAM when the
number of searches is equalto = 3 andm = 5 respectively. Increasing: to 9 brings
further performance gains fd6-QAM; the improvement in complexity is worth the slight
performance trade-off (approximatelglB at 10~3) when using16-QAM and m = 9 as

compared to conventional SSD detection.
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Figure A.7: SER of simplified SSD detection scheme whth= 1

5.2 Multiple Antenna Reception with MRC

We now consider performance of a system containing multigdeive antennas. The SER of
the NN approximation and the new MDLB are plotted againstugition results in Figure A.8
for N = 3 and N = 4 receive antennas and MRC reception. The new MDLB, while not
as tight as the NN approximation in the high SNR region, isnfare accurate in the low
SNR region and tight enough across the SNR range for thea&i@uof SER performance in

systems containing multiple receive antennas.
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Figure A.8: SER of multiple receive antenna SSD system wiRQ\eception

Figure A.9 plots SER against rotation angle for the NN appnation and the MDLB at0dB

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 ithe high SNR region for both
modulations. The MDLB, however, manages to be tight for aewihge of rotation angles:

betweent® and28° for 4-QAM and betwees® and24° for 16-QAM. Even though the MDLB

Symbol Error Rate
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Rotation Angled (°)
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Figure A.9: SER vs. rotation angle wifki = 3
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appears to only be tight for the mentioned rotation anglesha®/n in Figure A.9, it is suitable
for SER evaluation in multiple receive antenna systems as/slin Figure A.8. Comparing
Figure A.5 and Figure A.8, it is clear that the MDLB achievighter performance across the
SNR range whev > 3 compared taV = 1, and comparing Figure A.6 and Figure A.9 shows
that the MDLB achieves tighter performance across a widetion angle range wheN = 3

compared taV = 1.

Figure A.10 plots the SER of the simplified detection scheoné\f = 3 and N = 4 receive
antennas. SER performance in all cases is close to indissihgble from the optimal detection
scheme. Thus, in a system with multiple receive antennassithplified detection scheme
is able to achieve very close to optimal detection SER perémce with greatly reduced
complexity compared to the optimal detection scheme. Thiachieved for bothV = 3
andN = 4 with 4-QAM whenm = 3; however with16-QAM and64-QAM, m = 5 can only
achieve close to optimal SER performance wihién= 4, m = 9 is required whenV = 3.
Increasing the number of receive antennas results in arlergeived SNR; enabling the value
of m to be reduced since the received symbols have a higher gliopalb being closer in

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

Finally, we compare the complexity reduction achieved lgystmplified detection scheme in

Table A.1in terms of the average number of searches needegivien M-QAM constellation
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for a given value ofm. For the optimal ML detection scheme, the number of searihes
the same for any point in the constellation. However, fordimeplified detection scheme the
number of searches is dependent on the location of symbwek thus compute the average
number of searches required for a given M-QAM constellasiae. The percentage reduction

achieved is given by:

opt — simp y
opt

% = 100 (A.26)

whereopt refers to the number of searches needed for optimal ML deteahdsimp refers
to the average number of searches needed for the simplifiedtd® scheme. Thé-QAM
constellation does not see much of a complexity decreaséodihe small constellation size,
however moving td 6-QAM and64-QAM reduces the complexity substantially by upr

and93% respectively.

For 4-QAM, the achieved SER for simplified detection with singlgemna reception is in
between non-SSD transmission and optimal detection whiilagga complexity reduction of
25%. However, with multiple receive antennas, SER performasctse to indistinguishable
from optimal detection with only searches required. Fa6-QAM, m can be reduced to
5 whenN = 4 and reduced to 9 whelN = 3, resulting in complexity reductions a6%
and61% respectively. Close to optimal SER performance can be eetliasing simplified
detection withm = 9, 16-QAM, and a single receive antenna (upl@B at an error rate of
10~3). This results in a complexity reduction 61%, however diversity from SSD is lost.
Finally, similar to 16-QAM, m can be reduced to 5 wheN = 4 and reduced to 9 when
N = 3, resulting in complexity reductions &8% and88% respectively for64-QAM with
multiple receive antennas. With all modulation schemesteiaising the number of receive
antennas improves the SER performance of the simplifieccti@tescheme and brings SER

performance closer to that of optimal detection.

Table A.1: Average number of searches for given valuenadind 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=2>5 - - 4 75% 4.5 93%
m =29 - - 6.25 61% 7.56 88%
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6. Conclusion

SER performance of an SSD system employing a single traresménna andV receive
antennas with MRC reception was presented. The union bonddhe NN approximation
were presented in closed form along with a new lower bounddas the minimum Euclidean
distance (MDLB) of a rotated constellation. This was alsespnted in closed form. It was
found that the NN approximation exhibits tighter SER perfance than the union bound
across most of the rotation angle range, and that the new MBttBbits tighter low SNR
performance than the upper bounds, yet is looser than therlpunds at high SNR and
angles closer to the optimum whéh = 1. However, whenV > 3, SER performance of the
MDLB is tight across the SNR range. The MDLB is simple to comepand only requires a
change in variable to evaluate SSD in other systems if theesdional M-QAM conditional
SERis used.

A simplified detection scheme for SSD systems was also ptedeand compared to the
optimal detection scheme using simulation. It was found the simplified detection scheme
loses diversity whev = 1, however SER performance is still significantly better than-
SSD transmission and improves with increasing values.oWith N = 3, SER performance
is close to indistinguishable from optimal detection 46QAM, 16-QAM and64-QAM with
complexity reductions at5%, 61% and88% respectively; and wittv = 4, of 25%, 75% and
93% respectively.
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Abstract

Spatial diversity schemes are often used to extract additiperformance from wireless
communication systems. Combining a distributed switch ated/ combining (DSSC)
cooperative communication network with the partial relajestion (PRS) protocol gives the
benefit of diversity while simplifying hardware, processend feedback requirements. Since
only a single relay is ever active, the destination employsombiner and the best relay
is chosen based on first hop relay conditions; however aetiperformance is worse than
other distributed protocols such as distributed seleat@mnbining (DSC). In this study, signal
space diversity (SSD) is added to the DSSC-PRS system tiderwrther diversity and error
performance gains at the expense of necessitating a maxlikelihood (ML) detector with
increased complexity at the receiver. Analytical resutes@esented in the form of a lower
bound based on the minimum distance lower bound (MDLB) fdd Sggstems and are verified
with simulation. The DSSC-PRS-SSD system shows an imprewemf 5dB at a symbol
error rate (SER) o0~ and a clear diversity order improvement. Spectral effigiepfcthe
new system with SSD is slightly decreased at low signaldisenratio (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 additionatfprmance from wireless
communication systems. Most often, space or time diversityexploited to provide
performance gains. Classical spatial diversity schemasvia combining multiple copies
of a signal received over independent paths, usually nielaptennas, to give a signal with
significantly better signal-to-noise ratio (SNR) [1]. Ceoative communication has also been
proposed [2] to exploit the inherent diversity present in @tiruser cooperative system by
retransmitting signals received by a ‘relay’ node to thetidaion node, thereby creating
another independent channel. Further, signal space diwvé8SD) has been proposed [3]
which exploits the diversity present in the different dirgiems of a multi-dimensional signal
set by ensuring that the different dimensions are affecyehdbependent fading through the

interleaving of the in-phase and quadrature componentsyifrdool pair.

In an N relay cooperative system employing all relays to forward signals, throughput is
adversely affected a¥ gets large due to the time division multiple access (TDMA)dislot
allocation per relay [4]. In [5], a relay selection schemedmplify-and-forward (AF) relays
was proposed that chooses only a single relay for re-trasssom, namely the ‘best’ relay
based on the two-hop channel conditions. The proposed sel@gtion scheme (distributed

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

Diversity order analysis of cooperative decode-and-fodn®F) networks employing relay
selection was conducted in [6]. It was found that full diWigrés also achievable withV
DF relays using the appropriate combining at the destinadiod relay selection. Selecting
only a single relay for retransmission achieves highertspkeefficiency when compared t§
retransmitting relays [5, 6], however feedback requiretsiane high. In addition, while relay
selection schemes offer higher spectral efficiency tNarelay forwarding schemes, spectral

efficiency can still be improved further.

Switch and stay combining (SSC) is another efficient divgesiploiting scheme that switches
between signals from two branches based on their instamtianeceived SNR. SSC is an
improvement over selection combing (SC) since the frequehbranch switching is reduced,
lowering switching losses, although some error perforreamsacrificed [7]. In [8], a ‘virtual’
antenna array was created consisting of the ‘relayed’ aingictibranches: the relayed branch
comprising of a single DF relay and the direct branch conmmisf the source node. It was
found that full diversity was achievable with a single relaith higher spectral efficiency

compared to relay selection schemes.
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Two relays were considered for a distributed switch and staybining (DSSC) network
in [9], however messages only arrive at the destination itleeerelay and not the source
directly. Partial relay selection (PRS) was proposed in fb® amplify-and-forward (AF)
relays enabling multiple relays to form part of a coopegtietwork, with only a single relay
chosen to forward messages entirely by its first-hop SNRs mbgates the need for overhead
inducing feedback from the destination for relay selectibrstead, the relays communicate
with the source to determine the best relay for communinatithe relayed link is active. In
[10], signals arrive at the destination only via the relagd aot via the source, providing no

additional diversity from cooperation.

In [11], the DSSC system was extended to a network compraidg DF relays with the best
relay selected according to the PRS protocol, along witlyaadipath from the source to the
destination. It was found that diversity up to an order of was therefore achievable, however,
due to PRS, increasing the number of relays beydneé- 3 does not result in any further
improvements in error performance. The DSSC-PRS systesptavides a low complexity
cooperative network with high spectral efficiency; howewgror performance and diversity

can be improved further.

In this study, we propose the addition of SSD to a DSSC-PR&syso enable further
diversity and error performance gains while making no cleantp the configuration of
the cooperative network. The addition of SSD merely adds ancomplex maximum-
likelihood (ML) detector at the relays and destinationgcsimll nodes participate in the SSD
protocol. SSD achieves the additional diversity and ermmfggmance gains without any
additional bandwidth, hardware or transmit power requéeets. Thus, the low complexity
of the DSSC-PRS system is maintained while bringing adultiperformance gains. Signal
space cooperative communication was also proposed in ip@jever in that work diversity
from both cooperation and SSD was not achieved. In [13], S&B added to a coded DF

cooperative network, however no performance analysis Wwasg

Symbol error rate (SER) performance will be evaluated usiegminimum distance lower
bound (MDLB) proposed in [14] and compared with simulatiesults. Variances in channel
conditions between the source, relays and the destinatibaiso be investigated as well as the
spectral efficiency of the new system. The rest of this paperganized as follows: Section 2
presents the system model, Section 3 presents performaalysa, Section 4 presents results

and Section 5 presents concluding remarks.
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2. System Model

Consider a cooperative communication network comprisihgVo+ 2 total nodes. The
source node is termed, the N relay nodes are termeR; with ; being the relay index,
and the destination node is term&d Each node contains a single transmit/receive antenna.
Communication occurs in a half-duplex fashion, i.e. nodemot transmit and receive at the
same time. M-QAM modulation with SSD is used between all sodEhe network can be

visualized in Figure B.1.

Figure B.1: Typical distributed switch and stay combinirgwork with N relays

As shown in Figure B.1, a DSSC network [8] is so named becalueswitching between
the direct path (terme®) from the source to the destination, and the relayed patimé&e)
created between the souréth relay and the destination (tte— R; — D path). Only a single
relay ever communicates with the destination at any time fWo mentioned paths form the
virtual branches of the DSSC network.

Following the standard SSC scheme operation, the destimaliooses to either stay with the
current branch for reception or switch to the other branbls $witching occurs when the
currently selected branch instantaneous SNR falls beldweshold. The threshold, denoted
~1, can be entirely pre-determined according to the netwgrkltigy and modulation method
employed and thus saves the selecting node from perfornasilyacalculations to determine

the optimal threshold. The destination, therefore, emgptay combiner.

The forwarding relay is chosen by the PRS protocol [10]. VAARSS, the relay with the largest
first-hop SNR is chosen to relay messages during the secqrifithe relayed link is currently

active. This ensures that the number of branches in the nlefs/testricted to two; a necessary
constraint since SSC does not offer any diversity or errdiop@ance improvement when the

number of identically distributed branches is greater tiam[7].
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We assume quasi-static flat fading channels between albr§deD, S — R;, andR; — D) i.e.
the fading is constant over a block of SSD symbols referreabt8SD in Figure B.2, where
j is the SSD time segment index, explained further in thisisectlt is also assumed that
detection is performed after the removal of the phase stifiéed by fading. Thus the fading
is modelled as a Rayleigh distributed random variable witiplude distributed according to

2
hp]

In(hpj) = h;; exp <_202*> wherep refers to the signal patty D, S— R;, andR; — D). The

fading has unit second moment, i];é.[hij} = 202 = 1. The transmitted signals are perturbed
by additive white Gaussian noise (AWGN), modelled as a tircsymmetric Gaussian random
variable with distributiom,, ; ~ CN (0, Ny), i.e. zero mean and variandg /2 per dimension.
We further assume that the relays are grouped into clustgits,an entire cluster of relay
nodes chosen to participate in the communication basedvauifable channel conditions.

This assumption grants the relays the property of shara@dgeehannel characteristics [11].

Similar to [11], transmission occurs in two phases: the thcaat phase and the relay phase.
In the broadcast phase the source transmits a message olattkparticipating nodes in the
network, i.e. all relay nodes and the destination node. mautiie relay phase, if the relayed
branch is active, a single relay froid (chosen by partial relay selection, i.e. the relay with
the highest first-hop SNR) retransmits to the destinatidre dhosen relay node employs the
well-studied uncoded DF processing protocol, i.e. it fullstects the signal received in the
broadcast phase and thereafter re-modulates and rettarduming the relay phase. The two

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

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

The time slots for individual phases are now split into twodi segments to facilitate the
transmission of SSD symbol pairs. Figure B.2 visualizedithe slot arrangement for the four
possible cases arising due to the addition of SSD, contigastith the two cases possible for
the non-SSD system. In each case, the instantaneous SNR laikhis determined via pilot

symbols transmitted during a training period at the begigrof each SSD time segment as
indicated in the figure. Defining the active link to be the lictkosen by the destination for

reception during the previous time slot, the four cases edoriefly described as follows:
e Case 1: The direct link is activeé)) and the destination chooses to stay with the direct

link () for reception. Maximum spectral efficiency is obtainedhitis case since there

is no need for messages to be relayed.
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e Case 2: The direct link is activé)) and the relayed link9f) is chosen for reception.
Thus the relay phase is required and the destination usesigih@ls received during the

relay phase only.

e Case 3: The relayed link is activ®] and the relayed link?) is chosen for reception.

Again the relay phase is required.

e Case 4: The relayed link is activeR] and the destination chooses the direct link for
reception ®). In this case, a single SSD symbol block (with pilot sympakseds to be
transmitted during the first SSD time segment along withtgjonbols during the second
SSD time segment training period before the destinatiohlest@® make a decision about
the quality of the relayed link. This is hecessary since didies based on the minimum
of the two SSD time segment SNRs (explained further in tretise). This symbol block

is subsequently discarded, resulting in spectral effigidmes.

We assume perfect feedback channels between the relayshargbtairce for the purpose
of choosing the best relay according to the PRS protocol,keteieen the destination and

relays/source for informing them of branch switching inaltlined cases.

In Figure B.2, the subscript in SSD; refers to the SSD symbol block transmitted in time
segmeny.

Case 1: SSD, SSD,
Broadcast /Training period
Case2 & 3: SSD, SSD, SSD, SSD,
Broadcast Relay
Case 4: SSD; SSD» SSD;
Broadcast Relay

Figure B.2: Time slot arrangement for a DSSC-PRS network 8D

Transmission of SSD symbols occurs according to the follgwirocedure: The source node
maps incoming data bits to symbols chosen from a constail#tiwhich has been rotated
by an angle to give rotated symbols. The rotated symbolsg are then arbitrarily grouped
into pairs and component interleaved to give symholsThe interleaved symbols are then

split between the two SSD time segments, i.e. all of the fystl®ls in a symbol pair are
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denotedu; and transmitted in SSD time segment 1, and the second symbalsymbol pair
are denoted.; and transmitted in SSD time segment 2 of the broadcast pfdmereceived
symbols at the relays and the destination during either sieggnent in the broadcast phase can

then be written:

TSR,,j = hSR, jUj + NSR, j
B.1)

rsp,j = hspjuj +nsp,j

wherei € {1, ..., N} istherelay index; € {1, 2} is the SSD time segmentindex amg; is the
received signal from path during time segment. If the direct branct® is currently active,
the relays do not participate any further in the current syintlfansmission and the destination
performs detection of the symbols received during the lrastphase. If the relayed branch
R is currently active, the pre-selected relay (denoted wittek!) then performs detection of
the received SSD symbols to give symbo}swhich are then re-transmitted to the destination
during the relay phase. The received symbols at the deistindtiring either time segment of

the relay phase can then be written:

TR,D,j = hRr,Djlj +NR,D,; (B.2)

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

CSlis available at all nodes for the purposes of SSD detectio

The utilization of SSD necessitates the arrival of symbotenf both SSD time segments
at each participating node before detection can be perfbrmé&hus, the problem of
which time segment instantaneous SNR to choose to maximise gerformance presents
itself. In [15], it has been shown that the equivalent twe-estantaneous SNR., of a
cooperative communication system is upper bounded by themaim of the two single-hop
instantaneous SNRs; and that the subsequent error ratexappted using the equivalent
two-hop distribution is asymptotically tight in the high 8Negion. It is further shown [15]
that a system using the equivalent SNR to represent thehaymENR achieves full diversity
regardless of modulation. Analogously, we propose thantiremum of the instantaneous
SNRs across the two SSD time segments be chosen to repreeeanstantaneous channel
SNR during both time segments. Thus the equivalent SNR ath@sSSD time segments can

be expressed as:

Yssp = min (71,72) (B.3)

49



wherey; and~, are the instantaneous SNRs of the respective SSD time s¢gniitection
of the SSD symbols after the arrival of a symbol pair is penfed in the ML sense, and it is
here that the increase in system complexity is introducéw. NIL rule for both symbols in a

symbol pair can be written after de-interleaving, for anthpa as:

2

) , 2

i) = arg mlg{h{,’l — hpazp|” + ‘rgl - hp,gacg‘ }
i€

_ ) o ol (B.4)
iy = arg ml[\{|r:,{72 — hpozf|” + "”p,z — hpaxy ‘ }

rRES
where z; are the detected symbols, ; are the received symbols;, ; are the fading
coefficients,;j indicates the SSD time segment, ahde {1,...,M}, where M denotes
the cardinality of the constellation. The operatigng and (-)€ refer to the in-phase and

gquadrature components of a signal respectively.
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3. Performance Analysis

For convenient discussion, we ugéx) to denote the PDF of random variahie F' (x) to

denote its CDF, and (z) to denote the probability of event

The minimum of the instantaneous received SNRs betweenntheSED time segments is
needed for best relay selection and for branch switching fohowing expression given in
[16] can be used to find the instantaneous SNR between the Sllotihe segments, which

we term the decision SNR:

xr >
w = min (z,y) = Y Y (B.5)

r x<y

We can then write the following expression:

F, (w) = P{min(z,y) <w}=P{y<w,z>yt+ P{r <wz <y}
=1-P{w>w}t=1-—P{z>wy>w} (B.6)
=F, (w) + Fy (w) — Fpy (w,w)

Assuming that the random variables are independent, (Ea6)oe differentiated to give an

expression for the PDF of the minimum of two random variables

fo (W) = fo (W) + fy (W) = fo (W) Fy (w) = Fi (w) fy (w) (B.7)

Where f, (w) and f, (w) are the PDF’s of the two independent variables. Substgutie
exponential (chi-square with two-degrees of freedomyitistions representing the SNR for
a given Rayleigh fading channel and performing some sttiighard manipulation gives the

following, also shown in [11]:

frsso (V) = %pexp <;—Z> (B.8)
wherey is the new decision SNR and the new variable= (1/7; + 1/7,) " now represents

the average decision SNR over both SSD time segments, die¢fi tis the average channel
SNR during SSD time segmest Having assumed that the average channel SNR remains the
same during both SSD time segments, the average decisiorb8bdRnes:, = 7, /2, where

7, is the average SNR of the channel over a given pdth- D, S — R or R— D). We term this

decision PDFf,..,, (7). Note that the minimum of any number of exponentially disited
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random variables is still exponentially distributed, watfchange in expectation. Integrating
the PDF in (B.8) gives the decision CDF:

Figop (7) =1—exp <j> (B.9)

Kp

It is important to note that the presented decision PDF andr @Bd the corresponding
decision SNR will be used only to determine the steady staadh selection probabilities,
the probability of branch switching, and for best relay sttm, but not for the probability of

error since the receiving nodes use symbols from both timis §hs opposed to the minimum

as suggested by the PDF) when detecting received symbols.

Following the PRS protocol given in section 2, the relay viltie best instantaneous first-
hop SNR is chosen for re-transmission if the relayed brascuirently active. Defining the
instantaneous SNR from the source to the best relay tgshethe desired SNR can then be

expressed as:

YSR = MaX (VSR YSRa+ > VSRx) (B.10)

wherevspr, denotes the SNR between the source and rets/defined in the system model,
and now with PDFf, . (v) distributed according to (B.8) and CDF,,, (v) distributed
according to (B.9). From [16], we know that the CDF of the mmaxin of two independent
random variables can be found by multiplying their respec€DF's, i.e. the CDF ot =
max (z,y) can be writtenF' (z) = F (z) F (y); we can therefore write, using the binomial

expansion [11]:
Fron (1) = [Fran, (0] = é (Vv (e () @

wherexsr = Ygr/2 Nnow represents the average decision SNR of the link betwesesdurce
and the best relay. Taking the derivative of the CDF in (Bdit¢s the PDF:

P =3 (Vv Lo (22) B.12)

— KSR KSR
=1

The path between the best relay and the destination nodedeilsion SNR denoteglzp
follows a simple exponential distribution as defined in (Ba8d (B.9), with PDF and CDF
[11]:
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Jonn (V) = . exp (1> (B.13)

KRD KRD
Eyp (1) =1 —exp <—_’Y ) (B.14)
KRD

With krp = Frp/2 representing the average decision SNR between the begtameththe
destination. Again making use of Property 1 from [15], thaldwp SNR, i.e. the SNR of
the relayed linkyx, can be approximated by the minimum of the two single-hop S$fRnd

previously:

Yot = min (Ysr, YrD) (B.15)

Making use of (B.7) and substituting (B.11), (B.12), (B.1&)d (B.14), the following

expression for the PDF ofy, is easily obtainable:

fan () = i (T) (1) L exp (‘—”) (B.16)

i=1 2% Mg

wherey; is given byu; = (i/ksr + 1//<;RD)_1. The CDF ofys is easily given by integrating
the PDF from (B.16) to give:

Fp (7) = /07 o (7) dy = g}(—l)"_1 (]D <1 — exp (;—7)) (B.17)

The direct path (i.e. the path between the source and théndésh nodes) SNRyg is
equivalent toysp, with PDF and CDF distributed according to (B.8) and (B.$pectively:

fro () = é exp <%> (B.18)
Fio(y)=1—exp <%> (B.19)

whererksp = Fgp/2 now represents the average decision SNR of the link between t
source and the destination. The steady state selectiomlpitities for the direct branc®

or the relayed brancft can be derived by considering a two-state Markov chain [3§ady
state analysis gives the following probabilities of braselection, wheres andpgy are the

probabilities of the direct and relayed branch being actapectively:
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po = Fyy (vr)/ [F’m (vr) + Fyy (v7)]
P = Fyy (01) [ [Frs (V1) + Py (97)]

(B.20)

These can easily be computed using the CDF’s outlined puelyian (B.19) and (B.17).

3.1 Symbol Error Probability

The SER is easily derived by considering the law of total pholity. Assuming that the
current branch is the direct brancB), two possible cases arise: that of the current branch
SNR being less than the threshold or the current branch Slitig beeater the threshold, i.e.
vp < 7r Oor yp > ~r. Considering the symbol error probabilities for each ofstheases
individually, and repeating the process for the relayedthathe symbol error probability for
the DSSC-PRS-SSD system can be expressed as [8]:

(1= Fyy (v1) P (e[ {D,70 > yr}) +
Do +
PpDSSC—PRS=5SD (o) > | Fro (y) P (e]R) - (B.21)

(1 = Fyy (97)) P (e[ {R, 9 > 7)) +
| Py, (v7) P (e]D)

bxn

where the SER is lower bounded by the MDLB, shown in (B.27) ®tmsF.,, (yr) P (e|R)

and F,,, (yr) P (e/©) are not conditioned upon the relevant instantaneous br&idR
because it does not matter; if a branch switch occurs the manch is used regardless of
its instantaneous SNR being above or below the threshold.e&ch of the following error
cases, the average link SNR | is used with the relevant PDF and not the average decision
SNR (sp).

The symbol error probability for the direct and relayed lotaes will be considered separately.
It is convenient, however, to define an auxiliary functibfi) which will assist in simplifying
the analytical expressions. We define thg) function as the integration of the conditional
symbol error probability for a direct link from a thresholdlue z, specifying any square M-
QAM as the modulation scheme and the exponential distohutd represent the SNR of a

Rayleigh fading channel. We can then write:

I(CL?b?C?Z) = /Oop(eh/) f’Y (7) dry

_ /:O 4aQ (V) - 42Q* (V10| %eXp <j> o

C

(B.22)

54



where the conditional symbol error probabilify (e|y) is given in [18], the exponential
distribution accepts any averageas a parameter; = ( — ﬁ) andb = 2. Using
the trapezoidal approximations to tgg-) and@? (-) functions [19], the defined (-) function

integral can easily be solved and written as:

n—1 2n—1
I(a,b,c,z):g{a—ﬁ—i-(l—a)ZE—i-ZE} (B.23)
" d=1 d=1
where
o= % <b72+ 2) exp (—z [bzg 2_> (B.24)
_a 1 by + 1]
ﬁ—§<b7+1>e><p(—z[ - ) (B.25)
_ Sy by + S4 |
N <b7+5d> P <_Z [ 754 > (520

andS,; = 2sin? (dr/4n) andn is the total number of iterations used in the approximatit/a.
now extend the (-) function to consider the case of M-QAM with SSD modulatiorsing
SSD modulation, the definefl(-) function can be redefined using the MDLB presented in
[14] to consider the independent fading on each dimensitmeotonstellation and the rotation

angled. Double integrating over the MDLB gives thigsp (-) function:

dyidys  (B.27)

1 N
Jio(v)-] [2on (22)
Issp (a,b,c,z,0) / / Q2 (ﬁ) iexp <£>

c c

where( = (71 cos? 0 + v, sin? 9), obtained by computing the minimum Euclidean distance
of a rotated constellation with independent fading on tiifedint dimensions. Performing the
integration in (B.27) gives a lower bound which can be diyestibstituted into the conditional
symbol error probability expressions in the following arss. The result of the integration is

presented in the Appendix.

The conditional symbol error probability for the direct beh, P (e {D,vo > vr}), follows
the symbol error probability for a direct link between twades using SSD with the link SNR

greater than. This can be expressed using thgp (-) function as:

P (6’ {97733 > ’YT}) 2 / PSD (e”YSD) f’YsD (’Y) dfy 2 [SSD (CL, baﬁSD/.YTa 9) (828)
YT
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where the average SN, is the average SNR of the link itself and not the average @ecis
SNR, andP*? (e|ysp) represents the symbol error probability of the- D link conditioned
upon the SNR. This is not an exact representation of the slyevbor probability for the
S — D link, but an approximation. The effect of the approximatmat be shown in the results

section.

The symbol error probability for the relayed branch can bévdd by considering the symbol
error probability for a two-hop relayed link. Expressedngsihe inverse of correct reception

across both hops, we get:

P (e[ {Rm > yr}) 2 1= [L= PSR ()] [1 = PR (e)] (.20)
ZPSR(€)+PRD(6)—PSR(ﬁ)PRD(ﬁ) .

whereP% (¢) and PTP () independently represent the symbol error probability k- R
and R — D channels respectively. Similar to tlse— D link, the symbol error probability in
the R — D link follows the symbol error probability of a direct link gastoying SSD with the
link SNR greater than:

PRP(e)> [ PRP(elvrp) frnp (7) dy = Issp (a,0,Fp, 7. 0) (B.30)
YT

The symbol error probability for th& — R channel, however, needs to take into account the
PRS protocol. Using the PDF from (B.12) with expectationegioy the average link SNR

results in the following expression for the symbol erroriability:

P5E () > /OO PS5 (e|ysR) frsn (7) dy

ks

> [T PSR (ehysn) i <]ZV> (- [—L exp (:ﬂﬂ dy (B.31)

yr i—1 VSR VSR

N
N ie _ .
ZE <i>(_1) "Issp (a,b,75p/i,7r,0)
=1

Substituting (B.30) and (B.31) into (B.29) gives the syméwbr probability for the relayed
branch. Note that setting = 0 gives the symbol error probability for the expressions not
conditioned upon the SNR being greater than the thresheld? {e|9%) and P (e|®). Finally,
substituting (B.29) and (B.28) into (B.21) along with thespective selection probabilities
gives the final probability of error for the DSSC-PRS-SSDisys
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Due to clustering, all relays are assumed to share the saenag@/channel SNR both from the
source and to the destination [11]. The average inter-rie&s have remained independentin
the analysis, facilitating analysis of the system with arsgyer relayed link relative to the direct

link, a favourable condition for employing relaying whicliMde considered in Section 4.

3.2 Spectral Efficiency

Cooperative communication systems suffer from poor spketificiency relative to other
spatial diversity systems. DSSC systems, however, havedie®vn to provide better spectral
efficiency than other cooperative systems such as DSC [ ]Narelay forwarding systems
[4]. Itis therefore of interest to compute the spectral &fficy of the DSSC-PRS-SSD system
since, as discussed in Section 2, the spectral efficiendyedDESC-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 b@utewh by considering the
steady state branch selection probabilities and the pililyadf branch switching. This gives

the following expression for the average spectral effigjenc

_ q q 2q
¢=po [(1 — Py (1)) 4+ Fro (V1) 5} +po [(1 = B (1)) 5 + B (v7) 57| (B-32)
where g is the spectral efficiency of non-cooperative direct traigsian, ¢ is the average

spectral efficiency of the DSSC-PRS-SSD system, Bnd(vy7) and F,,, (yr) 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 withulations for the DSSC-PRS-
SSD system, investigating error performance, spectralieffty and the effect of variations
in channel strengths. The optimum switching threshold &dua all cases, obtained from
minimization of the relative performance bound. The optimmotation angle o81.7° [20] is

used throughout with-QAM modulation. It was found through simulation that theiopum

rotation angle for the DSSC-PRS-SSD system is unchanggdtfrat of a direct transmission
SSD system. Simulations are performed over quasi-statiéafing Rayleigh channels with
AWGN as described in section 2, with a block length160. It is assumed that full CSl is

available at all receiving nodes.

Figure B.3 shows the SER of the DSSC-PRS-SSD system usingibhd3 with NV = 1 and
N = 3 relays along with simulation results for comparison. Alsown is the SER of the
DSSC-PRS system without SSD.

T T
1P b : : —e— N=1 with SSD Sim |3
| —&— N=1 with SSD MDLB|
—8— N=3 with SSD Sim |]
—&— N=3 with SSD MDLB| |
N=1 without SSD |}
— — — N=3 without SSD

Symbol Error Rate

1
0 5 10 15 20 25 30
EJN, (dB)

Figure B.3: SER of DSSC-PRS with and without SSD#r= 1 andN = 3 relays

The lower bound on the SER is within3dB of simulation results at the chosen rotation
angle for a single relay, and within5dB for N = 3 relays in the asymptotic high SNR
region, validating the performance analysis. The errouaed by the approximation to the

SER for each link appears to increase with an incread¥.inClearly, the addition of SSD
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to the DSSC-PRS system has brought about substantial SERrpance and diversity gains.

At an error rate ofl0—*, the DSSC-PRS-SSD system outperforms the DSSC-PRS sygtem b
approximatelysdB. The SER improvement will continue to grow as the SER disae due

to the diversity increase, thus partially alleviating tk&atively poor error performance of the
DSSC-PRS system. However, similar to the non-SSD case rétadily apparent from the
figure that no diversity order increase is attained with angase in the number of cooperating

relays. The SER merely improves by approximatelfy whenN is increased from 1 to 3.

Figure B.4 shows simulation results for the SER of DSSC-F8®-forN = 1, N = 3 and
N = 5relays. Itis clear that for the system with SSD, increadirgriumber of relays beyond
3 does not result in any further SER performance or diveigtiys, similar to the system
without SSD [11].

T
10° E : ; —6— N=1 with SSD Sin}{
o —&— N=3 with SSD Sim]
‘ —&— N=5 with SSD Sin]
10'F
102}
Q
T
24
S 10°F
[0
S
Qo
E 107k
%]
10°F
10°F
10—7 i i i i i
0 5 10 15 20 25 30
EJN, (dB)

Figure B.4: SER simulation of DSSC-PRS-SSD with differirdues of N

A potentially stronger relay link is one of the primary matiors for the use of cooperative
communication. Hence, we investigate the effect of a seomnglay path on the DSSC-PRS-
SSD system. Figure B.5 plots the SER for the single relay witbevarying channel strengths
using the derived MDLB. The change in channel strength igatdd by a multiplicative factor

A for any given channel, i.e. the new strength is giver\y

Itis clear that the best SER performance is attained withoagtS — D channel when\ = 10;

however this is an unfavourable condition for cooperatimhshould be avoided. With a strong
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S — R channel (or a strong — D channel which produces the same result), the SER decrease
is marginal as the probability of error in the — D channel is unchanged, as expected. With
strong channels both to and from the relay, substantialigainhieved, equivalent to the gain
from a strongS — D channel at high SNR and an improvement of closédB. This is the
most favourable condition for relaying. Increasing therofe strength factor ta = 20 both

to and from the relay results in a further SER improvemenppiraximatelyldB as expected.

10" ¢ : , e AT AL AL
—6— A mLALF10A, =1
e AGFIOAFLA =1 L)

—a— )\SD:l’ )\SR=10,)\RD=10

— )\SD=1, }\SR=20, )\RD=20

Symbol Error Rate

1
0 5 10 15 20 25 30
EJN, (dB)

Figure B.5: SER forV = 1 relay and various channel strengths

Even though employing more than a single relay does not fgignily improve SER

performance, it can increase resilience to shadowing aret ¢dding effects, especially if the
relays happen to be moving mobile terminals. However, awslio [11], spectral efficiency
decreases with an increase in the number of relays due teelinged link benefitting from

an improved SNR, and hence being utilized more often. Howepectral efficiency is still

higher than that of DSC [11].

We compare the spectral efficiency attained by the DSSC-8RSsystem to other non-SSD
systems using the derived spectral efficiency expressam fection 3.2. Figure B.6 plots
the spectral efficiency against the average SNR for DSSCvARSand without SSD, and the
boundary cases of direct transmission and DSC [11] (notdXB& represents higher spectral
efficiency thanNV relay forwarding systems). Clearly, the addition of SSD rextuced the
spectral efficiency at low SNR due to Case 4 occurring morenpfhowever at high SNR

the spectral efficiency approaches the non-SSD system. st non-SSD system [11],
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increasing the number of relays results in decreased spedficiency compared to a single

relay system.

11

T
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Figure B.6: Spectral efficiency of DSSC-PRS with and with88D
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5. Conclusion

SSD has been successfully incorporated into a DSSC-PR&systlleviate its comparatively
low error performance. Doing so necessitated a change tosyséeem model which
consequently decreases spectral efficiency at low SNR.yfioal results were presented in
the form of a lower bound on the SER and were found to closglyagmate the simulation
results. The DSSC-PRS-SSD system was found to outperfagmadhventional DSSC-PRS
system by approximatelydB at an SER of0~*, making the addition of SSD a better proposal
for increasing error performance and diversity when comgéw schemes such as DSC which
suffer from lower spectral efficiency. Overall, the additiof SSD to the system provides
substantial SER performance gain, with an increase in tiegteemplexity and slight decrease

in spectral efficiency at low SNR as penalty.
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6. Appendix

Thelssp () function can be expressed as:

dy1dya

1 N
oo oo | 4a@ (\/E) - P <—> -
O oo |
C C

(1 2 becos? 0 + 2
2 <bccos29+2>eXp <_Z[ 2¢ }) x
2 besin? 6 4 2
<bcsin29—|—2> P <_Z [ 2c ])
a 1 becos? 6 + 1
_§<bccos29+1>eXp<_z[ c })x
1 besin? 6 + 1
——— |exp| -2z | ——
<b651n29—|—1> < [ c ])

Sy o s becos? 0+ Sy "
"L \becos? 6 + Sy xp ¢Sy

Z be sin? 9+Sd]>

d=1
<bcsm 20+ S,y P ( [ ¢Sy

be (3082 0+ Sd "
N 2n2_:1 be COS2 0 + Sy P <

= < ) [bcsm H—I—Sd})
=n exp
besin 0 + S4 )

(B.33)

S|e

where¢ = v; cos? 0 + v sin? 0, S; = 2sin? (dr/4n) andn is the total number of iterations
used in the approximation.
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1. Conclusion

Cooperative communication systems are able to offer pedace improvements through the
exploitation of available spatial diversity in wirelesswerks. They can also enhance coverage
and provide natural resilience to shadowing and fadindpoalyh they typically have higher
complexity and feedback requirements and reduced spedficdéncy when compared to other
spatial diversity techniques such as diversity from migtigntennas. The distributed switch
and stay combining with partial relay selection scheme masdo reduce the processing,
complexity and feedback requirements for a cooperativenconication system; however
error performance suffers as a result. This study attenpté@dprove the error performance
of the DSSC-PRS system by incorporating signal space dliyer&s simpler expression for
the error probability of SSD systems was also derived, alwitly a simplified maximum-
likelihood detection scheme. The results are presentedvin gapers contained in this

dissertation.

In Paper A, SER performance of an SSD system with a singlsindarantenna and/ receive

antennas with MRC reception was presented and validatédsivitulation. Closed form SER
expressions were presented using the conventional uniomdend the NN approximation for
both4-QAM and16-QAM modulation. A new lower bound based on the minimum Eiezin

distance of a rotated constellation was also presentedged|form. The NN approximation
was found to have tighter SER performance than the convaltimion bound at high SNR,
and the new MDLB, while tight at low SNR, is looser than theaimibound/NN approximation
at high SNR for single antenna reception. However, SER padace of the new MDLB was

found to improve with an increase in the number of receiveramas.

The proposed simplified detection scheme was successffiieimented and, while losing
diversity with single antenna reception, attains SER parémce within1dB of optimal
detection at an SER of0~3 for 16-QAM with a complexity reduction in terms of the
average number of searches required % (m = 9). Reducing the complexity further to
75% (m = 5) for 16-QAM degrades SER performance with single antenna regepfide
simplified detection scheme is able to achieve SER perfocmatose to indistinguishable
from optimal detection with multiple antenna reception.isTis achieved forN = 3 with
m = 9, giving complexity reductions dafl % and88% for 16-QAM and64-QAM respectively;

and forN = 4 with m = 5, resulting in complexity reductions 665% and93% respectively.

In Paper B, SSD was incorporated into a DSSC-PRS systenetoait the error performance

penalty introduced by DSSC. SER analysis was performedyubanMDLB derived in Paper
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A and was found to be in agreement with simulation resultwak found that employing SSD
in the DSSC-PRS system brings an SER improvement of appeiglybdB at an error rate
of 10~* along with an increase in diversity order.

The spectral efficiency of the new system was also evaluatédaaund to be reduced at low
SNR compared to the system without SSD due to the changes todte system model,
however at high SNR, spectral efficiency approaches thatefsystem without SSD. The
effect of variations in channel conditions was also evadatith the new system; it was found
that the best SER performance was attained when the relayliis strongest, which is also

the most favourable condition for relaying.
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