Design and Analysis of Dynamically Grouped
Multilevel Space-Time Trellis Code

A THESIS
SUBMITTED IN FULFILLMENT OF THE REQUIREMENT
FOR THE AWARD OF DEGREE OF
DOCTOR OF PHILOSOPHY
IN
ELECTRONICSAND COMMUNICATION ENGINEERING

SUBMITTED BY
DHARMVIR JAIN
REGISTRATION No.: 950906026

SUPERVISOR

Dr. SANJAY SHARMA
(PROFESSOR)

ELECTRONICS AND COMMUNICATION ENGINEERING DEPARTMENT
THAPAR UNIVERSITY, PATIALA-147004 (INDIA)

2014



CERTIFICATE
I, Dharmvir Jain, hereby declare that the thesis entitled, “Design and Analysis of
Dynamically Grouped Multilevel Space-Time Trellis Code,” submitted to Thapar
University, Patiala, in partial fulfilment of the requirement for the award of the Degree of
Doctor of Philosophy in the Electronics and Communication Engineering is a record
of original, bonafide, and independent research work done by me during 2010-2014. The
research work and the thesis have been conducted under the supervision and guidance of
Dr. Sanjay Sharma, Professor and Head, Electronics and Communication Engineering
Department, Thapar University. It has not formed the basis for the award of any
Degree/Diploma/Associate-ship/Fellowship or other similar title to any candidate of any

university.

.C\:ﬂ“"

Dharmvir Jain : Date:

11209y

This is to certify that above statement made by the candidate is correct to the best of my

knowledge.

Dr./ggnjaySharma
"t .
Professor (Supervisor)
Electronicé and Communication Engg. Deptt.

Thapar University, Patiala




ABSTRACT

The wireless communication systems are expectesupport high speed multimedia
services such as high speed internet access, mgdmieng, and high definition video
transmission. The rapidly growing demand of theseises is driving the communication
technology towards reliable and high data ratestrassion. In this research work, design
and analysis of different dynamically grouped nie\tel space-time trellis codes have
been presented in order to support the rising ddnfan higher data rate and higher
reliability in the wireless communication systeriitie simulation results depict that the
proposed codes provide better performance thartirxisnultilevel space-time trellis
codes (MLSTTCs) and grouped multilevel space-tiratis codes (GMLSTTCs).
MLSTTCs and GMLSTTCs consider channel state infaiona(CSI) at the receiver
only without considering the CSI at the transmittarthis research work, effects of the
CSI at the transmitter have been considered toawgthe performance of MLSTTCs
and GMLSTTCs. The CSI has been used to dynamisallgct a component space-time
trellis code (STTC), adaptively group the transamtennas, and provide a beamforming
scheme for dynamic distribution of the transmit poacross the transmit antennas.
MLSTTCs and GMLSTTCs use predefined STTCs as thmpoment codes in the
multilevel coding. A code set selection algorithmashbeen proposed for dynamic
selection of the generator sequences with the bklfne CSI at the transmitter. The
selected generator sequences are used to desigamutyrspace-time trellis codes
(DSTTCs). The simulation results show that the mgdjain of DSTTCs is superior to
existing STTCs by 0.7 dB at frame error rate (FBR)LO? DSTTCs are used as the
component code in multilevel coding for designingltitevel dynamic space-time trellis
codes (MLDSTTCs) and grouped multilevel dynamic ceptaime trellis codes

(GMLDSTTCs). It may be inferred from the resultathtMLDSTTCs are superior to



MLSTTCs by 1.1 dB at FER of T0and GMLDSTTCs are superior to GMLSTTCs by
1.6 dB at FER of 16

GMLSTTCs use static grouping of transmit antenivashe presented research work,
the performance of GMLSTTCs has been improved Iofopaing the adaptive grouping
of the transmit antennas based on the CSI. Addptigmuped multilevel space-time
trellis codes (AGMLSTTCs) have been designed bygireg the transmit antennas with
the help of the CSI at the transmitter. An adap#aéenna grouping algorithm has been
proposed to perform the transmit antenna grougimgiantaneous channel power gain is
calculated between each transmit antenna and allrebeive antennas. A subset of
transmit antennas having maximum instantaneousnehg@ower gain is selected to form
a group of transmit antennas. From the presentdiseit is evident that AGMLSTTCs
are superior to GMLSTTCs by 1.5 dB at the FER 6f.10

In GMLSTTCSs, the transmit power is equally disttidd across all transmit antennas.
The performance of GMLSTTCs has been improved madycally allocating the power
to the transmit antennas. Weighted adaptively gedupultilevel space-time trellis codes
(WAGMLSTTCs) and weighted adaptively grouped meaitél dynamic space-time trellis
codes (WAGMDLSTTCs) have been designed by weightimg transmitting signals
based on the CSI at the transmitter. It has beewrshthat the performance of
WAGMLSTTCs is better than GMLSTTCs by 2.6 dB ance tperformance of

WAGMDLSTTCs is superior to GMLSTTCs by 3.2 dB.
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CHAPTER 1

INTRODUCTION BASED ON LITERATURE REVIEW

1.1 INTRODUCTION

The evolution of wireless communication started1880’s with the transmission of
electromagnetic waves through air. Since then anghenal growth in wireless
communications has been unveiled. With the convesi®f mobile communications and
ease of deployment of systems without wires, wa®leommunication has enjoyed
explosive growth since the 1990s’, and it is noweagsential part of our daily life. The
desire to communicate from anywhere at any timeihagased the demand for high
speed and reliable communication. There has besnetrdous increase in number of
electronic devices such as laptops, tabs, mobimed high resolution digital cameras,
and wireless local area networks for homes andksses, etc. These devices are having
capability to process large amounts of data at Isigieed. As a result, there has been
substantially increase in requirement of data trassion techniques that can provide not
only high data transmission rate but also proval@lble communication with minimum
errors.

The wireless communication systems have evolveddaweloped with increase in
requirement of data transmission at high data relte first generation (1G) wireless
systems came in early 1980’s to offer mainly speetdted services. Due to limitations
in analog techniques of 1G wireless systems, segamgration (2G) systems evolved
which employed digital protocols such as globalteys for mobile communications
(GSM), code division multiple access (CDMA), anchent digital signal processing
techniques for transmission of data. Most of thitulze networks, that provide services

such as voice communication, image, and text mesgpagre based on 2G techniques.

1



Envisioning providing multimedia communicationsjréhgeneration (3G) wireless
systems such as universal mobile telecommunicatsystem (UMTS) and wideband
code-division multiple access (WCDMA) are chardetsd by maximum data rates of up
to 2 megabits per second. These systems are dyrremiployed in more than 195
countries with more than 850 million end users. fB@s application in wireless voice
telephony, mobile Internet access, video calls,ranbile TV.

The demand for broadband wireless access is inngeasth the explosive growth of
the internet services. The aim of fourth genera{®@) is to provide data rates greater
than 100 megabits per second and higher reliakiitwireless communication. A 4G
system, in addition to the usual voice and other s&®vices, provides mobile ultra-
broadband internet access to laptops with USB @sseemodems, smartphones, and other
mobile devices at the speed of more than 100 meggpér second. Reliable transmission
with high peak data rates is expected to be 1 ggy@er second or even higher for 4G
systems and systems beyond 4G. Thus, there is gadvrochallenge for the design
engineers of wireless systems: one is to incrdesédadta rates with less number of errors,
and other is to improve power and bandwidth efficieof the wireless systems.

The wireless communication channel is random arptadictable by its nature. Due
to this nature, channel error rates over the weelghannel are more than channel error
rates over a wired channel. The signal propagdhiraugh free space is attenuated due to
absorption, reflection, and scattering of signabbyects in the environment. The relative
movements of objects and mobile devices are otheseas of severe attenuation of the
signal. These attenuations in the signal substhntiacrease the strength of the signal
which results in an increase in errors and theeefiegrades the performance of the
wireless systems significantly.

A number of promising solutions have been generhtethe research community to



improve the performance of wireless systems bygatitng the effects of the multipath

fading. The effects of fading can be substantiallfigated by using diversity techniques.
Three prominent forms of diversity techniques eipbb for fading channels are:

temporal diversity, spectral diversity, and spatalersity. It has been found that the
spatial diversity can be explored in the wireleggteams by employing multiple transmit
and multiple receive antennas. Multiple-input nplétoutput (MIMO) systems have

been designed that use spatial diversity by empipyhe multiple antennas both at
transmitter and receiver to provide significant rmgement in the channel capacity and
error performance without increasing the power aamgion. For instance, the transmit
antennas in MIMO systems are useful for increaghng antenna gain, reducing the
transmit power, and suppressing the interference.

A promising method to provide spatial diversity awhieve high spectral efficiency
with minimum errors is space-time coding. Spacestimellis coding, a family member of
space-time coding, is based on spatial diversity famds its application in the cellular
communications and in most of the wireless netwofkmain issue in space-time trellis
coding is large redundancy and exponential increaseomplexity at high spectral
efficiency.

Multilevel coding (MLC) is a transmission schemaatths used in the wireless
communication systems to achieve high spectratieffcy. In spite of the advantages of
improving the spectral efficiency, multilevel sigmaare not reliable because the
multilevel signals are easily distorted by chanmake. Therefore, the multilevel coding
requires an error-correcting scheme to make thdileuwdl signals immune to the channel
noise and therefore, to provide reliability in theta transmission.

Thus, there was a strong need for a transmissio@nse which can provide benefits

of the multilevel coding and the space-time trelteding without having the



disadvantages of the multilevel coding and the spece trellis coding i.e. a
transmission scheme that can provide high data l@ateerror rate, and has manageable
complexity.

1.2MOTIVATION FOR RESEARCH

Although, space-time trellis codes (STTCs) havenbeesigned to substantial
improve the diversity, data rate, and coding ghut, there is an exponential increase in
the complexity of STTCs at high data rates. Gehgrdésign criterion for STTCs needs
a vigorous computer search. The search space frctmputer search increases
exponentially with increase in the size of the ¢elation. The search space also
increases with increase in number of states andiuh#&er of transmit antennas. Due to
this, practically design engineers are reluctants® large size constellations in STTCs to
provide high data rate transmission.

Although, multilevel coding has been designed tmisicantly increase the spectral
efficiency, but the multilevel signals have a disaatage that they are easily corrupted by
noise in the communication channel. Therefore nlnéilevel signals are combined with
different error-correcting schemes to provide tBacommunication at high data rates.

Grouped multilevel space-time trellis codes (GMLEE]) have been designed based
on the combination of multilevel coding and STT@MLSTTCs provide not only
improvement in spectral efficiency, coding gaindadiversity gain, but also linear
increase in the complexity at high data rate in ganson to exponential increase in the
complexity in STTCs. This scheme considers chamstele information (CSI) at the
receiver only which limits the performance of GMLBJIs. GMLSTTCs use predefined
antenna grouping, static component codes, and quuaér allocation to the transmit
antennas. Therefore, there was requirement ofngrtrssion scheme which can use CSI

at the transmitter to improve the performance ofLGWTCs.



In this thesis, the primary aim is to design anadlgse an efficient transmission
scheme using STTCs, MLC, and CSI at the transmitterproviding high spectral
efficiency and better error performance with lowngexity. The main purpose of the
presented work is to analyse the use of CSI atrdresmitter for dynamic selection of
component codes for multilevel coding, dynamic @diion of power to transmit
antennas, and adaptive grouping of transmit antenimaorder to design the efficient
transmission scheme, a detailed literature surveg warried out to investigate the
different multilevel coding schemes, space-timeimgdchemes, and effects of the CSI
on different coding schemes.
1L.3MULTILEVEL CODING

Forward error correcting codes (FEC) [1] are widebed in digital communication
systems for reliable transmission of information \arious communication channels.
However, the forward error correcting codes hacede rate less than 1bit/s and thereby
the spectral efficiency is less than 1 bit/dimendmr the systems using the forward error
correcting codes. With the growth in the demand legh data rates, there was
requirement for data transmission techniques thatprovide high spectral efficiency in
the limited available bandwidth.

Coded modulation, founded in 1974 by Messey [2§ tEghly efficient transmission
technique for improving the error performance, agdgain, and spectral efficiency of a
digital communication scheme. The coded modulatombines the modulation and
coding to achieve the coding gain without redud¢hmgdata rate or without compromising
with the bandwidth efficiency. In late 1970s, Urgseck and Csajka [3] in their
pioneering work extended Messey’s thoughts to aesigpowerful coded modulation
technique by combining the modulation and chanoeing using a trellis code. Since,

Ungerbock's coded modulation was of trellis natthiss, scheme was referred to as trellis



coded modulation (TCM).

At the same time Imai and Hirakawa [4] in their s&sh work presented another
powerful coded modulation techniqgue named as reutil coded modulation in which
each individual bit is protected using a differbitary error correcting code. Each binary
error correcting code is mapped taMignal constellation to provide flexible data rate

Both of these schemes are based on the constellgidotitioning to optimize
Euclidean distances between the codewords as cethpaiHamming distances dealt in
the classical coding schemes. Both the schemesdimweed that the combination of the
modulation and the channel coding results in higkadate and high coding gain in
comparison with other coding schemes.

Specifically, in Ungerboeck’s TCM [3], [5]-[7], agnal constellation is partitioned
into a plurality of subsets in such a way that thstance between the subsets is
maximized. A TCM encoder splits the binary symboiso least significant binary
symbols and most significant binary symbols which ancoded using different error
correcting codes. The minimum Euclidean distand¢eé&en coded symbols is maximized
using an exhaustive computer search. Forney d8fland Calderbank and Mazo [9]
further contributed to the development and improeeitmof TCM technique since
Ungerboeck’s seminal work.

Originally, the Ungerboeck’s approach of constelatpartition was designed for one
dimensional signal constellation only. Calderbamid &Sloane [10] generalized the
partitions of the one dimensional signal constigtato partitions of the multidimensional
signal constellation sets. The authors presentettipaing of the multidimensional
signal sets into multiple levels and mapping a tosde to each level. A lot of work on
TCM e.g. in [11], [12] have been presented forHartimproving the coding gain of TCM

and showing that the deficiencies of FEC can becovee by TCM.



Research community performed a lot of work to coralthe signal constellation of
higher dimensions with error correcting codes tovpte flexible data transmission rates
using TCM. Imai and Hirakawa [4] introduced the cept of multilevel coding using
several error-correcting codes that can provideildle data transmission rates and
improve the bandwidth efficiency over the additiwénite Gaussian noise (AWGN)
channel.

In the multilevel coding technique, the modulatiand error correcting codes are
combined using a set of simple component code®nstauct a complicated code. The
input data stream is partitioned in a plurality safb-streams which are encoded using
respective error correction codes to generate ithples component codes. Each simple
component code is mapped to the channel symbols feo predetermined signal
constellation for transmission over the communaathannel. The channel symbols are
selected by partitioning the predetermined sigmaistellation successively into subsets
until the subsets contain a single constellatiantpo

Motivated by Imai and Hirakawa, Ginzburg [13] exded the multilevel coding to
multiple dimensions by employing a group of compuredes on the multi-dimensional
signal constellation. Ginzburg presented hieraaihipartitioning of the signal
constellation in the subsets so that distance legtwige subsets is optimum. The results
presented by Ginzburg showed that use of the rduttensional signal constellation
provide better performance than using the singlaedsional signal constellation in
multilevel coding.

Biglieri and Elia [14] and Sayegh [15] implementib@ approach of partitioning the
multi-dimensional signal constellations using teetlodes and block codes respectively as
component codes for different levels. Tanner [1Bberated the multilevel coding

schemes by mixing the block codes and convoluticndks in the different levels. As a



special case, Duan et al. [17] presented a mudfileading scheme by mapping each
encoder output to an independent signal constaflatd achieve the capacity of the
AWGN channel. Ma and Ping [18] extended the schemBuan et al. [17] by using
different power-allocation strategies in decodiogmprove the bandwidth efficiency.

Imai and Hirakawa [4] suggested a suboptimal malgis decoding for decoding the
multilevel signals. In multilevel coding as discedsn [4] and [19]-[21], the transmission
channel is split into several logical sub-chann#sed on the size of the underlying
signal constellation. Therefore, a multistage decqatesented in [21] can be used to
decode the component codes at each level. In thistage decoder, the decoded output
of first stage is passed to the next stage for diagoof the subsequent component code.
The main advantage of the multistage decoder dwventaximum likelihood decoder is
that the complexity of the multistage decoder ispprtional to sum of the decoding
complexity of each component code instead of tloelyet as in the maximum likelihood
decoder.

The conventional multistage decoding [21] involgeguentially passing output from
the first stage decoder to the next stage decatksa on. For component codes that do
not achieve the channel capacity of the levels, étver correcting capability of the
multilevel codes may not be fully exploited withetisonventional multistage decoding.
The main drawback in the conventional multistageodeng is the worst performance of
the first level because it is decoded without adg snformation from all the other levels.

This drawback can be overcome by introducing iteeatnultistage decoding which is
presented by Isaka and Imai in [22]. In the itematmultistage decoding, reliability
information is passed to the decoders at all sul#devels and to at least decoders on
some previous levels instead of only passing thputwf the decoder at the current stage

to decoders on subsequent levels. A significanravgment in performance is achieved



by using the iterative multistage decoding in corgamam with the conventional multistage
decoding.

Bit-interleaved coded modulation (BICM) [23], [2#] one of the techniques which
compete with multilevel coding. BICM is designed dgmbination of the binary error
correcting codes and modulation by partitioninggtgmal constellations in a single level.
BICM uses a single stage of decoding in compangiin multiple stages of decoding as
in MLC.

The bit-wise interleaving idea was first investagatoy Zehavi [23] to improve the
diversity of coded modulation using bit-wise ingaving at the output of the encoder and
using an appropriate soft-decision bit metric guinof the decoder. Based on Zehavi's
findings, Caire et al. [24] presented a comprehensiformation theoretical performance
analysis of BICM and showed that the separatiam@imodulation and coding by the bit-
wise interleaving increases code diversity in conspa with TCM.

The major drawback of BICM in comparison with MLEthe loss of data rate. This
rate loss in BICM can be recovered by using Grappimays [18] and iterative decoding
[22]. The limitation of the Gray mapping is thatlites not work in some fading channels
and the importance of the Gray mapping is lost wtenEuclidean distance of signal
points are dependent on the channel characteristicgich scenarios, multilevel coding
provides much better performance than BICM. Thenmgtas of such scenarios are
MIMO signaling presented in [25], [26], free spamgtical communications using the
pulse modulation techniques [27], and decodergyusaguency-shift keying [28].

A variety of design criteria have been proposeddesigning the multilevel codes.
These design criteria are used for selecting tmepoment codes. Out of these criteria,
two majorly used criteria are distance based @itpt], [19]-[21] and capacity based

design criteria [20], [29], [30]. A balanced distandesign rule presented in [4] is based



on the minimum squared Euclidean distance (MSEDyéen the constellation points.
The balanced distance design rule is used to choms@onent codes for all levels such
that the MSED is maximized. The maximization of MBBbased on the balanced
distance rule results in equal protection for &k tconstellation points and helps in
achieving a significant coding gain.

The capacity based design rule states that fodéiseed signal-to-noise ratio (SNR),
the component code at leveshould be selected based on the equivalent chaapatity
of the levell. The capacity design rule provides a superiomegton of the optimal
component code at each level of multilevel codihgnt the balanced distance rule.
Another design criterion for designing the multééwodes is the error probability rule
[22]. The aim of this rule is that all levels shdw@qually contribute to the total bit error
rate (BER). This rule can be applied for designthg multilevel codes for AWGN
channel and other fading channels.

Several constellation partitioning techniques hbeen presented in [20] and [31]-
[33] for multilevel coding. The set partitioninggsented by Ungerboeck aims to partition
the constellation such that minimum Euclidean distaincreases with each level of
partitioning. This set partitioning has two majoadbacks: first is the decoding of first
level is associated with a large number of neamegjhbors which results in high BER
and second is that this set partitioning providasrgoding gain.

In block partitioning [34], the constellation panin first level are divided in two
groups, on left and right of the y-axis. In the@®t level of partitioning, the constellation
points in each group are divided into subgroupgjvaband below the x-axis. This
partitioning continues until each subgroup has @oeastellation point. The block
partitioning is in contrast with the set partitingias the number of nearest neighbors in

block partitioning is minimized at the cost of exset distance.
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Hybrid partitioning [34] is a combination of thetspartitioning and the block
partitioning in which first level is partitioned &&d on the block partitioning and the
subsequent levels are partitioned based on thepaeitioning [35], [36]. Another
partitioning technique is the coset partitioning@][3[38], presented by G.D. Forney in
1988, which is based on Ungerboeck’s set partitigno eliminate the exhaustive search
required to find the best component codes.

The tradeoffs for designing good multilevel codegolve number of points in the
underlying signal constellation, scheme used fatitpaing the signal constellation,
number of levels in which the signal constellatienpartitioned, distance between the
signal points, type of component codes, and cotds i@ each level. These tradeoffs are
selected to provide desired error performance, @d¢a and decoding complexity.

In comparison with Ungerboeck’s TCM, the multilewelding scheme decouples the
code rate from dimensionality of signal constetiatio provide flexible data transmission
rates. The benefits of multilevel coding are higitadtransmission rates, improvement in
the received SNR, significantly low error ratesg amtigation of co-channel-interference.
The design flexibility provided by the multilevebding is that any type of codes can act
as component code in multilevel coding. Examplesseth codes are trellis codes,
convolutional codes, or block codes.

1.4 SPACE-TIME CODING

Spatial diversity is a prevalent technique usedhm wireless systems. The spatial
diversity is implemented by arranging multiple ammas in space in such a way that the
distance among the antennas is large enough saitratls transmitted or received are
uncorrelated. The separation among the antennasgebabased on height of the
antennas, frequency of the transmitting signal, pmgbagation environment. Generally,

the antennas are required to be separated by enonminumber of wavelengths to avoid

11



correlation among the signals.

The spatial diversity is classified in two categsrias receive diversity and transmit
diversity. In receive diversity [39], [40], the ntiple antennas are used at the receiver to
receive the replicas of the transmitted signals @ndhitigate the effects of the channel
fading. In spite of advantages of the receive dingrit is very difficult to install multiple
antennas at the mobile devices because the mobiieed are required to be small,
portable, and inexpensive. Therefore, it is prefrhat the transmitter should have the
multiple transmit antennas. As a result, the demainglansmit diversity schemes [41],
[42] grew at fast rate to increase the spectratieficy and error performance of the
wireless fading channels.

Pioneering works by Winters [43], Foschini [44],daffelatar [45] have shown
remarkable increase in the spectral efficiency viameless systems using the transmit
diversity and receive diversity. Under the rich tse@ng environments [46] with
independent transmission paths, a MIMO system Wthreceive antennas andtN
transmit antennas provide an increase in spedtialeacy by a factor of min (i Nt) in
comparison with a system with one receive antendaoae transmit antenna.

The advantages of using the multiple transmit awkive antennas are because of
two effects. One is the diversity gain since ituess the chances that there is a deep
fading of signals transmitted by several antennamultaneously. The other is
beamforming gain obtained by combining signals frdiffierent transmit antennas to
achieve a high SNR. The multiple antennas at tkheiver and transmitter introduce a
new dimension of space on top of the conventiomaé tdimension at the transmitter.
This triggers tremendous research interests oni-diolensional coding schemes for
MIMO systems, which are generally referred to ascsptime coding schemes.

Originally, the space-time coding was proposed hyokh et al. [47] in 1998 in their
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popular work by designing codes over both time gpace dimensions. The space-time
coding is performed by combining the coding, motiatg and spatial diversity using the

multiple transmit and receive antennas. The spawe-<toding provides improvement not

only in the diversity gain but also in the codirggrgwithout forfeiting the bandwidth.

Tarokh et al. in their original work devised wettdwn criteria for designing and
governing the performance of the space-time cotlesse design criteria are referred to
as rank and determinant criteria. The rank criteistates that the maximum diversity
gain can be attained by maximizing the minimum rahla code distance matrix, while
the determinant criterion states that the maximwding gain can be achieved by
maximizing the minimum determinant of the code atise matrix. Following Tarokh's
work, much research efforts have been made to dey®werful space-time codes [48]-
[54] using different design criteria and improvégaasithms.

The family of space-time codes includes STTCs [82]-and space-time block codes
(STBCs) [53]-[54]. In STBCs, the encoding and dewagdorocesses are performed for
blocks of transmission symbols. The beauty of ST8@&s simplicity, i.e. it can provide
full diversity with a linear maximum-likelihood deding.

Alamouti in [55] presented first space-time bloddimg scheme. Alamouti presented
a basic two transmit antenna diversity scheme whigs a remarkably low decoding
complexity. The performance of CDMA systems based Adamouti scheme was
evaluated in mobile fading channels by Zhu et %6].[ Because of the simplicity in the
structure of STBCs, WCDMA and CDMA-2000 standardd &xed point digital signal
processing [57] have been implemented using STBCs.

Tarokh et al. [54] extended the Alamouti schemenfare than two antennas at the
transmitter by designing orthogonal space-time loloodes (OSTBCs). OSTBCs are

characterized by a code matrix whose columns dhegonal to each other. OSTBCs are
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popular for providing full transmit diversity andw decoding complexity. It has been
shown in [54] that the systems using more than tnaasmit antennas and real signal
constellations, OSTBCs can provide full rate. Wlide the systems using the complex
signal constellation, OSTBC can provide full rate thvo transmit antennas only.

Tarokh’s work in [54] was extended by Su et al.][bg presenting modified OSTBCs
to provide full rate for the systems using the ctampsignal constellation and random
number of the transmit antennas. Research commiumttyer improved OSTBCs in [59]-
[62] and presented different methods for analyzimg performance of OSTBCs. In an
example, the performance analysis of OSTBCs basedhe channel capacity was
presented in [61] and in another example, closech fof the pair-wise error probability
(PEP) of OSTBC:s for different fading channels waespnted in [62].

The perfect orthogonality concept in OSTBCs waaxetl by another type of STBCs
referred to as quasi orthogonal space-time blodesdQOSTBCs) [63]-[66]. QOSTBCs
are designed for the systems having more than ftavsmit antennas to provide higher
data rates than OSTBC but at the expense of irmledscoding complexity. It has been
shown that concatenating OSTBCs with convolutiaoales, turbo codes, and trellis code
[67] can further improve the performance of the BES§.

Another family member of STBCs is super-orthogosphce-time block codes
(SOSTBCs) [68]-[72] which can provide full divessiand coding gain. The coding gain
in SOSTBCs is achieved by integrating trellis codeth space-time block codes.
However, this integration results in reduction afalrate.

A number of other families of STBC have been alsoppsed for improved
performance. For example, square matrix embeddabBCs [73] are based on a square
matrix of a complex symbol constellation. The siatn results have shown that that the

coding gain of these codes increases exponentwlly increase in the number of
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transmit antennas. Another family member calle@lalgic STBC [74], [75] provides the
full diversity and uses the sphere decoding [76pfoviding low decoding complexity.

In this thesis, the main concentration has beeusted on using STTCs [47] [77], [78]
which are designed based on combination of the tatdn, spatial diversity, and error
control coding to mitigate the fading in the wisdechannel. In this scheme, the
information and redundant symbols are distributedat set of transmit antennas in
different time intervals to achieve correlation vbeén the temporal and spatial
dimensions. STTCs provide not only a substantigrowvement in the diversity gain and
spectral efficiency but also offer the coding géon the signals transmitting over the
wireless fading channels.

So far, there has been a lot of research to deftgrent design criteria for STTCs.
Tarokh et al. [47] proposed the well-known desigiteda, referred to as rank and
determinant criteria, for minimizing the upper bdusf PEP. The rank and determinant
criteria is mostly used at high SNR for the systdrasing a small number of receive
antennas. The rank criterion states that the maxindaliversity gain is achieved by
maximizing the minimum rank of a code distance matwhile the determinant criterion
states that the maximum coding gain is achieved nigximizing the minimum
determinant of the code distance matrix.

Alternatively, the Euclidean distance criterion wassented by Chen et al. in [78],
which states that the minimum squared Euclideataice of the code distance matrix
can be used to design the optimum STTCs. The Ealidiistance criterion is used when
the diversity gain is more than four. It was furtf@und by Tao and Cheng [79] that the
Euclidean distance criterion should be used at mabeleand low SNR for the systems
having large number of receive antennas.

All the different design criteria derived for STT@sn to optimize diversity gain and
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coding gain. It has been shown that these desitgriarare dependent on a number of
parameters such as the number of antennas atatsntitter and receiver, cardinality of
the employed modulation scheme, and whether a ctangearch is required to design
the optimum STTCs. Based on these popular desigeriar several powerful STTCs

[80], [81] have been designed using different cotapsearch techniques.

To simplify computer search complexity, some systiencode design algorithms
have been proposed. Banerjee and Agrawal [77] predesimple design rules to
construct a generator matrix for designing STTCs ddoitrary number of transmit
antennas. In their seminal work, they showed tdecton in the code search complexity
to a large extent.

Although, Tarokh et al. [47] proposed the perforseranalysis of STTCs by
minimizing the upper bounds of the PEP, severditéigbounds of PEP [82]-[85] and
exact PEP [86], [87] were also presented in theareh onwards.

Generally, the design criteria for STTCs in thesipstatic channels are different than
the design criteria for STTCs in the rapid fadimguanels. Although STTCs designed for
the rapid fading channels are few, the performaataysis of STTCs in rapid fading
channels has attracted lots of research interf®@stae of the design criteria for designing
STTCs for the rapid fading channel have been pteden [88]-[91].

Liao and Prabhu [92] presented improved desigrer@itfor STTCs in fast fading
channels using a union bound analysis and shovedita performance of STTCs in the
fast fading channels, at high SNR, is governed gniign by symbol Hamming distance,
while the performance of STTCs in the fast fadihgrinels, at the low SNR, is governed
by the minimum Euclidean distance.

Another family of space-time coding is distributgzhce-time coding (DSTC). DSTC

[93]-[97] has been presented for cellular mobileices and ad hoc mobile networks
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where practicality of using the multiple antennas not possible. DSTC utilizes
cooperative diversity as a substitute of multi-ante transmission schemes for
optimizing the spectral and power efficiency of eléss systems. In the cooperative
diversity, the source nodes transmit the signalgainer nodes which further relay the
signals to other partner nodes. Distributed spawe-todes are designed by rank and
determinant criteria [47] by making the code diseamatrix delay tolerant. The PEP for
distributed space-time codes have been analyz§Bjq101] and it was found that the
performance of DSTC depend on a metric similah&soEuclidean distance.

Another class of STTCs is recursive STTC (RSTT@?2]1[103] which serve as an
internal code for concatenation with other codd® main advantage of RSTTCs is that
they provide flexible high data rate. The simulatr@sults showed that the data rate of
RSTTCs can be adjusted by varying the number afrsaee convolutional codes, the
coding rate of each recursive convolutional codés, modulation scheme, and the
number of transmit antenna.

The major limitation of STTCs is that there is ap@nential increase in the decoding
complexity with increase in the size of constefiatiThis drawback of STTCs limits the
attainable data rates using STTCs. Foschini [4ékgmted a layered space-time (LST)
scheme in which the decoding complexity increasesftly with the increase in data rate.
A number of LST architectures have been presendsddon the usage of error control
coding. For example, vertical Bell Laboratoriesdead space-time (VBLAST) technique
[104] in which the input information sequence ismdeltiplexed into sub-streams and
each of them is modulated and transmitted fromaasmnit antenna. It has been shown
that the data capacity of the wireless system U¥IBQAST scheme increases with the
increase in number of antennas. Following this, encesearches [105]-[107] have

exploited the combination of LST coding and othgnal processing techniques.
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15 EFFECTS OF CHANNEL STATE INFORMATION ON SPACE-TIME
CODING

Throughout the development of space-time codegeearchers have focused on the
idealistic assumption that the perfect CSI is add only at the receiver. However,
practically, the perfect CSI cannot be made avkilalue to errors in the channel
estimation. To overcome this problem, either nohetent detection methods, where no
CSl is needed at the receiver, or channel estimadohniques are used to design space
time codes.

Non-coherent differential modulation schemes weresgnted in [108] and [109].
However, it was shown that there is a performanss With the non-coherent differential
modulation schemes. To achieve satisfactory pedooa with the non-coherent
differential modulation schemes, it is requiredtttiee channels should remain constant
for a sufficient long time duration.

Although the channel estimation techniques are walllerstood for single-input
single-output (SISO) systems [110], however thenoleaestimation schemes for MIMO
systems [111], [112] are difficult to implement base of an additional spatial dimension
required for estimation of channels for MIMO sysgerin addition to the difficulties of
MIMO channel estimation, the performance analysid aode design of STTCs over
MIMO systems with channel estimation errors are nevaore challenging. The
performance analysis of STTCs with imperfect charestimation of the quasi-static
fading channel has been presented in [113] and [114

The most of the space-time coding schemes mentiahede are for open-loop
systems. It has been shown that closed loop syqtelb$[118] which use the CSI at the
transmitter provide better performance than opep-kystems. The CSI at the transmitter

can be utilized in a number of ways. For examp&ngi the CSI, the transmitter can
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employ strategies such as adaptive coding, codetgml, beamforming, and transmit
antenna selection for providing improvement inpleeformance of the wireless systems.
1.5.1 Useof CSI at the Transmitter for Antenna Grouping

MIMO wireless communication systems use the mudtightennas at the transmitter
and receiver to increase the reliability of the ommication, data rate, and spectral
efficiency. However, increasing the number of angenat the transmitter and receiver
beyond a particular limit does not improve the perfance significantly. Moreover, there
will be an increase in the cost and complexityhaf $ystems on increasing the number of
antennas. So, this motivates the use of selechangity in MIMO systems.

Antenna selection [119]-[121] is a powerful signmabcessing technique used in
wireless systems with multiple antennas at thestratter and receiver. The main
advantage of the antenna selection is that it dsese the system cost, reduces the
computational complexity, and preserves the diwersf the system. In the antenna
selection technique, a subset of antennas is olfireelected from a large number of
antennas. An exhaustive search is performed groaBible combinations of the antennas
so that the selected combination provides minimcnor e

Two types of antenna selection criteria have beesgmted for selecting the antennas
in MIMO systems. First one is capacity based dat§t22]-[124] in which the antennas
that maximize an upper bound of channel capaciey slected. The second one is
performance based criteria in which the antennasrtfaximize the SNR of the received
signals [119] and minimize the error probabilitp$] are selected.

The selection of antennas can be performed atthetheceiver and the transmitter. In
receive antenna selection (RAS) [126]-[130], a stib$ the receive antennas are selected
at the receiver to reduce the number of radio-fe@gy chains required at the receiver,

thereby, saving the cost of the system signifigamtl transmit antenna selection (TAS), a
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subset of the transmit antennas that provide bedbmmance in the wireless fading
channel is selected for transmission of the sigri#sS is an open-loop scheme whereas
TAS is a closed loop scheme performed based om&s&drom the transmitter.

A single transmit antenna selection scheme usingima-ratio combining (MRC)
has been presented in [131] and [132] to maximiee SNR at the receiver. Another
scheme referred to as the TAS/STBC scheme [1334][th which two transmit antennas
that maximize the SNR at receiver, are selectedrémsmission of STBCs. Similarly, in
TAS/STTCs scheme [135], two transmit antennas whi@dximize the SNR at the
receiver are selected for transmission of STTCs.

Narasimhan [136] presented an antenna selectioenszhin which a subset of
transmit antennas is selected for VBLAST systenmesatmg in correlated wireless fading
channels. Narasimhan presented that for a givectrgpefficiency, the transmit antennas
and the signal constellations are selected to maginthe SNR at the receiver.
Narasimhan further presented that for a given SR, transmit antennas and signal
constellations can be selected to maximize the rdéga

Yuan [137] assumed partial CSI at the transmitberalaptive selection of a number
of transmit antennas, and their corresponding spame codes for transmission. Yuan
further derived criteria for minimizing the probbtyi of error for the space-time coded
system with adaptive antenna selection over sloydigh fading channels.

Tarokh et al. [138] presented grouping of the tmabhsantennas by partitioning
available transmit antennas into smaller groupstoease the data rate over wireless
channel. Each group of transmit antennas transam#sparate space-time code which is
decoded by using a linear array processing tecknigod suppressing the signals
transmitted by other groups of the transmit anteniifiis grouping of transmit antennas

for space-time coded systems improves the reltglaind increases the data rate for the
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signals transmitting over the wireless fading clegin

Another antenna grouping technique was presentedllayg et al. [139] in which the
transmit antennas are adaptively grouped by sefpdhe optimum transmit antennas
according to the CSI. The antenna grouping is detexd at the receiver and an index
from a predetermined codebook is sent to the tréatenfor grouping the transmit
antennas. The main advantage of this antenna grgupithat it requires a very small
amount of feedback and therefore, the groupingerfopmed with minimal complexity.
Adaptive modulation [140], [141] and beamformingi2]-[146] in combination with
antenna grouping are other key areas of researtabke utilized for increasing the data
rates and decreasing the error rates of wirelessrmmication systems.

152 Useof CSl at the Transmitter for Beamforming

Beamforming is a signal processing technique fowigiing directional transmission
or reception of the signals. It is achieved by mpiljing the signals with beamforming
coefficients to adjust the magnitude and phase@signals in such a way that the signals
in particular direction experience constructiveerfgrence while other signals experience
destructive interference. Hence, the beamforminglesizes the signals in a particular
direction while attenuates the signals in otheedtions. It has been shown that the
beamforming improves the spectral efficiency, dases the outage probability, and
improves the error performance.

Many different beamforming techniques have beemsgrted for different wireless
systems that use different coding techniques. kKamele, the beamforming techniques
for uncoded systems have been presented in [14B]-\hile beamforming techniques
for the space-time coded systems have been prdsenf&47]-[153]. The beamforming
techniques for the space-time coded systems aralymemplemented using CSI at

transmitter. The combination of STBCs and the beamihg presented in [147]-[150]
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has shown that diversity gain and beamforming gan be achieved by using the
beamforming.

The application of beamforming has been extendedlTitbCs and it has been shown
that the optimum allocation of power at the trarisamtennas can be done by using the
CSI at the transmitter. However, implementationtioé beamforming strategies for
STTCs using the CSI is not straightforward and gmés a number of challenges. The
design of adaptively weighted space-time trellisle® [154] has been presented by
combining the STTCs with a beamforming scheme uiegCSI at the transmitter. It has
been shown that these codes provide significantaagment in the coding gain.

The dynamic allocation of the transmit power acrwgs transmit antennas has been
presented in [155] based on the partial CSI atrdmesmitter. However, the beamforming
coefficients in [155] are not optimal for a larganmber of states and more than two
transmit antennas.

Santoso et al. [156] extended this work and preskeatnovel beamforming strategy
for an arbitrary number of transmit antennas. Santet al. designed STTCs with
dynamic transmit power allocation (STTCs/DTPA) gsithe partial CSI at the
transmitter. In this strategy, the transmitter sisleéhe two best transmit antennas and
dynamically distributes power among the selecteal th@nsmit antennas. The simulation
results have shown that a high diversity orderinoptn coding gain, and weighting gains
can be achieved using STTCs/DTPA with minimum dewpdomplexity at the receiver.

Li et al. [157]-[159] presented the performance Iggia of weighted STTCs
(WSTTCs) for fast fading channels. Li et al. progabsa new design criterion and
presented an improved PEP upper bound for WSTT@s. dimulation results have
shown that WSTTCs attain not only the full diversirder and significant coding gain

but also improve the SNR at receiver in comparisathe standard STTCs.
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1.5.3 Useof CSI at the Transmitter for Code Selection

The primary motivation of using the antenna setecin MIMO systems was a strong
necessity for increasing the diversity, coding gand reducing the hardware cost.
However, the main limitation of the antenna setettiechniques is that the space time
codes remain same and do not change with the G8krR research has emphasized on
the selection of space-time codes to further ognthe performance of space coded
systems.

Mavares et al. [160] presented a space—time coetiom (STCS) scheme which
selects the space-time codes for the selected raadebhased on the comparison of
equivalent SISO channel envelopes with a set adgineed threshold levels. Using this
code selection scheme, the transmission of spasedodes is adapted to the CSI at the
receiver. This code selection scheme has showmprovement in the performance at
the cost of marginal increase in the decoding cexipl.

Liu and Jafarkhani [161] presented selection ofmoodes for concatenation with
outer codes using the channel phase feedback afraghsmitter. This code selection
scheme is easy to implement with low decoding cexipt and provides an improved
peak to average power ratio at the receiver.

Celebi et al. presented a STBC selection metho@][i6 which full rate balanced
STBCs are selected using partial CSI at the tratsmiThis STBC selection approach
increases SNR at the receiver in comparison to Aldils scheme with the antenna
selection. An adaptive selection of STBCs [163]doasn the perfect CSI has shown
increase in the received SNR at the destinati®imige et al. [164] presented dynamic
code selection technique to optimize peak-to-avefamver ratio of a CDMA system.

Blanz and Schotten [165] presented dynamic spate-tioding in which a codeset

having optimum generator sequences is selectedrtai@hes best with current CSI at the
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transmitter. Teran et al. [166] presented a comstde space-time code selection
technique in which the selection of both the spame-codes and the number of transmit
antennas is performed using four bits of the feekllaformation. The simulation results
have shown that this technique increases the spp@tficiency with a slight reduction in
performance. The major advantage of this code setetechnique is that it makes BER
performance almost independent of the relative argldetween the transmitter and the
receiver.

1.6 COMBINATION OF MULTILEVEL CODING AND SPACE-TIME CODING

Tarokh et al. in their inspirational work [47] imlly presented producing powerful
and high data rate space-time codes using the catntnn of multilevel coding with
space-time codes. A multilevel coding scheme isgmted using a 8-phase shift keying
(PSK) signal constellation and three transmit amasrto provide a data rate of 5bit/s and
diversity order of two. The encoding of the infotioa bits is performed by partitioning
the 8-PSK constellation into multiple levels andngsa simplified decoding at the
receiver. However, there is a loss of performanee td the simplified decoding because
of magnification of error coefficient in the simied coding. The drawbacks of this
multilevel coding scheme motivated for alternatimeultiievel space-time coding
strategies that can provide high data rates withimmum number of errors.

Since then many strategies [167]-[170] have beersgmted for combining the
multilevel coding and different error correctingdes to improve the data rate and error
performance. Lampe [167] presented space-time lengli coding using a binary
partition of two dimensional constellations andngsiSTBCs as component codes for
systems having a single transmit antenna and &esiageive antenna. Yuan et al. [168],
[169] presented the concatenation of MLC with OSEBE&reduce the errors in Rayleigh

fading channel. Both the distance-based and caplaaied approaches were considered
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for choosing the component codes.

Woerz and Hagenauer [170], [171] proposed multllegedes based on the
combination of convolutional codes and block codesthe different levels. The
multistage decoding was improved by including tledability information from the
previous stages.

Martin et al. [172], [173] proposed space-time nteNel codes (ST-MLCs) using a
multi-dimensional constellation partitioning scherfier4]. A 2N dimensional real
constellation was partitioned such that each corapboode spanNransmit antennas. A
space-time multistage decoder (ST-MSD) was develope reduce the decoding
complexity. Martin et al. further compared the pemfiance of the ST-MLCs with turbo
codes and showed that their performance is muokrsugo turbo codes.

Oruc et al. [175] presented a combination of meNel coding technique with full-
diversity, full-rate super-orthogonal space-timalis codes (SOSTTCSs) for two-transmit
and two receive antenna systems over fast Rayldimg channels. The simulation
results have shown that this scheme provides toding gains and improvement in error
performance in comparison with the conventional $0Ss.

Chih [176] presented the construction of multilegphce-time codes by combining
several component STBCs with set partitioning okapanded signal constellation. Tee
et al. [177] presented a sphere-packed multilegded (SP-MLC) modulation technique
which combines multilevel coding with STBCs to irape the diversity gain. This
technigue captures time and space diversity usimguli-dimensional sphere packed
modulation and maximizes the coding gain by optiyndetecting the sphere packed
modulated symbols.

Chui and Calderbank [178] and Diggavi et al. [1p8ésented multilevel diversity

embedded space-time codes for parallel MIMO chanehb. MIMO-OFDM channels).
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It was shown that these diversity embedded spate-tbdes provide an improvement in
diversity and peak SNR for video broadcasting irMA(K.

Ma [180] presented multilevel space-time codes dbasethe combination of MLC,
STBCs, and spatial modulation (SM). The partitigniof an expanded transmission
matrix was presented based on a distance crittsromapping the component STBCs. It
was shown that for the same spectral efficiency thedsame space diversity order, the
performance of this scheme is much superior to eotional STBC-SM scheme.

Many researchers have also focused on the comiamatiMLC and STTCs because
of the limitations of STTCs. The main limitation ST TCs is an exponential increase in
the decoding complexity at high data rate. The dewrify of STTCs increases
exponentially with increase in the size of constedh, number of transmit antennas, and
states in the code trellis. To address these issmealternative transmission scheme was
required that combines MLC and STTCs to providehhitata rate with manageable
decoding complexity.

The MLC and STTCs combined in [181] provide a praing alternative to the
currently available STTCs, which has advantagesSoffCs without having the
disadvantages of high complexity. Multilevel spaicee trellis codes (MLSTTCs) have
been designed by using multiple STTCs as compogedes in multilevel coding.
MLSTTCs provide not only improvement in spectrdiaéncy but also improvement in
diversity and coding gain.

The spectral efficiency of MLSTTCs has been furtimproved by GMLSTTCs
[182]. GMLSTTCs provide improvement in spectral i@éncy of MLSTTCs by
transmitting more than one symbol per time sloe Tricrease in transmission of symbols
per time slot is achieved by grouping the transamtennas and using separate component

STTCs for each group of the transmit antennas.
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MLSTTCs and GMLSTTCs use CSI at the receiver o8lyarma in his pioneer work
[183] presented weighted multilevel space-timeisr@lodes (WMLSTTCs) designed by
combining beamforming and MLSTTCs. In WMLSTTCs, tlansmit power is
dynamically allocated to the transmit antennas siggithe beamforming coefficients that
are calculated based on the CSI at the transmilther simulation results have shown that
the performance of WMLSTTCs is superior to MLSTTCs.

1.7 PROBLEM FORMULATION

The desire to communicate from anywhere and atiamg has increased the demand
for high speed and reliable data communications T@mand for the high data rate and
reliability has made the research in the wirelessmiraunications an interesting and
challenging field. The spectrum or bandwidth isenftimitedly allocated to the service
provider and there is a slow increase in the akwiimof new spectrum to the service
provider. The electronic devices are generally smagize and consume little power to
conserve battery life. Thus, the design engineersareless systems face a two-fold
challenge: one is to increase the data rates wgh humber of errors and second is to
improve power and bandwidth efficiency of the wasd systems.

The main obstacle to accomplish both the challengaandom and unpredictable
nature of the wireless channel. The signal propagdhrough free space is attenuated
due to absorption, reflection, and scattering oé tignal by the objects in the
environment The relative movement of objects and mobile deveresother causes of
severe attenuation in the signal. These attenusatiothe signal substantially decrease the
strength of the received signal and therefore dkxgrahe performance of the wireless
systems significantly.

In order to support high bit rates and good erenfggmance in the fading channels,

research efforts have been carried out to develidgeat transmission schemes using
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different coding and modulation techniques. Spauwe-ttrellis coding is presented as
unique coding scheme that integrates channel codimy modulation using transmit
diversity and receiver diversity. This scheme pdesi better performance by improving
the data rate and the reliability of communicatwer fading channels.

In spite of the advantages of STTCs, the desigmergs are reluctant to use STTCs
in modern high data rate wireless communicationtesys due to their inherent
disadvantages of high complexity at high data radsltilevel coding is a technique
which has been designed to significantly incredse $pectral efficiency, but the
multilevel signals have a disadvantage that they easily corrupted by noise in the
communication channel. Therefore, multilevel sigresle combined with different error-
correcting schemes to provide reliable communicagibhigh data rates.

Multilevel coding when combined with STTCs presenta efficient alternative to
STTCs, which provide advantages of STTCs such asoved diversity and coding gain
without having the drawbacks of STTCs such as keaamplexity and decoding
complexity. For example, MLSTTCs and GMLSTTCs hheen presented to choose any
desired balance between code performance, complexitl throughput.

MLSTTCs and GMLSTTCs consider the CSI at the remeonly and do not consider
the CSI at the transmitter. MLSTTCs and GMLSTTCs psedefined component STTCs,
static antenna grouping, and equal power distoiouéicross the transmit antennas which
limits the performance of MLSTTCs and GMLSTTCs. fidfere, there is a strong need
to improve the performance of MLSTTCs and GMLSTTGsing the CSI at the
transmitter. In this research work, the effortsdnbeen made to improve the performance
of MLSTTCs and GMLSTTCs by dynamic selection of gmment STTCs, adaptive

antenna grouping, and beamforming with the hel@$F at the transmitter.
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1.8 RESEARCH OBJECTIVES
In the light of aforementioned aspects, the reseabgectives for the investigation are as
follows:

1. To design optimum dynamically grouped multilevebsp-time trellis code for
improved performance.

2. To analyze the proposed STTC scheme for quascsthannel with CSI at the
transmitter.

3. To simulate the proposed STTC.

4. To evaluate and compare the performance of propg$a@d with existing STTC.

19THESISOUTLINE
The thesis will be organized in six chapters. Tagils of the contents of each chapter of
the thesis are as follows

e Chapter one presents introduction, motivation &search, problem formulation,
objectives of the thesis, and organization of tmesis. An exhaustive literature
survey about the different space-time coding sclsemeiltilevel coding schemes,
and codes designed by combination of multilevelesodnd space-time trellis
codes has been conducted in this chapter. This tehagescribes various
techniques and algorithms presented in the litezator code selection, antenna
grouping, and transmission weighting for improvitng performance of space-
time codes.

» Chapter two presents performance evaluation oEligting space-time codes in
guasi-static Rayleigh fading channel. This chaplescribes the quasi-static
Rayleigh fading channel model, generic model fottilewel coding, design and
performance analysis of STTCs using the rank ameriehnant criteria as well as

trace criterion.
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Chapter three describes the effect of dynamic cadiection on the performance
of STTCs, MLSTTCs and GMLSTTCs. This chapter préselesign and analysis
of DSTTCs using the CSI at the transmitter. A cgeé selection algorithm is
proposed here for the dynamic selection of generseéguences. DSTTCs are
applied in the multilevel coding to design MLDSTT@sd GMLDSTTCs. The
performance comparison of STTCs vs DSTTCs, MLSTVEMLDSTTCs, and
GMLSTTCs vs. GMLDSTTCs is shown by varying the namtof receive
antennas.

Chapter four describes the effect of adaptive ar@erouping on the performance
of GMLSTTCs. An adaptive antenna grouping algoritisnproposed here for the
adaptive grouping of transmit antennas. In thigptdra the emphasis is on design
of AGMLSTTCs and performance comparisons of AGMLEET with
GMLSTTCs by varying the number of receive antennas.

Chapter five describes the effect of beamforming the performance of
GMLSTTCs. This chapter presents combination of &da@ntenna grouping and
transmission weighting with GMLSTTCs to improve thgerformance of
GMLSTTCs. Here, the focus is on design and analgbi/ AGMLSTTCs and
performance comparisons of GMLSTTCs, AGMLSTTCs, &MAGMLSTTCs
by varying the number of receive antennas. Thisptrafurther presents
performance analysis of the codes designed by dh&imation of GMLSTTCs,
dynamic code selection, adaptive antenna groupimgj beamforming.

Finally, the chapter six sums up the research wbukther, a brief description
about the future work/scope has been presented rastimational seed for the
germination of research work. The thesis conclwadds the research publications

as well as the list of references found usefulrdyuthe course of investigation.
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1.10 SUMMARY OF THE CHAPTER

This chapter acts as a capsule for the motivatidheothesis. An exhaustive literature
survey has been presented for the multilevel codewhniques, space-time coding
techniques, and the effects of the CSI on theseigues. Based on this, the objectives of
thesis have been identified, in which the main weots to improve the performance of
the multilevel space-time coded communication sydby using CSI at the transmitter. In
the next chapter, the performance of existing spiace trellis codes has been evaluated

which will be used for designing the proposed codes
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CHAPTER 2

MULTILEVEL CODING AND SPACE-TIME TRELLIS CODING

2.1 INTRODUCTION

Imai and Hirakawa [4] introduced the concept of theltilevel coding using the several
error correcting codes which provide flexible datmsmission rates and improvement in
bandwidth efficiency of the AWGN channel. In the Ittevel coding technique, the
modulation and error correcting codes are combioembnstruct a complicated code. The
input data stream is partitioned in a plurality safb-streams which are encoded using
respective encoders to generate the simple compaoeles. Each component code is
mapped to channel symbols from a predeterminedakigpnstellation for transmission
over a communication channel. The channel symbssalected by partitioning the
predetermined signal constellation successively smibsets until the subsets contain a
single constellation point. The major benefit of pdoying the multilevel coding
technique is that it enables a design engineeregigd a flexible system which can
provide desired data rate, coding gain, and emdiopnance.

STTCs [47] [78] are designed based on the comlonatf modulation, spatial
diversity, and error control coding to mitigate tlaeling in the wireless channel. In this
scheme, the information and redundant symbols mteilbdited over time and a set of
transmit antennas for achieving a correlation mgeral and spatial dimensions. STTCs
provide not only a substantial improvement in dsgr gain but also offer coding gain
for the signals transmitting over the fading chasnk other words, STTCs improve the
reliability and spectral efficiency of communicatiover the fading channels.

In this chapter, a brief introduction has been pled for multilevel coding of

information data stream and decoding of multiles@lles using a multistage decoder. A
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comprehensive study and analysis of design criteniaSTTCs are presented in this
chapter. These design criteria are used to degigmom STTCs for different fading
channels. These design criteria are in generaldtated by analyzing the expressions for
the pair-wise error probability of STTCs. The peniance of STTCs adhering to the
different design criteria are compared by simulaiorl his chapter provides the necessary
context for the main work in this thesis.
2.2 QUASI-STATIC RAYLEIGH FADING CHANNEL

Rayleigh fading is a form of fading experienced &ysignal propagating in an
environment having a number of objects. The sigwhile propagting from the
transmitter to the receiver takes multiple pathe do reflections, diffractions, and
scattering of the signal by the objects. Due tosé¢heeflections, diffractions, and
scattering, multiple replicas of the transmittegnsi arrive at the receiver. These
replicas superimpose over each other constructieelgestructively to generate the

resultant received signal.

Scattering

Shadowiligs_

- Receiver

]

Figure 2.1: Multipath propagation
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The Rayleigh fading model is used to analyse tlinéachannel when multipath
propagation of the signal exist in the environmémthe Rayleigh fading model, the line
of sight communication is not considered between tiiansmitter and receiver. The
Rayleigh fading model is used to analyse and ptettie performance of signals in
cellular communication where there are multiplehpatiue to reflections, diffractions,
scattering of the signals from buildings, vehickeses etc.

Figure 2.1 shows that a radio signal travellingnfrthe transmitter to the receiver
takes multiple paths. The phase of the signal sadiepending on the length of path
travelled by the replicas. The resultant signaléined by combining all the replicas of
signal that reach at the receiver. These repli€élseosignal are combined constructively
or destructive i.e. when the received replicasimsame phase, then they are added and
the strength of resultant signal is high. Howevethe received replicas are in out-of-
phase, then the received replicas are subtractkdhanstrength of the resultant signal is
low. Thus, the strength of resultant received digramies when the replicas add or

subtract based on their phases.

h(t) n(t)

il {5 > I(t)

Figure 2.2: Rayleigh fading channel model

Statistically, in Rayleigh fading model, as showrfigure 2.2, the received signal is
presented as the sum of faded signal and AWGN.rébeived signal can be expressed
as

r(t) = h(®)x(t) + n(®) (2.1)
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wherex(t) represents the transmitted signdl) represents the signal received by the
receiver,n(t) represents the AWGN, amkdt) represents the multipath Rayleigh fading
coefficient.h(t) is modelled as a complex Gaussian random variabiehnwintroduces
random variation in the phase and random fluctaation the amplitude of the
transmitted signal.

In the Rayleigh fading channel, the received sigt@iresponding to an impulse
transmitted from the transmitter is given by artraf impulses of varying magnitudes

received at different time intervals and is showrfigure 2.3.

Transmitter Receiver

P Ls

to t1 t2 3 t4

Figure 2.3: Impulseresponse of a multipath channel

In the Rayleigh fading channel model with multipgitopagation, each path is
modelled as symmetric complex Gaussian random MariaVhen the number of the
independent paths between the transmitter andvescare very large, the central limit
theorem states that in-phase and out-of phase aweng® of the received signal are
modelled as Gaussian random variables with zeronnaea variance?. Therefore, a
Rayleigh probability distribution, as shown in frgu2.4, is applied to the amplitude of

the received signal. The phase of the receivedakiparies uniformly betweenr andx.

The probability density function (PDF) of Rayleidistribution is given by

2

a
p(a) =%e 208 q>0
Os

=0 a<0 (2.2)
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Figure 2.4: The PDF of Rayleigh distribution

In the presented work, the quasi-static Rayleiglnig.channel has been considered in
which the fading coefficients remain constant dgiine transmission of each frame. The
channel fading coefficients in the quasi-static IR fading channel change when the
frame changes from one frame to another. In otledsy according to the assumption of
the quasi-static fading channel, the channel vadgesslowly over one frame of
information that it can be treated as constantafdrame and varies from one frame to
other.
23MULTILEVEL CODING

Multilevel coding is a technique used for providifigxible data transmission rates
and improvement in bandwidth efficiency over theelss fading channel. The input
data stream is partitioned into a plurality of siteams which are then encoded using
respective error correction techniques to genesateple component codes. Each
component code is mapped to the symbols from aarged signal constellation by
partitioning the signal constellation successivielp subsets until the subsets contain
only a single constellation point. The mapped sylsiboe then modulated and combined
to construct complicated codes. The complicateegsadferred to as the multilevel codes

are transmitted over the communication channel.
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2.3.1 Multilevel Encoder
A block diagram of a system for multilevel codinfjam information data stream is

shown in figure 2.5. The system includes a muléleancoder which comprises a seivbf
encoders,, E,, ...Ey, for generating thi/ different binary error-correcting codsg’®

.8, .5, each of which is referred to as a component codie. ififormation data
stream is split intd/ sub-streams of information which are applied Bpegtive encoders

to generate the corresponding error correcting oler example, when th& sub-
stream is applied to th8 encodef;, it generates the component coifé.

Multilevel Encoder
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Figure 2.5: General block diagram of a system for multilevel coding

The generated codewords are mapped to symbols fanmenlarged signal
constellation. The mapped symbols are modulated Hgsired modulation scheme e.g.
guadrature phase shift keying (QPSK) or quadraammplitude modulation (QAM). The
modulated signals are then transmitted throughrémsmit antennas at the transmitter.

The codewords are mapped by partitioning the eathrgignal constellation
successively into subsets or clusters. The partitmntinues till each subset has a single
signal point only. The main aim of the partitioning to maximize the minimum
Euclidean distance between the symbols of a sulvsgeneral, the minimum Euclidean

distance in the subsets increases from first sulisen to the last subset.
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Figure 2.6: Partitioning of 64-QAM constellation

An example of partitioning of a 64-QAM constellaties shown in figure 2.6. As
shown in the figure that at the first level, allnstellation points are split into four sets,
each set having sixteen points. At the second |@azlh set of sixteen points is split into
four subsets such that each subset has four ptrttsis way, the subsets are further split
till each subset contains only a single consteltapoint. The idea behind the partitioning
is that the most significant information bits arapped to the sets and the less significant
information bits are mapped to the subsets.

2.3.2 Multistage Decoder

The decoding of the multilevel codes is performgdibing a multistage decoder [21]
at the receiver. Figure 2.7 shows the structumawfistage decoder in which the decoded
output of first stage is passed to next stage émoding of subsequent component code.
As shown in figure 2.7, the first stage decoderodes the codewors} ® which is then

applied as input to next decoding stage. In thig, wWe decoded outputs corresponding to
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code wordss;®,s,®, .. s,_1® are applied as input to final stage of the decdder

decodes,,®.
Received Input r(t) Decoded Output at level 1 :§1(t'd)
3  Stage 1 Decoder I $ >
L& (td)
Decoded Output at level 2:: )
>  Stage 2Decoder (@ >

(t-d)

vV Decoded Output at level M : Sy

3  Stage MDecoder  j

Figure2.7: Generic Structurefor Multistage decoder

The main advantage of the multistage decoder tneentaximum likelihood decoder
is that the complexity of the multistage decodesrgortional to the sum of the decoding
complexity of each component code instead of tloelyet in the maximum likelihood
decoder. Another advantage of the multistage degod that it enables the design
engineer to design a wireless system with flexibé¢da rate, error performance, and
desired coding gain.
2.4 SPACE-TIME TRELLISCODING

Space-time trellis coding is a unique technique dasigning codes based on
combination of modulation, spatial diversity, andoe control coding to mitigate fading
in the wireless channel. In this scheme, the in&diom and redundant symbols are
distributed over time and a set of transmit antertnaachieve a correlation between the
temporal and spatial dimensions. STTCs provideamby a substantial improvement in
diversity gain and spectral efficiency but alsoeof€oding gain for signals transmitting

over the wireless fading channels.
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The performance of STTCs is governed by differeesigh criteria which allow
designing STTCs for optimum performance over ddférfading channels. These criteria
in general are formulated by analyzing the expogs$or pair-wise error probability of
STTCs. These design criteria include rank and detemt criteria [47] for small
diversity order and trace criterion [78] for lardjgersity order.

2.4.1 System Model: STTCs

A block diagram of a system model for space-tinedlisr coding is shown in figure
2.8. The system comprises a transmitter havingaaespme trellis encoder for encoding
the input data stream and a receiver having a maxiikelihood decoder for decoding
the received encoded information. The transmittdravingN transmit antennas and the
receiver is havingVl receive antennas. The communication channel isidered as
guasi-static fading channel and the CSl is assuméd available at the receiver however

assumed to be not available at the transmitter.

Aﬂ § Channel | CSI

T Estimation I

1

xt M § \ 4 ’

Information) I, | Space-Time | rl Space-Time f‘
Data [P  Trellis t pMLSE 3! Data
Stream Encoder M. | Decoder
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X, >
A
Channel
Estimation| (g
Transmitter Receiver

Figure 2.8: System model for STTC modulation
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2.4.2 STTC Encoder

Figure 2.9 shows a STTC encoder for the systemngaNitransmit antennas. The
information data strearnis split in blocks of information sequences whaek given by
I[=Uyly L. 1, ...) (2.3)
wherel; is a block ofminput sequences at tintel; is given by
I =(ULIELE, ..., I (2.4)

The STTC encoder includem feed-forward shift registers and a plurality of
multipliers for multiplying the input sequences hvitorresponding encoder coefficients.
The encoder coefficients are also referred to aemgor sequences. Each input sequence
is applied to one of the feed-forward shift registé-or example, thi€" input sequence,
1% = (1§, 15,15 1E, ... ) is input to thek™ shift register, wheré = 1, 2, . . m, and is
multiplied with the generator sequences correspundd thek™ shift register. The
outputs from all the multipliers in the shift retgiss are combined with each other giving

the encoder output, = (x1, x?%,x3,.....x").

I

Figure 2.9: STTC Encoder
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The generator sequences used for multiplying thetisequences are given by

g'= [(93,1 '"g(l),N,)' (9%,1 Q%N) (9%1,1 ---91%1,N,)] (2.5)
9> = [(93,1 ---g(Z),N,)' (95,1 ng) (952,1 ---ggz,N,)] (2.6)
g™ = 1(g64 - gow,), (974 - Gin,) - (Goma - Gomw,)] (2.7)
Whereg;‘,'i is a constellation point of thd., QAM signal constellation,= 1, 2, . . . N,

i=1,2,...m k=12 ... mandwis the memory order of tHd" shift register. At

timet, the STTC encoder outpyf for transmit antennacan be computed as

xt = z z g;filg‘_j mod Mg, (2.8)

The encoded outputg, xZ, x3, .....xY form a space-time trellis coded symbol which is a
N column vector and is given by
xe = (xp, x2,x3, ... xM)T (2.9)
where T represents the transpose of a matrx. parallel outputs are transmitted
simultaneously by different antennas, whereby symb®l, 1<i < N is transmitted by the
transmit antenna
2.4.3 STTC Decoder

Thetransmitted signal undergoes multipath fading vhidvelling from transmitter to
receiver. The signal received by the receive argéns calculated by combining faded
replicas of the signal received from the transmitfg receive antenng the received

signal is given by
N

rl = Z hi]-txg + nt (2.10)
j=1

wheren! is the noise associated with the receive antémhaimet, hl-jt Is the path gain/
fading coefficient between th8transmit and thé" receive antenna<j <N, 1<i <M.

The fading coefficienthl-jt are zero mean and unity variance Gaussian randoiables.
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In matrix form, the signals received by the receikavingM receive antennas are

given by
1 | PUL I L T 1
T¢ [ 11 1N ] Xt ng
o D D L e | EZ A B T (2.11)
! IVPLETRN Pyl 1B ne!

At the receiver, the space-time trellis coded syisl@we decoded by a maximum
likelihood sequence estimation (MLSE) decoder eniptp Viterbi algorithm. The
Viterbi algorithm at the decoder is used for estintathe transmitted sequence of
information. Each time the decoder receives an égatsymbol, it computes a branch
metric using the Euclidean distance between eadheofeceived symbol and all of the

possible channel symbols that could have beenmittesl. The branch metrics is given

by

>

j=1

rt— ) htxl (2.12)

NIE

=1
The path having minimuraranch metric is selected by the decaaethe decoded
sequence.
2.4.4 Performance Analysisof STTCs

To analyze the performance of STTCs, each tranantgnna at the transmitter is
assumed to transmit a data framel afodewords. For example, the data framel of
codewords transmitted Hy' transmit antenna is given by
xt =t xd xd L xf (2.13)
Since the transmitter is havindl transmit antennas, collectively the codewords
transmitted byN transmit antennas can be represented as
x = (xb,x2,x3 ool xd a2 k3 X, xR xd . x) (2.14)

A maximum likelihood decoder has been consideredhatreceiver. The decoder is
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assumed to erroneously decode the transmitted @vdewase which is given by
e=(el, el el ....el el el e;....el el el el,....e) (2.15)

A codeword difference matrix, for calculating théfetence between the each of the
codeword transmitted from the transmitter and treesponding codeword received with

errors at the receiver, can be represented by

[ell—x% ell—xll]
2 .2 2 _ .2

B(x,e) = [el U xlj (2.16)
eff =l el =

A codeword distance matrix calculated using theeoamtd difference matrix is given by
A(x,e) = B(x,e)B(x,e) (2.17)
whereB¥ (x, e) is the Hermitian oB(x, e). The codeword distance matrix is assumed to
have a rank. The eigenvalues of(x, e) are calculatedV-r eigenvalues ofl(x, e) are
zero whereas the non-zero eigenvalued(af e) are denoted by, 12 A3 Ar.

Assuming that the perfect CSI is available at teeeiver, the probability of
transmittingx and determining an erroneous codewaad the decoder is given by
P(x,eli=12..N,j =1,2,..M) < exp(—d? (x,e)E;/4N,) (2.18)

whereNy/2 denotes the noise variance per dimension and

M1
d? (x,e) =ZZ

denotes the squared Euclidean distance.

(2.19)

It follows from the above equation that the PERafsmittingk and receiving is

given by

P(x > e) < (T A) ™™ ()" (2.20)

4N,
Based on the PEP, the design criteria are dermeddsigning STTCs to attain the desired

improvement in the performance of the wirelessesyist
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245 Design Criteriafor STTCsOver Quasi-Static Rayleigh Fading Channel

2.4.5.1 Rank and Determinant Criteria

The rank and determinant criteria were introducgdThrokh et al. [47] to design
STTCs for providing the optimum performance. Thesria are proposed based on the
rank and determinant of the codeword distance rdi(ix,e). The rank criterion
guarantees to attain the maximum diversity gairthé matrixA(x,e) has full rank
whereas the determinant criterion guarantees @inathe maximum coding gain by
maximizing the minimum determinant of the mattikc, e) over all codewords.

It is clear from equation 2.20 that the PEP de@®asponentially with increase in the
SNR. Thus, the PEP at high SNRs mainly dependshenvalue of product of the
minimum rankr and the number of receive antenivasver all possible codeword pairs.
This product is denoted a¥ rand is referred to as the diversity gain. In otdettesign the
STTCs for providing minimum error rate, the minimuank r of the matrixA(x, e)
should be maximized. For the system hawhgansmit antennas, the maximum possible
value of the rank is N. Therefore, the maximum value of the produdétfor the system
havingN transmit antennas NM. Thus, the maximum diversity gain obtained using the
rank criteria is given biM.

In addition, the PEP is minimized by maximizing fireduct of nonzero eigen values,
i.e. the product of;, i=1...r of the matrixA(x, e)should be maximized. The product of
nonzero eigen values is given by the absolute valuibe sum of determinants of all the
principal r x r cofactors of the matribA(x, e) This criterion is referred to as the
determinant criterion as it optimizes the codingnghy maximizing the minimum
determinant of the matri#(x, e) over all codewords. Therefore, for small values df
(<4), the STTC design criteria for quasi-static Regh fading channel can be summarized

as:
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1) Rank criterion: Maximize the minimum ramkof the codeword distance matrix
A(x, e) over all pairs of distinct codewords to achieveximam possible
diversity gain.

i)  Determinant criterion: Maximize the minimum detenamt of A(X, €)to achieve
the maximum coding gain.

2.4.5.2 Euclidean distance criteria/Trace Criteria

The trace criterion was introduced by Chen et &8] [for designing STTCs over
guasi-static fading channel for wireless systenth varge number of diversity branches
(i.e. where M > 4). Normally, the number of diversity branchedasge for wireless
systems having a receiver with two or more than teagive antennas. As the number of
diversity branches increases, there is a reduaticeffect of fading and the quasi-static
fading channel approaches to an AWGN channel. énAWGN channel, the optimum
performance is achieved by maximizing the minimuoclEean distance between the
codewords.

Similarly, when the number of independent diversitgnches is largeM > 4, the
guasi-static fading channel approaches the AWGNhmdlaand then the minimum
Euclidean distance is used to optimize the perfagaeaof STTCs. Therefore, designing
the optimum STTCs based on the Euclidean distasioeferred to as the Euclidean
distance criterion. The Euclidean distance criten® applied to the systems where the
number of receive antennas are two or more than itwoontrast to the rank and
determinant criteria which is applied to systemsir a single receive antenna and a
small number of transmit antennas.

For large diversity gain, the upper bound for PEBiven by

nr |

e — x (2.21)

1
P(x »e) < 76%P —nR
:1 =1
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|2 =trA(x,e) =X_14 , |eji—x-i|2

4 represents squared

where Y77 ¥ |ef — xf
minimum Euclidean distance, andd(x, e) represents the trace of the ma#ik, e).

It is clear from the above equations that the P&ftehses exponentially with increase
in squared minimum Euclidean distance between dllewordsx ande. The PEP at low
SNRs mainly depends on the maximum value of squar@imum Euclidean distance.
Thus, to minimize the error probability, the squhneinimum Euclidean distance should
be maximized or the minimum sum of all non-zerceaigalues of matriXA(x, €)among
all pairs of distinct codewords should be maximizkdother words, to minimize the
error probability, the minimum trace of the matAXx, ) among all pairs of distinct
codewords should be maximized. Therefore, Euclidéstance criterion is also referred
to as the trace criterion. The Euclidean distancgermon for designing STTCs for
systems having large diversity gain in quasi-st@iting channels can be summarized as:

) Maximize the mimimum rank of the codeword distance matixx, e)over all

pairs of distinct codewords such thit > 4.

i)  Maximize the minimum trace of the codeword distanmarix A(x, €)among all

pairs of distinct codewords.

2.4.6 Construction of 4-State QAM STTCs

The encoder for constructing 4-state QAM STTC,kasan in figure 2.10, comprises
two branches of the shift registers. The memoreoad the upper and lower branch of
the shift registers are, andv,, respectively. The input data strearfjs and I? are fed
into the branches of the encoder. The input daast in each branch is multiplied by
corresponding generator sequence. The generatoerseg for upper branch is given by
aj,a? and for lower branch is given ly;, b2, wherea kb & € {0,1,2,3}, k=1, 2,

p=0, 1,..v; andg=0, 1, ..V,, v1+Vv,=V and the number of states is 2".
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é( a,a;)

V(ay,
X

(x.,x,)

t <ED 1 2
t(b,,b7)

— S5

Figure 2.10: Encoder for 4-state QAM STTC

The value of vy, is calculated as

v+k-1
2

v = [“5—| where k=1, 2 (2.22)

The output of the encoder at time t is given by

vl v2
xf = Z It ak+ Z IZ, bf, | mod4 (2.23)
p=0 p=0

xt and x? are transmitted simultaneously through the firgt second transmit antennas.
The figure 2.11 shows a trellis diagram of 4-s@feM STTCs. In the trellis diagram,
QAM symbol 0, 1, 2, and 3 correspond to bits 00,11, and 11 respectively. The trellis
diagram shows that the states are represented tsyodothe left and right side of the
trellis. The left side of the trellis shows a matisting possible output combinations and
the right side of the trellis shows output of th&rent state. The connecting lines
represent a possible transition with the input Bli®ewn beside the line. The trellis is
assumed to begin at state 1 and transitions froenstate to other based on the input
sequence. The trellis diagram shows multiple pithseaching from state 1 to final state.

The decoder always selects the path which has mmifranch metrics.
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Figure2.11: Trellisdiagram for 4-state QAM STTC

2.4.7 Performance evaluation of 4-State QAM STTCs

The performance of the 4-state QAM STTCs is anayoe two transmit antennas
and 1/2/4 receive antennas. The simulation redwdise been presented to depict the
performance of STTCs using the rank and determioatdria and trace criterion. Each
frame transmitted from the transmit antennas ctsst 130 symbols. The channel is
considered as a quasi-static Rayleigh fading cHamkethe perfect CSl is assumed to be
available at the receiver. The simulation resukspaesented in terms of FER vs SNR.

The performance of STTCs using the rank and detemmticriteria is shown in figure
2.12 and the performance of STTCs using tracermites shown in figure 2.13. It can be
seen from the simulation results that there is gniscant improvement in the
performance of STTCs with an increase in numbéhefreceive antennas. Further it can
be noted that for two and four receive antennag,C3Tdesigned using the trace criteria

outperforms STTCs designed using the rank and matant criteria.
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2.5 SUMMARY OF THE CHAPTER

In this chapter, the model and the characterisiica quasi-static Rayleigh fading
channel has been conferred. The quasi-static Rpwliding channel is considered for
analyzing the performance of all the codes preseimethis thesis. The multilevel
encoding of an information data stream has beesepted using simple component
codes for providing high data transmission ratenitistage decoder using the Veterbi
algorithm has been used to decode the multilevd¢€0

A comprehensive design and performance analys&TadiCs has been presented by
combining modulation, spatial diversity, and ercontrol coding to mitigate fading in the
wireless channel. The STTCs construction criteaaehbeen described by analyzing the
expressions for pair-wise error probability of toales. These design criteria include rank
and determinant criteria for small diversity ordevl < 4) and trace criteria for large
diversity order (M > 4). The performance of the STTCs schemes adh&itigese two
design criteria have been compared by simulations.

In this chapter, the perfect CSI has been assumeéd tvailable at the receiver only
without considering the availability of the CSI kmedge at the transmitter. In the next
chapter, the efficient design of codes based orconebination of multilevel coding and
STTCs is presented using the CSI at the transnigtamproving the error performance

and the data transmission rate of wireless systems.

51



CHAPTER 3
IMPROVEMENT IN PERFORMANCE OF MLSTTCs AND
GMLSTTCs BASED ON DYNAMIC COMPONENT CODE

SELECTION

3.1 INTRODUCTION

The main benefit of employing a multilevel codirgchinique is that it enables an
engineer to design a flexible system which can idewesired data transmission rate,
coding gain, and error performance. STTCs have he@nduced to improve the
reliability and spectral efficiency of communicatiover the fading channels. In-spite of
the advantages of STTCs, the design engineersearete be reluctant to use STTCs in
modern high data rate wireless communication systéne their inherent disadvantages
of high complexity at the high data rates. Multééeoding when combined with STTCs
presents an efficient alternative to STTCs, whiobvjgle advantages of STTCs such as
improved diversity and coding gain without havihg drawbacks of STTCs such as high
search complexity and decoding complexity at higtadate transmission.

In this chapter, the design and performance arsalysMLSTTCs and GMLSTTCs
have been presented by combining the MLC and STT@s. system model used for
designing MLSTTCs and GMLSTTCs are open loop whieleassumed that the perfect
CSl is available at the receiver only and the tmatisr has no knowledge of the CSI.
MLSTTCs and GMLSTTCs consider that STTCs, usedhasdomponent codes, are
predefined and do not change with the change ichihanel conditions.

To improve the performance of MLSTTCs and GMLSTT@w perfect CSI is

assumed to be available both at the transmitter tardreceiver. The transmitter is
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assumed to receive the perfect CSI as a feedbaok tine receiver. In this chapter, the
CSI at the transmitter has been used to choosdeas®i for generating dynamic STTCs.
These dynamic STTCs change with the change in tBe & the transmitter. These
dynamic STTCs are used as component codes in théewel coding to generate novel
codes which are referred to as MLDSTTCs and GMLDGS3 Trespectively. The
simulation results show that MLDSTTCs and GMLDST Tdtgperform over MLSTTCs
and GMLSTTCs respectively.
3.2DESIGN AND ANALYSISOF MLSTTCs

MLSTTCs are designed by using STTCs as componesgscon multilevel coding.
MLSTTCs improve the coding gain, diversity gain,damcrease the data rate
significantly with linear increase in complexity @mparison to exponential increase in
complexity in STTCs. Therefore, these codes sesveffecient and promising alternative
to STTCs for providing high data rate communication
3.2.1 System Model: MLSTTCs

MLSTTC system presented in figure 3.1 comprisesaasmitter havingN transmit
antennas and a receiver haviNgreceive antennas. The channel is assumed to exhibi
guasi-static Rayleigh fading and the perfect C@lssumed to be available at the receiver.
The transmitter is having STTC encoders for enaptiie input data streams and receiver
Is having a multistage decoder for decoding theived signal.
3.2.2 Encoding of MLSTTCs

At the transmitter, each STTC encoder receivesta staeam, and performs space-
time trellis coding on the data stream. At eaclthef levels 1 td., each STTC encoder
use similar generator sequences to generate STheh wre used as component codes

for multilevel coding. The outputs from STTC encrsdat level 1 td. are given by
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Figure 3.1: System model for MLSTTCs
S = x (DY % (1) o x, (DY (3.1)
S(L) = xe (L)Y, % (L)? oo x (LN (3.2)

Each STTC used in multilevel coding is designedafdrQAM constellation using the
trace criteria. The complex form of STTC output &gis, x(1) to x(L) is given by
x()=a+jb a, be{l,-1} (3.3)

Collectively, the outputs frora levels,S(1),...S(L)are input into a symbol translator
to generatd translated symbols. These translated symbolsereted by
T(1) = x.(DY . (2T ... xp (L) (3.4)
T(N) = x, (DN, x,(2)N ... x (L)Y (3.5)

In the translated symbols, the STTCs symbols gésditay each encoder are mapped
to Ma,-QAM signal constellation using a constellation p@p The translated symbols
are mapped to thiel.,~-QAM signal constellation by using a multi-resotutimodulation
(MRM) partitioning technique which was introduceg Gover [35] andater improved

by Fazel and Ruf [36]. Thiel.,~-QAM constellation is partitioned intb levels such that
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Mary = 4". Since there ark levels of partition|. component codes are used for encoding
the information data stream.

An example of MRM patrtitioning of a 64-QAM constgibn is shown in figure 3.2.
As shown in the figure that at the first level, thié constellation points are split into four
sets each having sixteen points. Each set is cereglcas a 16-QAM constellation. In the
second level, each set of sixteen points is spti four subsets of four points. Each
subset is considered as 4-QAM constellation. Is Wmy, the subsets are further split till
each subset contains only a single constellationtp®he minimum Euclidean distance
between two sets is more in comparison to distaeteeen two subsets. The main use of
the MRM partitioning is that the most significanfarmation bits are mapped to the sets
and theless significant information bits are mapped to tbsets. The major

advantage of using MRM is that it allows using 41QATTCs for constellation

mapping.
-III(II 1
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. . l ‘ ‘ ... 'S.1p.;. "' Illllqmll IIIII1‘:QIIII
T S A : : . E ‘ ‘ E .
ool oo [isfe| o0 ; ;
oo/ oo [“olo]| o:g SO0 050
:d T . "“ *‘llll ! lllll: TIL ! ‘T111]
1 AL ’.,llil!“‘. . E . J
o000 | 00!l
1 1
o 0. 0 0 o 0.0 0
-------ml-------- -------0:1-------
o0: 00 | 0000
o0.00 ©o0.00

Figure 3.2: Constellation Partitioning Strategy used in MLSTTCs
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Elaborating the constellation mapping furthtre output of encode® (1) in the
translated symbol is mapped to centroid of the aetsthe output of encod&(2)is
mapped to centroid of subset and so on with outp&E(L) is mapped to the actual
constellation points. In other word$ietmost significant coded bits in the translated
symbols i.ex, (1) corresponding t&(1)are mapped to the sets and the lower significant
bits x,(2)! corresponding t&(2) are mapped to subsets and finally the least sogmif
bits x,(L)* corresponding t&(L)are mapped to actual constellation points.

The mapped symbols are transmitted from the tranamtennas. The symbol
transmitted from)" transmit antenna at tintds represented by
Q] = dix (1)) + dyx,(2)) ...+ dyx, (L) (3.6)
wherej = 1...N, andd;... d_ are the subset distances associated with), ... x;(L) as
shown in figure 3.2.

3.2.3 Decodingof MLSTTCs

The transmitted signals while travelling from traniger to receiver are corrupted by
Rayleigh fading. The faded and noisy signal reakatereceive antennas given by
i =Ykt Q! + ni (3.7)
Substituting the equation 3.6 in equation 3.7
rt=Y, YN, hijt dyx (D)7 + ni (3.8)

The received signal is decoded by a multistagedtcas shown in figure 3.3. The
multistage decoder uses the Viterbi algorithm toveebranch metrics for each stage.
The decoding starts with estimating the least B@amt bits corresponding to
component codeS(L) by maximizing the likelihood function using the t&fibi
algorithm. The estimated values of the componede &(L)(%.(L)) are applied as
input to the next decoding stalgel to estimate the values of component c8¢e-1) In

this way, the estimated values of component c&festo S(2)are used by the decoder

56



at stage 1 to estimate the values of most signifibéis corresponding to component

codeS(1)

x. (1)
—p| Stagel p————»

Decoder
. A A
pi 4 % (L-1)
L1 3| stageL-1 >
Received Decoder
Signal +
Stage L X t (L)
Decoder >

Figure 3.3: Multistage decoder for MLSTTCs

3.2.4 Branch Metrics Calculation for MLSTTCs

The branch metrics are calculated to analyse tmmpgance of MLSTTCs. The
component codes are assumed to be independenttobteer. The branch metrics for the
component code at levkli.e.x,(L) is calculated first which is then used for caltota
the branch metrics for component codes at otheidev

At the decoding stagk, the values of,(1) tox;(L — 1) are unknown and are not
considered for estimating the symbols transmittietb\el L. The likelihood function to

estimatex, (L), in the form of branch metrics, is given by

> (3.9)

At the decoding stagk wherel < k < L, the values o%;(k) are hypothesized by

. 2

L N -
-2ty 2 hyjt i ()|
2

L(x.(L)) = log (Z xe(D), €xp

20;
1=1,..L—1 n

maximizing the likelihood function using the estied values of stagds to k+1. It is
assumed that the estimated values correspondistagesk-1 to 1 are unknown at the

stagek. Based on these assumptions, the branch metineddor stage, is given by
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. .2
=Yy N bty (1) \
- Zg=k+1 Z?’=1 hijtdpft(p)]

l / [ 3.10
i kzl_ifﬁlﬁ'_le"p[ = J ) (3.10

wherez,(p)’ is estimated output of the encogber
At the final stage, estimates of the stages P &e used to the estimate the value of

x:(1). The stage 1 branch metrics is given by

o (3.11)

s, 2 e
log| X ., exp

1=2,.,L
3.2.5 Performance Analysisof MLSTTCs
The performance analysis of MLSTTCs has been shoywnsing the 16-QAM signal
constellation partitioned in two levels such thgd,=2. The performance of MLSTTCs
has been analysed for the wireless system with ttevesmit antennas by varying the

number of receive antennas.

FER

10°
0 2 4 6 § 10 12 14 16 18 20

SNR (dB)
Figure 3.4: FER performance of MLSTTCsby varying number of receive

antennas
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Each frame transmitted from the transmit antenrmassists of 130 symbols and a
guasi-static Rayleigh fading channel is considdoedhe transmission of symbols. The
perfect CSl is assumed to be available at the vecekror simplicity, the same generator
sequences are used for designing the same comp8idi@s for level 1 and 2. The
simulation results in figure 3.4 illustrates thefpemance of MLSTTCs with two transmit
antennas and different number of receive anterih@sclear from the figure 3.4 that the
performance of system improves with the increaskemumber of receiver antennas.
3.3DESIGN AND ANALYSISOF MLDSTTCs

MLSTTCs use predefined STTCs as component codesnutilevel coding. The
generator sequences used for designing the predefBTTCs are fixed and do not
depend on the channel conditions. The performanddL&TTCs can be improved by
using dynamic STTCs as component codes by repldbsgredefined STTCs. Dynamic
STTCs are generated by dynamic selection of optingemerator sequences using the
feedback information from the receiver. The ger@ragequences used to design dynamic
STTCs change according to the change in the C#ieateceiver. Therefore, dynamic
STTCs change dynamically with the change in the CSI

Novel MLDSTTCs have been designed using dynamic GI'a&s the component
codes. The simulation results have shown that énfpnance MLDSTTCs is better than
MLSTTCs.

3.3.1 System Model: MLDSTTCs

A MIMO system havingN transmit antennas arM receive antenna is presented in
figure 3.5. The channel is assumed to exhibit gsitic Rayleigh fading. The system
comprises a transmitter having STTC encoders foo@ing the input data stream and a
receiver having a multistage decoder for decodmegréceived signal. The receiver sends

feedback information to the transmitter based om ¢bmparison of current channel
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profile at the receiver with a plurality of poss&bpredefined channel profiles at the
receiver. The feedback information is sent to thedmitter as an index of a predefined
channel profile closest to the current channelifgrait the receiver. It is assumed that the
feedback is reliably delivered to the transmittathaut any errors, and the feedback

delay is neglected.

Multilevel Space time Trellis Coding
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Figure 3.5 Block diagram of MLDSTTC system
3.3.2 Encoding for MLDSTTCs
The input data stream is de-multiplexed into sdveidependent sub-streams which
are applied to the STTC encoders. A code set flmmiultiple code sets is selected that
matches best with the current channel profile usirgpde set selection algorithm. Each
code set has a different set of generator sequéoceach STTC encoder. Each code set
provides best performance corresponding to a pgatichannel profile. As the channel

profile changes from one profile to another, thdeceet of generator sequences used for
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encoding the data stream also changes from onesebtte another. The outputs of the
STTC encoders are mapped to symbols from an emlacgastellation. The mapped
symbols are distributed to different antennas aed transmitted simultaneously.
3.3.2.1 Code Set Selection Algorithm
The steps of code set selection algorithm are:
« Calculate the sum of channel power gain betwdlemaasmit antennabl and all the
receive antennad for current profile at the receiver.
G=3M, %M |hf|  1<i<M, 1<j <N (3.12)

 Compare the power gain at the current channefil@ravith power gains
corresponding to the predefined channel profiles.

» Determine a predefined channel profile which tieespower gain closest to the power
gain of the current channel profile.

* Send an index of the predefined channel profitsest to the power gain of the
current channel profile to the transmitter.

* Retrieve, at transmitter, a code set of genersgquences corresponding to the index
of the determined predefined channel profile.

The code set selection algorithm can be perforntethe transmitter and receiver.
When the perfect CSl is assumed to be availaleeatransmitter, the code set algorithm
is performed at the transmitter, and path gairtbeatransmitter are used to calculate the
power gain.
3.3.2.2 Dynamic Space-Time Trellis Encoder

Figure 3.6 shows a STTC encodlevith feedback from the receiver. A code set having
a set of generator sequences is selected for thHeC Sdncoder that provides best
performance at the current channel profile at #eeiver. The selected code €8f! at

channel profileci is given as
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CSL=[(G, 6P, .. G, (G, G .. GID),
w(GFLGE, LG, L G GEY LG (3.13)
where(G, G2, ...G™") is set of generator sequences for the STTC entoder

The STTC encoddrreceiveam binary input sequences corresponding to datarstrea
I, that are multiplied by the generator sequenceshiercorresponding encodein the
selected code set. The generator sequences f&TIHE€ encodel at the channel profile

ci are given by

G = (g5 - 9o (G115 91N - (Guin - Goin (3.14)
G = 10965" 968 (G35 91N (953 = Gusn) ] (3.15)
G = 1903~ Tow (915" I ) - (o - Gomow)] (3.16)

Wheregk'Ci k=1,2,...mj=1,2,...)ki=1 2,...N,is an element of the 4-

i

QAM constellation set anek is the memory order of thé" shift register.

&

Generator Sequences '
for STTC encoder / in I S(l)
the selected code set /

l
;
]
)

®

Select a code set having CSI feedback
generator sequences for [&—————

STTC encoder based on
the CSI feedback

Figure 3.6: Dynamic space-timetrellis encoder
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The multiplier outputs from all shift registers aéded to generate dynamic STTCs.
The output from the STTC encodas given by
S(D = xF{(DL, xE4(D? ... xfL (DN (3.17)

The equation 3.17 represents dynamic STTC at chgmodile ci. The dynamic
STTCs provide higher degrees of diversity for dedasmission to the receiver and allow
faster adaptation to the channel conditions udiegeéedback from the receiver.

As shown in figure 3.5, MLDSTTC system useSTTCs encoders performing space-
time trellis coding on their respective input sirsa The encoder output for STTC
encoder 1 is given by
S(1) = x4, xFH (D)2 . xEH (DN (3.18)
Similarly, the encoder output for STTC encotaes given by
S(L) = xE (L)Y, xE(L)? ... xf (LN (3.19)

Each generated dynamic STTC is used as a compoadatin multilevel coding by
partitioning an underlyindVla,-QAM signal constellation using the MRM approach as
discussed in section 3.2.2.

The outputs from alL encodersS(1)...S(L,) are applied to a symbol translator. The
translated outputs are denoted by
B(1) = x£ (1), xF1 () ... xFH(L)? (3.20)
B(N) = xFL (DN, xE (N ... xfL (LN (3.21)

The translated outputs are applied to a constetiatiapperx‘(L) in each translated
output is mapped to the actual constellation poirtie x£:(1) ... xf (L — 1) respectively

are mapped to the virtual subset centre points.iiéeped symbols are then transmitted
throughN antennas. The syme{ transmitted at timé and channel conditioa by the

j™ transmit antenna is denoted by

Q] = dyxF (1)) + dypxfi(2)7 ... dyxE (L) (3.22)
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wherej = 1...N, andd;... d, are the subset distances correspondingid), ...xf (L).
3.3.3 Decoding of MLDSTTCs
The received signal is a noisy superposition oepehdently Rayleigh faded versions
of the transmitted signals. The signal receiveth@atreceive antennas given by
ri=3N htQl + n (3.23)
wheren! is the noise associated with the receive anténa@timet. Substituting the
equation 3.22 in equation 3.23,is given as
ri =Yk, X0 it dixf D) + ni (3.24)
The received signal is decoded by the multistageodkr as shown in figure 3.3
which uses the Viterbi algorithm to derive the lmtammetrics for each stage over the
duration of a data frame. The decoder on stadecodes the component code encoded by
the STTC encoddr and estimate the value of(L). The estimated value af(L) (i.e
%€4(L)) is applied as input to decoding stalgd to decode the values of (L — 1).
Similarly, at the final stage, estimated valuesrirstaged. to 2 are used to estimate the
value ofx£'(1).
3.3.4 Branch Metrics Calculation for MLDSTTCs
At the decoding stage, the values okf‘(1) to xf'(L — 1) are unknown and are
treated as nuisance variables. The likelihood foncto estimaterf‘(L) in the form of

branch metrics is given by

(3.25)

20

L (xta'(L)) = log (Z xEL(D), exp[

Iré—zzilzﬁ-vzlhi,-fdzxfi(z)ffl)
=1,..L-1 ’

At the decoding stagke wherel < k < L, the values of¢ (k) are hypothesized by
maximizing the likelihood function using the estie values of stagds to k+1. It is
assumed that the estimated values corresponditiget@stagek-1 to 1 are unknown.

Based on these assumptions, the branch metricedefiov stagd is given by
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[ r-3k, S hytadiQ) h
= Spokr1 21 b dpE (@)
log| ¥ seiy, exp| R DRT (3.26)

Zonz
=1,..k-1 /

wherexfi(p)/ is estimated output of the encoger

At the final stage, estimates of stages 2Ltare used to the estimate the value

x£(1). The stage 1 branch metrics is given by

i_sz ZNz hi'td Ci(l)jz
lOQ(foi(l), exp ['” g 'D (3.27)

20
1=2,.,L

3.3.5 Simulation Resultsfor MLDSTTCs

The performance analysis of MLDSTTCs has been shoyasing 16-QAM signal
constellation partitioned in two levels such ttgdt,=2. The performance of MLDSTTCs
has been analysed for the wireless systems hawiodransmit antennas and up to four
receive antennas. Each frame transmitted from resinit antennas consists of 130
symbols and a quasi-static fading channel is censdlfor transmission of symbols.

The perfect CSl is assumed to be available atabeiver. The feedback information
indicating index of the code set is sent to trattemiA zero delay feedback channel is
considered because a delay in the feedback meanshth feedback is outdated due to
variations of the channel conditions. Thus, whea titansmitter receives the feedback
information, it may correspond to an old channelfifg. Therefore, due to the feedback
delay, the feedback information will be imperfentiavill result in loss of performance.

The performance of MLDSTTCs has been analysed mgidering four different
possible predefined channel profiles at the receiVae generator sequences for each
STTC encoder in the selected codeGSét at predefined channel profiles are given in
table 3.1. For simplicity, the same generator sege® have been used for each encoder

on level 1 and level 2 at each channel profile.
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Table 3.1: Code set for different predefined channel profiles

Predetermined | Selected Code Set of Generator sequencein the selected Code Set
Channel Set
Profile Encoder S(1) Encoder S(2)
C1 cset G =[(02), (20)] G =1(02), (20)]
G2 = [(01), (10)] G =[(01), (10)]
C2 €S G =1((02), (21)] G =[(02), (21)]
G2 = [(11), (20)] G =[(11), (20)]
C3 cse3 G = [(12), (20)] G, =[(12), (20)]
G2 = [(01), (20)] G =[(01), (20)]
Ca cset G = [(02), (22)] G =1(02), (22)]
G2 = [(01), (22)] GH = [(01), (22)]

In figure 3.7, the performance of dynamic STTCs been evaluated and compared
with the performance of STTCs by varying the numbérreceive antennas. The
performance comparisons show that the performafhdbeodynamic STTCs has been

improved by about 0.7 dB at FER of 4@ue to dynamic selection of the optimum

generator sequences.
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Figure 3.7: Performance comparison of STTCsand DSTTCswith 2 transmit and 1,
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The performance evaluation of MLDSTTCs using twts lleedback and varying the

number of receive antennas is shown in figure Bdure 3.8 also shows the performance

comparison of MLDSTTCs and MLSTTCs. It can be st#&t FER performance of the

MLDSTTCs is superior by about 1.1 dB to MLSTTC$&R of 10",

>

TR T o oy )

O [ S S . T VT S R Eo T
10° bz s s s s s s G e e
|[—o—MLSTTC }---- PRTTERRRRIN. T S —
—4A—MLDSTTC : . : :
-3 I I L L L L
el 6 8 10 12 14 16 18 20
SNR (dB)

Figure 3.8: Performance comparison of MLSTTCsand MLDSTTCsusing 2

transmit and 1, 2 and 4 receive antennas

Figure 3.9 shows error performance of MLDSTTCs Zotransmit antennas and 2

receive antenna by varying the number of feedbitsk Bhe receiver is assumed stofe 2

predefined channel profiles for providing n bitsfeédback. For example, when eight

predefined channel profiles are considered at dueiver, then three bits of feedback

information is sent from the receiver to the traitsen The simulation results show that

by increasing the number of feedback bits i.e.rnzyeasing the number of predetermined

number of channel profiles at receiver, the eresfgrmance of MLDSTTCs is improved
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Figure 3.9: Performance comparison of MLDSTTCsfor 2 transmit and 2 receive
antennausing 1, 2, 3 feedback bits
3.4DESIGN AND ANALYSISOF GMLSTTCs

MLSTTCs use a single component code at each leveld® not use grouping of
transmit antennas. To improve the spectral effoyenf MLSTTCs, GMLSTTCs are
designed by using the predefined grouping of tlasmit antennas in MLSTTCs.
GMLSTTCs use of a single component code at someldeand multiple component
codes on remaining levels. The grouping of transamtennas and using multiple
component codes at particular levels enable tastnd#ntwo or more number of symbols
in one time slot.

The levels that use single component code trangmitoded information to all the
transmit antennas simultaneously whereas the levielsh use the multiple component
codes transmit the coded information to their reBpe groups of transmit antennas. For
example, for a leval using two component codes, the coded informatamesponding
to first component code is transmitted to first ugroof antennas and the coded
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information corresponding to second component ¢edeinsmitted to the second group
of transmit antennas. In this way, depending omtiraber of component codes, multiple
symbols are transmitted per time slot to improve $pectral efficiency. GMLSTTCs
provide a spectral efficiency of 6 bits/s/Hz in qmarison to 4 bits/s/Hz provided by
MLSTTCs using 16 QAM constellation partitioned wct levels.
34.1 System Model and Encodingfor GMLSTTCs

A block diagram for GMLSTTC system is given in figu3.10. At the transmitter,
each STTC encoder receives a data stream, andpsripace-time trellis coding on the
data stream. The encoders 1Ltd generate STTCs which span ldltransmit antennas.

The STTC encoddroutputis given by

S(1) = %" x()? ... x()"where |=1, 2,...L-1 (3.28)
iy Tt T
Y STIC ENCODER | X.(1)' ey X(1) = — x(I)"
L sy —{ Stage1 [
WL W gy w 1
c x(l) ,...,.\,(L)» .CE” ]i‘. :

1 N| = Q ~ 1
2{STICENCODER | x/(2)'.., x(2)" | B a $— Stage?2 |
LI —5] * |s —

2) > 2 O x(2)

- g 3 c . i

: 0 Z 1 :

) 8 nu :

STTCENCODER|| H : 3 2

. St {|x@) e x@)| & o stagelL, || [ 1

IL : 4B () (L)' | S < |
STTC ENCODER ey © i S

S(L) StageL, || x(L)s

Figure 3.10: Block diagram of GMLSTTC system
Two parallel STTC encodets, andL, are used at levél for generating two STTCs,
each spanning through a groupNJ2 transmit antennas. For example, STTC encagder
is used for generating STTCs which span throughsadroup of transmit antennas 1 to
N/2 whereas STTC encodkg is used for generating STTCs which span througtthen

group of transmit antenn&f2+1 andN.
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The groups of antennas are predefined while desgg@MLSTTCs and cannot be
changed dynamically using the current CSI at trattenor receiver. The main purpose
of grouping the transmit antennas at lelvak to transmit multiple symbols in one time

slot to improve the spectral efficiency. The STTC@&derl, output is given by

S(La) = x(La)", %(La)?, ..., ¥(La)" (3.29)
In the same way, STTC encodgoutput is represented as

S(Ls) = (L) "=, %(Le) 2, ., (L) (3.30)

The output at level, which is combination of output of STTC encodé&gsandLy, is

given by
S(L)=%(La)", %(La), ..y %(La)"?, (L) V2, x(Lo) V', o (L) (3..31)

3.4.2 M-way constellation partitioning

The patrtitioning strategy used in designing GMLSETIE M-way partitioning. In
M-way partitioning, the given signal constellati@npartitioned in subsets such that the
Euclidean distance increases with each level ofitjpsr. An example ofM-way
partitioning of 16-QAM in two partitions is illusited in figure 3.11.

The 16-QAM constellation is partitioned in subsetsach comprising four
constellation points as shown by circle in blueocoEach subset of four points is further
partitioned into four subsets, each subset commgrigisingle constellation point as shown
by a dotted circle in figure 3.11. The Euclideastance of level 2d) is greater than the
Euclidean distance of level @;§. One or more number of components codes candi us
at level depending upon the number of encoders aseéde corresponding level. The
component cod&(1)at level 1 selects one of the subsets and the coemp@odeS(L,)

andS(L,) at level 2 select the constellation points from sklected subset.
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Figure 3.11: M-way partitioning for 16-QAM constellation

Collectively, the outputs from the encoders, i.eS(1),...S(L),are fed in a symbol
translator to generat®l translated symbols which are mappedMa,-QAM signal
constellations using a constellation mapper. Theped signals are then transmitted
through N antennas. The symeI[ transmitted fromj™ transmit antenna at timeis
given by
Q] = dix, (1)) + dyx,(2)7 ... dyxe (L) (3.32)

wherej = 1, ...N, anddy, ..., d represent the subset distances for levelslL1 to
343 GMLSTTC Decoder

The transmitted signals while travelling from thansmitter to the receiver are
corrupted by Rayleigh fading. The faded and noigga received at the receive antenna

i is given by:
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ri =E k' Q) + nf (3.33)
The received signal is decoded by a multistage drce@mploying two parallel
decoders at final stage which is shown in figu23A Viterbi algorithm is used by the
multistage decoder to derive the branch metrics dach stage. At 1 stage, the
component cod8(1)is estimated ag; (1) and the estimated valdeg (1) is passed to the
second decoding stage to estimate the valug @). Similarly, the decoder at final
stage, which comprises of two parallel decoderss uke estimated values of previous

stages to estimate the valuesSgf,) andS(L).

Level L, Decoder

< 1 —
Level L, Decoder Xt (L)
| T
r; )
= - stellt.:I 1 - >
Received Signa ecoaer X, (L - 1)
I Level 1 3
Decoder -ft (1)

Figure 3.12: Multi-stage decoder for GMLSTTCs
3.4.4 Branch Metric Calculation for GMLSTTCs
A MIMO system with four transmit antennas and aQ&M signal constellation
partitioned in two levels have been considered waluate the performance of
GMLSTTCs. The STTC encoder at level 1 generate corapt STTCS(1)which spans
all four transmit antennas. At level 2, two STTQeters generate identical component

STTCs, each spanning a predefined group of twostn@gnantennas. The transmit
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antennas in first group are assumed as 1 and Aargednas in second group are assumed
as 3 and 4.

In the £'stage of decoding, the multistage decoder empiptia Viterbi algorithm is
used to hypothesize the valuexgfl). The value of(2) is not known at the®istage and
therefore is not considered while estimating thé&ueeof x(1). Each STTC encoder
operate independently, therefordl), andx(2) are considered as mutually independent.
It is also assumed that the channel is independenihe component STTCs and the
probability of transmission of different componetdes is same. Based on these
assumptions, the branch metric for component &{d§&s computed by

MaXza(2)e(x#(2)} Z?&l rti - Zj=1,2 hijt d, J?fl(z)j - Zj=3,4 hijt d, J75(2)]. -
P (2)e{xl(2))

12
Z?’=1 hijt dy xt(l)ll (3.34)

In the second stage, one decoder is used to d&dgeand another decoder is used to

decodeS(L,). The branch metric fo8(Ly) is given by

MaX b (2)efx? (2)} Z?&l Tti - Zj=1,2 hijt d, x?(z)j - Zj=3,4 hijt d, J75(2)]. -

oyt dy £ (1)) (3.35)
Similarly, the branch metric f@(L,) is given by
MAaXza(2)e(x2(2)) 2iea| T2 — D=2 hij’ dp X8 (R) = Tjmsahyy’ dy xP (2)1 -

oyt dy £ (1)) (3.36)

3.4.5 Performance Evaluation of GMLSTTCs
The performance of the GMLSTTCs has been illustraby using the signal
constellation of 16-QAM partitioned in two levelstivd,/d;=2. The simulation results

are provided for GMLSTTCs with four transmit anteasrand different number of receive
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antennas. Each frame transmitted from the tranaménnas consists of 130 symbols and
a quasi-static Rayleigh fading channel is considiéoe the transmission of symbols. The
simulation results, as shown in figure 3.13, iltasts the performance of GMLSTTCs by
varying the number of receive antennas. GMLSTTQwide spectral efficiency of 6
bits/s/Hz in comparison to 4bits/s/Hz provided by 37 TCs. The increase in spectral
efficiency is achieved by grouping the transmiteamias and using separate component

STTCs for each group of transmit antennas for trattisg more than one symbol per

time slot.
; ' SIS
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Lo\ N M=t N\
107 et b j N
i — — '
W i ,/"“?\5 ; 2,?/'\\
L ¥ s =2" :
10° \ %
\ ?\
\ N\
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10° é i \ é s \ )
10 15 20 25 30 35 40
SNR (dB)
Figure 3.13: FER performance of GMLSTTCsby varying the number of receive
antennas

3.5DESIGN AND ANALYSISOF GMLDSTTCs

GMLSTTCs use predefined STTCs as component codesuitilevel coding. The
error performance of GMLSTTCs has been improvedccdybining GMLSTTCs with
dynamic space-time coding using the CSI at thestraiter. The CSI at the transmitter is
used to select a code set for generating dynamicCSTThe dynamic STTCs are used as

component codes in multilevel coding instead ofdpfimed STTCs to generate novel
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GMLDSTTCs. Analysis and simulation results showt t8MLDSTTCs are superior in
performance as compared to GMLSTTCs.
3.5.1 System Model and Encoding for GMLDSTTCs

A block diagram for GMLDSTTC system is shown inuig 3.14. Each STTC
encoder receives a data stream and optimum genegoiences to perform dynamic
space-time trellis coding. The encoders 1L+{bgenerate the dynamic STTCs which span
all N transmit antennas. The STTC encddeutputis given by

S = xE DY, xEH(D? . x5 (DY where =1, 2,...L-1 (3.37)

Grouped Multilevel Space time Trellis Coding

:

1

: \ {
Q—d\[1)+dr(2) dv(L)
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best with current channel profile

Figure 3.14: Block diagram of a GMLDSTTC system
Two parallel STTC encodels, andL, are used at levdl for generating dynamic
STTCs, each spanning through a grougNé? transmit antennas. For example, STTC
encodel, is used for generating dynamic STTCs which spasuthh a group of transmit
antennas 1 tdN/2 whereas STTC encodeéy, is used for generating dynamic STTCs

which span through another group of transmit ardaemiy2+1 to N. The groups of
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antennas are predefined while designing GMLSTTC«l arannot be changed
dynamically. The STTC encodkj output is given by

S(La) = x& (La)b, £ (La)?, oo xfl (L)Y (3.38)

In the same way, STTC encodgroutput is represented as

S(ls) = x£" (Lo) ™™, & (Lo) 272 L xf (L) (3.39)
The output at level, which is combination of output of STTC encodé&gsandLy, is

given as
S(L)=xF (La)b, 8 (La) ooy (L)N2, 2 (Lo) V2 xfE (L) V22, L xfE (L)Y (3.40)

The outputs from alL encodersS (1)...S (L)are applied to a symbol translator. The
translated outputs are denoted by

B(1) = x£(1)Y, xF ()1 .. xFH(L)* (3.41)

B(N) = xF{ (DN, xE (2N ... xf (L)Y (3.42)
Collectively, the outputs from the levels, i.e.S(1),...S(L),are fed in a symbol

translator to generafd translated symbols. The translated symbols are ethppMa,-
QAM signal constellations using a constellation pep The constellation mapper uses
the M~way partitioning strategy to map the translated lsyis1 with theMa,-QAM signal
constellation as described in section 3.42(1) in each translated output is mapped to
the actual constellation points, whité!(2) ...xf‘(L) respectively are mapped to the
subset centre points. The mapped symbols are thrsntitted througiN antennas. The
symbol Q{'Citransmitted at timeé and channel conditioai by thej™ transmit antenna is
denoted by

J = dyxf (1) + dyxfH(2)) . dyxi(Ly) (3.43)

wherej = 1...N, andd;... d_ are the subset distances corresponding@), ...,xf (L).
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3.5.2 Decoding of GMLDSTTCs
The transmitted signals while travelling from tramit$er to receiver are corrupted by
Rayleigh fading. The faded and noisy signal reatatethe receive antenné given by:
i =3 ht QI + nd (3.44)
Substituting the equation (3.43) in equation (3.44)
=Y YN hyt dxf (D) + nl (3.45)
The received signal is decoded by the multistageoder employing two parallel
decoders at final stage which is shown in figur23The Viterbi algorithm used by the
multistage decoder derives the branch metrics fmhestage. At the *1stage, the
component cod&(1)is estimated and the estimated valu&gf)is passed to the second
decoding stage to estimate the values@) Similarly, the decoder at final stage which
comprises of two parallel decoders uses the estothatlues of previous stages to decode
the values 05(L;) andS(L).
3.5.3 Branch Metrics Calculation for GMLDSTTCs
To evaluate the performance of GMLDSTTCs, a systeth four transmit antennas
and a constellation of 16-QAM patrtitioned in twodés have been considered. The STTC
encoder at level 1 generate component SE{Qwhich spans all four transmit antennas.
At level 2, two STTC encoders generate identicahponent STTCs, each spanning a
predefined group of two antennas. The transmitranae in first group are 1 and 2 and
antennas in second group are 3 and 4. The compoaéatfor group 1 has been referred
to asS(L.) and for group 2 aS(Ly). The received signal at thi8 receive antenna at tinte

for the system as considered above is given by

4 4
=) byt (D4 ) byt dyxE(2) + (3.46)
j=1 j=1
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The conditional probability density function (pdfj r{ conditioned on the channel
matrix and encoder outputs forL levels may be written as
P(rti| x£4(1), xF4(2) ...xfi(L),Ht).

In the £'stage of decoding, the multistage decoder empiptia Viterbi algorithm is
used to hypothesize the valuex§f(1). The values okf‘(2) are unknown at this stage
and therefore not considered while estimating tladues of xf(1). Based on this

assumption, the conditional PDF can be written as

P(r{| xf1(1), Hy) = Tx,, P (x£(2) |x£5(1), H,) P(ri | x£4(2), Hy) (3.47)

=12

Each STTC encoder operates independently, therefgh€l) and x£'(2) are
considered as mutually independent. It is alsorasduthe channel is independent of the
component STTCs and the probability of transmissibulifferent component codes is
same. Based on these assumptions, the probati(sf(2) [xf'(1),H,) in the
expression on the right hand side of equation 3etllices to a constant and can be
ignored when maximizing the likelihood function. 8@l on these assumptions, the
equation 3.47 can be written as

P(ré|xEi(1), xE'(2), H) =

- . . . . . 2_
¢ — Yo hijt dp {1 (2) — Xios hijt dy %01 (2))

1 — 3N hytdy xE(L)
exp =1 21 ‘ (3.48)
(V2ra,2) 20,

Using the equation 3.48 and ignoring the constamn tthe likelihood function farf (1)
Is given by

L(xf'(1)) = P(ri|xf (1), Hy)
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— i hit XU (2) = Bfghytdy ety
_Z h'l] dlx l(l)]

ex 3.49
P 20,2 (3.49)
Therefore, the branch metric f6(1)at level 1 is given by:
2
. max Z Z ij d2 Nfa(z)] Z hl] d2 Nb 01(2)]'
~act(2)e{ act(z) =
2P 2)e{xp “(z)}
N 2
- Z hyt dy X (1) (3.50)
j=1

In second stage, one decoder is used to deS@dg¢ and another decoder is used to
decodeS(Ly).
The branch metric fd8(Ly) is given by

M
h. d xa 01(2)] Z h. d ~b, 01(2)]‘
~b CL(Z)E b Cl(z) Zl Z i 2 i 2X

2
— Z hijt d; 3?5\‘(1)]' (3.51)
Similarly, the branch metric f&(L,) is given by

2

M
h.:td, % ~ac1 2}/ — Zh d b,ci 2)J
’??(Z)E{x?@)}z Z i 2% (2) ij d2x " (2)

N
- Z hyt dy %€ (1) (3.52)
=1

3.5.4 Simulation Resultsfor GMLDSTTCs

The simulation results are provided for GMLDSTTCghwiour transmit antennas,
16-QAM signal constellation partitioned in two lésjeand different number of receive
antennas. The transmitter is assumed to have kdgelef four different possible
predefined channel profiles. The generator seq@efmeeach encoder in the selected

code seCS® at the predefined channel profiles are given in table 3.1. Figure 3.15

79



depicts the performance comparison of GMLSTTCs proposed GMLDSTTCs. The
simulation results show that FER performance of ®8ITCs is superior by 1.6 dB to

the GMLSTTCs at FER of TDand M=2.

10°

—O— GMLSTTCs
—&4— GMLDSTICs

10 15 20 25 30 35 40

SNR(dB)

10

Figure 3.15: Performance comparison of GMLSTTCsand proposed GMLDSTTCs
with 4 transmit and 1, 2, and 4 receive antennas.

3.6 COMPLEXITY CONSIDERATIONS

It has been shown in [181] that the system combi8i TCs and multilevel coding
offers significantly low complexity in comparisoa the STTC system. The main reason
for the low complexity is mapping of simpler compaih codes to different partitions of
the enlarged signal constellation and using a staljie decoder at the receiver. The
complexity of the STTC system increases expondytial comparison with the
complexity of the system using the combination afititevel coding and STTCs where
the complexity increases linearly with the sizéhaf underlying constellation.

The minimum complexities of MLSTTCs, GMLSTTCs, MLD®Cs, and

GMLDSTTCs have been compared by assuming that ttmdes are designed using 16-
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QAM constellation, multilevel coding with two lewe(i.e.L=2), and component STTCs
with Ns states andN, branches per statdls XNy has been used to measure the minimum

complexity of these codes for comparison purpo$eble 3.2 presents comparison of

different aspects of the GMLDSTTCs, MLSTTCs, MLDSJ9, and GMLSTTCs.

Table 3.2: Comparison of MLSTTCs, MLDSTTCs, GMLSTTCs, and GMLDSTTCs
(For L=2levels, 16 QAM Constellation).

Parameter/Criteria | MLSTTCs MLDSTTCs GMLSTTCs GMLDSTTCs
Constéllation MRM partitioning MRM partitioning| M- way M-way
Partitioning partitioning partitioning

Spectral Efficiency

4 bits/s/Hz (2 STTC

encoders required,
each providing a

spectral efficiency
of 2 bits/s/Hz. The

4 bits/s/Hz (2
STTC encoders
required, each
providing a
spectral efficiency

6 bits/s/Hz (3
STTC encoders
required, each
providing a
spectral efficiency

6 bits/s/Hz (3
STTC encoders
required, each
providing a
spectral

level 2 is not of 2 bits/s/Hz. of 2 bits/s/Hz. efficiency of 2
partitioned into The level 2 is not | The level 2 is bits/s/Hz. The
sublevels) partitioned into being partitioned | level 2 is being
sublevels) into two partitioned into
sublevels.) two sublevels.)
Error 16.2 dB 15.8 dB 21 dB 19.4 dB

Performance, SNR
required (at FER of
10", using 2 receive

antennas)
Channel State Perfect CSI at Perfect CSI at Perfect CSI at Perfect CSl at
I nformation receiver only receiver only. receiver only receiver and
Transmitter transmitter
receives index of
selected code set
Minimum 32 52 48 72
Complexity
Transmit Antenna | No No Yes Yes
Grouping

Component Code
Selection

No, Predefined
component STTCs
used.

Yes, Component
STTCs are
dynamically
selected based or
the index bits

No, Predefined
component
STTCs used.

Yes, Componen
STTCs are
dynamically
selected based
on perfect CSI
at transmitter.

In STTCs, for transmitting bits/sec/Hz, the number of branches leaving etatk sf

the trellis is2” which is same as the size of signal constellafi@n.16-QAM, minimum

16 states with 16 branches leaving each stateegrered for the data transmission rate of

4 bits/sec/Hz in STTCs. Therefore, the minimum claxipy of STTC system for
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providing the data transmission rate of 4 bitsideds 16x16 whereas for 6 bits/sec/Hz,
the minimum value of the complexity is 64 x 64. $hit can be seen that the minimum
complexity for STTCs increase exponentially withrgase in the data rate.

In contrast to STTCs, MLSTTCs use the multileveldiog and constellation
partitioning to resolve the problem of increase daomplexity with the size of
constellation. Since 16-QAM is partitioned into td)AM subsets, the number of states
are equal to 4x2 (4xL) and number of branches hgpeiach state are 4. Therefore, the
minimum complexity in MLSTTCs for providing the dattransmission rate of 4
bits/sec/Hz is 4x2x4 whereas for 6 bits/sec/Hz,nin@imum value of the complexity is
4x3x4. Thus, the minimum complexity for MLSTTCsrieases linearly with the increase
in data rate.

In GMLSTTCs, the second level is split into two dabels. For minimum
complexity, the level 1 and each sub-level at |&¥else 4-QAM STTCs as component
codes with 4 branches leaving each state. Therefuee 4-QAM STTCs are required as
the component codes. The minimum complexity for GMICs is given by 4x3x4 = 48.

MLDSTTCs and GMLDSTTCs are designed by selectinginmgm generator
sequences for each component STTCs based on thbafde information from the
receiver. The minimum complexity for MLSTTCs foropiding the data transmission
rate of 4 bits/sec/Hz is 4x2x4 =32. The selectidrthe code set including optimum
generator sequences for each component STTCsgeésudin increase in the minimum
complexity. For the system having two transmit antes and two receive antennas, the
calculation of power gain as given in equation 3dults in minimum increase in the
complexity by 2x2=4.

For four predefined channel profiles, the comparisb total power gairG at the

current channel profile with total power gains esponding to the predefined channel
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profiles results in an increase in the minimum claxipy by 4x4=16. This increase in the
minimum complexity entirely depends on the numidgsredefined channel profiles. The
minimum complexity of MLDSTTCs for 4 predefined cimel profiles is given by 32+
4+ 16=52. Similarly, the minimum complexity for GNISTTCs for the system having

four transmit antennas and two receive antennas84846=72.

3.7SUMMARY OF THE CHAPTER

In this chapter, the design and performance amalysMLSTTCs and GMLSTTCs
has been presented by combining the MLC and STMCSTTCs and GMLSTTCs have
been designed by assuming that the perfect CSiigable at the receiver only and there
iIs no availability of the perfect CSI at the tranmsen. The simulation results have been
shown the performance of MLSTTCs and GMLSTTCs hyivg the number of receive
antennas.

The effect of CSI at the transmitter has been @ealyo improve the performance of
MLSTTCs and GMLSTTCs. In this chapter, the CSlha transmitter has been utilized
to generate the dynamic component STTCs used ftiilenal coding. Dynamic STTCs
have been generated by using the CSI to dynamicalgct the optimum generator
sequences for each STTC encoder. Dynamic STTCsaissed as component codes in
MLSTTCs and GMLSTTCs instead of predefined STTCgénerate MLDSTTCs and
GMLDSTTCs. The simulation results have shown thatDMTTCs and GMLDSTTCs
outperform MLSTTCs and GMLSTTCs by 1.1.dB and 1B rdspectively. In the next
chapter, the CSl is used to improve the performan€@MLSTTCs by adaptive grouping

of the transmit antennas.
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CHAPTER 4

IMPROVEMENT IN PERFORMANCE OF GMLSTTCsBASED ON

ADAPTIVE GROUPING OF TRANSMIT ANTENNAS

4.1 INTRODUCTION

MIMO wireless communication systems use multipleeanas at the transmitter and
the receiver to increase the reliability of comnuation, data rate, and the spectral
efficiency of the wireless systems operating in fdding channels. However, increasing
the number of antennas at the transmitter andetteiver beyond a particular limit do not
improve the performance significantly. Moreovereréa will be an increase in cost and
complexity of the systems on increasing the nunatb@ntennas. Even further, search for
optimal antennas become computationally intensikenwthe number of antennas is large
which results in more power consumption and defagata transmission. This motivates
the need for efficient antenna selection algorithwith reasonable power requirements
and minimum latency.

Antenna selection [119]-[121] is a powerful signadocessing technique in the
wireless systems with multiple antennas at thestratter and receiver. The main
advantage of the antenna selection is that it dsese the system cost, reduces the
computational complexity, and preserves the ditiersf the system. In an antenna
selection technique, a subset of antennas is olfireelected from a large number of
antennas. An exhaustive search is performed opaa$ible combinations of antennas
such that the selected combination provides minireuor.

GMLSTTCs [182] use the predefined grouping of transantenna. The groups of
antennas defined in GMLSTTCs do not change with ¢hange in the CSI at the

transmitter. In this chapter, adaptively groupedltirevel space-time trellis codes
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(AGMLSTTCs) have been designed by adaptive groupingansmit antennas using the
perfect CSI at the transmitter. An adaptive antegrmiping algorithm is presented to
group the transmit antennas. The simulation reduttge shown that AGMLSTTCs
provide better error performance than GMLSTTCs umg static Rayleigh fading
channel conditions.
4.2 DESIGN AND ANALYSISOF AGMLSTTCs

The predefined grouping of transmit antennas lities performance of GMLSTTCs.
The performance of GMLSTTCs has been improved aptae grouping of transmit
antennas using the CSI at the transmitter. Inst@otas channel power gain is calculated
between each transmit antenna and all the recatemm@as. A subset of transmit antennas
having maximum channel power gain is selected tonfa group. In adaptive antenna
grouping, the transmit antennas in the groups ahavith the change in the CSI at the
transmitter.
421 System Model: AGMLSTTCs

A MIMO system havingN transmit antennas arM receive antenna is presented in
figure 4.1. The channel is assumed to exhibit gsitic Rayleigh fading. The system
comprises a transmitter having STTC encoders fooding the input data stream and a
receiver having a multistage decoder for decodivegreceived signal. At least one or
more levels use two or more STTCs. It is assumatlttie transmitter and receiver have
perfect knowledge of the CSI.
4.2.2 Encoding for AGMLSTTCs

At the transmitter, each STTC encoder receivesta staeam, and performs space-
time trellis coding on the data stream. The encodetoL-1 generate the STTCs which

span allN transmit antennas. The STTC encddeutputis given by:

s) = ()}, x()?, ..., x()N where I=1, 2,...L-1 (4.1)
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Grouped Multilevel Space time Trellis Coding

STTC Encoder 1 B
Component Code S(1) 1

STTC Encoder 2
Component Code S(2)—>

Receiver

By

Symbol Translation

STTC Encoder L,
Component Code S(L,)

Constel lation Ma pping

STTC Encoder L,
Component Code S(L,,)

il

y
l—’ Adaptive Antenna Grouping

CSl Feedback |

Figure4.1 Block diagram of AGMLSTTC system
Two parallel STTC encodells, and L, are used at levdl for generating STTCs

which span through a group B2 transmit antennas. For example, STTC encades
used for generating STTCs which span through adgnsup of transmit antennas whereas
STTC encodely, is used for generating STTCs which span througtihen group ofN/2
transmit antennas. The antennas in each groupetgeted using an adaptive antenna
grouping algorithm. The antennas in each group ghatynamically with the change in
CSI. The main purpose of adaptive grouping of tr@hantennas at levél is to improve
the performance of codes in comparison with pre@efiantenna grouping.
The output from STTC encodky is given by

S(La) = xe(La)", X(La)’, ... %(La)? (4.2)
Similarly, STTC encodel, output is given by

S(Lb) — Xt(Lb) N/2+1, X{(Lb) N/2+2, - X(Lb)N (43)
The output at levdl is given as

S(L)= %(La)", %(La)’ - X(La)"2, (L) M2, (L) V2 L (L) (4.4)
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Each component STTC has been designed using tréeeiac for a 4-QAM signal
constellation. The symbolg(1) to x(L), in complex form are represented as
x()=a+jb a, be{1,-1} (4.5)
Collectively, the outputs from thelevels,S(1),...S(L)are fed into a symbol translator to
generate the translated symbols. These translatedads are denoted by
B(1) = %(1)", x(2)"..%(La)" (4.6)
BIN) =x(1)", x(2)" ...%(Lo)" (4.7)

The translatedN symbols are mapped tdl,y-QAM (i.e 16-QAM ) signal
constellation using aM-way partitioning scheme in which thel,y-QAM signal
constellation is partitioned in two levels suchtttiee Euclidean distance increases with
each level of partition. The 16-QAM constellatioa partitioned in subsets, each
comprising four constellation points. Each subdefioar points is further partitioned in
four subsets, each subset comprising a single eat&in point. TheM'-way partitioning
is shown in figure 3.11. The Euclidean distancesolbsets d;) is greater than the
Euclidean distance of setd;). One or more number of component codes can lufose
each partition depending upon the number of encsodsed at the corresponding level.
The component cod8(1) at level 1 selects one of the subsets and thectwigponent
codesS(L,) andS(Ly,) at level 2 select the constellation points from $klected subset.

It is possible to use higher modulation techniq(es. 64-QAM) in multilevel
coding. The use of 64-QAM would result in partitiog the constellation in 3 levels. The
3 levels would require at least 4 space-time emsodé the transmitter and would
therefore increase data rate and complexity of slgstem but the complexity is
manageable for large order modulations. Thus, higihéer modulation techniques are
generally able to offer much faster data ratestagber levels of spectral efficiency but

will also increase complexity of the system. Anothmitation of using the higher order
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modulation techniques is that they are significaréss resistant to effects of noise

present in the channel. This is because the cdtatgdel points are close and the

transmission becomes more susceptible to noises fHsults in a higher error rate in

higher order modulation. In this way, a balanceeguired between the data rate and an
acceptable error rate for the system.

The mapped signals are then transmitted throdyhantennas. The symbol

Q{ transmitted at timé by thejth transmit antenna is given by

Q! = dyx (1) + dyx, (2) .. det(L(b))j (4.8)

wherej = 1, ...N, anddy, ..., d a represent the subset distances for leveld.1 to
4.2.3 Adaptive Antenna Grouping Algorithm

The symbols at levdl are transmitted through two groups of transmieanés. The
groups are formed using the perfect CSI at thestratter with the help of an adaptive
antenna grouping algorithm. The steps of the adajgintenna grouping algorithm are:

» Calculate the instantaneous channel power gaindagtwihe transmit antenma

and all the receive antennas.
2 .
G=XM,|hy;"|” 1<i<N (4.9)
 Arrange the calculated values@fin an increasing order.

» Select two antennas, denoted bbyandv to form a first group of antennaghe
antennasi andv are selected such that the total instantaneousehpower gain
of antennasl andv is maximum i.e.
{uvi=argmax {G+G}) 1< u v< N u#v (4.10)

» After, the formation of first group, second grogpformed in the same way. The

second group of the antennas is formed by selecixg two antennas from the
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remaining transmit antennas. This procedure coesintill all the transmit
antennas are grouped.
424MULTISTAGE DECODING OF AGMLSTTCs
The transmitted signals while travelling from tramtder to receiver are corrupted by

Rayleigh fading. The faded and noisy signal reatntethe receive antenné given by:

=21 hy' Q) + nf (4.11)

In matrix form the received signal can be represgais

[7é] [h tht][Qtl 7]

I T'tz | h21t hZN | Qt

e B, a3 (4.12)
i b llod L

In compact form, the received signal is given as
1: = HQp + 1y (4.13)

whereH;is known as channel matrix. Substituting the equedi.8 in equation 4.11
=i Y byt dyx (D)) + i (4.14)

The received signal is decoded by a multistage dkscemploying two parallel
decoders at final stage which is shown in figurE23Viterbi algorithm is used by the
multistage decoder to derive the branch metricsefach stage. At the®'istage, the
component cod&(1)is estimated and the estimated valu&(df)is passed to the second
decoding stage to estimate the valu&@) The decoder at the second stage comprises
two parallel decoders which use the estimated gatiigprevious stages to estimate the
values ofS(Ly) andS(Ly).

4.2.5 BRANCH METRICS CALCULATION FOR AGMLSTTCs

A MIMO system having four transmit antennas and6eQ@AM signal constellation

partitioned in two levels have been used to evaltia¢ performance of AGMLSTTCs.

The STTC encoder at level 1 generates componenCSE{1) which spans all four
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transmit antennas. At level 2, two STTC encodersegse identical component STTCs,
each spanning a group of two transmit antennastrélnemit antennas in each group are
adaptively selected based on the CSI at the tratesmrhe selected antennas in each

group are determined by

Group 1=antennas{ } = argmax {Gy+G\}) 1< u,v< 4,u #v (4.15)
Group 2=antennag{ 3 = arg({ Gy + G3) (4.16)
where 1< vy, z<4,y#z,argmax ({Gy + G\}) > arg({Gy + G3})

For the system as considered abeyés given by

i =3 kit dy x (17 + T byt dy x(2) + b (4.17)
A conditional probability density function (PDF)rfthe received signa given by
P(re|x: (1), x:(2), Hy) (4.18)

In the F'stage of decoding, the multistage decoder empiptia Viterbi algorithm is
used to hypothesize the valuexpf1). The values of,(2) are unknown at this stage and
therefore not considered while estimating the val{é). Based on this assumption, the

PDF can be written as

P(r| x,(1),H,) = th(l),P (e (2)] x¢(1), He) P(re| x,(2), Hy) (4.19)
1=1,2

Each STTC encoder operates independently, therefqie) and x.(2) are
considered as mutually independent. It is alsorasduthe channel is independent of the
component STTCs and the probability of transmisgibulifferent component codes is
same. Based on these assumptions, the equatiocahl$e written as
P(re|x(1),H,) =
|2

. o N .
| =Y jmuphijtdz @V =X joy, s hijdy 2 V=201 hyjtdy x (1))

(V2mo,?) €Xp 20,2 (4.20)
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Based on equation 4.20, the likelihood functionddl) is given by
L(x: (1) = P(relxc(1), Hy)

. 2
L t =a j t ~b j N t j
Te=Lj=uphij d2 Xt (2) = Xjzy 2 hij da X (2))=Xj=q hij dy x¢(1)

x exp | ’ - ! | (4.21)

20

Therefore, the branch metric for component c8(Bis given by

MaXza(2)e(xd(2)) Diea| TF = Djmuw hiit dy %2 (2) — oy byt da ®2(2) —
z(2)e{xl (2))

)
?]=1 hijt dy xt(l)ll (4.22)

In the second stage, one decoder is used to d&dgeand another decoder is used to

decodeS(L,). The branch metric for the component c&fk,) is computed as

MaXgp e () 2iza| 76 = Zjmuw hij’ d2 X (2) = Bjoy o by d2 X2 (2)) -

AN i 2
Z?’=1 hijt dy xt(l)ll (4.23)
Similarly, the branch metric for component c@&igy) is computed as
MaXze(2)e(xd(2)} Liea| ¢ — Ljmup hij' d2 ®E(2) — Xjoy hyit dy xP(2)) —
by di % (D)) (4.24)

4.2.6 SSMULATION RESULTSFOR AGMLSTTCs

The performance of AGMLSTTCs has been illustrateg using the signal
constellation of 16-QAM partitioned in two levelstivd,/d;=2. The simulation results
have been calculated using four transmit antenmab different number of receive
antennas. Each frame transmitted from the tranaménnas consists of 130 symbols and
a quasi-static Rayleigh fading channel is considiéoe the transmission of symbols. The
perfect CSI is assumed to be available at the rmates and receiver. The CSI
information at the transmitter has been used faaptde grouping of the transmit

antennas.
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The FER performance of AGMLSTTCs, as shown in #&gdt2, is plotted against
SNR for four transmit antennas and different numidereceive antennas. Figure 4.2
exhibits that the FER performance of AGMLSTTCsugpeyior over GMLSTTCs due to
the adaptive grouping of the transmitting anterunsing the CSI at the transmitter. The
comparison results show that AGMLSTTCs are sup@o@MLSTTCs by about 1.5 dB
at the FER of 18andM=2, whereas the spectral efficiency of 6 bits/sedé-achieved in

both the codes.

I U U " U o —o— GMLSTTC |
i ‘ . . i ‘ | —A— AGMLSTTCI
i 10 15 20 25 30 35 40
SNR (dB)

Figure 4.2: Performance comparison of AGMLSTTCsand GMLSTTCs
43 SUMMARY OF THE CHAPTER
In this chapter, the use of the CSI at the trartemibas presented for adaptive
grouping of transmit antennas to improve the pemtorce of GMLSTTCs. A new
adaptive antenna grouping algorithm is presentedhwinses the CSI at the transmitter to
optimally group the transmit antennas. Novel AGMO¥E have been designed by

replacing the predefined antenna grouping in GMLS3Twith adaptive antenna
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grouping. The simulation results have shown thatVAGTTCs using the adaptive
grouping of transmit antennas perform considerablyer than GMLSTTCSs.

In the next chapter, the CSI at transmitter is usgarovide a beamforming scheme to
improve the performance of AGMLSTTCs. The CSI issoalused optimally
simultaneously for dynamic component code selectamtaptive grouping of transmit

antennas, and beamforming.
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CHAPTER S

IMPROVEMENT IN PERFORMANCE OF AGMLSTTCs BASED ON

BEAMFORMING AND DYNAMIC COMPONENT CODE

SELECTION

5.1 INTRODUCTION

In recent years, to alleviate the problem of scaexbo spectrum and to fulfill the
tremendously increasing demand for reliable trassion of high speed data,
beamforming is another prominent technique usedIiMO systems. It has been shown
that the beamforming [154]-[159] improves the spatfficiency, decreases the outage
probability, and improves the error performance fgpace-time coded systems.
WMLSTTCs [183], designed by combining MLSTTCs arehimforming using the CSI
at the transmitter, has shown better performarae MMLSTTCs.

In AGMLSTTCs, the transmit power is equally distribd across all transmit
antennas. The CSI at the transmitter in AGMLSTTG@s ibeen used for adaptive
grouping of transmit antennas only. In this chaptiee CSI at the transmitter has been
utilized for adaptive antenna grouping as well@sbeamforming to further improve the
performance of AGMLSTTCs. The CSI is used to preval beamforming scheme for
dynamically allocating the transmit power to traftsamtennas. The dynamic allocation
of transmit power is performed by weighting trantimg signals based on the CSI. Novel
WAGMLSTTCs are proposed and the simulation resshlsw that performance of
WAGMLSTTCs is better than AGMLSTTCs in the quastit Rayleigh channel
conditions.

This chapter further introduces an optimum utiliatof the CSI at the transmitter. In
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the earlier chapters, the CSI has been used selyafat adaptive antenna grouping and
dynamic code selection to improve the error pertoroe of GMLSTTCs. The combined
effect of these schemes along with beamforming ML&TTCs has not been explored
yet. The CSI at the transmitter has been used @maedusly for beamforming, adaptive
antenna grouping, and dynamic code selection tmulé¥AGMLDSTTCs. It is shown
that WAGMLDSTTCs provide better error performanicart WAGMLSTTCs.

5.2 BEAMFORMING

Beamforming is a signal processing technique faredfional transmission or
reception of the signal. This is achieved by mujtiy the signals with
beamforming/weighting coefficients to adjust thegmé&ude and phase of the signals in
such a way that signals in a particular directivspegience constructive interference while

others experience destructive interference.

A

=

Beam directed
to intended user

Beamformer

A

— \

Nulls directed to
unintended users

Figure5.1: Beamforming for intended user
Figure 5.1 shows that beamforming emphasizes theals in a particular direction

while attenuates signals in other directions. Tleanhs directed to desired users are
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amplified, while beams for unintended users havenba&ttenuated to increase received
SNR for the desired user. Therefore, the beamfaymasults in a stronger link for the
desired user and improves error performance.
5.2.1 Weighting Coefficients and the Weighted Response

Figure 5.2 illustrates that the signgl(t) from antennai is multiplied with a

weighting coefficienw;, where the * represents the complex conjugate. wéighted

signals are added together at the receiver to genthre received signal.

_\}/ Xo(1)

Output Signal

Figure5.2: A general beamforming system

The output signal corresponds to weighted response and is given by

r=YyNtxyw =whlx (5.1)
wherew represents a vector of weights with lendthx represents a vector of received
signals with lengthN and the superscrigi represents the Hermitian of a vector (the

conjugate transposay. is given as

wi = [wg,wi,ws, ...wi_]=[wT]* (5.2)
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5.2.2 Fixed Beamforming and Adaptive Beamfor ming

Based on whether the values of weighting coeffisieare fixed or varying, the

beamforming techniques are classified in two caiego

(@) Fixed Beamforming: Fixed beamforming is a beamforming technique inclhi
weighting coefficients are fixed during the opesati A fixed set of weighting
coefficients are used for multiplying the corresghogy signals. For example, as shown in
figure 5.3, beamforming based on switched-beamnaake is one of fixed beamforming
techniques in which a finite number of beams aeduand each beam is provided one

radio frequency signal.

SIGNAL

[~ BEAM | | siGNAL
| SELECT OUTPUT

FmZROTMZ>mw

Figure 5.3: Fixed Beamforming

In fixed beamforming, a beam providing the optimpenformance is selected using a
beam select signal. The transmitter or receiverrcbea for the optimum beam
periodically which can provide best performance avwdtches the transmission or
reception of the signals to that beam. The fixedniferming using the beam switching

technique can provide an array gain of Y with Y gieing coefficients.
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(b) Adaptive Beamforming: Adaptive Beamforming is a beamforming technique in
which the weighting coefficients change dynamic#édlyenhance the desired signal while
suppressing interference signals to maximize SNRthat receiver. This adaptive

beamforming approach leads to optimal performabag,is more expensive and needs
considerable implementation efforts. Figure 5.4wsh@ generic adaptive beamforming

system which requires a reference signal to atlestveighting coefficients.

Antenna-1
Y 50

Antenna-2
x,()

Antenna-3
x,(t)

& d()

>

>

e(t)

Antenna-K
Y x

Adaptive

el Algorithm

Figure 5.4: An adaptive beamfor ming system

The signalx(t) received by each antenna is multiplied with affodent in a weight
vector w (series of amplitude and phase coefficients) whachusts the phase and
amplitude of the signal accordingly. This weighsegihal is summed up, resulting in the
array outputy(t). An adaptive algorithm is then employed to miraenithe errore(t)

between a desired sigrd{t) and the array outpuy(t).
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A reference signal is generated based on the agagigorithm to dynamically adjust
the weighting coefficients. The adaptive algoritieargenerally derived by first setting a
performance criterion and then generating a sgedtive equations to adjust the weights
so that the performance criterion is met. As theghts are iteratively adjusted, the
performance of beamformer approaches the desiretien. The algorithm is said to be
converged when the performance of the desiredricnités met.

The systems using MIMO and beamforming techniqualsl ladvantages of both
MIMO and beamforming. These systems can not ontginlspatial diversity gain due to
MIMO, but also array gain using the beamforming.efy, beamforming is being
widely utilized to increase the coverage, imprdwe throughput effectively, and reducing
network construction and maintenance costs greltlgrings space multiplexing gain
and also reduces the co-channel interference,lihemaproving the spectrum efficiency
to meet the demand for high-speed data transmission
5.3 DESIGN AND ANALYSISOF WAGMLSTTCs

The novel design of WAGMLSTTCs is proposed by udimg CSI at the transmitter
for adaptive grouping of transmit antennas and idiog beamforming for the
transmitting signals. The beamforming is providgddgnamically distributing the power
across the transmit antennas using the beamforooegicients. It is shown using the
simulation results that WAGMLSTTCs provide bettarfprmance than AGMLSTTCs
over quasi-static Rayleigh channel conditions.

5.3.1 System Modd: WAGMLSTTCs

A MIMO system having\ transmit antennas arM receive antennas is presented in
figure 5.5. The channel is assumed to exhibit gsitic Rayleigh fading. The system
comprises a transmitter having STTC encoders foo@ing the input data stream and a

receiver having a multistage decoder for decodnegréceived signal. The perfect CSl is
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assumed to be available at the receiver and thertridter. A beamformer and an antenna
grouper are applied at the transmitter which ugeGBl at the transmitter for providing

the beamforming and adaptive grouping of the tranantennas.

Grouped Multilevel Space time Trellis Coding

Tt 'I v l
I I i
[ e : \l,
| U STTC Encoder 1 w |li| € 80 1
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Figure5.5: Block diagram of aWAGMLSTTC system

5.3.2 Encoding for WAGMLSTTCs
At the transmitter, each STTC encoder receivegasteeam, and performs space-
time trellis coding on the data stream. The encoddpL-1 generate the STTCs which

span allN transmit antennas. The STTC encddeutputis given by:

S() = x()* x()?, ..., ()N wherel=1, 2,..L-1 (5.3)

Two parallel STTC encodells, and L, are used at levdl for generating STTCs
which span through a group B2 transmit antennas. For example, STTC encades
used for generating STTCs which span through & grsup of N/2 transmit antennas

whereas STTC encodéy, is used for generating STTCs which span througbthem
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group of N/2 transmit antennas. The groups of antennas areedkfising an adaptive
antenna grouping algorithm as described below:
» Calculate the instantaneous channel power gaindsgtwransmit antennand all

the receive antennas.
2 .
G=X",|h;f|” 1<i<N (5.4)
 Arrange the calculated values@fin an increasing order.

» Select two antennas, denoted bbyandv to form a first group of antennaghe
antennasi andv are selected such that the total the instantanelwarsnel power
gain of antennas andv is maximum i.e.

{u,v}=argmax {G,+ Gy}) 1< u,v<N, u#v (5.5)

« After, the formation of first group, second grogpfermed in the same way. The
second group of antennas is formed by selecting tvea antennas from the
remaining transmit antennas. This procedure coesintill all the transmit
antennas are grouped.

The antennas in each group changes dynamically twtfchange in CSI. The main
purpose of adaptive grouping of transmit antenntdewel L is to improve the
performance of codes in comparison with codes desighased on predefined antenna
grouping. The STTC encodkj output is given by
S(La) = x(La)", %(La)?, .., X(La)" (5.6)

In the same way, STTC encodgroutput is represented as

S(Lo) = x(Lo) "2, (Le) 7 s (L) (5.7)
The output at level, which is the combination of output of STTC enasdeg, andLy, is
given as:

S(L)= )Q(La)l, Xt(l—a)zy - X(l—a)N/Zy Xt(l—b) N/2+1' Xt(l—b) N/2+2' - X(Lb)N (58)
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Collectively, the outputs frorh levels,S(1),...S(L,) are input to a symbol translator. The
translated symbols are denoted by
B(1) = %(1), %(2)"...%(La)* (5.9)
B(N) =x(1)", x(2)" ..%(Lo)" (5.10)
The N translated symbols are mapped Mg,-QAM signal constellations using a
constellation mapper. The constellation mapper tise3l-way partitioning strategy to
map the translated symbols with the signal coratelt as described in section 3.4.2.
x:(1) in each translated output is mapped to the acimdtellation points, while,(2)
..x¢(L) respectively are mapped to the subset centre olifte mapped symbols are
weighted to provide the beamforming before transiors

The weighting coefficient fof" transmit antenna are given as
wy = hyt (0|22 (5.11)
The weights satisfy the power normalization coristra
lw =1 (5.12)
The weighted symbols are then transmitted throdghantennas. The symbol
Q{ transmitted at timé by the ]h transmit antenna is given by.
0! = wiidix (1) + dpxe(2) ... dyx, (L)'} (5.13)
wherej =1, ...N, andd;, ..., d are the subset distances correspondingtb), ...,
x¢(L).
5.3.3. Multistage Decoding of WAGMLSTTCs
The transmitted signals while travelling from traniiger to receiver are corrupted by

Rayleigh fading. The faded and noisy signal reakethe receive antenné given by

ri = lezyzlehijf d, x, ()7 + nk (5.14)
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The received signal is decoded by a multistage dkrcemploying two parallel
decoders at final stage which is shown in figurE23Viterbi algorithm is used by the
multistage decoder to derive the branch metricsefach stage. At the®'istage, the
component cod&(1)is estimated and the estimated valu&f) is passed to the second
decoding stage to estimate the values@.) Similarly, the decoder at final stage which
comprises of two parallel decoders uses the estinablues of previous stages to
estimate the values &f(L,) andS(L).

5.3.4 Branch Metrics Calculation for WAGMLSTTCs

A system with four transmit antennas and a 16-QAdha constellation partitioned
in two levels have been used to evaluate the pagnce of WAGMLSTTCs. The STTC
encoder at level 1 generate component SE{Qwhich spans all four transmit antennas.
At level 2, two STTC encoders generate identicahponent STTCs, each spanning a
group of two transmit antennas. The transmit ardgenim each group are adaptively
selected based on the CSI at the transmitter. €leeted antennas in each group are
determined by

For Group lantennas {u, v} argmax ({G, + G} (5.15)
where 1< u,v<4,u#vVv

For Group Zantennas {y, z } mrg({Gy + G3}) (5.16)
where 1<y, z< 4,y # z, argmax (5, + GJ)) > arg({G, + G3))

The received signal at th'8 receive antenna at tintés

N N
Tti = ZW]hUt d1 xt(l)] + ijhl]t dZ xt(z)] + ni (517)
j=1 ]=1

The conditional PDF aof/ conditioned on the channel matrix and encoder dsitjsu
written asP (ry|x,(1), x,(2), ...x.(L), H,). In the ' stage of decoding, the multistage

decoder employing Viterbi algorithm is used to hyyesize the value of.(1). The value
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of x;(2) is unknown at this stage and therefore it is motsadered while estimating the

valuex;(1). Based on this assumption, the conditional PDFoeawritten as

P(re| x,(1),Hy) = Z P (x:(2) | x,(1), He) P(r¢| x¢(2), H) (5.18)
x¢ (1),
1=1,2
Each STTC encoder operates independently, therefq@) and x.(2) are
considered as mutually independent. It is alsorassithat the channel is independent of

the component STTCs and the probability of transiors of different component codes

is same. Based on these assumptions, the equati®med&n be written as

_ , - . 2-
T — Zj:u,v wihi;t dy Xt (2)) -

Yoy zWihiit dy %0(2)) —

1 awihy;" dy xe (1)
P(ri|x.(1),H,) = ex = 7 5.19
(tl t( ) t) (manz) 4 Zo_nz ( )
Based on equation 5.19, the likelihood functionddl) is given by
_ . - , 24
Tt _iju,v wih;;t dy xH(2)) -
Yoy Wihijt dy %2(2)7 —
N wh:td x.(1)!
L(xt(l)) = P(rlx, (1), Hy) x exp = 21 (1) (5.20)
20,
Therefore, the branch metric 8(1)is given by
M
max ri—Zw-h--td £2(2)) — Zw~h~td %0(2))
,zg@k{xg(z)}; R CEDW L
2 @)e(x? (2) S =Y
N 2
_ z hit dy xe (1)) (5.21)
j=1
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In the second stage, one decoder is used to d&idgeand another decoder is used to
decodeS(Ly,) corresponding to group 1 and group 2 of the trahamtennasThe branch

metric for component cod®(L,) is computed as

M
max T wih;;td, x2(2) — th d, %2 (2)/
fg’(z)e{x?(z)}z t Z jrtij U2 jitij @2
i=1 j=uv j=yz
2
—ijhi]- d, £.(1)) (5.22)
=1

Similarly, the branch metric for component c@&igy,) is computed as

hy it dy %E(2)) — Z Bt do xb(2))
(Z)E{x?(Z)}Z ZW] i dz2 X (2) wih;* dy x{ (2)

j=uv j=y,z

_ z wihy;" dy xt(l)j (5.23)
=1

5.3.5 Simulation Resultsfor Performance Analysisof WAGMLSTTCs

The performance of WAGMLSTTCs has been illustrategl using the signal
constellation of 16-QAM partitioned in two levelstivd,/d;=2. The FER performance of
AGMLSTTCs obtained after the grouping the transanitennas is shown in figure 4.2. It
can be seen that AGMLSTTCs are superior to GMLSTBYabout 1.5 dB at the FER of
10% AGMLSTTCs are further weighted using the beamfagcoefficients before the
transmission to obtain WAGMLSTTCs.

Figure 5.6 exhibits the FER performance compari@dnWAGMLSTTCs and
GMLSTTCs. It can be noted that the performance &iGNILSTTCs is further improved
by the adaptive weighting of the transmitting signdhe simulation results depict that
the performance of WAGMLSTTCs is superior to GMLSJSTby about 2.6 dB at the

FER of 10° andM=2.
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Figure5.6: Perfor mance comparison of WAGMLSTTCsand GMLSTTCs

5.4 DESIGN AND ANALYSISOF WAGMLDSTTCs

With the objective to improve the error performamé@VAGMLSTTCs, the CSI at
the transmitter is also used for dynamic compomenie selection in WAGMLSTTCs.
Therefore, the CSl is used for simultaneously gimg the adaptive grouping of transmit
antennas, beamforming, and dynamic component cetket®n in GMLSTTCs. The
codes generated based on this optimum utilizatibrthe CSI are referred to as
WAGMLDSTTCs. The simulation results have shown thihese codes provide
significant improvement in error performance oveABMLSTTCs, AGMLSTTCs, and
GMLSTTCs in the gquasi static Rayleigh fading chamoaditions.
5.4.1 System Model: WAGMLDSTTCs

The system model for WAGMLDSTTCs, as shown in fegbt7, comprises a system
for WAGMLSSTCs and a component code selector ftactag the optimum generator

sequences for generating the dynamic STTCs whielised as component codes.
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Figure 5.7 System Model for WAGMLDSTTCs

5.4.2 Encoding of WAGMLDSTTCs

The input symbols are de-multiplexed into sevenalependent data streams, with
each stream encoded using a space-time trellisdenciach space-time trellis encoder
uses optimum generator sequences selected usingleaset selection algorithm. The
outputs of the encoders are referred to as dyn&@mitCs. The dynamic STTCs are
mapped to new symbols from the enlarged consitlaifhese mapped symbols are
distributed to different antenna groups where they weighted, and then transmitted
simultaneously.

A (N, M, O codeset selection scheme is used for selectougleset that matches best
with the current CSI at the transmitteN represents number of transmit antenmds,
represents number of receive antennas,Gnepresents number of predefined CSI at the

transmitter. A predefined CSI represents one ofrtteest frequent channel conditions
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observed between the transmitter and receiverfigreint times. The predefined CSI is
defined based on the channel power gain betwed¢raamit antennas and all the receive
antennas. The predefined CSI is selected basetheofrdquency of occurrence of the
predefined CSI when channel is analysed randomidffarent times.
The steps of codeset selection algorithm are:
e Calculate the sum of channel power gain betweethaltransmit antenndg and
all the receive antennds at current CSI.
G=x!L, 3M, |h;f|" 1<i<M, 1<j <N (5.24)
» Compare power gain at the current CSI with pow@rggeorresponding to a
predefined CSI.
» Select one of the predefined CSI which has powar ¢gasest to the power gain
of the current CSI.
* Retrieve a code set with generator sequences poridgg to the selected
predefined CSI.
For example, a code s&§° selected at the current C8ls given as
CSCE=[(GF, G2, ... 6™, (G, G2, ... G,
(G GES LG, L G GRS LG (5.25)

1,ci 2,ci mCl
G,

where (G;” ) is set of generator sequences for the STTC encbder

represented as:

G = [(gos" 9o (15 - g1%) -+ (Gots - Goin (5.26)
GH = (955" 9o (Gi5" - 9w - (Gosa - Goan) | (5.27)
G = 10901~ gon ) (913" N ) - (o - Gommow)] (5-28)

Whereg!‘:Ci k=1,2,...mj=1,2,...)ki=12,...N,is an element of the 4-

J A
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QAM constellation set ang is the memory order of thd" shift register.

When these generator sequences are used by STTGdeenthey generate dynamic
STTCs. The encoders 1 1ol generate dynamic STTCs which span Mlltransmit
antennas. The STTC encoder outputs for levelsL.t1ds given by
S(D = xEE (DL xEED? .. xf (DY where |=1, 2,...L-1 (5.29)

Two parallel STTC encodels, andL, are used at levdl for generating dynamic
STTCs which span through a group Mf2 transmit antennas. The STTC encodgr
output is given by
S(La) = x£ (La)', £ (Lo oo (L) (5.30)
Similarly, STTC encode€, ouput is given by
S(Le) = xf" (Lo) "2, 2t (Lo) V72 ! (L) (5.31)
The output at level, which is combination of output of STTC encodé&gsand Ly, is
given as:

S(L)= £ (La)'y £ (La)%s -y xEE (L)%, €8 (Lo) V2, xEE (L) V2*2, s xf (L)Y (5.32)
The outputs from all encodersS (1)...S (L)are applied to a symbol translator. The
translated outputs are denoted by

B(1) = xF1 ()Y, x£4(2)Y . xf (L)Y (5.33)
B(N) = xS (DN, x5 (2N ... xF (Lp)N (5.34)

Collectively, the outputs fronL levels, i.e.S(1),...S(L),are input in a symbol
translator to generat®l translated symbols which are mappedMg,-QAM signal
constellations using a constellation mapper. Thest@lation mapper uses thé-way
partitioning strategy to map the translated symlois the signal constellation.

An example ofM" way partitioning of 16-QAM signal constellationrpgoned in two
levels is illustrated in figure 5.8. The 16-QAM @&ballation is partitioned in subsets, each

comprising four constellation points as shown bgleiin blue color.
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Figure 5.8: Constellation partitioning used in WAGMLDSTTCS

Each subset of four points is further partitionedoi four subsets, each subset
comprising a single constellation point as shownabglotted circle in figure 5.8. The
Euclidean distance of level 2.} is greater than the Euclidean distance of levél; L
One or more number of component codes can be osed¢h partition depending on the
number of encoders used at the corresponding I&hel.component codg(1)at level 1
selects one of the subsets and the two compone¢sc®(lL,) and S(L,) select
constellation points from the selected subset.

The mapped symbols are then weighted and transhthtteugh adaptively grouped

antennas. The symelf transmitted at timéand the CSti by thejth transmit antenna is

given by
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Q] = wi{dyxf (1)) + dpxf'(2)) ... dyxfi(Ly)’) (5.35)
wherej = 1...N, andd;... d_ are the subset distances correspondingg@l),
x£4(L).
5.4.3. Decoding of WAGMLDSTTCs
The transmitted signals while traveling from traisen to receiver are corrupted by
Rayleigh fading. The faded and noisy signal reakafereceive antennas given by
= )i bt QL + mi (5.36)

In matrix form the received signal can be represgials:

[7é] [h hmt]mﬂ [ni]

t
[ 2 Ryt hZN

N

= | | (5:37)
i b anllad L

In compact form, the received signal is given as

1y = He Q¢ + 1y (5.38)
Substituting equation 5.35 in equation 5.36

rt =Y Y whytdixfE (D)) + nd (5.39)

The received signal is decoded by a multistage dkscemploying two parallel
decoders at final stage as shown in figure 5.9. Yherbi algorithm is used by the
multistage decoder to derive the branch metrics dach stage. At ®1stage, the
component cod&(1)is estimated and the estimated valu&gf)is passed to the second
decoding stage to estimate the valu§ @) . Similarly, the decoder at final stage which
comprises of two parallel decoders uses the estonahlues of previous stages to

estimate the values &f(L,) andS(Ly).
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Figure5.9: Multistage decoder for WAGMLDSTTCs
5.4.4 Branch Metrics Calculation for WAGMLDSTTCs
The branch metrics for each component codes aeenalok similarly as described in
section 5.3.4. The branch metrics for WAGMLDSTTCavén been calculated by
replacing the predefined component codes with dymaomponent codes. Therefore, the

branch metric for the component cdsigl)is given by

M
 max Z rti _ z why; dz ~ac1(2)] Z WJhlJ dz ~bCl(2)]
2% (Z)E{ (2)} J = j=y,z
~b Cl(Z)E{x?Cl(Z)}
N 2
=1

In the second stage, one decoder is used to d&dgeand another decoder is used to

decodeS(L,). The branch metric foB(Ly) is given by

M
bCl() bct() z z hUtdz xaa(z)] z hU dz Nb Cl(z)]
X 2 2
=1

j=uy j=yz

2

Zhu dy X0 (1)) (5.41)
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The branch metric fd8(Ly,) is given by

M
max *rl i Z W'hi'td fa'Ci 2 ]_ Z htd b,ci 2 ]
f?(z)e{x?(Z)}Z L iyt d X(2) _ wihi; dg x((2)
=t J=UY j=y.z
N 2
B z wihij d 5 (1)) (5.42)
j=1

5.4.5. Simulation Resultsfor Performance Analysisof WAGMLDSTTCs

The simulation results have been shown for WAGMLDSES using four transmit
antennas, 16-QAM signal constellation partitionedwo levels, and different number of
receive antennas. Four different possible predéfimbannel profiles have been
considered at the transmitter. The generator segsefor each encoder in the selected

code seCS¢ at predefined channel profiles are given in table 3

A LErT o J-ry-------- T L 1-\--m-een- R Rt R REEEE
ST I U NI IS WO VI VA + [ —o—emLsTTCS
: i ' (] ' | /O~ AGMLSTTCs
3 ' ' - . } [ —— WAGMLDSTTCs
& 10 15 20 25 30 35 40
SNR (dB)

Figure 5.10: Performance comparison of GMLSTTCs, AGMLSTTCs, and

WAGMLDSTTCs
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Figure 5.10 exhibits the FER performance comparigén WAGMLDSTTCs,
AGMLSTTCs, and GMLSTTCs. It can be noted that teefgrmance of WAGMLSTTCs
is improved by the using dynamic STTCs as componedes. The comparison results
show that WAGMLDSTTCs are superior to GMLSTTCs &@GMLSTTCs by about 3.2
dB and 1.6 dB respectively at the FER of EhdM=2.
55COMPLEXITY CONSIDERATIONS

The minimum complexities for MLSTTCs, GMLSTTCs, MBDTCs, and
GMLDSTTCs have been calculated in section 3.6 drel thble 3.2 presented their
comparison based on different parameters. Simjlarlythis section, the minimum
complexities of AGMLSTTCs, WAGMLSTTCs, and WAGMLDSTs are calculated.

AGMLSTTCs are designed by adaptive grouping of dmam antennas based on the
CSI at the transmitter. As calculated in sectiof, 3he minimum complexity for
GMLSTTCs is 48. The adaptive grouping of the tramsantennas increases the
complexity of AGMLSTTCs. For the system having faumansmit antennas and two
receive antennas, the calculation of power gairgigsn in equation 4.9 results in a
minimum increase in the complexity by 4x2=8. Thetiag the power gains using a
merge sort algorithm increases the complexity by {(og n) i.e. by 8. The formation of
two groups of antennas increases the complexity2byTherefore, the minimum
complexity for AGMLSTTCs is 48+ 8 +8+2=66.

The complexity of WAGMLSTTCs is more due to weiglgtiof the transmitting
signals to provide the beamforming. For four tramsamtennas, four beamforming
coefficients needs to be calculated based on theaC$he transmitter. Considering
minimum complexity, there will be an increase ine tlcomplexity by 4 due to

beamforming. Therefore, the minimum complexity cBABMLSTTCs is 66+4=70.
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Similarly, the complexity of WAGMLDSTTCs is moreah WAGMLSTTCs due to
the dynamic component code selection. As presentéde section 3.6, for the system
having four transmit antennas and two receive ar@gnthe calculation of power gain
results in an increase in the complexity by 8. fear predefined channel profiles, the
comparison of total power ga@ at the current channel profile with total poweinga
corresponding to the predefined channel profileslte in an increase in the minimum
complexity by 16. Therefore, the minimum complexioy WAGMLDSTTCs for the
system having four transmit antennas and two recamennas is 70+ 8+16=94.

Thus, the complexity of WAGMLDSTTCs is highest argaall the presented codes
but at the same time WAGMLDSTTCs provide the maximeoding gain. The table 5.1

given below presents a comparison of different etspeof the GMLSTTCs

AGMLSTTCs, WAGMLSTTCs, and WAGMLDSTTCs.

Table 5.1: Comparison of GMLSTTCs, AGMLSTTCs, WAGMLSTTCs, and
WAGMLDSTTCs (For L=2levels, 16-QAM Constellation).

Parameter/Criteria | GMLSTTCs | AGMLSTTCs | WAGMLSTTCs | WAGMLDSTTCs
Constéellation M-way M-way M-way M-way partitioning
Partitioning partitioning partitioning partitioning

Spectral Efficiency | 6 bits/s/Hz 6 bits/s/Hz 6 bits/s/Hz 6 bits/s/Hz

Channel State Perfect CSl at | Perfect CSl at Perfect CSI at Perfect CSI at
I nformation receiver only | receiver and receiver and receiver and
transmitter transmitter transmitter

Minimum 48 66 70 94

Computational

Complexity

Transmit Antenna | Predefined Adaptive Adaptive antenna | Adaptive antenna

Grouping antenna antenna Grouping Grouping
grouping grouping

Component Code

No, Predefined

No, Predefined

No, Predefined

Yes, Component

Selection component component component STTCs| STTCs are
STTCs used. | STTCs used. used. dynamically selected
based on perfect CS
at transmitter.
Beamforming No No Yes Yes
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5.6 SUMMARY OF THE CHAPTER

In this chapter, improvement in the performanc&@GMLSTTCs has been presented
by employing a beamforming technique at the trattemiThe CSI at the transmitter has
been utilized for adaptive grouping of the transamtennas and providing beamforming
for the transmitting signals to design WAGMLSTT@sthe beamforming technique, the
transmitting signals are multiplied with beamforgnicoefficients calculated with the help
of the CSI at the transmitter. The simulation reshlave shown that WAGMLSTTCs
outperform GMLSTTCs by 2.6 dB.

The performance of WAGMLSTTCs has been further mupd by using the CSI at
the transmitter to dynamically select the componeatles for multilevel coding.
WAGMLDSTTCs have been presented which optimallliagithe CSI at the transmitter
for grouping of transmit antennas, beamforming, dyxdamic component code selection.
The simulation results have manifested that WAGMIDSs are superior to the
GMLSTTCs and AGMLSTTCs by about 3.2 dB and 1.6 dBus, WAGMLDSTTCs

provide best performance over all other codes pteddn the thesis.

116



CHAPTERG6

CONCLUDING REMARKSAND FUTURE SCOPE

6.1 CONCLUDING REMARKS

The main aim of the research work presented in thesis was to improve the
performance of MLSTTCs and GMLSTTCs using CSI at tflansmitter. This thesis has
discussed and showed the use of CSI at the traesnor dynamic component code
selection, adaptive antenna grouping, and beamifgrnin this research work, design and
analysis of different dynamically grouped multilewpace-time trellis codes have been
presented based on combination of MLSTTCs or GMLS3 Twith the CSI at the
transmitter. The presented system models, matheshakpressions for branch metric
calculation, and simulation results confirm that tise of the CSI at the transmitter can
significantly improve the performance of MLSTTCZaBMLSTTCs.

In the first approach, the CSI at the transmitees heen used for dynamic selection of
the component STTCs. MLSTTCs and GMLSTTCs use fhireztt STTCs as the
component codes in the multilevel coding. A codé ssection algorithm has been
proposed for dynamic selection of the optimum gateersequences with the help of the
CSI at the transmitter. The selected generator esexps are used for designing the
dynamic STTCs. The simulation results have shovat the coding gain of dynamic
STTCs is superior to existing STTCs by 0.7 dB aRF# 10°. Dynamic STTCs have
been used as the component codes in multilevehgddir designing novel MLDSTTCs
and GMLDSTTCs. It may be inferred from the simuwatiresults that MLDSTTCs are
superior to MLSTTCs by 1.1 dB at FER of 1@&nd GMLDSTTCs are superior to

GMLSTTCs by 1.6 dB at FER of 0
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In the second approach, the CSI at the transnhiietbeen used for adaptive grouping
of the transmit antennas. GMLSTTCs use static amdigiined grouping of transmit
antennas. In the presented research work, the rpafce of GMLSTTCs has been
improved by performing adaptive grouping of thensmit antennas based on the CSI. An
adaptive antenna algorithm is proposed for adapgfiweping of the transmit antennas. In
the adaptive antenna grouping, instantaneous chaomeer gain is calculated between
each transmit antenna and all the receive ante#nasbset of transmit antennas having
maximum instantaneous channel power gain is seleicteform a group of transmit
antennas. Novel AGMLSTTCs have been designed bpcieg the predefined antenna
grouping in GMLSTTCs with adaptive grouping of tin@nsmit antennas with the help of
the CSI at the transmitter. From the presentedtsgsuis evident that AGMLSTTCs are
superior to GMLSTTCs by 1.5 dB at the FER of10
In a third approach, the CSI at the transmitter heen used for providing beamforming
for the transmitting signals by dynamically distriiimng the transmit power across the
transmit antennas. In GMLSTTCs, the transmit poiseequally distributed across all
transmit antennas. The performance of GMLSTTCsHess improved by dynamically
allocating the power to the transmit antennas. NOMAGMLSTTCs have been
presented by using the CSI for both the antennapyng and weighting the transmitting
signals. Finally, the CSI has been optimally used simultaneously providing the
adaptive grouping of the transmit antennas, beamfwy, and dynamic component code
selection. WAGMLDSTTCs have been designed by combiadaptive grouping of the
transmit antennas, beamforming, and dynamic compooede selection. It has been
shown that the performance of WAGMLSTTCs is supelodGMLSTTCs by 2.6 dB and
the performance of WAGMLDSTTCs is superior to GMIOZIs by 3.2 dB. Hence, it
can be concluded that the proposed codes desigsiad the CSI at the transmitter
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provide improved error performance in comparisoith existing multilevel codes. The
proposed codes can be used to improve the perfaemainthe wireless communication
systems such as GSM, CDMA, TDMA, and FDMA.
6.2 FUTURE SCOPE

The advantages of using the CSI at the transmittdLSTTCs and GMLSTTCs
have been demonstrated in the thesis, neverthelbsse is always scope for
improvements. An objective for future work of theegpented mathematical framework
can be expanded by considering different channeletsoother than quasi-static Rayleigh
fading channel model. For example, the performaoicéhe proposed codes can be
analyzed for Rician channel, Nagakami channel, feegqliency selective channel. In the
presented work, the multistage decoder has beeth taseninimize the probability of
error. The minimum mean square error (MMSE) andaiiee decoding can be
investigated to minimize the probability of symbetror. Moreover, other research
directions could be followed by considering higls&ze signal constellation e.g. a 32-
QAM or 64-QAM signal constellation can be used tatdHer improve the data
transmission rate to 8b/s/Hz. Another possibilgyto develop other types of multilevel
codes by using the component codes other than SinM@sltilevel coding. For example,
other types of multilevel codes can be designedusipyg OSTBCs and SOSTBCs as

component codes.
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