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CHAPTER SEVEN

CONCLUSIONS ANDFUTURE RESEARCH

7.1 CHAPTER OVERVIEW

HE most significant conclusions forthcoming from the body of work preegkin this study are
detailed in the first section of this final chapter. This is then followed by a eumbpossible
related research areas, identified during the run of the study.

7.2 CONCLUSIONS

This study thoroughly examined the viability of the VA as an efficient ML trellisatker for linear
block codes in future wireless communication systems. Several VA dednded and non-binary
linear block codes were extensively evaluated on narrowband QP&Wideband DS/SSMA QPSK
communication systems, operating in realistic mobile communication channel coaditamging
from pure AWGN to multi-user multipath fading. Not only was the influence died#int mobile
channel effects on the BER performances of VA decoded binary anébimary linear block codes
considered, but also that of interleaving, puncturing, MUl and imprdf&dnetric calculations that
make use of fading amplitude CSI. From the body of work presented in thig, stdarge number of
conclusions can be drawn. The most significant findings are listed below:

1. Conclusions pertaining to the operation and statistical behaviour of tlet camplex flat fading
and multipath fading channel simulator structures, present8ddtiorn2.6.2.3 andection2.6.3.2,
respectively:

(a) FromSectior6.2.1's measured Doppler spectra, as well as fading amplitude and gbese P
it is apparent that the novéllarke-based complex flat fading channel simulator, presented in
Section2.6.2.3, is capable of recreating flat fading channel conditions with redlisgppler
spreading and fading distribution characteristics. Most importantly, theoged flat fading
channel simulator structure is capable of doing so completely in basedanitha¢ing the
need for undesirable carrier frequencies during simulation studies.

(b) Using Section2.6.3.3's proposed exponential decay power delay profile creation thetho
the novel complex multipath fading channel simulator, presenté&kation2.6.3.2, can be
configured to recreate realistic outdoor frequency selective chaonditions, ideal for the
testing of wideband communication systems. The results shottig.i6.2.2.1 not only prove
that the proposed complex multipath fading channel simulator is capableapingreifferent
fading distributions on each of the propagation paths, but also distingilBrogpreads.
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(©)

Eg. (2.56) andEq. (2.57) enables the communication engineer to extract perfect fading
amplitude and phase CSI, respectively, for each flat fading propageadith in the complex
multipath fading channel simulator ¢ig. 2.8. The extracted CSI can then be processed
in the receiver of the communication system under investigation for the pespaf carrier
tracking, code locking, improved decoder metric calculations, etc.

2. Conclusions relating to the theoretical analysis and functioning of thel navrowband complex
QPSK and wideband RAKE receiver-based complex DS/SSMA QPSK coinatiom system
models, introduced i®ections.2 andSections.3, respectively:

(&) The narrowband complex QPSK transmitter and receiver simulation mqgutekented in

(b)

Section5.2, can be used to create baseband AWGN and flat fading chanietnpence
evaluation platforms for narrowband communication systems that supadidtice carrier
tracking, transmit and receive filtering, pulse shaping and matched filtdnrthe complex
QPSK receivertg. (5.2.3) can be used to obtain accurate average fading amplitude estimates,
which is required by most CSl-enabled channel decoder structures.

Section5.3 introduced novel wideband complex DS/SSMA QPSK transmitter and RAKE
receiver simulation models, capable of supporting the unfiltered and filE&g&si families
presented irAppendix D These simulation models can be used to construct baseband per-
formance evaluation platforms that represent realistic CDMA systems indrey selective
fading environments. Furthermore, not only can the communications engise¢he base-
band equivalent models to investigate the performance of channel cectiegnes, but also
carrier tracking loops, power control schemes, code locked loofs® phaping filters, RAKE
combining techniques, the MUI characteristics of different CSS families,Feithermore,
average fading amplitude calculation througd. (5.3.3) can be used to determine CSI for
SISO-type channel decoder structures.

3. Conclusions regarding the configurability, general operation dadarce of the flexible AWGN
(seeSection5.4.1), flat fading (se&ection5.4.2) and multi-user multipath fading channel (see
Sectionb.4.3) performance evaluation platforms constructed for this study:

(a) The performance evaluation platform showrFig. 5.5 can be used to investigate the per-

(b)

(©)

formance of different channel coding schemes when implemented in altypicawband
digital communication system, operating in realistic AWGN channel conditionsis,Tim-
coded and coded narrowband QPSK communication systems, operatirggimetbonditions
without any fading effects (i.e. when there is no relative movement bettheemansmitter
and receiver structures), can be recreated using this simulation platform.

Coded and uncoded narrowband QPSK communication systemstiogénaa wide variety

of flat fading channel conditions, can be investigated using the perfa@nevaluation plat-
form of Fig. 5.8 in Section5.4.2. This flat fading channel performance evaluation platform
can not only be configured to recreate Rayleigh or Rician fading distriluiiat also realistic
Doppler spreads. Hence, the performance of different chand@éigschemes, implemented
in narrowband QPSK communication systems, can be experimentally determirsolf or
fast flat fading channel conditions with varying degrees of LOS sigimahgth.

The influence of realistic multipath fading channel effects on unceaeldcoded wideband
DS/SSMA systems can be experimentally investigated by means of the multi-ugmr pe
mance platform, shown ifkig. 5.9. Each CDMA user active in the simulation platform,
can be assigned its own unique power delay profile in order to recredisti;emovement
of mobile users in a cellular environment. Furthermore, the influence of kidinear-far
effect and the accuracy of the RAKE receiver's MRC efforts on ther wapacity and BER
performance of the DS/SSMA system, can also be explored using this piatfor
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(d)

The AWGN, flat fading and multi-user multipath performance evaluatiotigotas, detailed

in Chapters, were successfully implemented in C++ on th@versity of Pretoriés I-percube
HPC cluster, donated bintel. Using this HPC cluster, numerous simulated BER perfor-
mance results were efficiently and swiftly obtained for a wide variety of ded@nd coded
narrowband and wideband communication systems in varying mobile chamuitions (see
Chapter6).

4. Conclusions from the extensive investigation into the construction, caitypkalculation and
complexity reduction of linear block code BCJR trellises, as well as the afiphcaf the block-
wise VA to these trellis structures for optimal ML decoding (Sd&pter4):

(a) Unlike convolutional codes, linear block codes are not state machidesce, the ortho-

(b)

(©)

(d)

(e)

(f)

dox approach whereby a convolutional code’s trellis diagram is canistitby creating a
time-indexed version of its state diagram, is not applicable to linear block cétimgever,
following the BCJR syndrome-based trellis construction procedurerideddn Sectiord.2,
an irregular trellis-like structure, containing paths representing only vatié evords, can be
created for any binary or non-binary linear block code.

BCJR trellis structures of linear block codes always start and endti#0s Hence, in contrast
to convolutional codes, no termination or tail biting overhead bits are radjbiyea linear

block coder in order to supply the associated trellis decoder with knowtmstand ending
states. Thus, the trellis decoding of a linear block code is by default a-ll@skoperation,
eliminating the need for sliding window decoders, or intricate interleaver dgeswen such
codes are used as CCs in iteratively decoded PCCs.

The complexity (i.e. number of active nodes and branches) of a Isleek code’s BCIR
trellis can be obtained from its state space profile, as descritsetitnorn4.3.1. In general, for
the (n, k, dinin ) linear block code, having code and message word symbols @ (2¢),

the number of active node$N (C') is upper bounded by the dimensions of its BCJR trellis.
Since a BCJR trellis consist af + 1 sets of nodes, each set of nodes consistin@f@f*’“)
unique states, it follows that N (C) < 2¢(»=F)(n 4 1). Furthermore, withAN (C') known,
the number of branches in an expurgated trellis is upper boundatihy™) < 25(AN(C) —

1) (seeSectiord.3.1).

Unfortunately, the BCJR trellis structures required for the effedtiiis decoding of pow-
erful linear block codes (i.e. low rate codes with high— k)), are exceeding large. This
is especially true for non-binary codes, such as RS block codesatofgein G F (25) with

¢ > 1. By comparing the complexity of the BCJR trellis of a binary &, d,.;,) linear block
code with that of a non-binargn, &, d,,.;, ) linear block code, operating i F’ (25), it is ap-
parent that the number of branches emanating from an active node i€2R Bellis does
not only increase exponentially with but so also does the number of unique states.

The trellis reduction method presentedSection4.3.2 was shown to be successful in ob-
taining equivalent linear block code generator matrices that exhibit loarapexity BCJR
trellis structures. Unfortunately, the proposed trellis complexity reductiberse requires an
exhaustive search through all equivalent generator matrices intorfled those demonstrat-
ing the lowest state space complexities. This becomes an arduous taskdoblimek codes
with large dimensions. Luckily, the search process only has to be condante during
code design, prior to the hardware and/or software implementation of aopajate trellis
decoder.

In contrast to classic sub-optimal soft input linear block code degpalgorithms, such as the
algorithms proposed b@has€56] andMoorthy et al.[57], the block-wise VA algorithm can
efficiently accomplish optimal soft input ML decoding for any type of binaryhron-binary
linear block code.
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(9) It is safe to assume that most future mobile communication systems will $uggegptive
channel coding schemes, capable of dynamically adjusting the levelasfprotection pro-
vided as a function of the channel characteristics and the end-usgtsied QoS profiles.
The concept ofncremental redundangyintroduced in EDGE, is an excellent example of
current commercial systems that already incorporate adaptive chaodiel. Furthermore,
with the processing power of DSPs and ASICs rapidly increasing, thedacation of iter-
atively decoded concatenated codes (such as TCs) in the suite ofsuqufested by future
commercial communication systems’ adaptive channel coding schemespisihga real-
ity. Since most SISO-based iterative decoding algorithms require acci&tparameters,
CSI estimators (seSection3.3.5) will become indispensable peripheral hardware/software
in future adaptive channel coding subsystems. This study showed $irag, the fading am-
plitude CSI obtained by such estimators, fading channel BER perforrmafictassic linear
block codes, possibly incorporated in the suites of supported chamhes of future adaptive
channel coding schemes, can be improved by as mucl aB.

5. General conclusions from the simulated BER performance resultaéoded and coded narrow-
band complex QPSK communication systems, operating in AWGN channel corsdigieesection
6.5):

(&) The AWGN channel BER performance results, present&hapter6, is evidence that the
performance evaluation platform presentedSiection5.4.1 is capable of precisely repro-
ducing the operations of uncoded and coded narrowband QPSK conationisystems in
fade-free, pure AWGN channel conditions.

(b) Inspection of the simulated AWGN BER performances obtained for tlaypand non-binary
linear block codes investigated in this study, establishes that the VA decagjpmgach pro-
duces BER performance results equivalent to that obtained througicctatimal ML ex-
haustive code book searches. This is not only true for hard andecition trellis decoding
using the original BCJR trellis structures, but also when reduced compBZgR trellis
structures are used.

(c) Typical asymptotic gains, ranging froh® dB (VA decoded binary Hamming, 4, 3) code)
to 3 dB (VA decoded punctured binary BCH5, 7,5) code), were observed for hard deci-
sion over soft decision VA decoding. Thus, the soft input VA decodifiinear block codes
produces better AWGN BER performances than those obtained througgicckard deci-
sion decoding algorithms, such as the Berlekamp-Massey algorithm fdvinary RS block
codes.

6. General conclusions from the simulated BER performance resultsntmded and coded nar-
rowband complex QPSK communication systems, operating in flat fading ehemmditions (see
Sectionb.5):

(a) The ability of the flat fading channel performance evaluation platfpresented irSection
5.4.2, to accurately reproduce the operation of uncoded and codedvband QPSK com-
munication systems in flat fading channel conditions with varying Rician faetod Doppler
spreads, is reflected by the myriad of flat fading channel BER perfurengesults presented
in Chapter6.

(b) The PDF of the fading amplitude created by a flat fading channeksafngm pure Rayleigh
to pure Gaussian as the ratio of LOS to NLOS signal components vary-framdB to oo
dB. Furthermore, the convolutional and linear block codes investigatedsisttity are best
suited for mobile communication channels generating Gaussian-like signal atedfiis.
Hence, the general tendency of coded narrowband complex QPSK atoation systems
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to exhibit increased BER performances in flat fading channel condiéisttise Rician factor
increases, can be observed from the simulated BER performance odstittapter6.

(c) As the ratio of maximum Doppler spread to transmitted symbol rate of awlsaral digi-
tal communication system, which utilises a flat fading channel as transmissianmmed-
creases, one intuitively expects the number of symbols lost due to dezptéadecrease. For
example, for theBp = 100 Hz fast flat fading channel scenario considered in this study, this
ratio calculates ta0% for the selected transmitted symbol ratel660 symbols/s. Thus, us-
ing a simple rule-of-thumb calculation, it is safe to assume that on avéfageded symbols
will be lost per deep fade in such flat fading channel conditions. Similantythe B, = 33
Hz slow flat fading scenario investigated in this study, the ratio of maximum [2oppread
to transmitted symbol rate calculates38%, which in turn translates to an average loss of
30 bits per deep fade. Hence, assuming a fixed transmitted symbol rate, thgegeze of
an error burst, induced by flat fading channel conditions, increes#dse maximum Doppler
spread decreases. Moreover, all channel coding schemes have ligtetrror correction
capabilities, depending on the complexity of the Galois field used for messdg®de word
symbol representation. Hence, the decrease in BER performance msutirmum Doppler
spread decreases relatively to the fixed transmitted symbol rat@®ofsymbols/s, observed
for all of Chapter6’s coded narrowband complex QPSK systems in flat fading channel con
ditions, was to be expected.

(d) Closer inspection of the simulated BER performance resulSeation6.5.1.2 shows that
an uncoded narrowband complex QPSK communication system, operatingaiyleadR flat
fading channel with a maximum Doppler spread®#) = 33 Hz, performs close to the
theoretical bound oEq. (5.24), whereas the results obtained 8 = 100 Hz deviates
significantly from the theoretical curve at hidh,/ Ny levels. This is easily explained: The
theoretical curve oEq. (5.24) was derived under the assumptions of slow 1ID Rayleigh
flat fading. Although these assumptions are idealistic, it does resemble dnactdristics
of realistic flat fading channels with low maximum Doppler spreads, i.e. slavwfdting
channels where the fading amplitude does not vary significantly duringgéedimnsmitter
symbol period.

(e) Chapter6’s simulated BER performance results for VA decoded binary convolaitiand
linear block codes, implemented on narrowband QPSK communication systeatsaalihg
channel conditions, demonstrate that maximum asymptotic gains in the regi@Bafan be
obtained using hard decision over soft decision (without fading amplit&lEML decoding.
In the case of the non-binary R, 5, 3), however, this gain was close 3alB for fast fading
and high LOS channel conditions. Thus, the standard assumption thiatiéeision ML
decoding usually lags soft decision ML decoding bylB does not hold for all types of
channel codes and for all flat fading channel conditions.

(f) The inclusion of perfect fading amplitude CSI in the metric calculations@h during soft
decision decoding proved to fortify the BER performances of both biaag/ non-binary
linear block codes and convolutional codes in flat fading channelitonsl. This was most
notable for the non-binary R, 5, 3) linear block code, where a gain @# dB was obtained
by soft decision VA decoding with perfect fading amplitude CSI for a maxinidmppler
spread ofBp = 100 Hz and Rician factor of<; = 9 dB. In general, one can conclude that
the improvements delivered by incorporating fading amplitude CSI duringati@lscision
VA decoding of convolutional and linear block codes decrease as thémmax Doppler
spread (i.e. fading rate) and Rician factor (i.e. LOS signal strengthedfahfading channel
decrease.

7. General conclusions from the simulated BER performance resultswémded and coded wide-
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band complex DS/SSMA QPSK communication systems, operating in multi-user mufapath
channel conditions (se®ection6.5):

(a) FromChapter6’s host of multi-user multipath fading channel BER performance results, it

(b)

(©)

(d)

can be concluded that the performance evaluation platform preser$edtiorb.4.3 enables
the communications engineer to investigate not only different coding scHemegleband
DS/SSMA systems in frequency selective fading channel conditionsalbatthe MUI re-
silience of different spreading sequence families and the effectisefd2AKE combining
techniques. As such, it is an essential simulation tool for research intefBRG and 4G
PHY layer architectures.

For 1-user ands-user scenarios, CSS-based DS/SSMA communication systems employing
RAKE reception and any of the four CSS families describefippendix D perform superior

to non-RAKE receiver-based systems. In fact, for the single usey, ths MRC diversity
action of the RAKE receiver in multipath fading proved to be so succetsitiit even out-
performs a narrowband complex QPSK system operating in a flat fadarxmehwith; = 9

dB andBp = 100 Hz. Thus, RAKE reception can be used successfully to obtain diversity
gains in DS/SSMA communication systems employing filtered or unfiltered CSSs.

The use of RAKE reception in B)-user ABC sequence-based DS/SSMA system delivered
weaker BER performances than a non-RAKE receiver-based systenthe DSB CE-LI-

RU filtered GCL, QPH and ZC CSS families, however, RAKE reception deovasuperior
performances at even such high user loads. Therefore, onermelnde that the poor periodic
auto-correlation and cross-correlation properties of ABC sequdABggenerate excessive
self-noise in a standard RAKE receiver structure, which has been digtiommfigured to
combine the different paths in the power delay profile of the multipath fadiagreti.

As was to be expected, the MUI generated at high user loads infltee®ER performance
of the CSS-based wideband complex DS/SSMA communication systems nggediselting

in persistent error floors at highi,/Ny. Itis interesting to note, however, that the degradation
in performance due to MUI is more severe for the DS/ISSMA systems employtieged
CSSs. Thus, one can conclude that eot-of-Unity(RU) interpolation filtering techniques
[7, 8] used to construct ABC and DSB CE-LI-RU filtered GCL CSSs,rdédg the periodic
cross-correlation characteristics of the parent ZC CSSs, resultinghermigul levels.

8. Conclusions from the simulated BER performance results for binary®rate 1/2 NSC and rate
R. = 2/3 RSC codes, operating in varying mobile communication channel conditiomSéstion
6.5.2):

(@) In AWGN channel conditions the binary rafie = 1/2 NSC and rate?. = 2/3 RSC codes

(b)

()

considered in this study performs comparably. However, due to its ldyygr, the NSC code

lags slightly at lowE}, / Ny. Thus, the classic belief that, in non-concatenated coding schemes
the use of NSC codes is preferable over RSC codes due to their sypenfimmance at low
Ey/Ny in AWGN conditions, did not hold in this study.

From the flat and multipath fading simulation results it is apparent that tikedg8e is better
suited at combatting bursty errors. The RSC code’s poor performamcieecattributed to its
recursive nature, a characteristic which makes RSC codes pronet@svpagation when
presented with correlated error bursts.

As demonstrated by the multi-user multipath fading simulated BER performagsaks, the
binary rateR. = 1/2 NSC and rateR?. = 2/3 RSC codes proved to be the most effective
in suppressing MUI for all of the codes considered in this study. Thas this observation
one can conclude that even simple convolutional codes are more effatBuppressing the
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(d)

errors caused by the MUI, present in DS/SSMA systems at high uses, |teh powerful
linear block codes.

CSl-enhanced soft decision sliding window VA decoding of the N8@=dn fading channel
conditions showed BER performance improvements, ranging betvégnB and0.25 dB,
over standard soft decision sliding window VA decoding. In the caseeRBC code, the
observed improvements ranged betw8dndB and0.2 dB. One can therefore conclude that
the inclusion of fading amplitude CSl in the soft decision VA decoding of otutional codes
is not as effective as with the soft decision VA decoding of linear blocleso

9. Conclusions from the simulated BER performance results for VA decddleary Hamming
(7,4, 3) linear block codes, operating in varying mobile communication channel consli(see
Section6.5.3.1):

(@)

(b)

()

From the AWGN, flat fading and multi-user multipath fading channel BERopmance re-
sults presented iBection6.5.3.1, one can conclude that the VA decoding of binary linear
block codes, using BCJR trellis structures, deliver hard and softided®ER performances
matching those of classic ML decoding, based on brute force code baothes.

Flat and multipath fading channel BER performance results demontiedtéhe inclusion

of perfect fading amplitude CSI in the metric calculations, during the VA diegpdf the
binary Hamming(7, 4, 3) linear block code, can improve soft decision ML decoding’s BER
performance by).2 dB to 0.4 dB, depending on the temporal and spectral characteristics of
the fading channel. It is important to note the use of fading amplitude CSl isfiessive for
multipath fading channel conditions.

Overall, the binary Hammingyr, 4, 3) linear block code considered in this study performed
poorly, due to its lowd,,.;,,. This is especially true for fading channel conditions, since it is
not capable of correcting bursty errors.

10. Conclusions from the simulated BER performance results for VA dtodn-binary R$7, 5, 3)
linear block codes, operating in varying mobile communication channel congli{seeSection
6.5.3.2):

(@)

(b)

(©)

(d)

Hard decision VA decoding of the non-binary R85, 3) linear block code, operating in
AWGN, flat fading and multi-user multipath fading channel conditions, dediBER perfor-
mances equivalent to that obtained using the classic Berlekamp Masskpsyndecoding
approach. One can therefore conclude that the VA is capable ofrpenig optimal ML
decoding of non-binary linear block codes.

The simulated BER performance results show that optimal soft decidiatelbding of non-
binary codes, such as RS codes, is possible through the applicationv# thehese codes’
BCJR trellis structures. Asymptotic gains as higl8aB above hard decision decoding was
achieved for the non-binary RS, 5, 3) code, depending on the channel characteristics.

Simulated BER performance results for flat and multipath fading chashelsg that, as with

the binary Hammind?7, 4, 3) linear block code, the use of fading amplitude CSI during soft
decision VA decoding of the non-binary R, 5, 3) code improves on standard soft decision
decoding by as much a@s4 dB. The factors that influence the gains achievable through the
inclusion of fading amplitude CSlI, is discussed in detail later in this subsection.

The non-binary R$7, 5, 3) linear block code proved to be more effective than the binary
Hamming(7, 4, 3) code at combatting the bursty errors produced by fading channei-cond
tions. This was to be expected, since RS codes are burst errortotgreades.
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(e)

Unfortunately, non-binary linear block codes, such as RS cpdesess exceedingly complex
BCJR trellis structures. For example, the simple(RS, 3) code considered in this study has
a BCJR trellis consisting &f layers of nodes, each layer containiignodes with8 branches
emanating from each active node. Thus, one can argue that the ghiegadte over classic
non-binary linear block code decoding algorithms, such as the Berlekaaspayl algorithm,
through soft decision VA decoding and the application of fading amplitudedoShot justify
the increase in decoder complexity and implementation hardware/softwaiieeragnts.

11. Conclusions from the simulated BER performance results obtainedry nesluced complexity
BCJR trellis structures during the VA decoding of binary cy¢lic3, 2) linear block codes, oper-
ating in varying mobile communication channel conditions Seetion6.5.4):

(@)

(b)

(©)

In AWGN channel conditions, the VA decoding of the binary cy@3ic3, 2) linear block code,
using the standard and reduced complexity BCJR trellis structures, deliequivalent BER
performances. Therefore, it is safe to assume that the trellis reductioritlahg presented

in Section4.3.2 is successful in obtaining less complex and easier implementable equivale
BCJR trellis structures for both binary and non-binary linear block codes

From the flat fading channel simulations it was discovered that VAdiag of the binary
cyclic (5, 3,2) code, using the reduced complexity BCJR trellis, exhibited an inferior perfo
mance to that obtained using the original BCJR trellis structure. Howevepgbidiarity can
not be attributed to a deficiency in the reduced BCJR trellis structure, therre the fact
that a non-systematic linear block code (which is a byproduct of the tredliscteon scheme)

is slightly less able to minimise the bit error probability than a systematic equivalég. T
is especially true for flat fading channels that generate bursty erfidrerefore, this phe-
nomenon was negligible during the AWGN channel simulations and only took asureble
proportions during the flat fading channel simulations.

Results obtained during the flat fading channel simulations establisifattiay amplitude
CSI can easily be incorporated into the soft decision VA decoding of linkeak codes that
make use of reduced complexity BCJR trellis structures. For the binary ¢$cBc2) linear
block code, inclusion of fading amplitude CSI resulted in gains, rangingdset2 dB and
0.4 dB, over standard hard decision decoding for both the original anccegtlBCJR trellis
structures.

12. Conclusions from the simulated BER performance results for VA aetioderleaved binary Ham-
ming (7,4, 3) and non-binary R$7, 5, 3) linear block codes, operating in varying fading channel
conditions (se&ectiont.5.5.1 andsection6.5.5.2, respectively):

(@)

(b)

(©)

Performing channel interleaving proved to be beneficial to the BEfRrpeances of the VA
decoded binary Hamming, 4, 3) and non-binary R$7, 5, 3) linear block codes, operating

in fading channel conditions. However, the improvements obtained were dnastic for the
binary Hamming7, 4, 3) linear block code, since interleaving disperses error bursts, against
which this code is ineffective.

In general, the BER performance improvements obtained by the additiotedeaving to
coded narrowband communication systems, operating in flat fading dnaommditions, in-
crease as the maximum Doppler spread (i.e. fading rate) of the chacnehdes. This can be
explained by recalling that, for a fixed symbol rate, a decrease in maximuynpl&ospread
creates longer deep fades, resulting in lengthier error bursts. Froomiisan conclude that
interleaving is best suited for slow fading channels.

Simulations performed with coded wideband complex DS/SSMA systems in nseltiruul-
tipath fading channel conditions revealed that interleaving is not onlybdajed improving
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the performance of the channel codes, but also alleviate the harndatstf MUI, incited
by high user loads in the CDMA system. One can therefore conclude thheener-
ated in the RAKE receiver structure considered in this study is not [I[R2&oh received and
demodulated code bit, resulting in bursty errors that can be diffused userteaving.

13. Conclusions from the simulated BER performance results for VA aégtpdnctured binary rate
R. = 1/2 RSC codes and binary BCH5, 7, 5) linear block codes, operating in varying mobile
communication channel conditions (sgection6.5.6.1 andsection6.5.6.2, respectively):

(a) Although the punctured binadystate, rateR. = 1/2 RSC code ofSection6.5.6.1 has the

(b)

same overall code rate as the bin&rgtate, rate?. = 2/3 RSC code discussed Bection
6.5.2.2, it produces inferior AWGN and flat fading channel BER penforces. Itis important

to note, however, that the rate. = 2/3 RSC consistently outperformed the rdte = 1/2
code by0.8 dB for hard decision VA decoding and2 dB for soft decision VA decoding
under all channel conditions considered. The puncturedRate- 1/2 RSC code’s poor
BER performance, however, is not the consequence of the puncfuongdure. This can be
attributed to the code’s smaill,.... One can therefore conclude that the puncturing of binary
RSC codes enables a code designer to accomplish rate adaptation, wéernat Issses in
code performance.

For all channel conditions considered, soft decision VA decodintpe punctured binary
BCH (15,7, 5) code delivered BER performances comparable to that of the soft de®aio
decoded binary Hamming, 4, 3) code. However, hard decision VA decoding of the punc-
tured BCH code proved to consistently deliver BER performances imferithat obtained
through the hard decision VA decoding of the Hamming code. Recognisihghthd&dCH
(15,7,5) code is far more powerful than the Hammi(ig 4, 3) code, one can conclude that
puncturing significantly degrades the BER performance of VA decodedriblock codes,
especially when hard decision decoding is employed.

14. Conclusions regarding the BER performance improvements obtainethplpying fading am-
plitude CSI during the soft decision VA trellis decoding of convolutional Anear block codes,
operating in varying fading channel conditions (S==tion6.5):

(a) The inclusion of fading amplitude CSI during the soft decision VA dewpadf convolu-

(b)

(©)

tional and linear block codes produced coding gains over standardestiion decoding,
ranging from0.1 dB to 0.4 dB, depending on the code and channel conditions. Thus, if
CSIl estimation hardware/software is available in a linear block coded comrtionisgistem
operating in fading channel conditions, the system’s BER performamceecmarginally im-
proved, without a profound increase in system complexity. HoweveCBlestimator is not
implemented in the system, the increased system complexity might not justify the &R p
formance improvements obtainable through soft decision VA decoding vdihdamplitude
CSl.

In flat fading channel conditions, the gains achievable during tithescision VA decoding of
linear block codes by including fading amplitude CSI during the metric calcukgtinorease
as the Rician factor or the fading rate (i.e. maximum Doppler spread) of dmehincreases.
Thus, using fading amplitude CSI during VA decoding is most effectivddst, Rician flat

fading channels.

Using fading amplitude CSI during soft decision VA decoding yields npressive BER
performance improvements for linear block codes than for binary cotiwnhl codes. From
the simulation results obtained for the linear block codes considered in thig &tisdclear

that code complexity and strength has no influence on the BER perfornmapoavements
obtained by incorporating fading amplitude CSI during VA decoding.
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(d)

(e)

(f)

Interleaving increases the BER performance improvements obtainethphoying fading
amplitude CSI during the soft decision VA decoding of linear block codddamary convo-
lutional codes. Conversely, performing puncturing impacts these gajasivigy.

The multi-user multipath fading channel BER performance results staivhign CSS family
used and CDMA user load has no influence on the gains achievable bpanabng fading
amplitude CSI during the soft decision VA decoding of linear block and pinanvolutional
codes, employed in wideband RAKE receiver-based DS/SSMA commumicatiiems.
Using a reduced complexity BCJR trellis structure (Seetiord.3.2) during the soft decision
VA decoding of a linear block code in fading channel conditions has feztedn the gains
obtained by incorporating fading amplitude CSl in the metric calculations.

15. Conclusions relating to the temporal qualities, correlation propertiestrapcharacteristics and
simulated BER performance results for the different CSS families consgidar¢his study’s
DS/SSMA simulations (se€hapter6 andAppendix D:

(&) The multi-user multipath fading channel simulation results clearly reveauperior BER

(b)

(©)

(d)

performances of the unfiltered QPH and ZC CSS families over the predillB€ and DSB
CE-LI-RU filtered GCL CSS families. For a fixed sequence length/of, = 63 chips, ABC
sequences delivered the poorest BER performances of all of thdaD8l&s considered in
this study. Although the RU interpolation filtering techniques used to gene and
DSB CE-LI-RU filtered GCL CSSs (se®ectionD.3.2) reduce the spectral requirements of
DS/SSMA systems employing these CSSs, the BER performance results ési@mdconclude
that these filtering approaches detrimentally influence the periodic corretdtaracteristics
of CSSs, resulting in excessive MUl when used in CDMA systems. Thisreaon is most
evident for DS/SSMA systems employing ABC sequences, where the BE&pances of
RAKE receiver-based systems lag that of non-RAKE systems at highaads, due to the
self-noise generated in the RAKE receiver structures.

Although RU interpolation filtering has an unfavourable influence orptréndic correla-
tion properties of CSSs, the resultant PSDs of DS/SSMA systems employgriijtpred
CSSs, such as ABC and DSB CE-LI-RU filtered GCL CSSs, exhibit ddsicharacteristics.
This study corroborated the findings of [4], demonstrating that ABC aS& QE-LI-RU
filtered GCL CSSs exhibit PSDs with cutoff rates only obtainable throughuyaoll-off
factor¢ = 0 filtering. Furthermore, ABC sequences generate spectrally economisci§SB
nals. Thus, using pre-filtered CSSs in DS/SSMA communication systems Igctimplifies
the wideband transmitter structures by removing the need for chip shapimg, filte also
minimises the co-channel and adjacent channel interference [42nd@lietered in cellu-
lar mobile networks. One can therefore conclude that the use of predil@ESs in future
wideband B3G and 4G cellular DS/SSMA systems, will greatly simplify cell plagnnin

Notwithstanding the fact that the maximum number of users supporteDBYSEMA system

is limited by MUI, it is mainly a function of the number of unique sequences avail@b

be assigned to users. In turn, the number of unique sequences is ldiggaled by the
sequence length/,., of the spreading sequence family used. Due to their superior SSLDs,
the use of ABC and DSB CE-LI-RU filtered GCL CSSs enable the communicatiogineer

to select sequences that are longer in length than QPH and ZC CSSs;inoy an equivalent
transmission bandwidth. Furthermore, using longer spreading segueoicenly increases
the number of possible users in the CDMA system, but also improves the sy’
levels, since the periodic correlation characteristics of spreading Iseegi@anprove as their
lengths increase.

The investigation into the influence of the CSS selection approach on ttieuser multipath
fading channel performance of an uncoded RAKE receiver-baseplex DS/SSMA system,
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employing lengthV/,., = 63 ABC sequences, shows that CSSs can not be arbitrarily chosen
from the available set of sequences, if an optimal multi-user BER perfa@nandesired.
From the simulation results one can conclude that the proposed CSS selgaioach of
Section6.5.1.3.2 is an efficient method whereby sequences can be selected®GIn@SS

[9] family, such that the mutual periodic correlation characteristics of tlvsem CSSs are
optimal.

This study demonstrated the dexterity of the block-wise VA as an eloqueiBviletection tech-
nique, which can be used to accomplish perfect hard or soft decisiomédis decoding of any type
of binary or non-binary linear block code. Hence, when applied to th@RBttellis structures of
linear block codes, the VA equips the communications engineer with a singéigdinear block
code decoding algorithm, eliminating the quintessential need to implement cediéiesdecoding
algorithms, such as the Berlekamp Massey algorithm. The theoretical anahsesl algorithms,
extensive performance evaluation platforms and simulation results préserites study, expedite
further research and development of generic SISO trellis-basedlidgcalgorithms, capable of ef-
ficiently and optimally decoding convolutional codes, linear block codescandatenated codes,
all of which will conceivably be included in adaptive channel codingesebs for future wireless
narrowband and wideband mobile communication systems.

7.3 FUTURE RESEARCH

This study touched on a broad variety of fields within digital communicationgjimg from channel
modelling and channel coding, to the development of simulation platforms. ¢ks several avenues
for future research were identified. Only those prospective resemeas where meaningful results
and applicability to current and future communication systems seem to bedrithg, are listed
below:

1. FromSection3.3.5, it is clear that channel estimation remains an extremely active residdch
The use of CSI in ML and MAP decoding schemes in order to improve BERpeances, has
become mainstream in most new developments in channel coding. HowleasimgShannois
channel capacity limit [1, 13, 62] will remain a purely academic exercise,onittommercial
applicability, as long as practical and implementable CSI estimation techniquiesleirey.

2. Although the novel complex flat and multipath fading channel simulator mpdedented irsec-
tion 2.6.2.3 andsection2.6.3.2, respectively, are capable of adequately reproducing the s#tistic
nature of real life mobile fading channels, they fall short in two aspedtstly; after initialisation
the flat fading channel simulator is only capable of creating a fixed maximysplBospread. This
can be improved by employing adaptive Doppler spread spectral sHdfargy instead of the fixed
lIR filter structure ofSection2.6.2.4.2. Secondly, the complex multipath fading channel simulator
is currently only capable of producing stationary channel character{sgeSection2.4.1), due to
the use of fixed path delays. This model can be improved to also suppoestationary channels
by simply incorporating time-variant path delays.

3. A SOVA decoder [16,61, 165, 166] that can be used as a SIS@ldef{87,91] module for linear
block codes, is an attractive proposition. Such a decoder will becomeanatle building block
in classic and iteratively decoded concatenated coding schemes emplogargdiock codes. The
original SOVA algorithm, developed byagenauef61], as well as derivatives thereof, are aimed at
the decoding of convolutional codes. The author of this dissertatioritasatempted to develop
a block-wise SOVA that can operate on linear block codes’ BCJR trellisedortunately, only
partial success has been achieved with a viable SOVA for systematic himeay block codes.
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4. The use of trellis decoded linear block codes as CCs (alongsident R8C and NSC CCs) in
future iteratively decoded concatenated coding schemes, might resiggane concatenated en-
coder structures that will not fall victim to the ever present trellis terminatl®@7+169] dilemma.

In a classic TC [89] encoder, using for argument’s sake RSCand(C; as the respective CCs, the
input data bits encoded by encodeér are interleaved before they are processed’byHowever,
the data bits encoded iy, usually contain termination bits that will ensure trellis termination for
its associated SISO trellis decoder [170]. Unfortunately, these terminatsoarb also interleaved,
leaving the trellis of encodet, unterminated. This leads to inefficient iterative decoding and is
partially responsible for the characteristic floors [66, 68, 92] obskirvéhe measured BER perfor-
mance results of TCs. To combat this problem in classic concatenated sotiemes, constructed
using convolutional codes as CCs, two options are available: Firstly, trgdigl [168, 171] the
interleaver such that all CCs terminate in a known state. Secondly, usemekti®eng input mes-
sages, thereby minimising the effect of incorrect decoding at the termirtatipasitions. The first
option limits the concatenated code designer’s selection of possible intertgawetures, usually
resulting in interleaver gains [19,88] inferior to those that could have hekieved using s-random
interleavers (se8ectionC.3.3). The second option, although effective, limits the use of powerful
iteratively decoded concatenated coding schemes to data sources whicbt @elay sensitive,
i.e. data sources other than realtime voice or video. Recalling 8ention4.2 that the BCJR
trellis of a linear block code always terminates in st@te:), implies that trellis termination will
not be a concern for concatenated coding schemes using linear bibek as CCs. It also makes
the use of iteratively decoded concatenated coding schemes for sdrog fransmission viable.
However, linear block codes do not exhibit the recursive naturdane){19, 88] by PCC schemes,
making it safe to assume that linear block codes as CCs will most likely find apipticonly in
SCCs [27,28,30,31] and HCCs [30, 33].

5. The trellis decoding of non-linear block codes is a research field #smtémained largely un-
touched. Contributions that can be made to this field include the design of trfigtraction
algorithms, similar to the BCJR trellis generation algorithm for linear block codesc(ibed in
Sectiord.2), as well as possible trellis reduction techniques.

6. Sectiorb.4.3 presented a realistic multi-user multipath simulation platform, based on theanwitleb
complex DSSS/MA QPSK communication systemSafction5.3. This CDMA platform utilises
the CSS families detailed ilppendix D In this study, only VA decoded classic convolutional and
linear block coding schemes were tested on this platform. This still leavesfay@wperimenta-
tion with concatenated coding schemes (classic and iteratively dec&pedle Time CodgSTC),
Multi-Level Cods (MLC), LDPCs and many others on this B3G [45] platform.

7. Turbo Product Code§l72] consist of two linear block codes, which simultaneously encode the
rows and columns of a two-dimensional block of information symbols. Degadiaccomplished
by processing the row and column encoded symbols with separate iterdtiver MAP SISO
decoder modules, which exchange a-priori information on the decotitethiation symbols during
each iteration. These concatenated block codes, considered to béeepraown from TCs on
the evolutionary ladder of channel coding schemes, have become thegragskent iteratively
decoded concatenated coding scheme in commercial digital communicatiomsydtee to their
simplicity and TC-like potency. However, the iterative ML and MAP decodipgraaches thus
far proposed [172-174], still make use of brute force code booickes. As such, employing
trellis decoding techniques for linear block codes might be an interestipggitmn to investigate.
Furthermore, the construction of multi-dimensional trellis structures that sinealtesty represent
two or more linear block code CCs in a block product code, is also an ititeyastapped field
for future research.
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e =

"For years radios had been operated by means of pressing buttathfaning dials; then as the
technology became more sophisticated the controls were made tousitiveenyou merely had

to brush the panels with your fingers; now all you had to do was wavelyand in the general

direction of the components and hope. It saved a lot of muscular ditpenof course, but meant
that you had to sit infuriatingly still if you wanted to keep listening to the sameranoge” !

Source: "The Hitch Hiker's Guide to the Galaxy,” by Douglas N. Adan®83

DEPARTMENT OFELECTRICAL, ELECTRONIC AND COMPUTER ENGINEERING 192



	Front
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	CHAPTER 7
	7.1 CHAPTER OVERVIEW
	7.2 CONCLUSIONS
	7.3 FUTURE RESEARCH

	Back

