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CHAPTER SIX

SIMULATION RESULTS

6.1 CHAPTER OVERVIEW

HIS chapter commences with extensive investigations into the operation ainigex flat and

multipath fading channel simulator structures, proposesidation2.6.2.3 andSection2.6.3.2,
respectively. Numerous simulation results verify accurate functioningeodimplex channel simu-
lators. Included are detailed time and frequency domain analyses of the sigpals generated by
these complex channel simulators. Studies into the statistical behaviourspbfiwsed simulators
are also given.

Next, Chapter6 focusses on the narrowband complex QPSK and wideband complex/RASS
QPSK communication systems, presentedsaction5.2 andSection5.3, respectively. The func-
tioning of these narrowband and wideband communication systems are iseditin perfect and
fading channel conditions. A multitude of time signals, measured at cructdryinterfaces, are
presented and extensively analysed. The frequency charactesistiesoutput signals generated by
the narrowband and wideband communication systems’ transmitter struatei@s@investigated.

Chapter5 presented multi-functional AWGN (s&ction5.4.1), flat fading (se&ection5.4.2) and
multipath fading (seesection5.4.3) simulation platforms, built around the narrowband complex
QPSK and wideband complex DSSS/MA QPSK communication systems (desuriBedtion5.2
and Section5.3, respectively), as well as the novel complex flat and multipath fadiagrek sim-
ulators (proposed isection2.6.2.3 andSection2.6.3.2, respectively). These simulation platforms
were used to obtain the large number of simulated AWGN, flat fading and mulfggittg channel
BER performance results, presented in the remaindé€hafpter6. Simulated BER performance
results are given for uncoded narrowband and wideband systems|las communication systems
employing various VA decoded convolutional and linear block codingreeise Convolutional codes
considered include binarstate, rateR. = 1/2 NSC codes (se8ection3.2.1.3.1), binarg-state,
rate R, = 2/3 RSC codes (se8ection3.2.1.3.2) and punctured (s&ection3.2.4) binary4-state,
rate R, = 1/2 RSC codes. VA decoded binary linear block codes Gkapter4) investigated in-
clude Hamming7, 4, 3) codes (se&ection3.2.2.3.1), cycliq5, 3, 2) linear block codes (se®ection
3.2.2.2), interleaved (se&ection3.2.3) Hamming 7, 4, 3) codes and punctured BCH5, 7, 5) codes
(seeSection3.2.2.3.2). In the case of the binary cydlic 3, 2) block code, VA decoding using origi-
nal and reduced BCJR trellis structures are compared. The only VAlddawn-binary linear block
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code considered in this study, with and without interleaving, is the('RS, 3) code (seeSection
3.2.2.3.3). BER performance improvements observed due to the inclusiadingfamplitude CSI
during the VA decoding of the convolutional and linear block codes invaigtifjin this study, receive
special attention.

The simulation platforms o€hapter5, as well as the VA decoded convolutional and block cod-
ing schemes considered in this study, were developed in a C++ environsiegtan OOP approach.
A large number of Matlab scripts and functions, primarily responsible forcthation and evalu-
ation of filters, pulse shapes, power delay profiles, interleavers anc#l btmle generator matrices,
were also developed. The BER performance results presented in thieichare obtained through
command-line driven executable applications, compiled uBitgf's ICC and GNU is Not Unixs
(GNU) G++ compilers forLinux platforms. In order to minimise simulation execution times, the-
ses applications’ computational load were distributed over multiple workstatiaghe University of
Pretorias I-percube donated byntel. Thel-percubeis an HPC cluster, which consists of seventeen
2.4 GHz Pentium4 stations, each station runningMandrake Linux Operating Systef®S). Fast
Ethernetconnections are used to interconnect the seventeen drone stations iGhaudter.Open
Mosixfor Linuxis responsible for transparent process migration and message haretiveeh the
stations.Appendix Esupplies an index of the simulation software scripts, function, classesoamd c
piled applications developed during this study. Upon reque€prapact Disc Read Only Memory
(CD-ROM) containing the simulation software modules listed\ppendix Ecan be obtained from
the author.

6.2 VALIDATION OF THE COMPLEX MOBILE CHANNEL SIMULATOR
MODELS

The following subsections present simulation results obtained during thegtesiihvalidation of the
novel complex flat and multipath fading channel simulators, present8ddtion2.6.2.3 andsection
2.6.3.2, respectively.

6.2.1 COMPLEX FLAT FADING CHANNEL SIMULATOR

In order to verify the correctness of its operation, three simulation tests pezformed on the com-
plex implementation o€larkes flat fading channel simulator, shownig. 2.5. These tests include
the measurement of output signals’ envelope PDFs, phase PDFs apkDspectra for the different
channel configurations, statedTable5.3. All simulation results were obtained using the complex
exponential simulator input signal;(t) = exp (j.27.f..t), with the carrier frequency chosen as
fe =2 kHz.

6.2.1.1 MEASURED ENVELOPE PROBABILITY DENSITY FUNCTION RESUL

Fig. 6.1 shows measured envelope PDFs, obtained using the complex flat ¢hdimgel simulator,
configured for Rician factors df; = —100 dB, K; = 0 dB andK; = 6 dB. These simulation results
were acquired by calculating the PDFs of the fading amplitude experiencte: simulator output
signalb;(t), for each of the different Rician factor scenarios. The fading amplitvidemation was
extracted directly from the complex flat fading channel simulator ukigg(2.56). Although it is
of no real consequence, it can be noted that the channel simulatorowfigured for a maximum
Doppler spread of3p ; = 100 Hz during the execution of these tests.
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Figure 6.1: Measured Complex Flat Fading Channel Simulator Output Sigwalope PDF Results
for Rician Factors of; = —100dB, K; = 0dB andK; = 6 dB
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Figure 6.2: Measured Complex Flat Fading Channel Simulator Output Sipaale PDF Results for
Rician Factors of{; = —oo dB (Rayleigh),K; = 0 dB (Rician) andK; = 6 dB (=~ Gaussian)
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6.2.1.2 MEASURED PHASE PROBABILITY DENSITY FUNCTION RESULTS

With the complex flat fading channel simulator once again configured foxanman Doppler spread

of Bp; = 100 Hz and Rician factors of{; = —100 dB, K; = 0 dB andK; = 6 dB, the measured
phase PDFs shown ifig. 6.2 were obtained as follows: Firstly, the instantaneous phase variation
¢i(t) experienced by the simulator output sighglt) was extracted directly from the complex flat
fading channel simulator, usingqg. (2.57). The results shown iRig. 6.2 were then obtained by
calculating the PDF of the output signal’s phase variations for the diff&nan factors.

6.2.1.3 MEASURED DOPPLER SPECTRA RESULTS

In order to determine whether the novel complex flat fading channel simmplaiduces valid Doppler
spectral characteristics, the simulator output signal’s PSD was measuBg §f = 33 Hz, Bp; =
67 Hz andBp,; = 100 Hz. During these simulation tests, a Rician factorrgf = —100 dB was
chosen, i.e. almost no LOS signal component was present in the simulggot signab; (¢). Fig. 6.3
shows the measured output signal PSD results obtained for the abovemadrdimnnel configuration
parameters.
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Figure 6.3: Measured Complex Flat Fading Channel Simulator Output S¥@ialResults for Max-
imum Doppler Spreads d¥p ; = 33 Hz, Bp ; = 67 Hz andBp ; = 100 Hz

6.2.1.4 DISCUSSION OF THE SIMULATION RESULTS

From the measured complex flat fading channel simulator results presaerttesl preceding three
subsections, the following conclusions can be made:

e By comparingFig. 2.2 andFig. 6.1, it is clear that the novel complex flat fading channel sim-
ulator is capable of producing Rayleigh and Rician fading envelope PREgldsely match the
mathematical models, discussedSection2.5.2.
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e The theoretical flat fading channel phase distributions showigin2.3 and the measured complex
flat fading channel simulator output signal phase PDFs shovriginG.2 are comparable. Thus,
the simulator is also capable of creating realistic flat fading channel plsisetions.

e Although the Doppler spectra presentedHig. 6.3 do not match the theoretical PSD shown in
Fig. 2.1 to a tee, it is close enough to ensure that the simulator output signal'g faicelope
and phase exhibit acceptable temporal characteristics. Using higtegribRdDoppler filters will
deliver improved results, but at the cost of higher channel simulator lexityp

6.2.2 COMPLEX MULTIPATH FADING CHANNEL SIMULATOR

Temporal and spectral simulation results, substantiating the satisfactagtiopeof the novel com-
plex multipath fading channel simulator, presenteéfign 2.8 of Section2.6.3.2, is presented in the
following subsection. These results were obtained using a complex exjedrsémulator input signal
s(t) = exp (j.2m. f..t), with a carrier frequency of. = 126 kHz. Furthermore, the simulation tests
were performed on a complex multipath fading channel simulator configwamtding to uset-'s
channel parameters, as givenTable5.5.

6.2.2.1 MEASURED PATH DELAYS AND POWER SPECTRAL DENSITIES
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Figure 6.4: Measured Path Delays and PSDs Created by User-1's Gaviydigpath Fading Channel
Simulator

Each of the three flat faded paths, created by the complex multipath fadimpehsimulator for
the complex input signal(t), were observed for a large number of samples. From the time signals
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obtained for each path, relative path delays and PSDs were deternfiiged.4 summarises these
findings.

6.2.2.2 DISCUSSION OF THE SIMULATION RESULTS

FromFig. 6.4 it is clear that the first, second and third paths exhibit maximum Doppleadgprof
100 Hz, 67 Hz and33 Hz, respectively. The PSDs of the first and second paths also shigredif,
but noticeable LOS signal components, i.e. carrier componerit#6atHz. Thus, these paths are
predominantly Rician distributed. The third path, however, experiencgeigh flat fading, since no
LOS component is present. In summary, the following conclusions careeendromFig. 6.4:

e The novel complex multipath fading channel simulator is capable of genegatiagable number
of statistically independent flat faded paths. Each path can be corfigitte its own maximum
Doppler spread and Rician factor.

e The relative path delays and average path powers can be configedulid realistic power delay
profiles. In this study, exponential decay power delay profiles$setiorn?2.6.3.3) were employed.

e Only fixed relative path delays are supported by the complex multipath fatisngnel simulator.
Thus, the channel simulator can only mimic time invariant, or wide sense stationdtipath
channels (se8ection2.4.1).

6.3 EVALUATION OF THE NARROWBAND COMPLEX QPSK
COMMUNICATION SYSTEM

The general operation of the narrowband complex QPSK communicatims{gescribed iSection
5.2), used during the BER performance evaluation tests performed in Adt@Nat fading channel
conditions, is evaluated in the following subsections. The complex QPSKnirsiesand receiver
structures were configured accordingable5.1 andTable5.2, respectively. Furthermore, no AWGN
was included during the tests presented in the following subsections.

6.3.1 MEASURED TIME SIGNALS

Several I-channel and Q-channel narrowband complex QPSHeedseeSection5.2.2) time sig-

nals, including the matched filter and averaged fading amplitude outputsnveasured in noiseless,

flat fading channel conditions in order to ensure the receiver's-&we operation. A complex flat
fading channel simulator (s&ectior2.6.2.3) configuration, consisting ofalB Rician factor an@3

Hz Doppler spread, were chosen for these tests. Time signals measthiedegeiver, together with

the transmitter’s original I-channel and Q-channel input symbol stréarits to square-root Nyquist
pulse shaping), are shown lig. 6.5. Note that the same symbols are present on the I-channel and
Q-channel, since the system was configured for balanced operation.

From this figure, it is clear that there is a time lag of approximatélgymbols between the trans-
mitter's symbol streams (prior to pulse shaping) and the receiver’'s ddatedistreams. This is the
result of the time delays induced by the pulse shaping filters, elliptic rectimes fised-ig. 5.7) and
matched filters. Note that this delay can be reduced by employing asymmetricédligedasquare-
root Nyquist pulse shaping filtered in the transmitter and receiver [44g&nEvith this time delay,
which is compensated for during the BER performance measurements c#ieerefunctions sat-
isfactorily (i.e. without any bit errors). Furthermore, it is clear that therage fading amplitude
calculation, accomplished by implementigg. (5.13) in the receiver, was also successful, since it
tracks the average changes in the symbol amplitudes perfectly.
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Figure 6.5: Measured Narrowband Complex QPSK Receiver’s |-@#and Q-Channel Time Sig-
nals

6.3.2 MEASURED EYE DIAGRAMS

Ensuring the correct operation of the I-channel and Q-channarsgoot Nyquist pulse shaping fil-
ters (seeEq. (5.48)), employed in the narrowband complex QPSK transmitter $eetion5.2.1),
entailed obtaining the eye diagrams of their outpbig. 6.6 shows that the eyes created by the trans-
mitter's pulse shaping filters are not open, which was to be expecteddaresgoot Nyquist pulse
shaping.

Similar eye diagram results were obtained for the I-channel and Q-ehamatched filter outputs
in the narrowband complex QPSK receiver, which are showfign6.7. From inspection it is clear
that the receiver’s eye diagrams are completely open at the appropmapdirsg instances. This was
to be expected, since the square-root Nyquist pulse shaping in thenttinsand matched filtering
in the receiver combine to give overall Nyquist filtering with open eye @iagy [44]. Note that a
noiseless channel, without any fading effects, were used to obtainrgsages.

6.3.3 MEASURED POWER SPECTRAL DENSITIES

PSDs were calculated for several of the critical time signals present imth@vband complex QPSK
communication system. These included PSDs for the transmitter’s I-chamh€-ghannel symbol
streams, before and after square-root Nyquist pulse shapingllessviRSDs for the outputs of the I-
channel and Q-channel AWGN limiting elliptic receive filters. A perfectroie, without any AWGN

or flat fading effects, was used to obtain these PSDs. From these remisted inFig. 6.8, it is
clear the square-root Nyquist pulse shaping limited the transmitter’s efemitput signal bandwidth
from 1000 Hz to 750 Hz, as predicted biqg. (5.49). Furthermore, the PSDs for the outputs of the I-
channel and Q-channel elliptic receive filters show significant redugtiothe frequency components
above750 Hz, without causing major distortions in the amplitude spectra of the informatioyirng
frequency band from Hz to 750 Hz.
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Figure 6.6: Measured Eye Diagrams of the Narrowband Complex QPSismiter’s [-Channel and
Q-Channel Pulse Shaping Filter Outputs
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Figure 6.8: Measured PSDs of the Narrowband Complex QPSK Communi&tstem

6.3.4 DISCUSSION OF THE SIMULATION RESULTS

From the eye diagram, time signal and PSD simulation results presented ind¢bdipgesubsections,
the following observations can be made:

The square-root Nyquist pulse shaping employed in the narrowbangler QPSK transmitter,
effectively reduces the required transmission bandwidtbd9yg.

Applying square-root Nyquist matched filtering in the narrowband com@RS8K receiver, results
in open eye diagrams under perfect channel conditions, i.e. no ISéseprin the demodulated
signals.

Initial limiting of the AWGN entering the narrowband complex QPSK receivernuiscessfully
accomplished by thé'* order elliptic lowpass receive filters, present on the I-channel and Q-
channel branches (s&@. 5.2). By splitting the Nyquist filtering function between the transmitter
and receiver, additional AWGN suppression is achieved.

The average fading amplitude calculation method proposé&eation5.2.3 proved to be success-
ful. Thus, perfect fading amplitude CSI information can be extracted frantomplex flat fading
channel simulator for use in the VA (s8ectiord.4.2.2).

6.4 EVALUATION OF THE RAKE RECEIVER-BASED COMPLEX DS/SSMA

QPSK COMMUNICATION SYSTEM

In the following subsections the general operation of the complex RAK&wechbased DS/SSMA
QPSK communication system, describediection5.3, is evaluated. Recall fro®ection5.4.3 that
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this communication system forms the basis of the simulation platform employed dleiBER per-
formance evaluation tests performed in multipath fading channel condititvesteBults presented in
the following subsections were obtained in noiseless channel conditichs single wideband trans-
mitter (seeFig. 5.3.1), configured according fable5.4, and RAKE receiver (sdgg. 5.3.2), con-
figured according tGable5.7. Furthermore, the results presented here were obtained using é&ngth-
CSSs.

6.4.1 MEASURED TIME SIGNALS

Time signals were measured at critical points in the complex DS/SSMA QPSK coigatian sys-

tem, functioning in noiseless multipath fading channel conditions. This wastdansure the overall
error-free operation of the complex RAKE receiver-based DS/SSNM&Ksystem’s modulator, de-
modulator and average fading amplitude estimator Sion5.3.3). ABC sequences (s&ection
D.3.2.2) and ZC CSSs (s&ectionD.3.1.1) were adequate selections to prove the operation of these
building blocks for filtered and unfiltered CSS families, respectively. Tdmpiex multipath fading
channel simulator (sefeéig. 2.8 in Section2.6.3.2) employed, were configured according to user-
channel parameters ifable5.5. Fig. 6.9 depicts the measured time signals obtained for the complex
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Figure 6.9: Measured I-Channel and Q-Channel Time Signals for abaideComplex DS/SSMA
QPSK Communication System Employing ABC Sequences (with Rectangular Sldgeng) in
Noiseless Multipath Fading Channel Conditions

DS/SSMA QPSK communication system using ABC sequences, without artyoadt chip-level
pulse shaping, other than the default rectangular pulse shaping. Sinsildtsrare shown irfrig.
6.10 for a system employing ZC CSSs with square-root Nyquist pulsérghégeeEq. (5.48)) in the
transmitter and matched filtering in the RAKE receiver.

FromFig. 6.9 andFig. 6.10 the following observations can be made: Firstly, the same symbols are
transmitted on the I-channel and Q-channel, since the system is codfigurealanced operation.
Secondly, note the minor time delays between the transmitted symbols and dentdytatmls.
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Figure 6.10: Measured I-Channel and Q-Channel Time Signals for ab&iii Complex DS/SSMA
QPSK Communication System Employing ZC CSSs (with Square-Root Nyqust Bhaping) in
Noiseless Multipath Fading Channel Conditions

This delay is approximatel¥16 us (Tnq = 200us maximum excess delay (sEq. (2.13)), plusl6

1S rectangular pulse shaping and matched filtering delay) for the systemyaéngpfBC sequences
and320 uS (Tme: = 200us maximum excess delay, pltig0 us square-root Nyquist pulse shaping
and matched filtering delay) for the system employing ZC CSSs.

6.4.2 MEASURED EYE DIAGRAMS

Shown inFig. 6.11 are the measured eye diagrams of the I-channel and Q-chatsetpaping filter
outputs of a complex DS/SSMA QPSK transmitter, employing QPH CSSs with chépdguare-root
Nyquist pulse shaping. The motivation behind using QPH CSSs during lidatian of the opera-

tion of the wideband complex transmitter's square-root Nyquist pulseirgidifiers, are two-fold:
Firstly, recall fromTable5.4 that no additional pulse shaping is employed for the ABC sequences and
DSB CE-LI-RU filtered GCL CSSs (se®ectionD.3.2.1). Secondly, QPH CSSs are chosen over ZC
CSSs, due to the fact that these CSSs’ chips take on only bipolar amplitwde devthe I-channel

and Q-channel branches prior to square-root Nyquist pulse gha@ionversely, ZC CSSs exhibit a
multitude of chip amplitudes (se&ectionD.3.1 inAppendix D, resulting in intricate eye diagrams.

As was to be expected, the eyesHig. 6.11 are not completely open. However, applying square-
root Nyquist matched filtering on the I-channel and Q-channel beschthe complex DS/SSMA
QPSK RAKE receiver, not only limits the AWGN and MUI entering the receikat also thoroughly
opens the eyesrkig. 6.12 shows such I-channel and Q-channel matched filter output eyeadia

for a complex RAKE receiver-based DS/SSMA QPSK system employing QBHs (seé&ection
D.3.1.2). Note that these eye diagram results were obtained in perfeetassichannel conditions
with no multipath fading effects.
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Figure 6.11: Measured Eye Diagrams of the QPH CSS-Based Widebanpl©&oDS/SSMA QPSK
Transmitter’s I-Channel and Q-Channel Pulse Shaping Filter Outputs
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Figure 6.12: Measured Eye Diagrams of the QPH CSS-Based Widebanpl€oDS/SSMA QPSK
RAKE Receiver’s I-Channel and Q-Channel Matched Filter Outputs
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6.4.3 MEASURED POWER SPECTRAL DENSITIES

A multitude of PSDs were calculated for RAKE receiver-based complex B 8/SQPSK commu-
nication systems, employing the filtered and unfiltered CSS families presentgibendix D The
PSDs were computed for transmitter output signals (before and afterghalpang), as well as elliptic
receive filter output signals. Perfect noiseless channel conditidtts new multipath fading effects,
were used to obtain the PSD results presented here for DS/SSMA systegseungth M., = 63
CSSs.

Fig. 6.13 shows the PSD results obtained for a system employing unfiltered Z€. 08fte that
the first zero in the spectrum occurss8000 kHz, as was to be expected. After square-root Nyquist
filtering, the transmission bandwidth required is reduced to approximBtgly= 47250 kHz, as was
predicted byEq. (5.50). Lastly, the PSD of the output of th& order elliptic receive filter (bottom
PSD inFig. 6.13) clearly shows a considerable suppression of out-of-band sigm@onents.

Results similar to that oFig. 6.13 are shown irFig. 6.14 for a system employing QPH CSSs.
Once again, square-root Nyquist pulse shaping has limited the requareghtission bandwidth to
approximatelyB,;, = 47250 kHz. Furthermore¢™ order elliptic receive filtering suppressed un-
wanted signal components entering the RAKE receiver outside this band.

The measured PSDs of the first filtered CSS family considered, showed.ir6.15, are those of
DSB CE-LI-RU filtered GCL sequences. Recall that no additional puisgisg is employed for
these sequences, since built-in filtering occurs during their generaterSéstionD.3.2.1). Fur-
thermore, fromFig. 6.15 it is clear that, when this filtered CSS family is employed in a complex
DS/SSMA QPSK system (configured for balanced operation), transmitteabPSD characteristics
consistent with Nyquist’s minimum (roll-off facter= 0) bandwidth criteria, as was claimed$®ec-
tionD.3.2.1, are obtained. Thus, the required transmission bandwidth is apjteky B,;, = 31500

Hz, as was predicted byq. (5.51). According to the bottom figure Fig. 6.15, the elliptic receive
filters once again limited the out-of-band noise entering the RAKE receiver.

Finally, the PSDs of a complex DS/SSMA QPSK system, employing ABC segs@meebalanced
configuration, fall under the spotlight fig. 6.16. Note that the application of this CSS family in
such a transmitter configuration, results in SSB transmitter output PSDs. daidbband system
presented in this study, upper sideband SSB transmitter output signaéaragd. Furthermore, the
upper sideband appears in correspondence with Nyquist’s minimum ffrédletor ¢ = 0) bandwidth
criteria. Thus, as predicted Wyg. (5.52), the required transmission bandwidth is approximately
Bsiq = 15750 Hz. Wideband noise (AWGN or MUI) entering the RAKE receiver will béfisiently
bandlimited by the elliptic receive filters, as can be seen from the bottom PED.i6.16.

6.4.4 DISCUSSION OF THE SIMULATION RESULTS

Some insights into the operation of the complex RAKE receiver-based DSASIREK communi-
cation system presented in this study, gained from the eye diagram, time @&ghRSD simulation
results discussed in the preceding subsections, are as follows:

e The transmission bandwidth of complex DS/SSMA QPSK transmitters, employiiitered ZC
and QPH CSSs, were reduced &% by employing square-root Nyquist pulse shaping. Fur-
thermore, the square-root Nyquist matched filtering, applied in the compE$EMA RAKE
receivers for these CSS families, delivered open eye diagrams uerdectchannel conditions.
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By employing filtered CSSs, even greater improvements were made on theedetqansmission
bandwidth: DSB CE-LI-RU filtered GCL sequences reqiig7% of the transmission bandwidth
that the unfiltered CSSs (with chip-level square-root Nyquist pulsgisgarequire. Moreover, by
generating SSB wideband transmitter output signals, ABC sequencesr figtluce this bandwidth
requirement to only 33.33%.

Primary limiting of AWGN and MUI entering the wideband complex DS/ISSMA QPSKKEA
receiver is effectively accomplished by the* order elliptic lowpass filters, present on both the
I-channel and Q-channel branches (&g 5.4). Further noise and interference suppression is
performed by the matched filtering, which attempts to maximise the SNR.

FromFig. 6.9 andFig. 6.10 it is clear that the average fading amplitude calculation scheme for
complex DS/SSMA QPSK RAKE receivers, proposedsiection5.3.3, is successful for systems
employing filtered or unfiltered CSSs. Thus, perfect fading amplitude G&inmation can be ex-
tracted, from a complex multipath fading channel simulator, for use in the &&39sctior4.4.2.2).

The PSDs of the QPH CSSs, shownFig. 6.13, exhibit classisinclike profiles, since these
sequences are generated using multiple, unique binary sequenc8g¢tieeD.3.1.2). However,
the GCL CSSs [9] considered, i.e. ZC, ABC and DSB CE-LI-RU filtered &SSs, appear to
possess relatively flat PSDs in their respective transmission bandwidhifsscan be attributed to
their chirp-like natures (se®ectionD.3).

Recall fromTable5.4 that the symbol rate of the complex DS/SSMA QPSK transmitters, employ-
ing lengthM,., = 63 CSSs, ar@000 Hz prior to spreading. Hence, usiig. (D.4) andEq. (D.5)

from SectionD.2.4, it follows thatSF' = 63 and PG = 17.99 dB for all of the CSS families con-
sidered. Thus, in the presence of narrowband interferers or jamminglsidgengths3 CSSs will

be able to improve the SNR (or signal-to-inference ratio, to be precisegafideband commu-
nication system by at lea$%.99 dB. Since ABC sequences only occupy half of the transmission
bandwidth required by the other CSSs considered, it can be arguddSHaEMA communication
systems employing these sequences will only be affected by jamming signat&iragthalf of

the effective transmission bandwidth required by the non-SSB CSSseHigran be postulated
that ABC sequences will exhibit superior narrowband interferenppression, when compared to
the other CSSs families. In this study, however, SS was investigated psrali¥i& mechanism,
and not as a narrowband interference suppression approaclhicAsiis this study thé&rocessing
Gain (PG) is not of such great importance, but rather the periodic autelation (seeSection
D.2.2) and cross-correlation (s8ectionD.2.3) characteristics of the CSSs employed, since these
characteristics govern the BER performance of a DS/SSMA system due poesence of MUI.

An inspection of the PSDs presentedFig. 6.13 toFig. 6.16 reveals that, when compared to
DS/SSMA systems using binary spreading sequences or unfiltered @B8band systems em-
ploying either square-root Nyquist chip-level pulse shaping or theddt€SS families described
in Appendix D require less transmission bandwidth. This is most apparent for the ABOSB
CE-LI-RU filtered GCL CSSs. Thus, for a fixed data rate, using squayeNyquist pulse shaping,
or CE-LI-RU filtering, in conjunction with CSSs, it is possible to employ longepuences without
conceding PG or exceeding the transmission bandwidth requirements gli@alent DS/SSMA
system using, for example, unfiltered binary Gold spreading sequenh&ssequence length in-
crease (and resultant user capacity increase) can be modelled asvatesiSpreading Sequence
Length Diversity(SSLD), a novel concept which is introducedSectionD.2.6. Using the calcu-
lated bandwidth results, given Iq. (5.50) toEq. (5.52), for an unspreaded bit rate @f00 b/s
and CSS length oM,., = 63, the Bandwidth Expansion Facter(BEF) (seeSectionD.2.5) and
SSLDs given inTable6.1 were calculated for wideband complex DS/SSMA systems employing
the CSS families presented Appendix D Also given in this table, are the BEFs and SSLDs for
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DS/SSMA systems employing unfiltered binary Gold sequences, unfilter&i=83 and unfiltered
QPH CSSs. According tdable6.1, in order to occupy 426 kHz transmission bandwidth, it is

Table 6.1: Comparison of the BEFs and SSLDs for Different Filtered amfitéred Spreading Se-
quence Families wittf,;; = 1000 b/s, M., = 63 chips andf.;, = 63000 Hz.

Spreading Sequence Family BEF | SSLD
Unfiltered Binary Gold Sequences 63 1
Unfiltered ZC CSSs 63 1
Unfiltered QPH CSSs 63 1

Square-Root Nyquist (Roll-off Factgr= 0.5) Filtered ZC CSSs|| 47.25 | 1.333
Square-Root Nyquist (Roll-off Factgr= 0.5) Filtered QPH CSSg| 47.25 | 1.333
DSB CE-LI-RU filtered GCL CSSs 31.5 2
ABC Sequences 15.75 4

possible to use ABC sequences with four times the length (for example Iahigth= 251) of
unfiltered binary Gold sequences, thereby produciiigd® improvement in PG, better periodic
correlation characteristics (i.e. lowered RAKE self-noise and MUI leyels) most importantly,
a higher CDMA user capacity. To illustrate this statement, consider an aybstize\// e

fam

family of filtered IengthMJJéMEd GCL-like CSSs (such as ABC or DSB CE-LI-RU filtered GCL
CSSs). Iffiered is a prime number)/{ " is calculated as follows (derived frofy. (D.9)):

am

Mfiltered _ Mfiltered -1

fam seq
~ SSLD.Muniered _ (6.1)
~ SSLD. (Mppitred 4 1) -1

In this equationMé‘er iltered gnd M}*:n];“tmd respectively denote the CSS length (also a prime
number) and family size of an unfiltered CSS family, requiring the same trarismisandwidth

as the filtered CSS family. For example, a DS/SSMA system using unfilterethléng, = 61

ZC CSSs will require approximately the same transmission bandwidth as a gysitggnlength
M,.q = 241 ABC sequences. However, the ZC sequence-based system suppgréd users,
whereas the ABC sequence-based system supports approxirdétely 4.(60 + 1) — 1 users

(to be precise, it supports up 20 users). Although the remainder of this study presents BER
performances for coded wideband RAKE receiver-based complé2ENA systems using only
length M., = 63 CSSs, the influence of sequence length on MUI in uncoded widebandeomp
DS/SSMA systems, employing ABC sequences, is briefly investigat8ddétion6.5.1.3.3.

6.5 BIT-ERROR-RATE PERFORMANCE EVALUATION RESULTS

The following subsections present the BER performances results abfairseveral different coding
schemes under AWGN, flat fading and multipath fading channel conditibmsse coding schemes
include uncoded systems, NSC codes Seetion3.2.1.3.1), RSC codes (s&ection3.2.1.3.2), bi-
nary cyclic block codes (VA decoded using original and reduced trétlistsaires (seSectiord.3.2)),
binary Hamming block codes (se&ection3.2.2.3.1) (with classic ML and VA decoding), binary
BCH block codes (se8ection3.2.2.3.2) with VA decoding, as well as non-binary RS block codes
(seeSection3.2.2.3.3) withBerlekamp-MassefseeAppendix B and VA decoding. The influence of
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puncturing (se&ection3.2.4) and interleaving (se&ection3.2.3) are also investigated for several of
these coding schemes.

Simple narrowband complex QPSK (seectiorb.2) transmitters (configured accordinglable5.1)
and receivers (configured accordingTable5.2) were employed in the AWGN and flat fading BER
performance evaluation platforms, shownFig. 5.5 (seeSection5.4.1) andFig. 5.8 (seeSection
5.4.2), respectivelyTable5.3 summarises the different channel configurations considered dheng
flat fading channel BER performance tests.

Multipath fading BER performance test results were obtained using the sinmulattform por-
trayed inFig. 5.9 (seeSectiorb.4.3). Table5.4 andTable5.7 detail the respective complex DS/ISSMA
QPSK transmitter (se®ectiorb.3.1) and RAKE receiver (s&ectiorb.3.2) configurations employed
by each of the users in the CDMA system. Upltbusers were supported in these performance eval-
uation tests in order to investigate the effects of MUble5.5 andTable5.6 contain the individual
complex multipath fading channel simulator (S==tior2.6.3.2) configurations, associated with each
of the 10 possible CDMA users. Results presented here not only contrast thepBEstmances ob-
tained using different CSS families, but also the influence of CSS lengttse@auence selection
approach for ABC sequence-based CDMA system.

6.5.1 UNCODED COMMUNICATION SYSTEMS

In the following two subsections simulated and theoretical BER performasséts are presented
for uncoded narrowband complex QPSK communication systemsS@ei#on5.2), functioning in
AWGN (seeSection2.2) and flat fading (seBection2.5.1.1) channel conditions. Thereafter, simu-
lated BER performance results are presented for uncoded widebamdesoDS/SSMA QPSK sys-
tems (see&ections.3), employing the filtered and unfiltered CSSAppendix D in multi-user fre-
guency selective fading (s&ection2.5.1.1) channel conditions. The results given here will be used
as baseline references for the simulated BER performance results afdée systems, presented in
the remainder of this chapter.

6.5.1.1 AWGN CHANNEL RESULTS

Fig. 6.17 shows the simulated BER performance of an uncoded complex QPSK cicatan
system (se&ections.2) in an AWGN environment (se®ection2.2). The theoretical curve, defined
by Eq. (5.20), is also present on this figure.

6.5.1.2 FLAT FADING CHANNEL RESULTS

The simulated BER performance results for uncoded complex QPSK systea®e(tion5.2), op-
erating in flat fading channel conditions with maximum Doppler spreads $se&on2.4.3.3) of
Bp,; = 33 Hz andBp; = 100 Hz, are shown irfFig. 6.18 andFig. 6.19, respectively. The simulated
results shown here include BER curves for Rician factors f&mtion2.5.2.2) of K; = —100 dB (i.e.
fading amplitudes with near-Rayleigh PDF#); = 0 dB andK; = 9 dB. Also depicted on these
figures are the uncoded system’s AWGN BER performance curve, hasvthe theoretical BER
performance curve for slow Rayleigh flat fading channel conditionsengoy Eq. (5.24).
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Figure 6.17: BER Performances of an Uncoded Narrowband Compl&K@®»mmunication Sys-
tem in AWGN Channel Conditions
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Figure 6.18: BER Performances of an Uncoded Narrowband Compl&K@®»mmunication Sys-
tem in Flat Fading Channel Condition8p ; = 33 Hz
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Figure 6.19: BER Performances of an Uncoded Narrowband Compl&K@®»mmunication Sys-
tem in Flat Fading Channel Condition8p ; = 100 Hz

6.5.1.3 MULTIPATH FADING CHANNEL RESULTS
6.5.1.3.1 BER Performance Results for the Different CSS Families

The simulated BER performance curves for uncoded RAKE receised complex DS/SSMA
QPSK communication systems, employing length., = 63 ABC (seeSectionD.3.2.2), DSB CE-
LI-RU filtered GCL (se€SectionD.3.2.1), ZC (seé&ectionD.3.1.1) and QPH (seBectionD.3.1.2)
CSSs in multipath fading channel conditions, are showhign 6.20,Fig. 6.21,Fig. 6.22 andFig.
6.23, respectively. Note that sequences were optimally selecte®éstion6.5.1.3.2) for the ABC
sequences scenario, whereas arbitrarily selected sequencessedrduwing the experiments with
DSB CE-LI-RU filtered GCL, ZC and QPH CSSs. The reasoning behinds#tsence selection ap-
proach is motivated iection6.5.1.3.2.

In Fig. 6.20 toFig. 6.23 simulated BER performance curves are shown for complex DS/SSMNXQP
communication systems employing two different types of receiver structbresly, the BER per-
formance curves for systems employing classic non-RAKE receivertgtal(i.e. single tap RAKE
receivers) are shown. Secondly, simulated BER performance resulgdtems using the complex
DS/SSMA QPSK RAKE receiver structure 6fg. 5.4, are depicted. In the case of the RAKE
receiver-based simulations, uses-receiver was configured accordingTable5.7, with the RAKE
receiver’s tap delays and weights configured for perfect MRC $&stion5.3.2) by matching them
to userd’s unigue multipath fading channel parameters. Due to their obvious superiformances,
only RAKE receiver structures were used to obtain the multipath fadingnehamulation results
presented in the remainder of this chapter. For reference purposeBER performance of an un-
coded DS/SSMA QPSK communication system (without a RAKE receiveBrading in a single
path, non-fading AWGN channel, is also present on these figures.
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Figure 6.20: BER Performances of Uncoded Wideband Complex QPSK Coitation Systems
Employing ABC Sequences in Multi-User Multipath Fading Channel Conditidbhg, = 63
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Figure 6.21: BER Performances of Uncoded Wideband Complex QPSK Coitation Systems
Employing DSB CE-LI-RU Filtered GCL CSSs in Multi-User Multipath Fading OmelrConditions,
Mgeq = 63
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The simulated BER performance results, presenteledwey et alin [158] for a DS/SSMA system a
employing32-tap RAKE receiver structure, are also included-ig. 6.20,Fig. 6.21,Fig. 6.22 and
Fig. 6.23. In [158],Povey et alconsidered a DS/SSMRBifferential Phase Shift KeyinPPSK) sys-
tem, configured for a bit rate df8 kb/s and a PN spreading sequence of length, = 1024 chips.
The multipath fading channel modEbvey et al.employed during their Monte Carlo simulations,
consisted of. = 32 resolvable paths, each path configured to generate a Rayleigh fadiriigudiisn
(seeSection2.5.2.1) and maximum Doppler spread®f,; = 100 Hz (seeSection2.4.3.3). Fur-
thermore, this multipath fading channel implements an exponential decay pelesr profile (see
Section2.6.3.3) and a maximum excess delayrpf,. = 6.5 us (seeSection2.4.3.1), with the32
paths evenly spread over this time frame. In their stldygy et alconsidered MRC, DPC and EGC
RAKE combining techniques.
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Figure 6.22: BER Performances of Uncoded Wideband Complex QPSK Coitation Systems
Employing ZC CSSs in Multi-User Multipath Fading Channel Conditiavs,, = 63

6.5.1.3.2 The Influence of CSS Selection - An ABC Sequences Case $tud

Not only is it intuitively understandable, but also a known fact that theaging sequence length
M,.q is the predominant factor dictating the sequence family 8izg,,,. For example, for the GCL
sequences [9] considered in this study (ABC, DSB CE-LI-RU filtered.@fd ZC CSSs), the family
size can be determined usiig. (D.9). From this equation it is apparent that the largest sequence
families are obtained using prime sequence lengths. This notwithstandiregatjen of GCL CSSs

[9] require the selection of sequence numbers that are relatively prichg4p As such, in order to
obtain a valid lengtté3 ABC sequence, the sequence numberust be selected such that SN,
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Figure 6.23: BER Performances of Uncoded Wideband Complex QPSK Coitation Systems
Employing QPH CSSs in Multi-User Multipath Fading Channel Conditidds,, = 63

with SN, the valid sequence number set, given by:

SN;:{SNLS%%WWSNyﬁm}
—{1,2,4,5,8,10,11,13, 16, 17, 19, 20, 22, 23, 25, 26, 29, 31, 32, (6.2)

34,37,38,40,41, 43, 44, 46, 47,50, 52, 53, 55, 58, 59, 61, 62}

Although all of these sequence numbers represent unique CSSsritia aasigned td/,, .- unique
CDMA users, care must be taken during this assignment process inomeaximising the BER per-
formance of the DS/SSMA system with regards to MUI, especially whgp,,, > M,,.-. Optimal
sequence selection forM,,,..-user CDMA system involves finding th¥e,,;.,, CSSs which exhibit
the best periodic auto-correlation and cross-correlation propergeséstionD.2) for all possible
pair-wise comparisons of sequences in the family. This exhaustivehssalection process can be ex-
tremely tedious to perform manually, as well as fairly complex to automate, iafipéar long CSSs
that exhibit intricate periodic correlation functions [48]. Hence, spgrepdequence designers are
always interested in finding simple rule-of-thumb sequence selection algsrithr popular spread-
ing sequence families. One such a rule-of-thumb selection method for GSk &S been proposed
by StaphorstandLindein [162]. The proposed optimal GCL CSS selection method generates the

subset of optimal valid sequence numbgrg, C SN,, with SN, = {SN(}, . SN%"””"L”}. This
is accomplished by firstly settinN! = 1, followed by exhaustively extracting afi N} € SB,,
WM1i:QPHJW@thﬁwwhthNgmo«ﬁA@)#(LWM1j:2PWAQm1MMj#i.ﬂw&
according to the proposed selection algorithm, the optimal values of therseguember must not

only be limited to integer values relatively primelé,.,, but also all possible pair-wise combinations
of the elements i5' N,,, except for pairings witt N! = 1, must be relatively prime. Executing this
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selection procedure for the valid sequence number set giv&ybif.2) for lengthi/,., = 63 ABC
sequences, the following optimal valid sequence number subset is obtained

SN, = {1,2,5,11,13,17,19, 23,29, 31} (6.3)

Fig. 6.24 presents the simulated multi-user multipath fading BER performance abtained for
uncoded complex DS/SSMA QPSK systems, employing leGgtABC sequences arbitrarily se-
lected fromEq. (6.2)'s valid sequence number set and sequentially selectedHEtpii6.3)’s optimal
sequence number set. Both non-RAKE and RAKE complex receivetstascare considered.
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Figure 6.24: BER Performances of Uncoded Wideband Complex QPSK Coitation Systems
Employing Arbitrarily and Optimally Selected ABC Sequences in Multi-User Multipatidling
Channel Conditions)/,., = 63

Similar experiments were performed with complex DS/SSMA systems employing ESBI-RU
fitered GCL and ZC CSSs, but no major BER performance improvementsol&amed. Thus, the
success of the proposed sequence selection technique is limited to ABénsegu As such, the
multi-user multipath fading results presented in the remainder of this chapterobtined with op-
timally selected ABC sequences and arbitrarily selected DSB CE-LI-RU fili@@L, ZC and QPH
CSSs.

6.5.1.3.3 The Influence of CSS Length - An ABC Sequences Case Study

According to the discussion iection6.4.4 on the comparison of the spectral characteristics of the
different CSS families considered in this study, it is possible to increasenpthlef filtered CSSs

by a factor of SSLD in order to produce a BEF equivalent to that obtaivtesh direct spreading

is performed with unfiltered CSSs or binary sequences. Longer seglemgths provide larger se-
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guence family sizes, which in turn allows for increased user capacity inS8EMA system without
increasing transmission bandwidth or relinquishing PG. Moreover, aed figser load, longer CSSs
produce better BER performances than shorter CSSs, due to their irdgresredic correlation char-
acteristics [48]Fig. 6.25 depicts the multi-user multipath fading channel BER performances otbtaine
using lengtht1, 64, 63, and127 ABC sequences in a complex RAKE receiver-based DS/SSMA sys-
tem. Lengthi27 ABC sequences are of particular interest, since these sequences@@BEF
nearly identical to that of length3 DSB CE-LI-RU filtered GCL CSSs, which is used extensively
during the remainder of this chapter's multi-user multipath fading channel dionga Simulated
curves are included oRig. 6.25 for length61 and length64 ABC sequences in order to investigate
the validity of widespread beliefs that prime length and even length ABC segag@roduce superior
and inferior MUI BER performances, respectively. Note that, for althef sequence lengths con-
sidered, the ABC sequences assigned to CDMA users were optimally selemte the respective
sequence families, as describediection6.5.1.3.2.
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Figure 6.25: BER Performances of Uncoded Wideband Complex QPSK Coitation Systems
Employing ABC Sequences of Different Lengths in Multi-User Multipath Fgdihannel Conditions

6.5.1.4 DISCUSSION OF THE SIMULATION RESULTS

The following important observations can be made from the uncodedwtzairml and wideband
communication systems’ AWGN, flat fading and multipath fading channel BERRmeance results,
presented in the preceding three subsections:

1. Conclusions and observations from the AWGN channel results:

e The simulated and theoretical BER performance curves for narrondmanglex QPSK com-
munication systems, operating in AWGN channel conditions, showiging.17, are almost
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identical, as was to be expected. The slight deviation between these twas @an be at-
tributed to the AWGN-limiting operation of the elliptic receive filters (Sz=tions.4.1).

2. Conclusions and observations from the flat fading channel results:

e The BER performance curve shown kiig. 6.18 for flat fading channel conditions with a
Rician factor of K; = —100 dB (i.e. Rayleigh fading amplitude PDF) and a maximum
Doppler spread of3p; = 33 Hz, closely resembles the theoretical curve, definedqy
(5.24). However, the same can not be said forfhe; = 100 Hz maximum Doppler spread
scenario (shown iffig. 6.19), especially at high', /Ny values. The difference in the degree
of similarity between the theoretical and simulated curves for different maximappler
spread scenarios can easily be explained: Recall Beation5.2.4.2 that a slow flat fading
channel, where the fading amplitude stays essentially constant duringygabiol interval,
was assumed in the derivation B§. (5.24). As such, for the symbol rate 8900 Hz (see
Table5.1), a maximum Doppler spread Bfp ; = 33 Hz results in a slow flat fading channel
scenario, which is similar to the theoretical channel conditions assun&etiions.2.4.2.

3. Conclusions and observations from the multi-user multipath fading chieasudts:

(&) Comparison of complex DS/SSMA systems employing legticSSs from the different
families considered in this study:

e From the multipath fading channel results showrFig. 6.20 toFig. 6.23, it is clear
that, for a single user scenario, thd¢ap RAKE receivers perform better than the non-
RAKE receivers for all families of CSSs considered in this study. This i @ige for
the 5-user andl0-user CDMA systems employing DSB CE-LI-RU filtered GCL, ZC
and QPH CSSs. In the case of ABC sequences, the RAKE receivetusgyproduces
results that are inferior to regular single branch DSSS/MA QPSK reweivEhis can
be attributed to the weak periodic auto-correlation and cross-correlatqemies [48]
(seeSectionD.2.3) of ABC sequences, which result in the generation of excessifre s
noise and MUI on each of the respective taps of the complex DS/SSMA @GS«
receiver (se€ig. 5.4). DSB CE-LI-RU filtered GCL CSSs also suffer from poor periodic
correlation characteristics [48], which are arguably the major contribédictgrs for the
RAKE receiver’s less than impressive BER performance results (ifveei@ggainst the
BER performances of the non-RAKE receiver), when compared toothidte ZC and
QPH CSS-based systems.

e The DSB CE-LI-RU filtered GCL and ABC sequences tend to exhibit infgréviodic
cross-correlation properties [48]. As a result, these CSSs generegédvild than the ZC
and QPH CSSs, which yields poor BER performances at high user |Ibadgxample,
from Fig. 6.21, al0-user complex RAKE receiver-based DS/SSMA QPSK system, em-
ploying DSB CE-LI-RU filtered GCL CSSs, operatingla/ Ny = 13 dB, has a BER of
Py(e) ~ 1/430, whereas system employing ABC sequences performs even worse with
an error floor ofP,(e) ~ 1/140. In contrast, of all the CSS families considered,0a
user CDMA system employing ZC CSSs delivers the best performangg/afy = 13
dB, with a BER ofP,(e) ~ 1/650.

¢ In general, the use of RAKE receivers did not results in large BERopmence im-
provements over that of the non-RAKE receivers. This can be attributesttact that
the first propagation path in each CDMA user’s exponential decay pdelay profile
(seeSection2.6.3.3) carries the majority of the transmitted output power. Fiam
ble 5.5 it follows that, if usert transmits att W output power,0.9684 W, 0.0306 W
and 0.00096841 W of the transmitted power will be carried by paths2 and 3, re-
spectively. As such, a non-RAKE receiver effectively proce$sesi4 W of the total
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received power. Thus, by using RAKE receiver structures, a tgatatiprovement of at
least10.logy (g5657) = 0-1394 dB in averager, /Ny was to be expected. The fact that
gains higher than this are achieved, especially at low user loads, is theséttof the
diversity obtained through the RAKE receiver's MRC operation.

e FromFig. 6.20,Fig. 6.21,Fig. 6.22 andrig. 6.23 it is abundantly clear that, irrespective
of the CSS family employed, th&-tap RAKE receiver system, presented Bgvey
et al. in [158], outperforms th&-tap RAKE receiver system presented in this study,
even though the multipath fading channel environment they consideredawasore
severe [ = 32 independent paths with no LOS signal component present on any of
the paths). However, their RAKE receiver linearly processes 32 distomes of the
transmitted signal, thereby achieving extremely high diversity gains. Aouptd the
CLT [47], by combining such a high number of statistically independent Rayleaths,
more ideal, Gaussian-like channel conditions are produced. Furtherriar length
M,.q = 1024 PN sequence considered in their study has near-perfect periodic auto
correlation properties (segectionD.2.2). Hence, no detrimental self-noise is generated
inside the RAKE receiver structure. However, the same can not befdaAKE receiver
structures employing the CSSs presenteféippendix D

e The BER performance results obtainedRnyey et al[158], presented ifrig. 6.20,Fig.
6.21,Fig. 6.22 andFig. 6.23, indicate that MRC is a more powerful RAKE combining
technique than EGC or DPC [158]. As such, it justifies this study’s use RCNh
the RAKE receiver structures of the wideband complex DS/SSMA QPSi€msgsused
throughout the multi-user multipath fading channel simulations.

(b) Investigation into the influence of the sequence selection approattie BER performance
of a ABC sequence-based DS/SSMA system:

e Fig. 6.24 is evidence that a complex DS/SSMA system employing le6gj#BC se-
guences, chosen according $taphorstand Lindes proposed optimal GCL sequence
selection method [162] (detailed Bection6.5.1.3.2), has a BER performance superior
to that of a system employing arbitrarily selected sequences. This is dsptaia for
high user loads. For example, when employed ifl-aiser RAKE receiver-based com-
plex DS/SSMA system at a BER &%,(e) = 3/100, optimally selected ABC sequences
show a gain ofi dB over arbitrarily selected ABC sequences. These remarkable gains,
however, are only obtainable for ABC sequences, since using theggdmptimal se-
guence selection method in conjunction with DSB CE-LI-RU filtered GCL an€3Ss,
deliver mediocre BER performance improvements.

e By allowing only the CSSs with the best periodic cross-correlation chaistats (see
SectionD.2.3) to be assigned to CDMA users, the proposed optimal sequenciaelec
method of [162] (se&ection6.5.1.3.2) not only improves the overall BER performance
of a complex DS/SSMA system employing ABC sequences, but also improy&HR
performances of RAKE receivers relatively to non-RAKE receifersnon-unity user
loads. FromFig. 6.20 andFig. 6.24 it is apparent that MRC RAKE reception is out-
performed by non-RAKE reception féruser andl0-user complex DS/SSMA systems
employing arbitrarily selected ABC sequences. Optimally selecting CSSsyhnwra-
proves thes-user RAKE receiver-based system to a comparable level as the AKE-R
receiver-based system. Unfortunately, at high user loads, sucle &8-tiser scenario,
the optimal sequence selection methodettion6.5.1.3.2 is incapable of avoiding the
poor periodic cross-correlation characteristics of ABC sequen@s Hence, for this
user load the self-noise generated by the RAKE receiver structure illeighs the
diversity gains it achieves through MRC.
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(c) Investigation into the influence of sequence length on the BER penfmenaf ABC
sequence-based DS/SSMA systems:

e As was to be expected, the complex RAKE receiver-based DS/SSMAsgsiploying
length4127 ABC sequences outperforms all of the other complex DS/SSMA systems em-
ploying shorter ABC sequences. This can be attributed to the improvemtrg 6SSs’
periodic correlation characteristics as the sequence length incre8sediortunately,
for a 10-user CDMA environment, the BER performance of the RAKE receiesed
complex DS/SSMA system employing length7 ABC sequences is only marginally
better than that of a system using lengthbSB CE-LI-RU filtered GCL CSSs (sddg.
6.21). Note that both these systems have similar BEFs. However, by dhp#rdecting
CSSs, the length27 ABC sequence-based system supports a maximur@CDMA
users, whereas the lengiB-DSB CE-LI-RU filtered GCL CSS-based system supports
only 36 users (se&q. (6.2)). Hence, it can be concluded that, using ABC sequences
instead of binary or unfiltered CSSs, increases the PG and user capaeityly related
to the SSLD, introduced isectionD.2.6) of DS/ISSMA systems, without unduly in-
creasing their BEFs. The increased user capacity does, howenes,atdhe expense of
inferior BER performances, making this CSS family a poor choice for CDM#opses.

e ComparingFig. 6.21's BER performance results for the RAKE receiver-based complex
DS/SSMA systems employing lengéi-and lengthé3 ABC sequences (these systems
have comparable PGs and BEFs), it is apparent that the popular béjehpt GCL
CSSs with prime numbered sequence lengths exhibit superior periodicaroglation
properties (se&ectionD.2.3), resulting in lower MUI levels, is fallacious. However,
using prime numbered sequence lengths do increase the user capacigy system
dramatically, as shown bigg. (D.9) in SectionD.3.1.1.

e FromFig. 6.21 it is clear that the RAKE receiver-based complex DS/SSMA system
employing length64 ABC sequences exhibits the weakest BER performance results,
due to the high levels of MUI present in the CDMA system. Hence, even nuatbe
sequence lengths must be avoided for GCL CSSs, not only becausdiofiited family
sizes that can be generated (& (D.9)), but also because of these sequences’ poor
periodic cross-correlation characteristics (SeetionD.2.3).

6.5.2 BINARY CONVOLUTIONAL CODED COMMUNICATION SYSTEMS

The following subsections present simulated BER performance resuttagsic binaryl-state, rate
R. = 1/2 NSC (seeSection3.2.1.3.1) an&-state, rate?. = 2/3 RSC (se€Section3.2.1.3.2) coded
narrowband complex QPSK systems (Seetiorb.2) in AWGN and flat fading channel conditions, as
well as wideband complex DS/SSMA QPSK communication systems3geton5.3) in multi-user
multipath fading channel conditions. Note that lengfk., = 63 CSSs were employed in the RAKE
receiver-based complex DS/SSMA communication systems during the multirugpath fading
channel simulations. The ABC sequences used were selected for optienianip cross-correlation
(seeSection6.5.1.3.2), whereas the CSSs used from the other families were arbitrdeityesk The
BER performance results discussed here serve as baseline refethming the examination of the
simulation results for the VA decoded linear block codes, presented latés ichtipter.

6.5.2.1 4-STATE, RATE- = 1/2 NSC CODED COMMUNICATION SYSTEMS

In the following subsections the BER performance results ofitetate, rate?. = 1/2 NSC code,
defined by the following generator matrix (sBection3.2.1.1):

Gee(D)=[1+D* 1+ D+ D? | (6.4)
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are presented and examined. From [47] the minimum free distanc8éster3.2.1.2) of this binary
NSC code isis... = 5. Furthermore, according t8ection3.2.1.2, this NSC code has a minimal
encoder structure with a constraint lengthvof= 2. As such, a simple sliding window VA decoder
(seeSection3.3.1) with a window size [47] o = 5.0 = 10 trellis sections (se8ection3.3.1.1)

was employed as ML decoder. Both hard and soft decisionSseton.4.2.2) decoding approaches
were considered. In the case of soft decision decoding, the effeetsiny perfect fading amplitude
CSI (seeSection3.3.5) in the VA metric calculations on the BER performance results, were also
investigated.

6.5.2.1.1 AWGN Channel Results

Fig. 6.26 shows several simulated BER performance curves-ftate, ratek. = 1/2 NSC coded
(seeSection3.2.1.3.1) narrowband complex QPSK communication systemsS@eton5.2), oper-
ating in AWGN channel conditions (s&ection2.2). Hard and soft decision (without using fading
amplitude CSI in the VA branch metric calculations) decoding BER performegesuéts are present
onFig. 6.26. Also depicted on this figure is the BER performance curve of andgucoarrowband
QPSK system in AWGN, theoretically defined Byg. (5.20).
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Figure 6.26: BER Performances®fState, Ratd?. = 1/2 NSC Coded Narrowband Complex QPSK
Communication Systems in AWGN Channel Conditions

6.5.2.1.2 Flat Fading Channel Results

Simulated flat fading channel (s8ectior2.5.1.1) BER performance resultsftate, rater, = 1/2
NSC (seeSection3.2.1.3.1) coded narrowband complex QPSK communication systemSésten
5.2) for maximum Doppler spreads (sBection2.4.3.3) of Bp ; = 33 Hz andBp; = 100 Hz, are
shown inFig. 6.27 andFig. 6.28, respectively. These figures depict simulated BER performance
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results for Rician factors (se®ection2.5.2.2) of K; = —100 dB, K; = 0 dB andK; = 9 dB.
Furthermore, two soft decision decoding approaches were investigareely soft decision decoding
without any fading amplitude CSI and soft decision decoding with peréetihfy amplitude CSI (see
Section3.3.5 andSection5.2.3). Also depicted on these figures are simulated BER performance
curves for uncoded QPSK systems in AWGN, as welEgs (5.24)’s theoretical BER performance
curve for uncoded narrowband QPSK systems in slow Rayleigh flatgadiannel conditions.
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Figure 6.27: BER Performances®fState, Ratd?. = 1/2 NSC Coded Narrowband Complex QPSK
Communication Systems in Flat Fading Channel Conditidhs; = 33 Hz

6.5.2.1.3 Multipath Fading Channel Results

Fig. 6.29,Fig. 6.30,Fig. 6.31 and~ig. 6.32 present the simulated multi-user multipath fading channel
BER performance results obtained fostate, rate?. = 1/2 NSC coded RAKE receiver-based wide-
band complex DS/SSMA QPSK systems (Sa&tion5.3), employing lengthl/,., = 63 ABC (see
SectionD.3.2.2), DSB CE-LI-RU filtered GCL (se®ectionD.3.2.1), ZC (se&ectionD.3.1.1) and
QPH (seeSectionD.3.1.2) CSSs, respectively. Results are shown for sliding window VAdiag
using hard decisions, soft decisions without any fading amplitude CS$@hdecisions with perfect
fading amplitude CSI (se8ection3.3.5 andSection5.3.3). For comparative purposes, the simu-
lated BER performances for the uncoded RAKE receiver-based aibtomplex DS/ISSMA QPSK
systems, presented Bection6.5.1.3.1, are also present on these figures. Also shown is the BER
performance of an uncoded DS/SSMA QPSK communication system (withB&MKE receiver),
operating in a non-fading AWGN environment.
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0

10: T T T

=
O|
™

| — 1-User, no RAKE, AWGN
—%- 1-User, Uncoded W
|| ©- 1-User, Rate Rc=1/2 NSC, Hard Input N\ o
— 1-User, Rate Rc=1/2 NSC, Soft Input, No CSl A\
|| =+ 1-User, Rate Rc=1/2 NSC, Soft Input, Perfect CSI %
F| = 5-Users, Uncoded N
[| =< 5-Users, Rate Re=1/2 NSC, Hard Input
| 8- 5-Users, Rate Rc=1/2 NSC, Soft Input, No CSI
| 4 5-Users, Rate Re=1/2 NSC, Soft Input, Perfect CSI
| & 10-Users,Uncoded
| | = 10-Users, Rate Rc=1/2 NSC, Hard Input )
-~ 10-Users, Rate Rc=1/2 NSC, Soft Input, No CSI
—<- 10-Users, Rate Rc=1/2 NSC, Soft Input, Perfect CSI
I 1

Simulated Bit Error Probability
=
(=]

=
Ou
)

-4 1

10
-10 -5 0 5
Average Eb/ N 0 [dB]

10

15

Figure 6.29: BER Performances #{State, Rate?. = 1/2 NSC Coded Wideband Complex QPSK
Communication Systems Employing ABC Sequences in Multi-User Multipath Fadiagrieh Con-

ditions, M, = 63

DEPARTMENT OFELECTRICAL, ELECTRONIC AND COMPUTER ENGINEERING

129



University of Pretoria etd — Staphorst, L (2005)

CHAPTER SIX SIMULATION RESULTS

10 T T T

s

=
ou
N

[

\
—— 1-User, no RAKE, AWGN \
—%- 1-User, Uncoded

X B
\: X
-~ 1-User, Rate Re=1/2 NSC, Hard Input R ® X "% B
—% 1-User, Rate Re=1/2 NSC, Soft Input, No CSI X
103} -7 1-User, Rate Re=1/2 NSC, Soft Input, Perfect CSI - |.. ... .. T A\ AN R
—%- 5-Users, Uncoded \ ]
—%- 5-Users, Rate Re=1/2 NSC, Hard Input W )
-8~ 5-Users, Rate Rc=1/2 NSC, Soft Input, No CSl X\
-A- 5-Users, Rate Re=1/2 NSC, Soft Input, Perfect CSI " \
—B>- 10-Users,Uncoded VA
—+ 10-Users, Rate Rc=1/2 NSC, Hard Input h
—~ 10-Users, Rate Rc=1/2 NSC, Soft Input, No CSl
4 —4- 10-Users, Rate Rc=1/2 NSC, Soft Input, Perfect CSI A
lo' 1 1 | 1
-10 -5 0 5 10 15

Simulated Bit Error Probability
=
(=)

Average Eb/N 0 [dB]

Figure 6.30: BER Performances ©fState, Rate?. = 1/2 NSC Coded Wideband Complex QPSK
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Communication Systems Employing ZC CSSs in Multi-User Multipath Fading Charoralitions,
Meq = 63
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Communication Systems Employing QPH CSSs in Multi-User Multipath Fading Ch&amnelitions,
Meq = 63

6.5.2.1.4 Discussion of the Simulation Results

From the simulated AWGN, flat fading and multi-user multipath fading chann& B&formance
results for the 4-state, rafé. = 1/2 NSC coded narrowband and wideband communication systems,
presented in the preceding subsections, the following conclusions ciawe:

1. Conclusions and observations from the AWGN channel results:

e From the simulated AWGN channel BER performancedfstate, raté?. = 1/2 NSC coded
narrowband complex QPSK communication systems, shov#igin6.26, it is clear that the
system employing soft decision VA decoding of the convolutional codé#ésta measured
asymptotic gain of approximatel}.6 dB over the uncoded system. This measured coding
gain corresponds witkg. (3.8)'s calculated maximum asymptotic gain(dGscogt = 3.98
dB.

e ComparingFig. 6.26's soft decision VA decoding BER performance results with that of the
hard decision decoding approach? dB asymptotic gain is evident, as was to be expected
[47] (seeSection3.2.1.2).

e Atlow E;/Ny values, hard and soft decision VA decoding of the fate= 1/2 NSC code in
AWGN channel conditions result in poorer BER performances than tbeded system. To
be precise, soft decision VA decoding starts to show gain&fgiN, > 1 dB, whereas hard
decision VA decoding is only useful fdt, /Ny > 4.2 dB. TheE} /N, points at which coded
systems start to show gains over the uncoded system are commonlyddéteas theBER
cross-over point§47].
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2. Conclusions and observations from the flat fading channel results:

e On closer investigation of the flat fading channel simulation results (ples$errig. 6.27 and
Fig. 6.28), it is evident that the BER performances of hard and soft dediéiatecoded rate
R. = 1/2 NSC codes improve as the Rician facfoy (seeSection2.5.2.2) increases. Since
binary NSC codes were initially intended for FEC purposes in AWGN cHaroralitions,
this BER performance improvement can be attributed to the increase in theethdrOS
component, resulting in the fading amplitude PDF changing from a Rayleighhkebution
to a Gaussian-like distribution (s&ectiorn2.5.2.2).

e A comparison ofFig. 6.27 andrFig. 6.28 shows that the hard and soft decision VA decoded
rate R. = 1/2 NSC codes’ BER performances deteriorate as the maximum Doppler spread
frequency decreases. At fixed symbol raté @0 symbols/s (se8ectiorb.4.2), a maximum
Doppler spread oBp ; = 33 Hz will result in more information bits being corrupted during
a slow deep fade, than during a fasfeép; = 100 Hz deep fade. Thus, for a maximum
Doppler spread oBp ; = 100 Hz, bit error occurrences incurred by the channel will appear
less bursty in nature. Since binary NSC codes are not intended to coorbgt érrors, they
are better suited for fast flat fading channels than for slow flat fadiaguels.

e FromFig. 6.27 andFig. 6.28 it is apparent that hard decision VA decoding lags soft de-
cision decoding (without any fading amplitude CSI) by approxima®etB. Soft decision
VA decoding, with fading amplitude CSlI, in turn performs better that sofisitat decoding
without fading amplitude CSI. However, this performance improvement is roineis For
the Bp; = 33 Hz scenario, an improvement of approximatélys dB was obtained for all
Rician factors, whereas an average improvement2if dB can be observed fdsp ; = 100
Hz.

e The simple binary rat&?. = 1/2 NSC code shows impressive coding gains over uncoded
systems. For example, fd8p; = 100 Hz and K; = 9 dB, soft decision VA decoding
(without fading amplitude CSI) shows a gainsadB at a BER ofP,(¢) = 10~3. Furthermore,
comparing the results dfig. 6.27 andFig. 6.28 for a fixedK;, it is clear that the rate
R. =1/2 NSC code exhibits larger coding gains #p ; = 100 Hz than forBp ; = 33 Hz.

3. Conclusions and observations from the multi-user multipath fading chessuts:

e From the multi-user multipath fading channel results showfkigqn 6.29, Fig. 6.30, Fig.
6.31 andFig. 6.32, it is apparent that the increased MUI, created by additional CD&&#su
sharing the mobile communication environment, has a definite negative impact &t
performance of the rat®. = 1/2 NSC code. However, even for ABC sequences, no error
floors are apparent at high,/Ny. Thus, for the unfiltered and filtered CSS families con-
sidered, this binary NSC code effectively combats MUI through codersity. In fact, for
the 1-user and>-user scenarios, better BER performances were obtained througtesof
sion VA decoding than that achievable by a single user uncoded systenatiog purely in
AWGN.

e From a comparison of the results givenHFiy. 6.29,Fig. 6.30,Fig. 6.31 andFig. 6.32 it is
evident that raté?. = 1/2 NSC coded complex DS/SSMA systems employing the unfiltered
CSS families perform superior to those using the pre-filtered CSS familiescifgplly,
pre-filtered ABC sequences exhibited the weakest BER performawbeseas QPH CSSs
showed the best performances, marginally outperforming ZC CSSs.x&pée, for alo-
user CDMA environment, ZC CSSs performed no worse thah dB below QPH CSSs for
hard decision VA decoding.

e For 1-user ands-user CDMA environments, it is barely possible to distinguish between the
BER performance results of the raf&. = 1/2 NSC coded complex DS/SSMA systems
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employing the unfiltered ZC and QPH CSS families, both for the hard and sci&idn VA
decoding scenarios. These exceptional BER performances, etgghatser loads, can be
attributed to the unfiltered CSS families’ superior periodic cross-correlptmperties, as was
also observed for the uncoded system$éttion6.5.1.3.1. For d0-user system, however,
there is a marked decrease in BER performance, even for the unfilt&®dathilies.

e A comparison of hard decision and soft decision VA decoding of theRate 1/2 NSC code
in multi-user multipath fading channel conditions, indicates that, at low uses |badd deci-
sion decoding asymptotically lags soft decision decoding (without fadinditauag CSI) by
the characteristie dB margin, irrespective of the CSS family used by the wideband complex
DS/SSMA communication systems. This observation also remains true at higloads,
except for ABC sequences, where the asymptotic gain of soft decisitimo(it fading am-
plitude CSI) over hard decision VA decoding expands to approximatglgiB. Furthermore,
inclusion of perfect fading amplitude CSI during soft decision decodasglts in a further
0.25 dB improvement, regardless of the user load or the CSS family employed in theACD
system.

6.5.2.2 8-STATE, RATE: = 2/3 RSC CODED COMMUNICATION SYSTEMS

The binary IIR RSC code (se®ection3.2.1.3.2) considered here is depictedrig. A.2 of Appendix

A and is defined by the generator matrix givertig. (3.11). According tdlableA.5, the minimum

free distance (seBection3.2.1.2) of this code idy,.. = 4. Furthermore, the RSC code considered
here has a constraint length (s&ectior3.2.1.2) ofv = 3. As such, a simple sliding window VA, with

a window size ofv = 5.v = 15 trellis sections, was employed as ML decoder. Both hard and soft
decision decoding (with and without perfect fading amplitude CSI &aetion3.3.5)) approaches
are considered. Due to time constraints, this code’s BER performancesdermined, through
extensive simulations, for only AWGN and flat fading channel conditions.

6.5.2.2.1 AWGN Channel Results

Several simulated BER performance curves for 8-state, Rate= 2/3 RSC coded (se&ection
3.2.1.3.2) narrowband complex QPSK communication systems§segon5.2), functioning in
AWGN channel conditions (seBection2.2), are shown irFig. 6.33. Note from this figure that
VA decoding using both hard and soft decision metric calculations wersidened. Obviously, in
the case of soft decision decoding no fading amplitude CSI was usedBHReerformance curve
of an uncoded narrowband QPSK system in AWGN channel conditioastetically defined b¥qg.
(5.20), is also depicted in this figure.

6.5.2.2.2 Flat Fading Channel Results

Fig. 6.34 andFig. 6.35 show simulated flat fading channel (Ssction2.5.1.1) BER performance
results of8-state, rateR, = 2/3 RSC (seeSection3.2.1.3.2) coded narrowband complex QPSK
communication systems (s&ction5.2) for maximum Doppler spreads (s8ection2.4.3.3) of
Bp,; =33 Hz andBp; = 100 Hz, respectively. Simulated BER performance results for Rician fac-
tors (seeSection2.5.2.2) of K; = —100 dB, K; = 0 dB andK; = 9 dB are present on these figures.
Hard and soft decision VA decoding of the 8-state, fate= 2/3 RSC codes were considered. Note
that two soft decision decoding approaches were investigated, nanftedesision decoding without
any fading amplitude CSI and soft decision decoding with perfect fadimglijude CSI (se&ection
3.3.5 andSection5.2.3). These figures also include simulated BER performance curvaadoded
QPSK systems in AWGN, as well as theoretical BER performance curvestoded QPSK systems
in slow Rayleigh flat fading channel conditions, definedBuy (5.24).
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6.5.2.2.3 Discussion of the Simulation Results

Listed below are several conclusions, drawn from the simulated AWGNlainfdding channel BER
performance results for thestate, rate?. = 2/3 RSC coded narrowband complex QPSK commu-
nication systems, presented in the preceding subsections:

1. Conclusions and observations from the AWGN channel results:

e With a measured AWGN channel asymptotic coding gair3.8fdB over an uncoded nar-
rowband complex QPSK communication systefig,. 6.33 corroboratekqg. (3.8)’s theoret-
ical maximum coding gain of'G¢7.' = 4.23 dB for the soft decision VA decodesistate,
rate R, = 2/3 RSC code. Note that this code’s coding gain is not only superior to that of
the 4-state, rateR. = 1/2 NSC code, considered iBection6.5.2.1, but it also requires a
lower bandwidth sacrifice. However, decoding complexity for the RS@ exdeeds that of
the NSC code, since the RSC code’s VA functions @gisate trellis (se&ection3.3.1.1),
whereas the NSC code’s VA employd-state trellis.

e A comparison ofig. 6.33’s hard and soft decision VA decoding results in AWGN, reveals an
expected asymptotic coding gainafl dB for soft decision decoding over the hard decision
decoding.

e The cross-over points for hard and soft decision VA decoding in AWdBahnel conditions
arel.7 dB and4.3 dB, respectively. Although the RSC code considered here is more fubwer
thanSection6.5.2.1’'s NSC code in terms of coding gain, its error correcting capabilitigs on
become useable at high&y, /N, values. This undesirable characteristic, inherent in all RSC
codes, is the major reason why NSC codes have attracted more attentiothsiivoeeption
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of convolutional coding in th@960's. However, the introduction of TCs has sparked a new
and vigourous interest in RSC codes, due to their inherent recutsises [88].

2. Conclusions and observations from the flat fading channel results:

e Fig. 6.34 andFig. 6.35 confirm that an increase in the flat fading channel’s Rician fdctor
(seeSection2.5.2.2), results in improved BER performances for both hard and sciftide
VA decoded rate?, = 2/3 RSC codes.

e From the flat fading channel simulation results (presentdéign 6.34 andFig. 6.35), it is
clear that the binary RSC code investigated here is better suited for msty-bype errors,
since its BER performances fétp ; = 100 Hz exceed that oBp ; = 33 Hz.

e As was the case with the AWGN channel conditions, hard decision VA degad the rate
R. = 2/3 RSC code in a flat fading environment produced BER performancésésierior
to that obtained through soft decision decoding. Specifically, soft idacA decoding
(without fading amplitude CSI), shows a familiardB asymptotic gain over hard decision
decoding for allK; and Bp; = 100 Hz. However, forBp; = 33 Hz, this soft decision
over hard decision gain is less, measuring approximat&lgB for both K; = —100 dB and
K; =9dB.

e The inclusion of perfect fading amplitude CSI during soft decision VAoditg produced
gains 0f0.2 dB and0.1 dB over standard soft decision decoding (i.e. without fading amplitude
CSl) in flat fading channel conditions withp ; = 100 Hz andBp ; = 33 Hz, respectively.

e The coding gains observed for the réte= 2/3 RSC in flat fading conditions are far less im-
pressive than those obtained for the rBte= 1/2 NSC code, considered Bection6.5.2.1.
This can be largely attributed to the fact that the.. of the RSC code is smaller than that
of the NSC code. It is also interesting to note that, just as was the case witim#ng NSC
code ofSection6.5.2.1, better BER performances are obtained at higher maximum Doppler
spreads.

6.5.3 COMMUNICATION SYSTEMS EMPLOYING VITERBI DECODED LINEAR
BLOCK CODES

The following subsections present simulated BER performances of Vitedaided binary Hamming
(7,4,3) and non-binary R$7,5,3) coded communication systems under varying channel condi-
tions. These codes were tested in AWGN and flat fading channel corglitismg narrowband com-
plex QPSK communication systems (presentefantions.2), as well as multi-user multipath fading
channel conditions, using wideband complex DS/SSMA communication syspeasefited irSec-

tion 5.3). The RAKE receiver-based complex DS/SSMA communication systemieweddength
M., = 63 CSSs. For all of the CSS families considered, except ABC sequen8&s, Were arbitrar-

ily selected from their respective sequence families. With the ABC seqse@&Ss were optimally
selected, as discussedSection6.5.1.3.2.

6.5.3.1 BINARY HAMMING?7, 4,3) CODED COMMUNICATION SYSTEMS

Simulated AWGN, flat fading and multi-user multipath fading BER performarsagtsefor the classic
binary Hamming(7, 4, 3) code (seeSection3.2.2.3.1), described by the generator matrix defined
in Eq. (4.4), are presented and examined in this subsection. Note that the biaamnidg code
considered here is systematic and, like all other Hamming codes, has a minimmmiktadistance
(seeSection3.2.2.2) ofd,,;, = 3 bits. Furthermore, its BCJR trellis (s&ection4.2), which is not
shown here due to its fairly complex structure, has a depflafers of nodes, each layer consisting
of 8 nodes with 2 branches emanating from each active node. Both classiorite force code book
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searches) and VA (se®ection4.4) decoding approaches were considered using hard and soft (with
and without perfect fading amplitude CSI) decision (Seetiord.4.2) strategies.

6.5.3.1.1 AWGN Channel Results

In Fig. 6.36 simulated AWGN channel (s&ection2.2) BER performances are shown for binary
Hamming(7, 4, 3) coded (se&ectior3.2.2.3.1) narrowband complex QPSK communication systems
(seeSection5.2). Both hard decision and soft decision (without using any fading ardpli@SI)
classic ML [47] and VA decoding (se®ection4.4) results are present on this figure. Furthermore,
the BER performance curve of an uncoded narrowband QPSK syst&w &N channel conditions,
theoretically defined bigq. (5.20), is also given in this figure as baseline reference.
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Figure 6.36: BER Performances of Binary Hammifig4, 3) Coded Narrowband Complex QPSK
Communication Systems in AWGN Channel Conditions

6.5.3.1.2 Flat Fading Channel Results

Simulated BER performance results are showhign 6.37 andrig. 6.38 for classic ML decoded bi-
nary Hamming7, 4, 3) coded narrowband complex QPSK communication systemsS@etons.2)

in flat fading channel conditions (s&ection2.5.1.1) with maximum Doppler spreads (s&ection
2.4.3.3) ofBp; = 33 Hz andBp ; = 100 Hz, respectively. Similar results are shown respectively in
Fig. 6.39 andFig. 6.40 for VA decoding. Hard and soft (with and without perfect fadingphtude
CSI) decision decoding were considered for both the classic ML andAhde¢oding approaches.
Furthermore, for botlBp ; = 33 Hz andBp ; = 100 Hz, results include simulated BER curves for
Rician factors (se&ection2.5.2.2) of K; = —100 dB, K; = 0 dB andK; = 9 dB. The theoretical
BER performance curves for uncoded QPSK systems in slow Rayleidgadiag channel conditions,
defined byEqg. (5.24), as well as simulated BER performance curves for uncoded @RS&ms in
AWGN channel conditions are present on all four figures.
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6.5.3.1.3 Multipath Fading Channel Results

Simulated multi-user multipath fading channel BER performance results faytditzanming(7, 4, 3)
coded RAKE receiver-based wideband complex DS/SSMA QPSK syssm@Séctiorns.3) with VA
decoding, employing length/,., = 63 ABC (seeSectiorD.3.2.2), DSB CE-LI-RU filtered GCL (see
SectionD.3.2.1), ZC (se&ectionD.3.1.1) and QPH (seBectionD.3.1.2) CSSs, are shown Fig.
6.41,Fig. 6.42,Fig. 6.43 andrig. 6.44, respectively. Hard and soft decision (with and without fading
amplitude CSI (se&ection3.3.5 andSection5.3.3)) VA decoding (se8ectiord.4) were considered
during these simulations. Also depicted on these figures are the simulated &8tRyances for
uncoded RAKE receiver-based wideband complex DS/ISSMA QPSKregdqteresented isection
6.5.1.3.1), as well as the BER performance of an uncoded system, witR&u& receiver, operating

in a purely AWGN environment.
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Figure 6.41: BER Performances of Binary Hammiffg4,3) Coded Wideband Complex QPSK
Communication Systems Employing ABC Sequences in Multi-User Multipath FadiagrighCon-
ditions, My = 63

6.5.3.1.4 Discussion of the Simulation Results

The preceding subsections’ simulated AWGN, flat fading and multi-user militipding channel
BER performance results for VA decoded binary Hammifgt, 3) codes, running on narrowband
complex QPSK communication systems and RAKE receiver-based widelpamplex DS/SSMA
QPSK systems, were thoroughly examined. The list below summarises thesions drawn from
these results:
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Figure 6.42: BER Performances of Binary Hammi{ig4, 3) Coded Wideband Complex QPSK
Communication Systems Employing DSB CE-LI-RU Filtered GCL CSSs in Multi-Useltijvath
Fading Channel Conditiond/,., = 63
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Figure 6.43: BER Performances of Binary Hammifig4, 3) Coded Wideband Complex QPSK
Communication Systems Employing ZC CSSs in Multi-User Multipath Fading Charoraitions,
Meq = 63
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Figure 6.44: BER Performances of Binary Hammifig4, 3) Coded Wideband Complex QPSK
Communication Systems Employing QPH CSSs in Multi-User Multipath Fading Ch&amnelitions,
Meq = 63

1. Conclusions and observations from the AWGN channel results:

e According toEqg. (3.25), a soft decision ML decoded binary Hammifig4, 3) code, imple-
mented on narrowband complex QPSK communication system in an AWGN emérdn
delivers a theoretical maximum asymptotic coding gaie'6fyy..’ = 2.11 dB atE, /Ny = 15
dB. Fig. 6.36 shows this theoretical coding gain to be adequately accurate for lae#ficc
ML and VA decoding with soft decisions, since a measured asymptotic cgdingf1.9 dB
can be observed for both decoding strategies.

e FromFig. 6.36 it is apparent that hard and soft decision VA decoding of binamrHiag
(7,4, 3) codes, employed on narrowband complex QPSK systems in AWGN chammel ¢
ditions, deliver BER performances virtually identical to classic hard afftddezision ML
decoding (brute force code book searches [47]).

e Soft decision ML decoding’s distinctive dB gain over hard decision ML decoding in
AWGN [47] is unmistakeably noticeable frokig. 6.36. Furthermore, note that the sys-
tem complexity associated with a hard decision ML decoded binary Ham(fjAag3) code
barely justifies the resultant improvement in BER performance. Howewesdfit decision
ML decoding a cross-over point (s&ection6.5.2.1.4) of approximatel§.5 dB can be ob-
served. As such, it can be argued that the use of simple binary Hamming3) codes
(with soft decision VA decoding) in high SNR applications warrants the as@d system
complexity.

2. Conclusions and observations from the flat fading channel results:
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e Comparisons oFig. 6.37 withFig. 6.39, andFig. 6.38 withFig. 6.40 verify that, for both
hard and soft decision metric calculations, classic ML decoding and VA tdeltisding of the
binary Hamming(7, 4, 3) code achieve equivalent BER performances in varying flat fading
channel conditions.

e From the myriad of flat fading simulation results presente&action6.5.3.1.2, it is abun-
dantly clear that the BER performance of VA and classic ML decoded yiHamming
(7,4, 3) codes, employed in narrowband QPSK systems, improve as the char@8l'signal
component increases with respect to the NLOS signal component. Cagayé&owever, the
increased BER performance obtained by increagingis most evident aBp ; = 100 Hz.
This was to be expected, since the binary Hamnjing, 3) code is not designed to mitigate
the detrimental effects of error bursts, which manifested itself with incdedigeations as the
fading rate becomes slower.

e A comparison of hard decision decoding with soft decision decoding (witfaaling ampli-
tude CSI) in a flat fading environment reveals soft decision decodirgswned dB gain
over hard decision decoding. Inclusion of perfect fading amplitudedd8hg soft decision
decoding resulted in a marginal improvement in the measured performdrntssmprove-
ment, which is most noticeable At = —100 dB, was approximately.25 dB for Bp ; = 100
Hz, whereas as an average gaidafdB is discernible folBp ; = 33 Hz.

3. Conclusions and observations from the multi-user multipath fading chisasudts:

e Substantiating the AWGN and flat fading channel observations, the rgsatiented irFig.
6.41,Fig. 6.42,Fig. 6.43 andFig. 6.44 for VA decoded binary Hammin@, 4, 3) block
codes in multi-user multipath fading channel conditions indicate that this lineek blmde
is not particularly effective for FEC purposes. For the single userastg hard decision VA
decoded Hamming7, 4, 3) codes, implemented on RAKE receiver-based wideband complex
DS/SSMA QPSK communication systems, only starts to show gain&fpN, > 6 dB,
irrespective of the CSS family employed. Strangely enough, as the usenkoraases, hard
decision VA decoding makes headway over uncoded systems at lowagea¥ /N, values.
The conclusion that can be formulated from this is that the binary Hamfing 3) code
does have some potency against the effects of MUI, even though itataesigned for that
purpose. When soft decision VA decoding (without fading amplitude @S¢mployed in
a single user CDMA system, asymptotic gains of ug o dB and2.2 dB are achieved by
the filtered and unfiltered CSS families, respectively. This correlates vitblithhe expected
AWGN coding gain OfC’Gs;ét = 2.11 dB, predicted byEq. (3.25).

e As was to be expected, the pre-filtered CSSs were once again outpedfby the unfiltered
CSS families. According t&ig. 6.41,Fig. 6.42,Fig. 6.43 andrig. 6.44, VA decoded binary
Hamming(7, 4, 3) linear block codes, running on RAKE receiver-based complex DS/SSMA
QPSK systems employing ABC sequences deliver the poorest BER mearfoe results,
whereas QPH CSSs has the best BER performance results at high ager dosely fol-
lowed by ZC CSSs. In fact, the performance difference between ZQ@&d CSSs never
exceedd).25 dB. In third place is DSB CE-LI-RU filtered GCL CSSs, which outperform
ABC sequences for all decoder approaches and user load scenalso worth mentioning
is that this filtered CSS family performs comparable with the unfiltered familiesdenesl,
even for al0-user load.

¢ Once again the unfiltered CSS families’ superior periodic cross-cornelataperties are ev-
ident. For both hard and soft decision VA decoding, theser ands-user BER performance
results for binary Hamming7, 4, 3) coded complex DS/SSMA systems employing the unfil-
tered ZC and QPH CSS families are nearly the same. However lfeuaer CDMA system,
there is a marked decrease in BER performance, even for the unfilt&@datilies.
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e At low user loads soft decision (without fading amplitude CSI) VA decodifithe binary
Hamming(7, 4, 3) linear block code in multi-user multipath fading channel conditions per-
forms approximatel\2 dB better than hard decision VA decoding, regardless of the CSS
family used. At higher user loads, this asymptotic gain decreases. Fopexaat a BER
of Py(e) = 2/100 for a 10-user QPH CSS-based CDMA system, soft decision decoding
(without fading amplitude CSI) exhibits a gain of orlly8 dB over hard decision decoding.
This performance decrease at high user loads is most severe for tredfil&€S families.
Furthermore, an additional average improvemen.pfdB is attained by including perfect
fading amplitude CSI during soft decision VA decoding, irrespective efuser load or the
CSS family employed in the CDMA system.

6.5.3.2 NON-BINARY REED-SOLOMQON 5,3) CODED COMMUNICATION SYSTEMS

Gauging the BER performances of Viterbi decoded non-binary RS loload&s (se&ectiorns.2.2.3.3)

in AWGN, flat fading and multi-user multipath fading channel conditions is tbasmf the following
subsections. Due to the complexity of the BCJR trellis structuresSsetiord.3) of non-binary linear
block codes, the applicability of the block-wise VA as efficient ML trellis démowas evaluated
only on the simple R%7, 5, 3) code, operating idsF' (23), defined by the generator polynomial of
Eq. (3.35). Since this RS code is cyclic (s8ection3.2.2.2), its non-systematic generator matrix
can be constructed using the procedure outline8ention3.2.2.2. This non-systematic generator
matrix can be reworked into a systematic form (Seetion3.2.2.2) by performing a number of row
and column permutations (using, for example, Gaussian eIiminatio@)Fir(23), resulting in the
following systematic generator matrix:

1 00 0 0 ¢* o
01 000 ¢ ¢
Gec=10 01 0 0 ¢° ¢ (6.5)
00010 1 1
000 0 1 ot ¢

wherey is a primitive element of?F" (2*). This code has a minimum Hamming distance,of,, = 3
GF (2%) symbols and its BCJR trellis (s&ctiord.2), which is not shown here due to its extremely
complex structure, has a depth&fyers of nodes, each layer consistinggoihodes with8 branches
emanating from each active node.

Also included in the simulation results presented in the following subsectiomsh@aBER perfor-
mance curves obtained using Berlekamp-Massey syndrome decodi#gp(@endix B. These results
act as baseline references for the hard decision VA decodingsesei®n4.4) results. Soft decision
VA decoding (se€Section4.4.2.2) with no fading amplitude CSI is compared to soft decision VA
decoding with perfect fading amplitude CSI (s®ection3.3.5).

6.5.3.2.1 AWGN Channel Results

Fig. 6.45 depicts simulated AWGN channel BER performances for narromxamglex QPSK com-
munication systems (s&ectiorb.2) employing non-binary R&, 5, 3) codes (se&ectior3.2.2.3.3),
with message and code word symbols fréhi’ (2%). Not only are hard decision and soft decision
(without using any fading amplitude CSI) VA decoding (S=etiord.4) results present on this figure,
but also hard decision results obtained through classic Berlekamp-y/sysdrome decoding (see
Appendix B. As baseline reference, the theoretical BER performance curve oheoded narrow-
band QPSK system in AWGN channel conditions, defineBdpy(5.20), is also present on this figure.
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Figure 6.45: BER Performances of Non-Binary RS5,3) Coded Narrowband Complex QPSK
Communication Systems in AWGN Channel Conditions

6.5.3.2.2 Flat Fading Channel Results

Fig. 6.46 and-ig. 6.47 depict BER performance results (obtained through simulations) fiebimary
RS (7,5, 3) (seeSection3.2.2.3.3) coded narrowband complex QPSK communication systems (see
Sectionb.2) operating in flat fading channel (sBection2.5.1.1) conditions with maximum Doppler
spreads (se8ection2.4.3.3) of Bp; = 33 Hz andBp,; = 100 Hz, respectively. As shown on
these figures, Rician factors (s8ection2.5.2.2) of K; = —100dB, K; = 0 dB andK; = 9 dB
were considered. Furthermore, note that both hard and soft decidialeabding (se&ection4.4)
of the RS(7,5,3) codes were evaluated, with fading amplitude CSI Seetion3.3.5 andSection
5.2.3) of varying degrees of accuracy being employed during the sof$idn decoding simulation
experiments. Also included on both figures are the simulated BER perfoentamees of uncoded
QPSK systems in AWGN channel conditions, as welEgs (5.24)'s theoretical BER performance
curve for uncoded QPSK systems in slow Rayleigh flat fading chanmelitbons.

6.5.3.2.3 Multipath Fading Channel Results

Fig. 6.48,Fig. 6.49,Fig. 6.50 andFig. 6.51 depict simulated multi-user multipath fading channel
BER performance results for non-binary RS 5, 3) coded (se&ection3.2.2.3.3) RAKE receiver-
based wideband complex DS/SSMA QPSK systems §etion5.3), which make use of length
M,.q, = 63 ABC (seeSectionD.3.2.2), DSB CE-LI-RU filtered GCL (se8ectionD.3.2.1), ZC
(seeSectionD.3.1.1) and QPH (seBectionD.3.1.2) CSSs, respectively. VA decoding (&etion
4.4) was employed, with both hard and soft decision (with and without faainglitude CSI (see
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Figure 6.46: BER Performances of Non-binary RS5,3) Coded Narrowband Complex QPSK
Communication Systems in Flat Fading Channel Conditidhs; = 33 Hz

Section3.3.5 andSection5.3.3)) BER performance results shown on these figures for each of the
CSS families. Furthermore&ection6.5.1.3.1's uncoded RAKE receiver-based wideband complex
DS/SSMA QPSK systems’ simulated BER performances, as well as the BE&mance of an
uncoded system (without a RAKE receiver), operating in a purely AWgBNironment, are also
shown for baseline reference purposes.

6.5.3.2.4 Discussion of the Simulation Results

Numerous simulated AWGN, flat fading and multi-user multipath fading chanB& Berformance
results are presented in the preceding subsections for non-bingf§; RS) coded narrowband com-
plex QPSK communication systems and RAKE receiver-based widebandeobp/SSMA QPSK
systems. Classic Berlekamp-Massey and block-wise VA decoding agigeavere considered. From
these results the following interesting observations and valuable condusiarbe made:

1. Conclusions and observations from the AWGN channel results:

e Fig. 6.45's simulated AWGN channel BER performance results undeniablynaftine ap-
plicability of the hard decision VA as a viable ML decoder replacement forcthssic
Berlekamp-Massey syndrome decoding algorithm £ssgendix B.

e The simulated AWGN channel soft decision VA decoding results for alnioary RS(7, 5, 3)
coded narrowband complex QPSK system, present&ibin6.45, not only exhibit the ex-
pected dB improvement over hard decision decoding, but also an asymptotic cgdingf
2.8 dB over an uncoded system. This measurement correlates welEyiif3.25)’s theoret-
ical maximum coding gain o@G‘;’g =3.1dBatE,/Ny = 15 dB.
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Figure 6.47: BER Performances of Non-binary RS5,3) Coded Narrowband Complex QPSK
Communication Systems in Flat Fading Channel Conditidhys; = 100 Hz
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Figure 6.48: BER Performances of Non-Binary RS5, 3) Coded Wideband Complex QPSK Com-
munication Systems Employing ABC Sequences in Multi-User Multipath Fading riéha&ondi-
tions, My.q = 63
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Figure 6.49: BER Performances of Non-Binary RS5, 3) Coded Wideband Complex QPSK Com-
munication Systems Employing DSB CE-LI-RU Filtered GCL CSSs in Multi-User Malkig-ading
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Figure 6.50: BER Performances of Non-Binary RS5,3) Coded Wideband Complex QPSK
Communication Systems Employing ZC CSSs in Multi-User Multipath Fading Charoralitions,
Mgeq = 63
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Figure 6.51: BER Performances of Non-Binary RS5, 3) Coded Wideband Complex QPSK Com-
munication Systems Employing QPH CSSs in Multi-User Multipath Fading Channedlittans,
Meq = 63

e The respective cross-over points (Sstiors.5.2.1.4) for hard and soft decision VA decoded
non-binary RY(7,5,3) codes on narrowband complex QPSK systemsai& and1 dB.
Strangely enough, these cross-over points are akin to those of thg biaamming(7, 4, 3)
code (considered iS8ection6.5.3.1), which is a substantially less powerful linear block code.

2. Conclusions and observations from the flat fading channel results:

¢ As indicated byFig. 6.46 andFig. 6.47, VA decoded non-binary R, 5, 3) linear block
codes show marked BER performance improvements in flat fading chemmditions as the
channels’ Rician factor&’; (seeSection2.5.2.2) increase. This was to be expected, since an
increase in a flat fading channel’s Rician factor tends to make it appea& Geurssian-like
in nature, which is necessary requirement by all linear block codesdingiRS codes, for
optimal BER performances.

e Inspection ofFig. 6.46 andFig. 6.47 not only shows that VA decoded non-binary RS codes,
implemented on a narrowband complex QPSK communication system, perform ddette
higher maximum Doppler spreads, but also that the gain of soft decisiodihg, with
perfect fading amplitude CSI, over that of soft decision decoding, witfaxling amplitude
CSI, increases as the maximum Doppler spread increases. For a Rdiandbk; = 9
dB, this gain is approximatel§.26 dB and0.4 dB for Bp; = 33 Hz andBp; = 100 Hz,
respectively.

e As stated previously, the RS code performs bettdsaf = 100 Hz than atBp ; = 33 Hz.
However, the performance improvement is less dramatic than that obsentkd foregoing
binary convolutional and linear block codes. This can be attributed to théhat RS codes
are burst error correcting codes, capable of correcting groupsrofs. Recall that the RS
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(7,5,3) code considered here hagg;, = 3 GF (2%) symbols. Hence, each code word is
capable of correcting a single error burst, consisting ofell-organised (i.e. adjacent) bit
errors.

¢ In flat fading channel conditions, hard decision VA decoding lagsdexision VA decoding

by almost3 dB. For Bp,; = 100 Hz andK; = 9 dB, this gain is not asymptotic, since it
increases non-linearly as the averdgg NV, increases.

3. Conclusions and observations from the multi-user multipath fading chieasudts:

¢ Investigation of the multi-user multipath fading channel results givefign6.48,Fig. 6.49,

6.5.4

Fig. 6.50 andrig. 6.51 confirms that the VA decoding of non-binary RS5, 3) linear block

codes, implemented on RAKE receiver-based wideband complex DS/SIREKQystems,
delivers marked BER performance improvements for all CSS families carsidalthough
the non-binary RS code effectively combats the bursty errors inducttebmultipath fading
channel, itis not as efficient at mitigating the effects of MUI as the binagyRa= 1/2 NSC

code, considered i§ection6.5.2.1. This is most noticeable for ABC sequences, where hard
decision VA decoding in d0-user system exhibits a cross-over point onlyf &B. For the
other CSS families, this crossover-point is substantially lower, especialthéounfiltered
families.

When soft decision (without fading amplitude CSI) VA decoding is employedsimgle user
environment, the R%7,5,3) code performs better at high, /N, values than an uncoded
DS/SSMA system operating in purely AWGN channel conditions. Furthespror the sin-
gle user scenario, soft decision (without fading amplitude CSI) VA diecpdf RS code
exhibits increasing coding gains over the uncoded system as the averaye increases.
For example, aP,(e) = 1073 a coding gain ofS’GsBoét = 3.4 dB is observed, irrespective of
the CSS family used.

In terms of overall performance, the unfiltered CSSs exhibited the bd&strmances, with
QPH CSSs outperforming ZC CSSs by no more thandB at high user loads. As was to
be expected, ABC sequences demonstrated the poorest BER perfesnahich is evident
from a comparison of the results shownRigy. 6.48,Fig. 6.49,Fig. 6.50 andFig. 6.51.
DSB CE-LI-RU filtered GCL CSSs again delivered BER performancesuperior to ABC
sequences, coming close to that of the unfiltered CSS families.

Soft decision (without fading amplitude CSI) VA decoding of the non-lird6 (7,5, 3)
linear block code at low user loads performs approxima2ehydB better than hard decision
VA decoding, regardless of the CSS family used. This asymptotic gainakEseas the user
load increases. For example, for ZC CSSs soft decision decoding (widmding amplitude
CSI) exhibits a gain of onlg.5 dB over hard decision decoding at a BERRyfe) = 2/1000

in a 10-user system. Furthermore, by including perfect fading amplitude CShglsoft
decision VA decoding, an additional average improvementDéB is attained, regardless of
the user load or the CSS family employed in the CDMA system.

REDUCING THE COMPLEXITY OF A BCJR TRELLIS - THE BINARY CYCLIC
(5,3,2) LINEAR BLOCK CODE

The VA decoding of linear block codes employing reduced trellis structatgained using the ap-
proach outlined irSection4.3.2, falls under the spotlight in the following subsections. Recall from
Sectiom.3.2 that finding a minimal trellis structure fofa, &, d,,.;,,) block code is a tedious process.
As such, only the simple binary cycl{&, 3, 2) block code (se&ection3.2.2.2), used as an example
to illustrate the trellis reduction technique ®éctiord.3.2, is used here. This code’s original system-
atic generator matrix is given yq. (4.22), with its corresponding unreduced BCJR trellis structure
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shown inFig. 4.3. After executing the trellis reduction procedure, an equivalentyuyatic (5, 3, 2)

block code with the minimal trellis structure showrFig. 4.4 was obtained. Note that this equivalent
code, defined b¥qg. (4.22), is non-systematic. Thus, obtaining the simulation results presented in
the following subsections required not only VA decoding, but also a mgpgfidecoded code words

to decoded message words. In contrast, obtaining decoded messalgefovdhe systematic block
codes, presented in the preceding subsections, simply involved stripgipguity symbols from the
decoded code words.

Due to time constraints, only AWGN and flat fading channel BER performaimulation tests were
performed, using narrowband complex QPSK systems $&ation5.2), on VA decoded (seBec-
tion 4.4) binary cyclic(5, 3,2) block codes with reduced complexity trellises. Both hard and soft
decision VA decoding approaches were considered. The influencgrgf perfect fading amplitude
CSI (seeSection3.3.5 andSectiorb.2.3) during soft decision decoding (s®ectiord.4.2.2) was also
investigated.

6.5.4.1 AWGN CHANNEL RESULTS

Simulated AWGN channel BER performance results for VA decoded biogelc (5, 3, 2) linear
block codes, running on narrowband complex QPSK communication syssemSection5.2), are
given inFig. 6.52. Present on this figure are results obtained by performing hardadindecision
VA decoding (se&ectiord.4) on the original and reduced complexity trellises, showfign4.3 and
Fig. 4.4, respectively. Note that the soft decision decoding results wersmebtaithout the use of
fading amplitude CSI in the VA metric calculations. For comparative purptisesheoretical BER
performance curve of an uncoded narrowband QPSK system in AWHaNne!l conditions, defined
by Eq. (5.20), is also present on this figure.

6.5.4.2 FLAT FADING CHANNEL RESULTS

This subsection is concerned with the simulated BER performance resuliseabtar binary cyclic
(5,3,2) codes with VA decoding using original and reduced complexity trellises,destenarrow-
band complex QPSK communication systems, operating in flat fading chaomditions. The first

set of figuresFig. 6.53 andrig. 6.54) show the simulated BER performance results obtained through
hard and soft decision (with and without perfect fading amplitude CSiiI®oding (se&ectiord.4)
using the original unreduced trellis structurerg. 4.3 for maximum Doppler spreads (sBection
2.4.3.3) ofBp; = 33 Hz andBp; = 100 Hz, respectively. Comparable results are respectively con-
tained inFig. 6.55 andFig. 6.56 for VA decoding using the reduced trellis structuréiof 4.4. For
both sets of figures, Rician factors (seection2.5.2.2) of K; = —100dB, K; = 0dB andK; = 9

dB were considered. Also provided on all four figures presented istiisection, are the theoretical
BER performance curve for uncoded QPSK systems in slow Rayleiglaflatg channel conditions
(defined byEq. (5.24)), as well as simulated BER performance curves for uncodetK@Fdems in
AWGN channel conditions.

6.5.4.3 DISCUSSION OF THE SIMULATION RESULTS

The effects of using reduced trellis structures during the VA decodimgnaiy cyclic(5, 3, 2) block
coded narrowband complex QPSK communication systems, operating in AWiaafading chan-
nel conditions, was the focus of the preceding subsections. From théatthBBER performance
results obtained, the following conclusions can be drawn:

1. Conclusions and observations for the AWGN channel results:
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the Original Trellis Structure dfig. 4.3
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Figure 6.56: BER Performances of Binary Cydlic 3, 2) Block Coded Narrowband Complex QPSK
Communication Systems in Flat Fading Channel Conditid#s { = 100 Hz), VA Decoding Using
the Reduced Trellis Structure Big. 4.4

e FromFig. 6.52 itis clear that, in AWGN channel conditions, VA decoding of a simple ginar
cyclic (5, 3, 2) linear block code using original (s&ectiord.2) and reduced complexity (see
Sectiond.3.2) BCJR trellis structures deliver almost identical BER performancheis. Was
to be expected, since the reduced complexity trellis was obtainedEgir{g.22)'s generator
matrix, which is a non-systematic equivalent of the original generator maixign by Eq.
(4.18).

¢ In terms of coding gain, soft decision VA decoded binary cy¢lic3, 2) linear block codes
deliver mediocre BER performances in AWGN channel conditions. Sarfistbn VA de-
coding shows a simulated asymptotic coding gaird.gfdB over an uncoded narrowband
complex QPSK system (comparable wilg. (3.25)’s theoretical gain o@GfB‘,’g = 0.79
dB), as well as a cross-over point (s8ection6.5.2.1.4) ofl dB. Since hard decision VA
decoding asymptotically lags soft decision decoding3lmB (unexpectedly higher than the
classic2 dB) in terms of BER performance, the uncoded system will outperforehdiegision
VA decoding at any SNR.

2. Conclusions and observations from the flat fading channel results:

e A comparison ofig. 6.53 withFig. 6.54, andrig. 6.55 withFig. 6.56, confirms the follow-
ing expected observations: For both g, = 33 Hz andBp, = 100 Hz flat fading channel
scenarios, VA decoding of the binary cyc(i&, 3, 2) linear block code (using the original and
reduced complexity trellis structures) delivers increasingly improved B&®pnances as
the channels’ Rician factors increase. Furthermore, soft decisionedading, with perfect
fading amplitude CSI, shows gains@®5 dB atBp, = 100 Hz and0.1 dB atBp, = 33 Hz
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over soft decision VA decoding without any fading amplitude CSI. Lastiyawerage the VA
decoded binary cycli¢5, 3,2) block code performs better at a faster fading rate, since it is
not intended to correct large error bursts.

e Inexplicably, in flat fading channel conditions, the VA decoding of thebjrcyclic (5, 3, 2)
code, using the reduced complexity trellis structure, performs weakenthan the origi-
nal trellis is used. For example, withp ; = 100 Hz andK; = 9 dB, VA decoding using
the reduced trellis structure lags byr5 dB in performance. This difference in BER perfor-
mance for the different trellis structures is less severe for the sl@&wgr= 33 Hz channel
configuration, measuring onty3 dB for K; = 9 dB. Although the author of this dissertation
is unable to deliver a bona fide explanation for this phenomenon, it canrjectured that
these inferior performances, obtained using the reduced complexity tteliisise, might be
attributed to error propagation: Recall that the equivalent binary c{&lR; 2) code obtained
after executing the trellis reduction procedure describe8eatiord.3.2, is non-systematic.
As such, VA decoding alone will not produce an estimate of the originalidptd vectord, ,.

A secongl stage ML mapping from decoded code word estimate decoded message word

estimated,,, is required. Thus, any errors presentinafter VA decoding will not only prop-
agate, but possibly increase in quantity by performing the second stagaadphing. The
end result is reduced BER performances. In [1l&3jsorier et al.made similar observations
when linear block codes with identical dimensions ahyg,,, but with different generator
matrices g were comparedrossorier et alwent on to show that the systematic encoding
of linear block codes not only simplifies decoding, but also minimises the pildpaf a bit
error.

6.5.5 COMMUNICATION SYSTEMS EMPLOYING INTERLEAVED VITERBI
DECODED LINEAR BLOCK CODES

The nett result of flat and frequency selective fading on wirelesahgprarted data streams is the phe-
nomenon of error bursts [60]. Certain types of codes, such asinanyiRS block codes (sekection
3.2.2.3.3), are inherently designed to mitigate the detrimental effects of suchersts [164]. How-
ever, using interleaving and de-interleaving (Ssxtion3.2.3) in conjunction with channel coding
yields remarkable BER performance improvements for communication systesretiog in fading
channel conditions, even when burst error correcting codes a@dglemployed [60]. The following
subsections investigate the BER performance improvements gained by usihggved VA decoded
(seeSection4.4) binary Hamming 7,4, 3) and non-binary R7,5,3) linear block codes in nar-
rowband complex QPSK (se®ection5.2) and wideband complex DS/SSMA QPSK (s&etion
5.3) communication systems, operating in flat and multi-user multipath fading eheonditions,
respectively. Similar t&ection6.5.3, the RAKE receiver-based complex DS/SSMA communication
systems employed lengtW,., = 63 CSSs. Again, for all of the CSS families considered, except
ABC sequences, sequences were arbitrarily selected from theictespsequence families. For the
ABC sequences case, sequences were optimally selecte8gsten6.5.1.3.2).

A simple random number generator interleaver (SeetionC.3.2) of lengthN = 105 bits was
employed for both the binary Hamming (7,4,3) (s®ection3.2.2.3.1) and non-binary R, 5, 3)
(seeSection3.2.2.3.3) linear block coded systems. The choice for the length of the inerlisgus-
tified as follows: From the chosen flat fading channel parameters (simovable5.1) and multipath
fading channel parameters (shownTiable 5.5 andTable 5.6), the minimum Doppler spread (see
Section2.4.3.3) considered in this studyiisin { Bp ;} = 33 Hz. Furthermore, both the narrowband
complex QPSK and wideband complex DS/SSMA QPSK transmitters are cadifom balanced
modulation with coded, unspreaded symbol rates of 1000 b/sTédde5.1 andTable5.4). As such,
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a quick rule-of-thumb calculation shows that a slow deep fade can ¢amm@ximum of approxi-
mately1000/33 ~ 30 coded bits. Thus, an interleaver length)éf= 105 is more than adequate to
spread the effects of such a worst case scenario error burstnoNiple code words.

6.5.5.1 INTERLEAVED BINARY HAMMING, 4,3) CODED COMMUNICATION SYSTEMS

The binary Hammind?7, 4, 3) code (se&ection3.2.2.3.1) considered iBection6.5.3.1 is revisited
here again. Since each code word consistg bits, interleaving using the lengtNn = 105 ran-
dom number generator interleaver results in the shufflingbafomplete code words’ code bits. VA
decoded interleaved Hammir{@, 4, 3) coded narrowband complex QPSK and wideband complex
DS/SSMA systems’ simulated BER performances are presented and discuske following sub-
sections for flat fading and multi-user multipath fading channel conditi@spectively. Again, hard
and soft decision VA decoding (s&ection4.4.2) are considered, with varying degrees of fading
amplitude CSI (se8ection3.3.5) employed during soft decision decoding.

6.5.5.1.1 Flat Fading Channel Results

Fig. 6.57 andFig. 6.58 present the simulation results, obtained during the BER performatspees
formed for interleaved binary Hammin(@, 4, 3) coded (se&ection3.2.2.3.1) narrowband complex
QPSK communication systems (sBection5.2) in flat fading (se&ection2.5.1.1) channel condi-
tions, with maximum Doppler spreads (s&ection2.4.3.3) of Bp; = 33 Hz andBp; = 100 Hz,
respectively. Hard and soft decision VA decoding (S=etion4.4), following the de-interleaving
process, were considered for Rician factors (Seetion2.5.2.2) of K; = —100 dB, K; = 0 dB
andK; = 9 dB. Results are shown for soft decision decoding without any fadinditute CSI and
soft decision decoding with perfect fading amplitude CSI Seetion3.3.5 andSections.2.3). Also
depicted on these figures dtg. (5.24)'s theoretical BER performance curve for an uncoded QPSK
system in slow Rayleigh flat fading channel conditions, as well as simul&&djd@rformance curves
for uncoded QPSK systems in the presence of only AWGN.

6.5.5.1.2 Multipath Fading Channel Results

Simulated multi-user multipath fading channel BER performance results fok-lse VA decoded
(seeSection4.4) interleaved binary Hammingr, 4, 3) codes (se€ection3.2.2.3.1), running on
RAKE receiver-based wideband complex DS/SSMA QPSK systems3geton5.3), are shown
in Fig. 6.59,Fig. 6.60,Fig. 6.61 andFig. 6.62 for lengthM,., = 63 ABC (seeSectionD.3.2.2),
DSB CE-LI-RU filtered GCL (se&ectionD.3.2.1), ZC (se&ectionD.3.1.1) and QPH (seBection
D.3.1.2) CSSs, respectively. Both hard and soft decision (with and withding amplitude CSI (see
Sectior.3.5 andSectiorb.3.3)) block-wise VA decoding of the interleaved binary Hamniingt, 3)
codes were considered. The simulated uncoded RAKE received-badeband complex DS/SSMA
QPSK systems’ multi-user multipath fading channel BER performance repratsented irSection
6.5.1.3.1, are also present on these figures for comparative purpeseshe BER performance of an
uncoded non-RAKE DS/SSMA system, operating solely in AWGN.

6.5.5.1.3 Discussion of the Simulation Results

The preceding two subsections presented flat and multipath fading BE&mance results for
interleaved binary Hamming7,4,3) coded narrowband complex QPSK and wideband complex
DSSS/MA QPSK systems (with de-interleaving and VA decoding employed in AkEReceiver),
respectively. Listed below are several noteworthy observations arattamp conclusions drawn from
these results:
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Figure 6.57: BER Performances of Interleaved Binary Hamniimd, 3) Coded Narrowband Com-

plex QPSK Communication Systems in Flat Fading Channel Conditi®ps,= 33 Hz
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Figure 6.58: BER Performances of Interleaved Binary Hamniimd, 3) Coded Narrowband Com-
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1. Conclusions and observations from the flat fading channel results:

e Contrasting-ig. 6.57 withFig. 6.39, and~ig. 6.58 withFig. 6.40 reveal that the interleaving
process substantially improved the BER performance of hard and si$iate VA decoded
binary Hamming(7, 4, 3) codes in flat fading channel conditions (especially for the; =
33 Hz case). For example, withp ; = 100 Hz andK; = 9 dB atP,(e) = 10—, interleaving
improved soft decision VA decoding (without any fading amplitude CSI) figgraximately
1.75 dB. However, as the Rician factdf; decreases, the gains obtained using interleaving
reduce. Thus, it can be argued that the fading channel’s tendencywifroon a Gaussian-
like to a Rician-like statistical demeanour, starts to overtake the temporalctérdstcs as
the dominating channel effect.

e A comparison ofFig. 6.57 withFig. 6.58 shows that, even after interleaving, VA decoded
binary Hamming(7, 4, 3) block codes in flat fading channel conditions wiy ; = 33 Hz
show inferior BER performances to that obtained £ ; = 100 Hz. However, the perfor-
mance difference is far less extreme than was the case with the non-interd&\decoded
binary Hamming7, 4, 3) block codes (se8ection6.5.3.1.2). Thus, it can be concluded that
a lengthN = 105 interleaver was not sufficiently capable of decomposing error bursts to
obtain 11D fading distributions on the received code bits.

e By incorporating interleaving into the binary Hammi(ig 4, 3) coded narrowband complex
QPSK system (operating in flat fading channel conditions), the resuttgorbvement ob-
tained by employing perfect fading amplitude CSI during soft decision Véodmg, in-
creased. This is particularly evident&p ; = 33 Hz. For example, ab,(e) = 10~* with
K, = 9 dB, fading amplitude CSI improved soft decision VA decoding by approxilypate
0.25 dB when using interleaving, whereas the non-interleaved scenariceshaw almost
negligible gain 00.05 dB.

2. Conclusions and observations from the multi-user multipath fading cheasuts:

e Comparing the multi-user multipath fading results presenteékirtion6.5.3.1.3 andection
6.5.5.1.2 for VA decoded non-interleaved and interleaved binary Ham(fing 3) linear
block codes, respectively, indicates that the use of interleaving imprine8ER perfor-
mance positively. The largest performance improvements were obsatrVed user loads
with hard decision VA decoding. For example, by using interleaving togettiehard deci-
sion VA decoding, d-user system with a BER d#,(e) = 2/1000 obtained a gain of almogt
dB, irrespective of the CSS family. By employing soft decision decodinthéut fading am-
plitude CSI), this gain diminished @8 dB. However, it was still adequate enough to boost
the single user's multipath fading performance results over that of thededddS/SSMA
system (without RAKE reception) in AWGN channel conditions f&y/ Ny > 4 dB.

e FromSectior6.5.5.1.2’s BER performance results for the different filtered and urddt€&SS
families considered in this study, it is apparent that, after interleaving, AB@Dences still
exhibit the poorest MUI performance, distantly followed by DSB CE-IU-Rtered GCL
CSSs. However, by incorporating interleaving into VA decoded binamnideng (7,4, 3)
codes, these two pre-filtered CSS families showed the largest BER parfoe improve-
ments for thel0-user scenario. Thus, it can be speculated that interleaving actualliatdiev
the detrimental correlative and temporal effects of the MUI caused by 8&sCoor peri-
odic cross-correlation properties, thereby creating less burstyseifbe unfiltered QPH and
ZC CSS families, which performed almost identically, surpassed ABC and CSBI-RU
filtered GCL CSSs for all VA decoder approaches and user load options

¢ Differing from the observations made fro8ection6.5.5.1.1's flat fading channel results, it
was discovered that, in multi-user multipath fading channel conditions, intergehas no
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influence on the performance improvement obtained by incorporatingdfaaiivplitude CSI
into soft decision VA decoding. The same can also be said of the asymptatiofgsoft
decision (without fading amplitude CSI) over hard decision VA decodiimgesit remains
constant a2 dB, regardless of the user load or CSS family used.

6.5.5.2 INTERLEAVED NON-BINARY REED-SOLOM@N;, 3) CODED COMMUNICATION
SYSTEMS

Simulated BER performance curves are introduced in the following subsedbo interleaved RS
(7,5, 3) block coded (se&ection3.2.2.3.3) narrowband complex QPSK (&etion5.2) and wide-
band complex DS/ISSMA QPSK (s&ection5.3) communication systems, operating in flat fading
and multi-user multipath fading channels, respectively. The non-binafy 8S) code used through-
out these simulations, functionsd®F" (2°) and is defined b¥q. (6.5) inSection6.5.3.2. Since each
RS code word consists of sevéfF (2%) code word symbols, with eacRiF' (2*) symbol in turn con-
sisting of three bits, it follows that the lengffi = 105 random number generator interleaver shuffles
the information of consecutive code words prior to transmission. The following subsegii@sgnt
simulated BER performance results obtained through hard and soft ae@isib and without perfect
fading amplitude CSI) VA decoding.

6.5.5.2.1 Flat Fading Channel Results

Simulated flat fading channel (s&ection2.5.1.1) BER performance results are showiign 6.63
(maximum Doppler spread @fp ; = 33 Hz) andFig. 6.64 (maximum Doppler spread 8f ; = 100
Hz) for VA decoded (se8ectiord.4) interleaved non-binary RS, 5, 3) coded (se&ectior.2.2.3.3)
narrowband complex QPSK communication systems $&mtiorb.2). These figures contain simula-
tion results obtained using flat fading channels configured for Ricidonra¢seeSection2.5.2.2) of
K; = —100dB, K; = 0 dB andK; = 9 dB. Hard and soft decision (with and without perfect fad-
ing amplitude CSI (se8ection3.3.5 andSection5.2.3)) branch metric calculation approaches were
considered for the VA decoding following the de-interleaving processdrréheiver. Furthermore,
simulated BER performance curves for uncoded QPSK systems in AWGditicors, as well a&qg.
(5.24)'s theoretical BER performance curve for an uncoded QPStesyin slow Rayleigh flat fading
channel conditions, are also includedFkig. 6.63 andrig. 6.64.

6.5.5.2.2 Multipath Fading Channel Results

Simulated multi-user multipath fading channel BER performance results fahlédg,, = 63 ABC
(seeSectionD.3.2.2), DSB CE-LI-RU filtered GCL (se®ectionD.3.2.1), ZC (se&ectionD.3.1.1)
and QPH (se&ectionD.3.1.2) CSS-based interleaved non-binary RS, 3) coded (seeSection
3.2.2.3.3) wideband complex DS/SSMA QPSK systems &etion5.3), with VA decoding (see
Section4.4) using BCJR trellises, are shownhig. 6.65,Fig. 6.66,Fig. 6.67 andFig. 6.68, re-
spectively. Block-wise VA decoding approaches considered inclad# dnd soft decision (with and
without fading amplitude CSI (se®ection3.3.5 andSections.3.3)) decoding. Also present on these
figures are the simulated uncoded RAKE receiver-based widebandeodD/SSMA QPSK sys-
tems’ multi-user multipath fading channel BER performance results, prdyiptessented irBection
6.5.1.3.1.

6.5.5.2.3 Discussion of the Simulation Results

ContinuingSection6.5.5’s investigation into the effects of interleaving on block coded namodb
complex QPSK and wideband complex DSSS/MA QPSK systems (with VA decodifigt fading
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Figure 6.63: BER Performances of Interleaved Non-Binary{RS, 3) Coded Narrowband Complex
QPSK Communication Systems in Flat Fading Channel ConditiBpg, = 33 Hz

and multi-user multipath fading channel conditions, respectig&dgtion6.5.5.2 brought interleaved
non-binary RS 7, 5, 3) codes under the spotlight. Important conclusions and observationsHesa
results are listed below:

1. Conclusions and observations from the flat fading channel results:

e Coinciding with the findings ofection6.5.5.1, the incorporation of interleaving into non-
binary RS(7,5,3) coded complex QPSK systems, employing VA decoding, improved the
overall BER performances in flat fading channel conditions. Howeties improvement is
less dramatic for the non-binary R 5, 3) code than for the binary Hammiri@, 4, 3) code.

For example, a comparison betweg. 6.46 andFig. 6.63 indicates that interleaving de-
livers an additional gain of onlg.2 dB for soft decision decoding (without fading amplitude
CSl) atP,(e) = 10~* with Bp,; = 100 Hz and K; = 9 dB. This modest gain can be at-
tributed to the fact that RS codes have the inherent capacity to cornesty laurors. It is
interesting to note, however, that the gains obtained for Bath = 33 Hz andBp; = 100
Hz by including interleaving, increase as the Rician fagfpidecreases.

e Contrasting the flat fading channel results presenteSeiction6.5.3.2.2 with that given in
Section6.5.5.2.1 confirms the observations mad&ection6.5.5.1: In general, applying in-
terleaving results in more impressive BER performances at lower maximumpl&gpreads.
For the VA decoded non-binary RS, 5, 3) code considered here, the resultantimprovements
obtained through interleaving yield more comparable BER performancesé&eRBy, ; = 33
Hz andBp ; = 100 Hz than was the case for the interleaved binary Hamrtiing, 3) codes.
This can once again be attributed to the RS code’s inherent ability to camgamall error
bursts still present at the output of the random interleaver.
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Figure 6.64: BER Performances of Interleaved Non-BinaryRS, 3) Coded Narrowband Complex
QPSK Communication Systems in Flat Fading Channel ConditiBps, = 100 Hz
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Figure 6.65: BER Performances of Interleaved Non-binary(RS, 3) Coded Wideband Complex
QPSK Communication Systems Employing ABC Sequences in Multi-User Multipatind-&dhan-
nel ConditionSMseq =63
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Figure 6.66: BER Performances of Interleaved Non-binary(RS, 3) Coded Wideband Complex
QPSK Communication Systems Employing DSB CE-LI-RU Filtered GCL CSSs in Mk tul-
tipath Fading Channel Conditiond/,., = 63
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Figure 6.67: BER Performances of Interleaved Non-binary(RS, 3) Coded Wideband Complex
QPSK Communication Systems Employing ZC CSSs in Multi-User Multipath Fadingréh&mwon-
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Figure 6.68: BER Performances of Interleaved Non-binary(RS, 3) Coded Wideband Complex
QPSK Communication Systems Employing QPH CSSs in Multi-User Multipath Fadingréha
Conditions, M., = 63

e ComparingFig. 6.63 andFig. 6.64 with the results given iS8ection6.5.3.2.2, it is apparent
that, in terms of the BER performance improvement obtained by includinggbéafiing am-
plitude CSI into the soft decision VA metric calculations, interleaving provecatodneficial
only for low maximum Doppler spreads. By incorporating interleaving this gaireased
from 0.2 dB to 0.4 dB for Bp ; = 33 Hz, whereas no change was observedBey; = 100
Hz.

2. Conclusions and observations from the multi-user multipath fading cheasuts:

e Comparing the results given Bection6.5.3.2.3 andection6.5.5.2.2, it is apparent that in-
terleaving has little influence on the BER performance of VA decoded nmambRS(7, 5, 3)
block codes in multi-user multipath fading channel conditions. Only thé RS 3) coded
complex DS/SSMA QPSK systems employing the ABC and DSB CE-LI-RU filter€il G
CSSs showed notable improvements. For examplePfor) = 3/1000, the 10-user ABC
sequence-based system showed an improvemén? oB after interleaving. Thus, it can be
concluded that the RS code was sufficiently capable of handling the irstg created by
the multipath fading and MUI, without having to resort to interleaving.

e For all of the CSS families considered, soft decision VA decoding of theléseed RS
(7,5,3) block code in a single user CDMA system delivered better performaneesath
uncoded non-RAKE DS/SSMA QPSK system in AWGN conditions vii{y Ny > 4 dB.

e As was to be expected, ABC sequences exhibited the poorest BERmanfces, especially
at high user loads. QPH and ZC CSSs delivered nearly identical BERrpemce results,
with DSB CE-LI-RU filtered GCL CSSs trailing by no more thaB for the 10-user worst
case scenario.
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e Coinciding with the observations made from the soft decision VA decodeddated bi-
nary Hamming(7, 4, 3) block code’s multi-user multipath fading BER performance results,
it seems that interleaving has no significant influence on the performanceviempents ob-
tained by incorporating fading amplitude CSlI into the metric calculations.

6.5.6 COMMUNICATION SYSTEMS EMPLOYING VITERBI DECODED PUNCTURE D
CONVOLUTIONAL AND LINEAR BLOCK CODES

Rate adaptation through code puncturing (Seetion3.2.4) has become a standard feature in the
channel coding schemes employed by most commercial mobile communicatiomsystg. GSM,
GPRS and EDGE). The advantages of using puncturing are twofoldiyFwancturing allows for
flexible data rates using a single coding scheme, a crucial feature in emywaication system that

is intended to supplpandwidth-on-demandSecondly, puncturing enables the telecommunications
engineer to harness the error correction capabilities of powerful ltevaades, without having to
concede considerable transmission bandwidth [102—-104].

The following subsections investigate the influence of puncturing on theggEiermances of VA de-
coded RSC codes (s&=ction3.2.1.3.2) and binary BCH linear block codes (S&etion3.2.2.3.2).
BER performance results were obtained for these punctured codegrawband complex QPSK
communication systems (s&ection5.2), operating in AWGN and flat fading channel conditions.
Multi-user multipath fading simulation results are also presented for the bir@H/(B5, 7, 5) code.
The RAKE receiver-based complex DS/SSMA communication systemsS@eten5.3) employed
during these simulations, were configured for length., = 63 CSSs. The ABC sequences used
were optimally selected, as describedSaction6.5.1.3.2. CSSs were arbitrarily selected for the
other CSS families considered.

6.5.6.1 PUNCTURED BINARY 4-STATE, RARE = 1/2 RSC CODED COMMUNICATION
SYSTEMS

In the following subsections a punctured [102—-104] bin&state, rate?. = 1/2 RSC code’s BER
performances are investigated in AWGN and flat fading channel conslifioaltipath fading channel
conditions were omitted due to time constraints). FitableA.3 the originald-state, rate?,. = 1/2
RSC code is defined by the following generator matrix Seetion3.2.1.3.2):

Goe(D)= [ 1 1525 | (6.6)

As indicated inTableA.3, this code has a minimum free distancelgf.. = 5. Code words generated
by the encoder structure, defined By. (6.6), is punctured according to the following puncturing
profile (seeSection3.2.4):

T:“ (1]] 6.7)

UsingEQq. (3.46), it readily follows that the resultant punctured code has a rdtg ef 2/3, making it
comparable with the RSC code investigate®action6.5.2.2. Furthermore, note that the systematic
information (se€Section3.2.1.2) remains intact after puncturing. Hence, this punctured code can
still be classified as a binary IR RSC code (s®ection3.2.1.3.2). Furthermore, a equiprobable
symbol-generating information source was employed in the transmitter straictseel during this
subsection’s simulations. As such, the receiver-end de-punctueetard erasure values (SEg.
(3.60)) ofI",,, ; o = 0 in the punctured bit positions, prior to sliding window VA decoding.
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6.5.6.1.1 AWGN Channel Results

Fig. 6.69 shows the simulated AWGN channel BER performance results, obtainedrrowband
complex QPSK communication systems, employing the puncttxsdte, rate?. = 1/2 RSC code,
described irbection6.5.6.1. For comparative purposes the results presenteekitiont.5.2.2 for the
8-state, ratek, = 2/3 RSC code are repeatedhiy. 6.69. VA decoding using hard and soft decision
(without fading amplitude CSI) metric calculations were considered for bathutipunctured rate
R. = 2/3 and punctured rat&. = 1/2 RSC codesEqg. (5.20), which defines the theoretical BER
performance curve of an uncoded narrowband QPSK system in AN@Nnel conditions, is also
included inFig. 6.69.
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Figure 6.69: BER Performances of Puncturk8tate, Rate?. = 1/2 RSC Coded Narrowband
Complex QPSK Communication Systems in AWGN Channel Conditions

6.5.6.1.2 Flat Fading Channel Results

Fig. 6.70 andFig. 6.71 show simulated BER performance results for punctured 4-stateRsate

1/2 RSC (seeSection3.2.1.3.2) coded narrowband complex QPSK communication systems (see
Sectionb.2) in flat fading channel conditions (s8ection2.5.1.1) with maximum Doppler spreads
of Bp; = 33 Hz andBp; = 100 Hz, respectively. During these simulations the flat fading channel
configurations considered included Rician factors Seetion2.5.2.2) of K; = —100dB, K; = 0

dB andK; = 9 dB. After de-puncturing in the receiver, sliding window VA decoding & 4hstate,
rate R. = 1/2 RSC codes were performed. Both hard and soft decision decodiregowasidered,
with either perfect or no fading amplitude CSI (s&ection3.3.5 andSection5.2.3) used during soft
decision decoding. Simulated BER performance curves for uncode® @&3ems in AWGN, as
well as theoretical BER performance curves for uncoded QPSK sysatestav Rayleigh flat fading
channel conditions (defined Bg. (5.24)) are present drig. 6.70 andrig. 6.71.
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6.5.6.1.3 Discussion of the Simulation Results

Punctured binary-state, rate?. = 1/2 RSC coded narrowband complex QPSK systems were eval-
uated inSection6.5.6.1.1 andection6.5.6.1.2. The narrowband systems were tested in AWGN and
flat fading channel conditions. From the simulated BER performancdisgmesented in the two
preceding subsections, the following is evident:

1. Conclusions and observations from the AWGN channel results:

e The simulated AWGN channel results Big. 6.69 show that the puncturedstate, rate
R. = 1/2 RSC code does not perform as well as the unpunctgrette, rateR, = 2/3
RSC code ofSection6.5.2.2, even though both codes have the same minimum free distance.
This can be attributed to the fact puncturing decreased the effective minireardistance of
the rateR. = 1/2 RSC code. Exact calculation of the punctured code’s overall minimum free
distance is a cumbersome process. However, reverse enginEgri(®y8), using a measured
asymptotic coding gain aIngOgt = 2.2 dB for soft decision VA decoding over an uncoded
system, the effective minimum free distance for the punctured RSC codeastimated as
dfree = 3.

e Itis interesting to note frorkig. 6.69's AWGN channel results that, although the cross-over
point (seeSection6.5.2.1.4) for hard decision VA decoding of the punctured rate= 1/2
RSC code is higher than that of the unpunctured fate= 2/3 RSC code, these two codes
have similar cross-over points for soft decision VA decoding.

¢ In AWGN channel conditions (sef€ig. 6.69), soft decision VA decoding of the punctured
rate R. = 1/2 RSC code shows an improvementldf dB, which is less than the expect2d
dB.

2. Conclusions and observations from the flat fading channel results:

e Fig. 6.70 andFig. 6.71 not only show that the punctured rdte = 1/2 RSC code’s perfor-
mance in flat fading channel conditions improve as the Rician fagtdncreases, but also
that the punctured RSC code is presented with more adverse tempordiatisttay overcome
whenBp ; = 33 Hz. In general, the BER performances of hard and soft decision ¢Adkl
punctured ratd?. = 1/2 RSC codes deteriorate as the maximum Doppler spread decreases,
regardless of the Rician facté;.

e From theBp,; = 33 Hz andBp; = 100 Hz flat fading channel results, shown kig.
6.70 andFig. 6.71, respectively, it is clear that the use of perfect fading amplitude CSI
during soft decision VA decoding resulted in minor BER performance ingrents. For the
Bp,; = 100 Hz the improvement was most noticeable, measuring approximaiydB for
K; = 9 dB. Furthermore, it is interesting to note that the asymptotic gain of soft dacisio
decoding (without any fading amplitude CSI) over hard decision decddiag impressive
2.5 dB for the Bp ; = 100 Hz scenario, but onlg dB for Bp ; = 33 Hz.

e The flat fading channel BER performance results, give@ention6.5.2.2.2, for the unpunc-
tured 8-state, rateR. = 2/3 RSC code, are superior to the results obtained here for the
punctured rate?. = 1/2 RSC code. Although practical implementation of both codes result
in identical bandwidth enlargements, the punctured RSC code has a smaileemof states
in its trellis (seeSection3.3.1.1), resulting in an inferior minimum free Hamming property
(seeSection3.2.1.2). This, in turn, produces weaker BER performances.
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6.5.6.2 PUNCTURED BINARY BCH5, 7,5) CODED COMMUNICATION SYSTEMS

The effects of puncturing on the BER performances of a VA decodehpBICH (15, 7, 5) code (see
Section3.2.2.3.2), operating in varying channel conditions, are considered iioltbesing subsec-
tions. The code under investigation is defined by the following generatpngmial [47]:

gpc(p) =p*+p" +p° +p* +1 (6.8)

which can be used to construct the following equivalent systematic genenatrix (seeSection
3.2.2.2):

100000011 101000
010000001171 0100
0010000001110 T10

Gpe=|000100000071T1T101 (6.9)
0000100111001T10
0000010011100 11
0000001110100 0 1|

From [47] this BCH code has a minimum Hamming distance @eetion3.2.2.2) ofd,,;, = 5
bits. Furthermore, since it has a code rateRpf = 7/15, incorporating it into a communication
system will come at the expense of &4.29% inflation in transmission bandwidth. This bandwidth
expansion can be alleviated by incorporating the following puncturingler@ieSection3.2.4) into
the communication system’s channel coding subsystem:

[an}

(6.10)

— R O R R R RO R
R O R FEFFE PR OO
ORr HF P P RO FRFRFRFRRFROHFH
== = O R e = O R e

From Eq. (3.46) it follows that, when using this puncturing profile in conjunction with threaty
BCH (15, 7,5) block code, a punctured code rate/®f = 4/7 is obtained. Thus, the resultant punc-
tured binary BCH code is comparable with the binary Hamniihg., 3) code, examined igection
6.5.3.1 andectiors.5.5.1. Although this puncturing profile was arbitrarily chosen to deliveavan-

all code rate of?. = 4/7, the author did attempt to uniformly distribute the deletion of code bits from
consecutive BCH code words. However, at no point can it be claimédhteauncturing profile of
Eq. (6.10) is in any sense optimal.

The following subsections present AWGN and flat fading channel BERopmance results, ob-
tained using narrowband complex QPSK communication systemsS@et@on5.2) employing the
punctured binary BCH15,7,5) block code. Also given here are multi-user multipath fading chan-
nel BER performance results for punctured binary BQH, 7, 5) block codes, running on wideband
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complex DS/SSMA QPSK communication systems Seetiorns.3). Hard decision VA decoding, as
well soft decision VA decoding, with varying degrees of fading amplitug¢ SeeSectiorn3.3.5), are
considered. The punctured binary BGH, 7,5) code BER performance results are compared with
that obtained for the binary Hammiri@, 4, 3) code.

6.5.6.2.1 AWGN Channel Results

Simulated AWGN channel BER performance results are depictédyin.72 for narrowband com-
plex QPSK communication systems, employing the punctured binary BGH, 5) block code de-
tailed inSectior6.5.6.2. As is clear from this figure, hard and soft decision (without fadimplitude
CSI) VA decoding results were obtained. Since the punctured binary BGH, 5) code is com-
parable with the binary Hamming, 4, 3) block code ofSection6.5.3.1, the hard and soft decision
VA decoding AWGN channel results providedhig. 6.36 are included ifrig. 6.72. Also depicted
on this figure is the BER performance curve of an uncoded narrowQ&®K system in AWGN,
theoretically defined big. (5.20).
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Figure 6.72: BER Performances of Punctured Binary BQH 7,5) Coded Narrowband Complex
QPSK Communication Systems in AWGN Channel Conditions

6.5.6.2.2 Flat Fading Channel Results

Flat fading channel (seSection2.5.1.1) simulated BER performance results are depicteeign
6.63 (maximum Doppler spread &p; = 33 Hz) andFig. 6.64 (maximum Doppler spread of
Bp; = 100 Hz) for VA decoded (se8ectior4.4) punctured binary BCKlL5, 7, 5) coded (se&ection
3.2.2.3.2) narrowband complex QPSK communication systemsS@ei@on5.2). Simulation results
are included for flat fading channels configured with Rician factore Sztion2.5.2.2) of K; =
—100 dB, K; = 0 dB andK; = 9 dB. After de-puncturing in the narrowband complex QPSK
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Figure 6.73: BER Performances of Punctured Binary B@H 7,5) Coded Narrowband Complex
QPSK Communication Systems in Flat Fading Channel ConditiBpg, = 33 Hz

receiver, VA decoding using either hard or soft decisions (with andowitherfect fading amplitude
CSI (seeSection3.3.5 andSection5.2.3)) were performed. For comparative purposes, simulated
BER performance curves for uncoded QPSK systems in AWGN, as wdheatheoretical BER
performance curve for uncoded QPSK systems in slow Rayleigh flatgati@nnel conditions (given

in Eq. (5.24)), are also included dfig. 6.73 andFig. 6.74.

6.5.6.2.3 Multipath Fading Channel Results

Fig. 6.75,Fig. 6.76,Fig. 6.77 andFig. 6.78 respectively show simulated multi-user multipath
fading channel BER performance results for lengthABC (seeSectionD.3.2.2), DSB CE-LI-RU
filtered GCL (se€&SectionD.3.2.1), ZC (see&sectionD.3.1.1) and QPH (se8ectionD.3.1.2) CSS-
based punctured binary BCH5,7,5) coded (se&ection3.2.2.3.2) wideband complex DS/SSMA
QPSK systems (seBection5.3). Following the de-puncturing process (s&ection3.3.4) at the
RAKE receiver, block-wise VA decoding, using the binary BCH, 7, 5) code’s BCJR trellis, which
consists ofl6 layers with64 nodes each, was employed. Simulation results are given for hard and
soft decision (with and without fading amplitude CSI (&=tior3.3.5 andsectiorb.3.3)) VA decod-
ing approaches. The multi-user multipath fading and AWGN channel BERrpgnce results for
uncoded RAKE receiver-based and non-RAKE receiver-baséeband complex DS/SSMA QPSK
systems, respectively, are also included on these four figures.

6.5.6.2.4 Discussion of the Simulation Results

The focus of the preceding three subsections were the effects ofpusieguring in conjunction with
VA decoded binary BCH15,7,5) codes. Simulated BER performance results were presented for
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Figure 6.74: BER Performances of Punctured Binary B@H 7,5) Coded Narrowband Complex
QPSK Communication Systems in Flat Fading Channel ConditiBpg, = 100 Hz

punctured binary BCH15,7,5) coded narrowband complex QPSK communication systems (oper-
ating in AWGN and flat fading channel conditions) and multi-user widebamdptex DSSS/MA
QPSK systems (operating in multipath fading channel conditions). The folipaliservations were
made from these results:

1. Conclusions and observations from the AWGN channel results:

¢ Investigation of the AWGN channel BER performance results for the \@oded punctured
binary BCH(15, 7, 5) codes, implemented on narrowband complex QPSK systemgigee
6.72), indicates that the puncturing process not only decreased timecstrne transmission
bandwidth, but also decreased the binary BAH, 7,5) code’s error correcting capabili-
ties. For soft decision VA decoding of the punctured binary BAH 7,5) code a mundane
asymptotic coding gain of.8 dB is achieved, whereas hard decision decoding shows a cod-
ing loss of1.9 dB. Thus, reverse engineeritify]. (3.25) shows that puncturing (using the
profile given byEq. (6.10)) has effectively decreased the BCH code’s minimum Hamming
distance (se&ection3.2.2.2) fromd,,.;, = 5 to approximately,,;, = 3.

e Comparing the AWGN channel BER performance results for VA decodeahypHamming
(7,4, 3) and punctured binary BCKL5, 7, 5) codes on narrowband complex QPSK systems
(shown inFig. 6.36 andFig. 6.72, respectively), establishes that the soft decision decoding
(with or without fading amplitude CSI) of both codes deliver comparableltesHowever,
hard decision VA decoding of the binary BCGHI5, 7, 5) code failed to perform at the same
level as hard decision VA decoded binary Hamm{iig4, 3) codes. Specifically, for high av-
erageE;, /Ny values, hard decision VA decoded BQlb, 7, 5) codes showed an asymptotic
performance loss df dB when compared to the hard decision VA decoded binary Hamming
(7,4,3) code.
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Figure 6.75: BER Performances of Punctured Binary BQH, 7,5) Coded Wideband Complex
QPSK Communication Systems Employing ABC Sequences in Multi-User Multipatind-&dhan-
nel ConditionSMseq =63
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Figure 6.77: BER Performances of Punctured Binary BQH, 7,5) Coded Wideband Complex
QPSK Communication Systems Employing ZC CSSs in Multi-User Multipath Fadingréh@on-
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e Fig. 6.72 demonstrates that soft decision VA decoding of the punctured @y 15, 7, 5)
code outperforms hard decision decoding with approximatedf8. This result far exceeds
the characteristi dB gain for hard over soft decision ML decoding, characteristic with
non-punctured linear block codes [47].

2. Conclusions and observations from the flat fading channel results:

e The punctured binary BCHKi15,7,5) code exhibits an increase in flat fading channel BER
performance as the Rician factél; increases (refer tbig. 6.73 andrig. 6.74). This is true
for both Bp ; = 33 Hz andBp; = 100 Hz. On average, the punctured code performs best
at the maximum Doppler spread, i.8p; = 100 Hz. Since the flat fading channel creates
shorter error bursts at higher maximum Doppler spreads, the VA dexoflithe punctured
binary BCH(15,7,5) code (which is not intended for burst error correction) producéebe
BER performance results, irrespective of the channel’s Rician factor

e Referring toFig. 6.73 andFig. 6.74 it is clear that the use of perfect fading amplitude
CSI during the soft decision VA decoding of the punctured BQH, 7,5) codes resulted
in relatively small gains over soft decision decoding (without any fadimglaude CSI).
For bothBp; = 33 Hz andBp; = 100 Hz this gain was approximately.15 dB when
K; = 9dB. Moreover, hard decision VA decoding asymptotically lags soft detidéxoding
(without any fading amplitude CSI) by.75 dB for Bp ; = 33 Hz, and2.25 dB for Bp ; =
100 Hz.

¢ Recall fromSection6.5.6.2 that the puncturing profile defined By. (6.10) was designed
with the singular intention to reduce the binary BCH, 7, 5) code’s rate to that of the binary
Hamming(7, 4, 3) code, but still preserve its superior error correction capabilities. As wa
observed from the AWGN channel results, puncturing unfortunatelyaed the code’s effec-
tively minimum Hamming distance, resulting in poorer BER performances. Smyreling to
the observations made for AWGN channel conditions, a comparison ointluéased results
presented irBection6.5.3.1.2 andection6.5.6.2.2 shows that, in flat fading channel condi-
tions, soft decision VA decoding of the two codes performed similarly. Witld lo@cision
VA decoding, however, the binary BCH5, 7,5) codes proved to be inferior to the binary
Hamming(7, 4, 3) codes.

3. Conclusions and observations from the multi-user multipath fading cheesusts:

e MatchingSection6.5.6.2.3’s multi-user multipath fading BER results with that presented in
Sectior6.5.3.1.3 for VA decoded binary Hammiig, 4, 3) codes, it is clear that soft decision
decoding of the binary Hamming@, 4, 3) code and the punctured binary BGb, 7, 5) code
deliver nearly the same performances, irrespective of the quality ohtliegf amplitude CSI
employed in the metric calculations. Unfortunately, the BER performancesettasing
hard decision VA decoding of the punctured binary BCH, 7, 5) code follows the pattern
observed for the AWGN and flat fading channels. At a BERgE) = 2/1000, for example,
hard decision decoding of the punctured binary BAFL 7, 5) code exhibits a loss df.5 dB
in a single user CDMA system, employing DSB CE-LI-RU filtered GCL CSSss pbor
BER performance trend, observed for the hard decision VA decodithge gunctured binary
BCH (15,7,5) code, increases in severity as the user load increases, regardtbesG8S
family employed.

e On the whole, VA decoded punctured binary BCH, 7, 5) codes, implemented on RAKE
receiver-based DS/SSMA QPSK systems using ABC sequences,rddlivee poorest BER
performances at high user loads. QPH CSSs produced the best, #hltsC CSSs a close
second. Furthermore, for the single user scenario at RighV, values, only the unfiltered
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CSS families were capable of performing better or equivalent to the singteinsoded non-
RAKE receiver-based DS/SSMA QPSK system, operating purely in AM@dvever, the
unfiltered CSS families did come close to this AWGN curve, lagging by no moreitBaiB
behind the unfiltered CSS families.

e Contrasting the hard and soft decision VA decoding resul&@f6.75,Fig. 6.76,Fig. 6.77
andFig. 6.78, soft decision decoding (without fading amplitude CSI) gains, rarggtween
approximately2.4 dB and2.8 dB, can be observed for user loads ranging from low to high,
irrespective of the CSS family. Furthermore, the inclusion of perfeéhfpdmplitude CSI
during soft decision VA decoding produces an average gaih2odiB for all user loads and
CSS families.

6.6 CONCLUDING REMARKS

Chapter6 presented a culmination of simulation results that investigated, evaluatee@inedvthe
theories, algorithms, communication system building blocks, simulation platforch$/Aarecoded
coding schemes covered in the previous chapters. Firstly, it examineddénation of the novel
complex flat fading and multipath fading channel simulators, present®eédtior2.6.2.3 andsection
2.6.3.2, respectively. Next, attention shifted to the verification of the naaoa complex QPSK
(seeSectiorb.2) and wideband complex DSSS/MA QPSK communication system$ésgimrb. 3).
Lastly, numerous simulated AWGN, flat fading and multi-user multipath fadingrelsBER per-
formance results, obtained usi®gction5.4’s comprehensive simulation platforms, were presented
and assessed for uncoded, as well as VA decoded convolutionéihaadblock coded narrowband
and wideband communication systems. This chapter not only documentalsetenesting and im-
portant findings from the simulation results presented here, but it alsosn@akember of unique
contributions. Important results presented and novel contributions mattesbchapter, are listed
below:

1. Measured phase and fading amplitude PDFs, as well as measurelDsgmzetra, are presented
in Section6.2.1 for the novel complex fading channel simulator, featuregeiction2.6.2.3. These
simulation results not only certifies the accuracy of the proposed compliéxdiag channel simu-
lator’s operation, but also serves as proof of its flexibility in terms of stippdading distributions
and fading rates.

2. The functioning and configurability of the unique complex multipath fadirgnokl simulator,
proposed inSection2.6.3.2, are authenticated 8ection6.2.2 via simulated power delay profile
and Doppler spread PSD measurements.

3. Simulated time signals, PSDs and eye diagrams are givBedtion6.3 for the unique complex
QPSK transmitter and receiver models, presentekictions.2. The PSD and eye diagram results
were obtained in perfect, noiseless channel conditions, whereas thiatsidhtime signals were
measured in noiseless, flat fading channel conditions. These restlsiggrove the optimal
operation of the proposed complex QPSK system, but also validates tlageading amplitude
calculation method, detailed Bection5.2.3.

4. The functioning of the proposed RAKE receiver-based widebantptex DS/SSMA QPSK sys-
tem, described irsection5.3, is scrutinised irbection6.4. Simulated PSDs for the ABC, DSB
CE-LI-RU filtered GCL, ZC and QPH CSS families considered in this studg Agmendix D,
were obtained in perfect noiseless channel conditions. These PSDmatkbuthe perfect single
sideband and Nyquist bandwidth-like spectral characteristics of the &RIDSB CE-LI-RU fil-
tered GCL CSSs, respectively. Eye diagram results (also obtained fecpapiseless channel
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conditions) for the complex DS/SSMA QPSK system, employing QPH CSSsy whefaccept-
able operation of the square-root Nyquist chip-level pulse shapingsfiltesed at the wideband
transmitter and RAKE receiver for the unfiltered CSS families. Time signal uneaents, pro-
cured in noiseless multipath fading channel conditions, certify the usskibfeéhe average fading
amplitude calculation method, proposedSactions.3.3.

5. Chapter6 presented numerous simulated AWGN, flat fading and multi-user multipathgfadin
channel BER performance results for binary NSC (Seetion3.2.1.3.1) and RSC (se®ection
3.2.1.3.2) codes. These results acted mostly as baseline references\férdbcoded binary and
non-binary linear block codes considered in this study. However, a euaflunique contributions
were made to the discipline of convolutional coding, including an investigattortie effects of
perfect fading amplitude CSI on the soft decision VA decoding of conimial codes, as well
as the influence of puncturing on binary RSC codes’ BER performarithe most significant
contribution, however, is the BER performance results obtained for \éddied binary convolu-
tional codes, implemented on RAKE receiver-based wideband complexd&Systems. These
results substantiate convolutional codes’ effectiveness in combattinéf¢lsesenf MUI and multi-
path fading.

6. Simulated AWGN and flat fading channel BER performance resultsjr@ctfor narrowband com-
plex QPSK systems employing VA decoded binary Hamniing, 3) and non-binary R%7, 5, 3)
linear block codes (se8ection6.5.3.1 andSection6.5.3.2, respectively), are some of the ma-
jor contributions of this chapter. Even more pivotal are the simulated BERrp@ance results
obtained for these VA decoded linear block codes, running on RAKEivecbased wideband
complex DS/SSMA QPSK systems (employing the unfiltered and filtered CSS fapréissnted
in Appendix D) in multi-user multipath fading channel conditions. From the results obtaimékddo
various mobile communication channel environments considered, it is evigdrnhe application
of the VA to the BCJR trellis structures of linear block codes deliver optimalddtoding BER
performances.

7. Novel simulated AWGN and flat fading channel BER performancdtreate presented iSection
6.5.4 for binary cyclic(5, 3,2) linear block codes, VA decoded using original and reduced com-
plexity trellis structures. These results show that BCJR trellis complexity haslnence on the
BER performance results obtained in AWGN conditions. However, fofdiding channel condi-
tions, usage of the reduced complexity BCJR trellis delivered slightly wegi&Br performances.

8. Section6.5.5’s investigation into the BER performance improvements obtained by intieidethe
VA decoded binary Hamming7, 4, 3) and non-binary R$7, 5, 3) linear block codes in flat fad-
ing and multi-user multipath fading channel conditions, produced uniqueaundble simulation
results. From these results it can be surmised that interleaving improveEBed&formances of
both the binary Hamming7, 4, 3) and non-binary R$7, 5, 3) linear block codes. However, the
improvements observed for the non-binary RS5, 3) linear block codes were less impressive,
due their inherent ability to mitigate the bursty errors typically created by fasfiegts in mobile
communication channels.

9. Sectiont.5.6.2 focused on the VA decoding of punctured binary BCH 7, 5) linear block codes
in AWGN, flat fading and multi-user multipath fading channel conditions. 8ettision VA de-
coding of this punctured code delivered novel BER performancdtsesamparable to the binary
Hamming(7, 4, 3) code (which also has a code rate/f = 4/7), irrespective of the quality of
the fading amplitude CSI used during the metric calculations. Hard decisiore@ddihg of the
punctured binary BCH15, 7,5) code, however, did not only performed inferior to soft decision
decoding, but also to hard decision VA decoding of the binary Hami¥ingy 3) code.
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10.

11.

This chapter’s simulated BER performance results for binary cotiwoll codes, as well as binary
and non-binary linear block codes, tested on narrowband and widetmmmunication systems
in flat fading and multi-user multipath fading channel conditions, respégtigee instrumental
in the determination of the influence of fading amplitude CSI during VA decodBigparticular
interest in this study, were the underlying effects of code complexity, gagites, Rician factors,
interleaving, puncturing, CDMA user loads and CSS families on the perfurengains achieved
through soft decision VA decoding with fading amplitude CSI.

Although this chapter’s major contribution is undoubtable the simulated BERrmances of VA
decoded binary and non-binary linear block codes, operating in a veidety of mobile channel
conditions, the respective investigationsS#ction6.5.1.3.2 andSection6.5.1.3.3 into the influ-
ence of CSS selection and length on the multi-user multipath fading channepBE&mances
of uncoded complex DS/SSMA QPSK systems, are also pivotal. Not onlytlveasoncept of
SSLD introduced (mathematically definedSectionD.2.6), but also a simple GCL CSS selection
scheme, proposed I8taphorstand.indein [162]. From the simulation results it is apparent that,
when used in RAKE receiver-based DS/SSMA systems, ABC sequelatigsr mediocre BER
performances. However, for a fixed BEF (&=xtiornD.2.5), ABC sequences support much higher
user loads than the other CSS families considered in this study. Furtheimas shown that care
must be taken in the selection of sequences from a ABC sequence farmigy/thaassignment of
CSSs to CDMA users has a definite impact of the overall BER performdrtbe system due to
MUI.
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