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SUMMARY

SUMMARY

WCDMA is typically characterised as a system capable of providing mobile users with data rates
up to 2 Mb/s and beyond. It has been termed an ultra high-speed, ultra high-capacity radio
technology that will be able to carry a new range of fast, colourful media, such as colour graphics,
video, animations, digital audio, Internet and e-mail that consumers will be able to access over their

mobiles devices.

This current study has researched on the various existing Multiuser detection (MUD) processes or
proposals conducted by various research institutions around the world. It has identified the
advantages that the past work offers, and it is these advantages that form the basis of the current

research into the improvement techniques. The proposed Partial Parallel Pipelined Multiuser

Detector (PPPMUD or PMm UD) has come about from two main flavours or directions of
research. The first one seeks to promote the Soft Parallel Interference Cancellation technique as an
effective bias mitigation technique. This bias occurring in the second stage decision statistics,
exhibits a very harmful effect on system Bit Error Rate, (BER), particularly for large system loads.
This current study goes further by carefully analysing the Soft Cancellation Factor, SCF behaviour
to eventually derive and determine the optimum SCF value which exhibits positive characteristics
when varied with the increasing system load (number of users). This optimum SCF value is called

the universal SCF or SCFyyy , as it is theoretically supposed to perform favourably under various

system loads. A favourable or acceptable performance would be characterised by low observed or

measured BER during the system processing stages. A further enhancement to the operational
performance of the SCFyyy algorithm is the SCFpjy Compensator, which is basically a
compensation mechanism created by modelling the behaviour of the SCF values, and adjusts the

SCFyny depending on the system load, (number of simultaneous users). Thus, the SCFpyy is

adaptively adjusted in order to perform acceptably under all load conditions.

The second direction of research, as regards improvements in MUD techniques, involves the
conventional Bit-Streaming, Pipelined Multiuser Detector.  This came about due to the
computational complexity as well as matrix inversions which affected earlier asynchronous
multiuser detection techniques. This detector has a pipelined architecture which avoids multishot
(block-based) detection and instead, processes the bits in a streaming fashion. The architecture

consists of a matched filter followed by three stages of parallel interference cancellation, (PIC).
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This present study extends that research by outlining the advantages of incorporating the soft

parallel interference cancellation technique, by way of the universal soft cancellation factor,
(SCFyny ), into the conventional pipelined multiuser detector architecture to form the
P3MUD architecture, which includes the compensator. The contributions of the proposed
P3MUD system is that the observed BER output simulations are promising, with an observed

overall decrease in the error rate for the P3MUD process, as compared to the conventional

pipelined detection method. This decrease signifies an improvement offered by the proposed

P3MUD algorithm. Further observed analysis indicates the possibility of decreasing the number
of parallel interference cancellation stages from three to at least two, after the matched filter

detection stage, without an observable change in system BER. Hence, the proposal of the two-

stage P3MUD .

Keywords: Wide-band Code Division Multiple Access, Multiuser Detection, Pipelined Multiuser

Detector, Partial Parallel Pipelined Multiuser Detector (P3M UD), Soft Parallel Interference, Soft

Cancellation Factor, Universal Soft Cancellation Factor, Parallel Interference Cancellation
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Wyeband CDMA (WCDMA) word tipes gekenmerk as ‘n stelsel wat in staat is om mobiele
gebruikers van datatempos tot soveel as 2 Mb/s en meer te bedien. Dit word gevolglik bestempel
as ‘n ultra-hoéspoed ultra-hoé kapasiteit radiotegnologie wat in staat sal wees om ‘n nuwe
verskeidenheid vinnige, kleurvolle media te dra, soos byvoorbeeld kleurgrafika, video, animasies,
syfer-oudio, Internet and e-pos, waartoe verbruikers in staat sal wees om via hulle draagbare

handstelle toegang te hé.

Hierdie studie het die bestudering van ‘n verskeidenheid bestaande multi-gebruiker-deteksie
(MGD) -prosesse en -voorstelle, wat deur verskillende navorsingsinstellings dwarsoor die wéreld
onderneem 1is, ten doel gehad. Die voordele wat die genoemde navorsingsprojekte inhou, is
identifiseer en as basis gebruik vir die huidige soektog na verbeterde MGD-tegnieke. Die
voorgestelde parsieel- (of gedeeltelike) parallelle pyplyngeoriénteerde (of sekwensi€le)
multigebruiker detektor (PPPMGD, oftewel ‘Partial Parallel Pipelined Multiuser Detector —
‘PPPMUD’ of ‘P’MUD”) het uit hoofsaaklik twee hoofnavorsingsrigtings onstaan:

Die eerste navorsingsbenadering poog om ‘n sagte parallelle steuringskansellasiemetode as ‘n baie
effektiewe oplossing tot die statistiese wanafsetprobleem (‘bias mitigation technique’) te bevorder.
Hierdie wanafset wat in die beslissingsstatistieke van die tweede stadium van die MGD ontstaan,
toon ‘n baie skadelike effek op die stelselbisfourwaarskynlikheid (BFW of ‘bit error rate’ - BER),
en in besonder in die geval van stelsels met ‘n groot gebruikersbelading. Hierdie studie is verder
gevoer deur ‘n in-diepte ondersoek van die sogenaamde sagte kansellasie-faktor - (SKF, oftewel
‘soft cancellation factor - SCF’) gedrag te loods, waaruit uiteindelik die optimum SKF-waarde
bepaal is, wat positiewe stelselkenmerke openbaar wanneer dit as ‘n funksie van die toenemende
stelselbelading (d.i, die aantal gebruikers) verstel word. Hierdie optimum SKF-waarde word die
universele SKF, of SKFyny, genoem, aangesien dit teoreties gunstig behoort te vaar onder ‘n
substansiéle bereik van stelselbeladings. ‘n Gunstige of aanvaarbare stelselwerkverrigting word
gekenmerk deur ‘n lae waargenome (gemete) stelselbisfoutwaarskynlikheid (BER) na MGD-
prosessering. ‘n Verdere verbetering tot die operasionele werkverrigting van die SKFyny—
algoritme is die sogenaamde SKF-kompensator, wat basies ‘n kompensasiemeganisme is wat uit

die modellering van die SKF-waardes ontwikkel is, en die SKFyny—waardes as ‘n funksie van die
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stelselbelading (aantal gelyktydige stelselgebruikers) verstel. SKFyyy word aanpasbaar verstel ten

einde onder alle lastoestande aanvaarbaar te funksioneer.

Die tweede navorsingsbenadering wat daarop gemik is om die MGD-proses te verbeter, behels die
konvensionele bitstroom, pyplyngebaseerde multigebruiker-detektor (BPMGD. Hierdie BPMGD-
konfigurasie is ontwikkel om die berekeningskompleksiteit en die aantal matriksinversies wat
vrogere asinkrone MGD-tegnieke geknichalter het, die hoof te bied. Die detektor het ‘n
pyplynargitektuur wat blokgebaseerde multistapdeteksie vermy, en die bisstroom op ‘n sekwensi€le
wyse prosesseer. Die argitektuur bestaan uit ‘n aangepaste filter, gevolg deur drie stadia van

parallelle steuringskansellasie (PSK, oftewel ‘parallel interference canellation — PIC”).

Hierdie studie brei vorige navorsing op die voordele van die insluiting van ‘n sagte parallelle
steuringskanselleringstegniek uit, deur die inkorporering van die universele sagte kansellasiefaktor,

SKFyny (met inbegrip van die SKF-kompensator), by die konvensionele pyplyngebaseerde MGD,

om die sogenaamde P’MGD (‘P°MUD’)-argitektuur te vorm. Die bydrae van die voorgestelde
P’MUD-stelsel is dat dit die waargenome stelsel-BER merkbaar verbeter, met ‘n waargenome
algehele afname in BER vir die PMUD-proses, in vergelyking met die konvensionele pyplyn-
gebaseerde  MGD-metode.  Hierdie waarnemings dui op ‘n aansienlike verbetering in
stelselwerkverrigting deur die P’MUD-metode te gebruik. ‘n Verdere bydrae van hierdie
ondersoek is die bevinding dat die algehele prosesseringsintensiteit aansienlik verminder kan word
deur die aantal parallelle kansellasiestadia na die aangepaste-filter deteksieproses van drie na slegs
twee te verminder, sonder enige merkbare verandering in stelsel-BER. Gevolglik is die voorstel
van ‘n twee-stadium PMUD ‘n verdere bydrae wat deur hierdie navorsingsprojek tot ‘n verbeterde

en vereenvoudigde MGD gemaak word.

Sleutelwoorde: Wyeband Kode-Divisie Multi-Toegang (WKDMT, oftewel “‘Wideband Code Division
Multiple Access - WCDMA”), Multigebruiker-deteksie (MGD), Pyplyn-gabaseerde MGD (‘Pipelined
Multiuser Detector — PMUD?’), Parsiéle Parallelle Multigebruiker-Detektor (PMGD  oftewel,
‘P3MUD), Sagte Parallelle Steurseinkansellering, Sagte Kansellasie-Faktor (SKF), Universele Sagte
Kansellasie-Faktor (SKFuny), Parallelle SteuringsKansellering (PSK, oftewel, “Parallel Interference
Cancellation — PIC’).
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CHAPTER 1

INTRODUCTION

This chapter has been divided into three sections. The first focuses on the reasons for
conducting this study, mainly consisting of the literature review, the motivation for the
research as well as defining the problem statement. It also mentions the approach and
methodology used to achieve the aims and goals mentioned, and finally discusses the
research contributions. The second section is a general discussion into the multiple access
methods and the various cellular standards. The section gives an overview and
introduction to the past, present, near-future and future communication systems
represented by first, second, third and fourth generation systems respectively. These
communication systems are defined by the various agreed cellular standards and multiple
access methods according to the International Telecommunications Union. Also, it
especially focuses on the WCDMA system description, and in particular, an introduction to
the WCDMA receiver and the channel effects associated with it. The last section gives an

insight to the following chapters and the overall document structure.
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1 AN OVERVIEVW OF MULTIPLE ACCESS INTERFERENCE,
MULTIUSER DETECTION AND INTERFERENCE
CANCELLATION TECHNIQUES

The majority of 3G(Third Generation) cellular systems defined by IMT-2000 use
WCDMA (Wide-band Code Division Multiple Access), as the basic radio access
technology. According to Nilsson [1], the first generation analogue systems and the
subsequent second generation digital systems are mainly oriented towards voice
application traffic. Third generation CDMA-based systems represent a significant leap
both in applications and capacity from the second generation narrowband CDMA systems.
Studies based on performance improvement in 3G WCDMA have been carried out, with
the proposal by Alam et al. [2], for the use of MUD and IC techniques to accomplish this.
Falahati et al. [3], talked of the need to exploit the structure of MAI to apply MUD using
appropriate algorithms, and concluded that due to the relatively low complexity of some IC

schemes, they could easily be implemented.

According to Kang et al. [4], the MUDs could be classified as Linear MUDs (where a
linear mapping or transformation is done to produce a new set of outputs as part of the
iterative process), and Subtractive Interference Cancellation Detectors (where as part of the
iterative process, an estimation of the interference is made before subtraction). These latter
schemes of sub-optimum detectors differ from optimum detectors, (here schemes too
computationally intensive), in that the receivers perform reliably under MAI with a
reasonable computational complexity to ensure practical implementation. They can be
divided into Successive Interference Cancellation (SIC), Parallel Interference Cancellation

(PIC), and Zero-Forcing Decision-Feedback (ZF-DF) detector.

Additional studies, such as by Malik et al. [5], proposed the use of Hybrid Interference
Cancellation (HIC) techniques that combined the advantages of both SIC and PIC. This
was very important as far as this current study is concerned, in that it did indicate
limitations in the latest assortment of IC schemes being investigated and being

implemented. An overview is shown in figure 1-1.
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Figure 1-1 : Overview of MUD Techniques
The research of this current study focuses on a proposed hybrid cancellation scheme, in

particular, a Partial Parallel Pipelined Multiuser Detector, (P3 MUD), which has come
about by incorporating the two techniques of Renucci et al. [6] and Rajagopal et al. [7].

1.1 Motivation for Study and Problem Statement

The overviews and literature studies mentioned above have thus contributed to the overall
reasons for conducting the current research study. Some of the most important and
extensive research that was done previously was the optimal multiuser receiver algorithm
for CDMA derived by Verdu [6]. This work has been used by many researchers as the

foundation to their own work.
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The original work focused on performing Maximal Likelihood Sequence Estimation
(MLSE) over the entire duration of the received signal, followed by using the Viterbi
Algorithm in decoding the entire received sequence of symbols within a trellis. This was
in order to produce lowest probability of error. Unfortunately, this was a complex
procedure with a receiver structure that could not be practically realised. Since then,
research has focused on reasonably complex sub-optimal receiver algorithms and iterative
detection techniques, Varanasi et al. [8]. These latter methods are the basis of this current

study.

Thus the problem statement is centred on stating that, ‘There are existing multiuser
detection and interference cancellation techniques for processing the number of
simultaneous users in a system, but there also appears to be a need to improve these
techniques’. The aim of this current study is to take the advantages of the various existing
MUD and IC schemes, and use them to formulate a new scheme. To further add, the
improved scheme needs to be tested and compared against the existing ones to observe or
measure the extent of improvement, if at all. To achieve these aims, the guidelines

mentioned next were followed.

1.1.1 Study Guidelines To Achieve Research Aims and Goals

The study is divided into four main modules :

e The Theoretical stage — here, research into the current hybrid IC schemes and related

theory and algorithm failures/successes is made.

e The Formulation Stage - where new algorithms and eventually methodologies are

adapted and from the current work done.

e The Practical Stage —where the theory is adapted for practical testing. That is, the
performance of the hybrid IC is investigated in terms of factors such as complexity of

the algorithm used, delay, average Bit Error Rate (BER)... etc.
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e The Conclusion Stage —here, critical evaluation of the proposed Hybrid IC scheme (as

compared to existing ones) is made.

1.1.2 Research Contributions

This dissertation analyzes the two research streams which both offer improvements to the
parallel interference cancellation receiver originally proposed by Varanasi and Aazhang

[8]. The main research contributions of this current study can be summarised as:

e Identifying and proposing the use of a universal Soft Cancellation Factor, SCFy )

and a compensator mechanism.

e Providing a method of determining SCFyyy .
e Incorporating SCFy;yy into a conventional parallel interference cancellation algorithm,

such as the Bit-streaming parallel interference canceller.

e From the encouraging BER output results, proposing a reduction in the number of

algorithm processing stages from three to two, i.e., proposing the 2-stage P’MUD .
e Optimizing parts of the original code and extending the simulation test-bed to include,

a dual output single-screen GUI.

The first stream or technique focuses on the performance gains of interference cancellation
over conventional CDMA detection. The multistage parallel interference cancellation
CDMA receiver structure proposed by Striglis, et al. [6], consists of a conventional
receiver for the first stage of detection, followed by one or more interference cancellation
stages. Buehrer et al. [9], discovered that the second stage amplitude estimates were
affected by a bias which was in direct proportion to the number of interfering users. This
bias had harmful effects as it acted to the detriment of the system BER, particularly under
severe loading conditions. When the bias magnitude is small at low system loads, the
derived analytical BER is consistent with the simulation BER. In contrast, as the system
load grows, there exists a disparity between analytical and simulation BER. The greater
bias magnitude results in the simulated BER being less than the analytical rate. The bias
reduction exercises that have followed have considered using first stage amplitude

estimates, for use in the second stage interference cancellation. The rationale of this
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method is based on the premise that if interference estimates are unreliable due to biasing,
the partial use of these estimates as opposed to full use tends to improve the performance

with lower BER.

This forms the platform for the simulation experiments, Buehrer et al. [9], in finding the
optimal scaling factors SCFs, (Soft Cancellation Factors) for a given system. It was found
that the SCF varied almost linearly with the system loading: i.e. the greater the system
loading, the smaller the SCF and the lower the BER. It is from this background that the

contributions of this dissertation are defined. ~The universal SCF, SCFpy) takes into

account the effects of loading at different stages: i.e. the analytically obtained low BER
properties across the system loading spectrum are identified and combined in producing
this universal SCF. This universal SCF is then used in improving the overall parallel

interference cancellation algorithm with the assistance of the SCFy;; Compensator

Mechanism, (SCM), as indicated by the BER comparisons. The Bit-Streaming Pipelined
Multiuser Detector of Rajagopal [7], was modified to accomplish this. The simulations
also indicate the possibility of having at least two cancellation stages after the Matched
Filter process as opposed to the conventional three stage algorithm. Comparisons of the
improved algorithm simulations with those of the standard parallel cancellation methods

are shown and conclusions made.
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1.2 Overview of Multiple Access Methods

This is summarised by the diagram in Figure 1-2.

CDMA

Figure 1-2 : Overview of Multiple Access Methods
In FDMA [10], each transmitter is assigned a distinct frequency channel so that receivers
can descriminate among them by tuning to the desired channel. It was deployed in the first
generation cellular systems such as the Advanced Mobile Phone Service (AMPS), the
Extended European Total Access Cellular System (ETACS), and the Nippon Telephone and
Telegraph (NTT) system. TDMA was the most commonly used multiple access technique
in early second generation cellular systems. Here, TDMA separates users by assigning
each user a short time slot during which only that user’s signal is transmitted; during the

next time slot another user’s signal is transmitted and so forth.

Second generation systems include the Groupe Special Mobile (GSM) standard (which is a
TDMA/FDMA system), the Digital Cellular (USDC) standard (also known as the
Intermediate Standard-54, or [S-54), and the Pacific Digital Cellular (PDC) standard.
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CDMA was the competitor to TDMA that emerged in later second generation cellular
systems. CDMA standard is known as Intermediate Standard-95 or IS-95, and is based
upon spread spectrum technology. In contrast to FDMA and TDMA where users are
orthogonalized along frequency and time, respectively, CDMA signals all overlap in both
time and frequency, but are distinguishable by their signature codes (i.e. the codes in Code
Division Multiple Access). Here, each user is assigned a unique high rate signature code
which isolates it from all other users. For each user, the code signal multiplies the data
signal, and since the code rate is much higher than the data rate, the resulting signal bears a
higher rate and hence a “spreaded spectrum” compared to the data rate, Scholtz [11]. A
timeline diagram on the introduction of the standards and technologies is shown in Figure

1-3.

PDC
Japan \
TD-WCDMA
Separation
of Up and
MT-2000: Down Links
CDMA2000
3xRTT
EDGE
Portugal = Uplink+OFDM
9 CDMA Direct Downlink
Spread
TACS .
CDMA Multi-
Italy, Carrier
i Unlimk WLAN
plin
CDMA TDD Downlink
NMT CDMA —— CDMA2000
i us, — AXRTT :

Nordic Japan TDMA S.lngle Convergence:
regions, Carrier WLAN,
Benelux WCDMA,

FDMA/TDMA OFDM

Seamless IP

GS_M SD-WCDMA Connectivity
China

I

1

|

10 kbps 2 Mbps [ 50 Mbps | [ 200 Mbps |

Figure 1-3 : Timeline diagram of introduction of analogue/digital communication standards
and technologies.

Figurel-3, also indicates intermediate standards such as HSCSD, GPRS, EDGE and
CDMA2000 IxRTT, which have been introduced with two main advantages:
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e Providing alternative routes for cellular service providers to migrate from 2G to 3G

services, usually on a “Pay as you Grow” basis,

e Introducing pre-3G data rates to users as a form of gauging the forecasted demand for

3G services and handsets.

1.2.1 Overview of Cellular Standards

The aim of the Personal Communications industry is currently focusing on the
implementation and enhancement of third generation systems in different parts of the
world. Optimisation of the second generation systems is seen as an important challenge by
the current cellular service providers the world-over, especially by those that have tight
financial budgets. Research is also underway on future generation 4" generation)
systems, widely favoured to be fully IP-based [12]. The life-cycle of the development of
the past and present generation communications systems is still far from a complete circle,
as advances in technology indicate the importance of these systems as platforms to launch
future systems, and also the fact that they can still be optimised to offer improved
performance, quality and grade of service. Thus, network performance monitoring and
optimisation is being promoted by both equipment vendors and cellular network service
providers, especially those that need to recoup the costs incurred when they invested in 3G

licences.

The ITU requires that IMT-2000 (3G) networks, among other capabilities, deliver
improved system capacity and spectrum efficiency over the 2G systems and supports data
services at a minimum transmission rates of 144 kb/s in mobile (outdoor) and 2 Mb/s in
fixed (indoor) environments. Figure 1-4, shows the five radio interfaces approved for

IMT-2000 standards as part of the ITU-R M[1].1457-2-200304 Recommendation [13].
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Figure 1-4 : The IMT-2000 Terrestrial Radio Interfaces

Since the 1990s, the wireless telecommunications sector has seen the standardization of
third generation mobile communications systems in all major regions of the world. The
Universal name for 3G is IMT-2000, with the 3GPP(2) branch as the joint standardisation
project of the standardisation bodies from USA, Japan, Europe, Korea and China. The
European ETSI based 3G systems go under the name of UMTS (Universal Mobile
Telecommunications System), and use UTRA as the WCDMA Radio Interface, see 3GPP
TS 25.211 [14] and ETSI TS 125 221[15]. The aim of these systems is to govern the
introduction of high-rate data services by extending the services provided by current
second generation systems such as GSM, PDC, IS-136, and IS-95. The main applications
for these high-rate data services will be wireless packet transfer, as well as circuit-switched
services such as video. WCDMA has been widely favoured as the basic radio-access
technology for UMTS/IMT-2000 in both Europe and Japan.

the WCDMA radio

Compared to second

generation narrowband CDMA, interface offers significant
improvements, in addition to the support of higher-rate services. These include: improved
coverage and capacity due to a higher bandwidth and coherent uplink detection; support of
inter-frequency handover necessary for high-capacity Hierarchical Cell Structures (HCS);
support for capacity improving technologies such as adaptive antennas and multi-user

detection; as well as support for a fast and efficient packet-access protocol.
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WCDMA supports two basic modes of operation: Frequency Division Duplex (FDD) and
Time Division Duplex (TDD). In the FDD mode, separate 5 MHz carrier frequencies are
used for the uplink and downlink respectively, whereas in TDD only one 5 MHz band is
time-shared between uplink and downlink. Uplink is the connection from the mobile to the
base station, and downlink is that from the base station to the mobile. The TDD mode is
added to operate in the unpaired spectrum allocations of the ITU IMT-2000 systems. The
multiple access method used for WCDMA is DS-CDMA. The base station
synchronisation is of asynchronous type, with a chip rate of 3.84 Mcps and a frame length
of 10ms. This standard offers multiple services with different quality of service
requirements multiplexed on one connection. The multirate concept is achieved through
variable spreading and the use of multiparallel codes. Coherent detection is offered using
pilot symbols or a common pilot. Multiuser detection and smart antennas are supported by
the standard, which is a big leap in an attempt to introduce system-improving techniques as

compared to the second generation systems.

Considering the IS-95 standard, the bandwidth of the CDMA signal is 1.25 MHz, and that
of WCDMA 5 MHz. The allocation of bandwidth in WCDMA in the time-frequency-code

space is shown in Figure 1-5 [16].
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Figure 1-5 : Bandwidth allocation in WCDMA in the time-frequency-code space
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Figure 1-6 : Spectrum use for CDMA, GSM and WCDMA systems

1.2.2 WCDMA System Description

An extensive summary of WCDMA systems is given in Holma et al. [16].

The Direct-Sequence characteristic as well as supporting features such as variable
spreading factor as well as multicode connections, gives WCDMA ( a wideband Direct-
Sequence Code Division Multiple Access or DS-CDMA system), the ability to support
very high bit rates such as 2 Mb/s and above. The user information bits are spread over a
SMHz bandwidth by multiplying the user data with quasi-random bits (called chips)
derived from CDMA spreading codes.

The Wideband characteristic is a result of the chip rate of 3.84 Mcps used leading to a
carrier spacing of approximately 5 MHz. The advantage of this, is the ability to support
high user data rates, as well as posses certain performance benefits, such as increased

multi-path diversity.
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The Bandwidth on Demand (BoD) characteristic is well supported for highly variable user
data rates. Each user is allocated frames of 10ms duration, during which the user data rate
is kept constant. However, the data capacity among the users can change from frame to
frame as shown in Figure 1-5. This can be made to achieve optimum throughput for

services such as packet data.

The optional non-global time reference characteristic of WCDMA is due to the fact that it
supports the operation of asynchronous base stations,(unlike the synchronous IS-95 system
requiring a global time reference, such as GPS). In indoor radio base station design, where
micro base stations are deployed, the lack of GPS signals make this characteristic an

implementation advantage.

The uplink coherent detection characteristic of WCDMA results in an overall increase of

coverage and capacity on the uplink.

The advanced receiver concepts characteristic of the WCDMA air interface, means
CDMA receiver concepts, such as multiuser detection and smart adaptive antennas, can be
deployed by the network operator as a system option to increase capacity and/or coverage.

Such concepts are hardly used in second generation systems.

The interoperability characteristic with systems such as GSM means handovers between
GSM and WCDMA are supported. This very important requirement has been
accomplished by Alsenmyr et al [17], who in their procedure to overcome the challenges
of interworking between WCDMA and GSM, use dual-mode mobile terminals. This
entails compressed mode channel measurements where gaps or idle spaces are created in

time so that WCDMA mobile terminals can perform measurements on GSM cells.
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Cell re-selection between WCDMA and GSM is affected where the WCDMA and GSM
cells are ranked together according to signal strength and monitoring the fall in serving cell
quality below a certain threshold. The WCDMA-to-GSM cell change order is then
initiated by the network, based on mobile terminal measurement reports, and finally the

actual handover process between WCDMA and GSM [17] takes place.

A short mention of the types of spread spectrum techniques is in order here, as they give an
insight into the transmitted signal (spreading) encapsulation techniques. The received

signal (de-spreading) decapsulation techniques are the inverse of this.

There are four principle types of spectrum spreading techniques, Direct Sequence,

Frequency Hopped and Time Hopped and Chirp.

Direct Sequence Spread Spectrum (DS-SS) based systems will be the focus in this current

study. A detailed explanation of the various techniques can be found in Rennuci, [6].
1.2.3 Introduction to WCDMA Receiver Architecture

The WCDMA receiver architecture is based on that of the CDMA receiver. It has been
suggested by ETSI [18] that the Rake receiver be employed in the first generation UMTS
handsets due to its efficiency and affordable single-user detection. The Rake receiver
structure is derived directly from the multi-path channel model [19], ideally with one Rake
finger being allocated to each multi-path, in order to maximise the amount of received
signal energy. Thus, in each finger of the Rake receiver, the amplitude, the phase shift,
and the propagation delay of the selected multi-path have to be compensated for, in a task
called synchronisation [18]. The basic structure and operation process of the RAKE
receiver is described in Chapter 2. The WCDMA Channel is basically the set of channels
transmitted between the base station and mobile stations within a given WCDMA
frequency assignment, which is typically a SMHz segment of spectrum. Two important
channel entities, Multi-path propagation and Multiuser Interference that occur and affect

the WCDMA system performance are mentioned next.
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1.2.4 Channel Effects
1.24.1 Multi-path Propagation

Multi-path propagation is characterised by multiple reflections, diffractions and attenuation
of the signal energy, i.e. by natural obstacles such as buildings, hills,..etc. Consequently,
there are two effects which arise due to this, if it is assumed that the duration for a chip at
3.84 Mcps is 0.26us. Thus, if the signal energy pertaining to a single chip of a WCDMA
waveform arrives at the receiver, when the time difference of the multi-path components
is at least 0.26us, the WCDMA receiver can separate those multi-path components and
combine them coherently to obtain multi-path diversity [16]. This indicates the advantage
that SMHz WCDMA has over IS-95 in that it can provide multi-path diversity in small

cells, by virtue of the former systems’ higher temporal discrimination ability.

The other occurrence is of signal cancellation (fast fading), which arises as the receiver
moves across even short distances, due to the presence of many paths of nearly equal
lengths for a certain time delay position. Countermeasures used against fading in

WCDMA are:

o Using multiple RAKE fingers allocated to those delay positions on which significant

energy arrives, to combine the delay dispersive energy.

e Mitigating the fading signal power problem by using fast power control and the

inherent diversity reception feature of the RAKE receiver.

e Adding redundancy and time diversity, (help receiver recover user bits), by using

strong coding and interleaving and retransmission protocols.

However, it must be noted that the expected multi-path propagation conditions for UMTS
are less than ideal. This is due to the orthogonal spreading codes suffering severely
because of loss of orthogonality brought about by multi-path propagation. This results in
MALI which reduces the performances of Rake-based receivers. Studies such as by Knoche

et al, [20] are looking for ways to mitigate this MAI effect.
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1.24.2 Multiuser Interference (MUI)

Another receiver phenomenon is that of interference, specifically Multiuser Interference
[6]. The greater the level of interference, the less capacity the system can support. It has
been found that the Bit-Error-Rate (BER) in CDMA increases approximately linearly with
the percent of capacity overload [6], and any suppression of interference translates linearly
into a capacity increase. This observation holds true for WCDMA systems. Interference-
free CDMA (WCDMA) would be possible if the codes were ideal, but this is hampered by
the practical impossibility to be able to design perfectly orthogonal codes for an
asynchronous uplink. Ideally, if the codes were all orthogonal, (correlation value = 0), and
there would be no MAI term. However, since in practice most channels contain some
degree of asynchronism, it is not possible to design codes that maintain orthogonality over

all possible delays.

So instead we look for codes that are nearly orthogonal, i.e., have as low correlation as
possible, (relative to autocorrelation), Moshavi, [21]. Another inhibitor is the near-far
problem which could still harm performance despite the design of nearly optimal PN
codes. Thus, more effort has been focused into research and designing of WCDMA
receiver algorithms capable of reducing the effects of interference, and in particular, the
effect of interference due to multiple access by several simultaneous users in the uplink of

a WCDMA system.
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1.3 Organisation of Dissertation
The structure of the dissertation is as follows.

Chapter 2 focuses on the 3GPP2 Physical Layer Standard for CDMA and WCDMA. The
WCDMA channel structure as well as spread spectrum systems are discussed. The

multiuser detectors as well as the various receiver structures are encountered.

Chapter 3 deals more with the PIC techniques, especially the need to use soft cancellation
to mitigate bias. The initial stages (Methodology 1), required to determine the Universal

SCF, are mentioned. This is centred around obtaining the optimal SCFs.

Chapter 4 presents the probability of error analysis for conventional as well as partial
interference cancellation. The second part (Methodology II), which carries on from
Chapter 3, Methodology I, in the Universal SCF determination, is also mentioned here.

This involves analysing the optimal SCFs and deriving the Universal SCF.

Chapter 5, focuses on the background of the proposed Partial Parallel Pipelined Multiuser

Detector or PMUD. Channel estimation and pipelined Multistage Detection of the
conventional pipelined multiuser detector is discussed, as well as the description of the

system model.

Chapter 6, Brings together the two main lines of research of this study, in order to

incorporate the respective advantages to create the P>MUD algorithm. The simulation
software implementation is mentioned, as well as Methodology III, which describes the

method used to analyse the algorithm. The compensator mechanism is also mentioned.
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Chapter 7, Discusses the proposed 2-Stage P3MUD algorithm implementation as a result
of the analysis work in Chapter 6. It motivates for a 2-Stage implementation as opposed to

a 3-Stage algorithm system.

Chapter 8, Consists of the Summary, Conclusions and Recommendations. Possible future

work or improvements as regards the proposed P3MUD Algorithm are mentioned.
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CHAPTER 2

WCDMA PHYSICAL LAYER & SPREAD SPECTRUM SYSTEM

The 3GPP2 Physical Layer Standard for CDMA Spread Spectrum Systems is briefly
described as an introduction to the WCDMA Channel structure for a system operating in
FDD mode. This focuses on the spreading and modulation operation for the Dedicated
Physical Channels (DPCH), including the uplink and downlink data structure descriptions.
The spreading and scrambling codes used in mainly the uplink are mentioned, followed by
a comparison description of the WCDMA air interface features. The mathematical
description for DS-SS transmitter and receiver systems is given, with mention of the
Matched Filter, Correlator and RAKE receivers. The chapter ends with a short discussion

on the various multiuser detectors.
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2 3GPP2 PHYSICAL LAYER STANDARD FOR CDMA SPREAD
SPECTRUM SYSTEMS

The physical layer standard described here for CDMA2000 spread spectrum systems is
based on the 3GPP2 specification C.S0002-C, [22]. It describes the physical layer
requirements for mobiles and base stations operating in the CDMA mode. A mobile
station complying with these requirements will be able to operate with CDMA base
stations complying with this Standard. Thus, the physical layer may be defined as the part
of the communication protocol between the mobile station and the base station that is
responsible for the transmission and reception of data. The physical layer in the
transmitting station is presented a frame and transforms it into an over-the-air waveform.
The physical layer in the receiving station transforms the waveform back into a frame. In
regards to this study, the reverse CDMA channel is of interest, and is the CDMA channel
from the mobile to the base station. From the base station’s perspective, the Reverse
CDMA Channel is the sum of all mobile station transmissions on a CDMA frequency

assignment. An overview of the modulation characteristics is mentioned next.

2.1 Reverse CDMA Channel Signals

The Reverse CDMA channel is made up of portions of other channels as described in
Figure 2-1. This shows the structure of the code channels transmitted by a mobile station.
The spreading rates 1 and 3 refer to “1X” and “3X” respectively. Here, Spreading Rate 1
Reverse CDMA Channel uses a single direct-sequence spread carrier with a chip rate of
1.2288 Mcps, and Spreading rate 3 Reverse CDMA Channel uses a single direct-sequence
spread carrier with a chip rate of 3.6864 Mcps, 3GPP2 [22]. The signals transmitted on the

Reverse CDMA Channel are governed by the six allowable radio configurations.
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REVERSE CDMA CHANNEL
for Spreading Rates 1 and 3 (SR1 and SR3)
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Access Common Control Channel
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Channel . Channel Operation (RC 3
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Acknowledgeme
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Figure 2-1: The Reverse CDMA Channels received at the base station.

The Radio configurations also govern the orthogonal modulation and spreading on the

reverse channels.
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2.1.1 Orthogonal Modulation and Spreading

According to 3GPP2, [22], when transmitting on the Access Channel or the Reverse
Traffic Channel with Radio Configurations 1 and 2, the mobile station uses 64-ary
orthogonal modulation. Conversely, when transmitting on the enhanced Access Channel,
the Reverse Common Control Channel, the Reverse Acknowledgement Channel, the
Reverse Channel Quality Indicator Channel, or the Reverse Traffic Channel in Radio
Configuration 3 through 6, the mobile station employs orthogonal spreading. Table 2-1,
indicates the Walsh functions that are applied to the Reverse CDMA Channels.

Channel Type Walsh Function
Reverse Pilot Channel WO3 2
Enhanced Access Channel Wz8

Reverse Common Control Channel W28

Reverse Dedicated Control Channel W81 6

Reverse Acknowledgement Channel Wl664

Reverse Channel Quality Inicator Channel W1126

Reverse Fundamenta Channel Wi 6

Reverse Supplement Channel 1 le or W24
Reverse Supplement Channel 2 W24 or W68

Table 2-1: Walsh Functions for the Reverse CDMA Channels

The Walsh function WnN represents a Walsh function of length N that is serially
constructed from the n—th row of an N x N Hadamard matrix, where the zeroth row is
Walsh function 0, the first row being Walsh function 1, etc. Thus, a code channel that is

spread using Walsh function n from the N —ary orthogonal set (O <n<N- 1) shall be
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assigned to Walsh function WnN . The spreading sequence repeats with a period of

N /1.2288 us for Spreading Rate 1, and with a period of N /3.6864 us for Spreading Rate 3.

2.1.2 Direct Sequence Spreading

It is specified that Direct sequence spreading using the long code shall be applied to
Access Channel and the Reverse Traffic Channel with Radio Configurations 1 and 2,
3GPP2, [22]. For the Access Channel, this spreading operation involves modulo-2
addition of the 64-ary orthogonal modulator output stream and the long code, and for the
Reverse Traffic Channel with Radio Configurations 1 and 2, this spreading operation

involves modulo-2 addition of the data burst randomizer output stream and the long code.

The long code is specified to be periodic with period 241 chips. Each PN chip of the
long code shall be generated by the modulo-2 inner product of a 42-bit mask and the 42-bit

state vector of the sequence generator.
2.1.3 Quadrature Spreading

The Access Channel and the Reverse Traffic Channel with Radio Configurations 1 and 2
are spread in quadrature where the direct sequence spreading output is modulo-2 added to

an in-phase and quadrature-phase sequence. The I and Q components of the spreading

sequence are periodic with a period of 215 chips, and after quadrature spreading, the Q-
channel data shall be delayed by half a PN chip time (406.901ns) with respect to the I-
channel data. With regards to the Enhanced Access Channel, the Reverse Common
Control Channel, the Reverse Acknowledgement Channel, the Reverse Channel Quality
Indicator Channel, and the Reverse Traffic Channel with Radio Configurations 3 through
6, the I-channel data and Q-channel data shall be multiplied by a complex spreading

sequence before baseband filtering as shown in figure 2-2.

Figure 2-2 shows the I and Q mapping for the Reverse Pilot Channel, Enhanced Access
Channel, Reverse Common Control Channel, Reverse Acknowledgement Channel,
Reverse Channel Quality Indicator Channel, and Reverse Traffic Channel with Radio

Configurations 3 and 4.
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Figure 2-2: I and Q Mapping for the Reverse CDMA Channels for Spreading Rate 1

The detailed specifications and explanations can be found in 3GPP2 C.S0002-C, [22], but
some of the entities will be mentioned here. The Pilot Channel is an un-modulated, direct-
sequence spread spectrum signal transmitted by either the base station or mobile station,
whose function is to provide a phase reference for coherent demodulation. It can also
provide a means for signal strength comparisons between base stations for determining
when to handoff. During normal operation, different base stations are identified by

different pilot PN sequence offsets.
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These may be described as a pair of modified maximal length PN sequences used to spread
the forward CDMA Channel and the Reverse CDMA Channel. Another important entity
is the Power Control Bit. This is a bit sent on the Forward Power Control Subchannel,
Reverse Power Control Subchannel, or Common Power Control Subchannel to signal the

mobile or base station to increase or decrease its transmit power.

WCDMA which has evolved from CDMA has similar physical layer channel processes

(spreading and modulation), and channel definitions as seen in the following description.

2.2 WCDMA Channel Structure

The WCDMA Structure can be described according to Rajagopal et al. [7]. Layer 1 and 2
are according to the ISO OSI 7-layer Model, 3GPP, [23]. The uplink and downlink both

define two dedicated physical channels:

e Dedicated Physical Data Channel (DPDCH), to carry dedicated data generated at

layer 2 and above.
e Dedicated Physical Control Channel (DPCCH), to carry layer 1 control information.

As each connection is allocated one DPCCH , one or several DPDCHs, as well as common

physical channels defined as:

e Primary and secondary Common Control Physical Channels (CCPCH) to carry

downlink common channels
e Synchronization Channels (SCH) for cell search
e Physical Random Access Channel (PRACH)

The Frame Structure for the WCDMA data Transmission is depicted below, Rajagopal
[24].
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DPDCH Data
DPCCH Pilot TPC TFI
Slot 1 Slot 2 Slot i Slot 16
10 ms
- >

Figure 2-3: Transmission frame structure for the Uplink Data and Control Channels

The data is multiplexed with the control channel in a dual-channel QPSK form. The
DPDCH is QPSK-multiplexed with the DPCCH. The actual data transmission is done on
the DPDCH, while the DPCCH is used for sending control information.

The control information consists of the Pilot bits, which are used for channel
synchronization and estimation, the transmit power control (TPC) commands and an
optional Transport Format Indicator (TFI), which contains the data rate information. The
data rates achieved by Rajagopal et al. [7], for a typical chip rate of 4.096 Mcps and

varying spreading factors between 4 and 256, are shown in Table 2-2.

Spreading Factor Bits Per Frame Data Rates
(N) (Bits per second)
4 10240 1 Mbps
32 1280 128 Kbps
256 160 16 Kbps

Table 2-2: Proposed Data Rates for 3G Communication Systems
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221 WCDMA Uplink Spreading and Modulation

In general, 3G [25], WCDMA applies a two-layered code structure consisting of
orthogonal spreading codes and pseudo-random scrambling codes. The spreading is
performed using channelization codes in order to transform every data symbol into a
number of chips. The resultant is an increase in the signal bandwidth. The orthogonal
codes provide a measure of orthogonality between the different spreading factors. The aim
of scrambling is to separate different cells in the downlink, whilst in the uplink, it is of the
different users. Uplink signal processing is the main focus of the study, and a brief

explanation of the spreading and modulation techniques is given.

The data modulation in the uplink for both the DPDCH and DPCCH is Binary Shift
Keying (BPSK). Here, the modulated DPCCH is mapped onto the Q-channel, while the
first DPDCH is mapped onto the I-channel, resulting in subsequently added DPDCHs
mapped alternatively to the I or the Q-channel. Spreading Modulation (dual channel
QPSK) is applied after data modulation and before pulse shaping. Spreading modulation
consists of two complementary operations. The first one is spreading where each data
symbol is spread to a number of chips given by the spreading factor, to increase the
bandwidth of the signal. The second operation is scrambling where a complex valued

scrambling code is applied to the spread signal [7].

2.2.1.1 WCDMA Uplink Spreading

The spreading (scrambling) codes used in the uplink are either short or long, (3G), [25].
The short codes are primarily used to easily implement advanced multiuser receiver

techniques, otherwise, the long spreading codes are used. The types of short codes are S(2)

codes of length 256, whilst the long codes are Gold sequences of length 2*which are
truncated to form a cycle of a 10-ms frame. The IQ-code multiplexing used in the uplink

results in parallel transmission of two channels (data and control), thus focus is typically
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trained on the modulated signal constellation and the related peak-to-average power ratio
or crest factor. The uplink spreading of the DPCCH and DPDCH channels is accomplished
using different channelization codes, i.e, one DPCCH and up to six parallel DPDCHs can
be simultaneously transmitted. The channelization process is followed by the weighting of
the real-valued spread signals by gain factors. This is different for DPCCH and DPDCHs,
but, is the same for all DPDCHs. This transformation of the signal from real to complex is
the required process before scrambling by the complex-valued scrambling code, (long or

short) [25].

The two common physical channels, PRACH (Physical Random Access Channel) and
PCPCH (Physical Common Packet Channel), also undergo spreading. The PRACH
structure consists of the preamble part (complex-valued code), and message parts (data and
control ), which are spread by similar channelization codes. After the channelization
process, the spread signals are weighted by gain factors. The scrambling is performed by a
10-ms long complex valued scrambling code. The PCPCH structure is similar to that of
PRACH, but the control and data are spread by different channelization codes. Similarly,
after channelization, the spread signals are weighted by gain factors, and scrambling is

similar to that of PRACH.

2.2.1.2 WCDMA Modulation

The complex-valued chip sequence generated by the spreading process is QPSK
modulated, with a similar modulation principle employed in both the uplink and downlink.
The pulse shaping is root-raised cosine with roll-off factor of 0.22. This is the same for the
mobile and base stations. This process of employing complex scrambling code with
spreading modulation is usually termed as Hybrid Phase Shift Keying (HPSK) [7], and
thus reduces the peak-to-average power of the mobile station by generating the complex
scrambling sequence in a special way. The 3G systems use HPSK, also known as
Orthogonal Complex Quadrature Phase Shift Keying (OCQPSK), to reduce the peak-to-

average power ratio of the signal. HPSK is a variation of basic complex scrambling that
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eliminates zero-crossings for every second chip point.
specific repeating sequence (or function) as the scrambling signal and by choosing specific
orthogonal codes to spread the different channels. The setting of the spreading factor for
the control channel to the highest value of 256 takes advantage of the highest possible

processing gain by improving the noise immunity at the control channel, at the expense of

a reduction of data throughput rate.

A summary of the WCDMA Modulation parameters is shown in Table 2-3 [7].

It accomplishes this by using a

Spreading Modulation

Dual Channel QPSK for Uplink

Balanced QPSK for Downlink

Data Modulation

BPSK for Uplink

QPSK for Downlink

Spreading OVSF codes
4-256 spreading factor for Uplink
4-512 spreading factor for Downlink
Scrambling Complex Scrambling
Frame Length 10 ms
Chip Rate 3.84 Mcps

Pulse Shaping

Raised Cosine with 0.22 roll off

Table 2-3: Parameters of WCDMA Modulation

2.3 Features of the WCDMA Air Interface

The features by which WCDMA differs from GSM and IS-95 (CDMA) is highlighted,

Holma et al. [16].
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Main differences between WCDMA and GSM and CDMA (1S-95) air interfaces

WCDMA CDMA(IS-95) GSM
Carrier spacing 5MHz 1.25 MHz 200 kHz
Frequency reuse factor 1 1 11018
Chip rate 3.84 Mcps 1.2288 Mcps
Power control frequency 1500 Hz both uplink and Uplink: 800 Hz, 2 Hz or lower
downlink downlink: slow power control
Quality control Radio resource management Network planning (frequency
algorithms planning)
Frequency diversity 5 MHz bandwidth gives multipath Frequency hopping
diversity with Rake receiver
Base station synchronisation Not needed Yes, typically obtained via GPS GPS or Switching Centre

Inter-frequency handovers

Yes, measurements with

Possible, but measurement method

slotted mode

not specified

Efficient radio resource management algorithms

Yes, provides required quality

Not needed for speech only

of service

networks

Packet data

Load-based packet scheduling

Packet data transmitted as short

Time slot based scheduling

circuit switched calls

with GPRS

Downlink transmit diversity

Supported for improving

Not supported by the standard

Not supported by the standard,

downlink capacity

but can be applied

Table 2-4: Main differences between WCDMA, CDMA(IS-95), and GSM

Thus, in concluding the physical layer description, WCDMA systems are designed to
provide reasonable service quality without using complex receivers that use joint detection
of multiple user signals. However, if required, short scrambling codes can be used at the
uplink to implement multiuser receivers at moderate complexity. This leads us to an
analysis of DS-SS systems mentioned above, focusing on the mathematical notation for

describing such systems.

24 The DS-SS Transmitter For A Single User System

Considering the BPSK digital modulation, for ease of explanation, figure 2-4 outlines the

single user BPSK DS-SS transmitter model.
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bm—»@—»@—» s(t)

a(t)

2P cosQ2af.t +6)

Figure 2-4: The single user BPSK-based DS-SS transmitter model.

The data signal b(¢) is written as

b()= Tbipy(t-iT), @-1)

1=—00

where we define {b;} as a set of independent identically distributed bernoulli random

variables. Thus, the symbol b, represents the i ™ data bit under the conditions:
b € {-1+1}and Pr[b; =—1]=Pr[p; =+1]= 1. 2-2)
Next, the unit rectangular pulse p7(¢) is given by

1, 0<t<T } 2:3)

pr (1) = {0, otherwise,
where:
T is the duration of the data bit.

Also, the data signal which is spread by the PN code waveform a(¢) can be denoted as
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0

a(y= X ajpr, (t-)Tc) (2-4)

Jj=—©
where:

a j 1s identically distributed to b; .

Therefore, it is assumed spreading code {a j} is randomly generated, (although known at

both the transmitter and the receiver). Where the elements of {a j} are called code chips.

Usually, there are many chips per bit given by i.e T'=NT,., T, <<T.(i.e., N large).
Denoting the system processing gain by N, which can also be defined as the ratio of the

chip rate to the data rate, i.e. N =R, /R, this can also be expressed as the ratio of the bit
duration to the chip duration, i.e. N =7/T,. Many systems’ code sequences repeat for

each bit of a given user. Such systems are called code on pulse (each bit being a pulse) and
their code waveforms are periodic in 7. However, many DS-SS system simulations use
aperiodic code sequences. The number of studies for such systems have appeared, Xu,
[26], such as an iterative method to estimate the FIR channels and the transmitted symbols;
the adopting of subspace concepts to identify the multi-path channel; the design of blind
receivers to suppress the interference from other cells; or the blind uplink channel
estimation method. This is because the time-varying nature of the signatures of aperiodic
spreading sequences (long codes), renders the previous channel estimation and multiuser

detection methods not directly applicable, as in the periodic,(short codes) case.

The spread data signal b(¢)a(¢) is modulated onto a radio-frequency,( RF), carrier. If the
time-averaged bandpass power of the carrier is P, and the carrier frequency is f,., with

the carrier phase as €. The resulting transmitted signal s(¢) then has the form

s(t) = N2Pb(t)a(t) cos(2f ot + ). (2-5)

Further insight can be obtained from Ragagopal et al. [7], as regards the multiuser

transmitter representations.
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As an interlude before the discussion of the DS-SS receivers we briefly mention the PN
(Pseudo Noise), sequences and their importance in the coding techniques of CDMA and

WCDMA.
2.5 Spreading Sequences

PN sequences are important to the DS-SS system as their characteristics directly impact
system performance. Considering ideal conditions, PN sequences would permit multiple
users to share bandwidth without interfering with each other. Unfortunately, achieving this
ideal level of operation is impossible from a practical perspective. Therefore, codes with
near-ideal properties are instead used practically, as mentioned above. Considering the
quality aspect of PN codes, this is often gauged by computing their auto- and cross-
correlation functions. The aim of PN code design is to minimize auto-correlation for non-
zero delay and to minimize cross-correlation over all delays. Ideally, the optimal levels
would occur when the auto-correlation would be zero for non-zero delay and the cross-
correlation would be zero over all delays. In practice, the degree to which PN code
properties approach this operational threshold, determines the degree to which users
interfere with one another, and consequently has an impact on the system performance.
The low auto-correlation aspect lends its importance in the determination of performance
in fading channels as well as low synchronization time. Stating mathematically for a PN

code sequence {a j }, from which we seek the auto-correlation property to exhibit

R, [5]-—! S 0 50 (2-6)
= a,,a ~ #* -
aj IN 1y pinto

Considering the requirement of low interference between users, we desire that the cross-

correlation between any two distinct (/andm,/# m) users’ PN sequences {al, j} and

{am’k} obey
1 N-1
Ray_jay, 1 [5]= v 12 A = 0 V5, 2-7)
i
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Zth

where a; ; isthe j th chip of the user’s PN sequence.

Random codes do exhibit good auto- and cross-correlation properties despite their ‘almost
ideal’ characteristic and are widely used in DS-SS system modelling and analysis. The
generation of PN codes in real systems, is usually by a finite state machine such as a linear-
feedback shift register, i.e. Maximal Length Sequences or m-sequences are a common
class of PN codes created by a shift register. Other types of PN sequences can be derived
from m-sequences such as Gold codes and Kasami Sequences, Scholtz, [4]. Each type of
code has a particular advantage and depending upon system requirements, various

performance parameters can be traded-off by the use of one type of code over another.

2.6 Typical DS-SS Receivers

2.6.1 Matched Filter Receiver. (Verdu)

Continuing our discussion from section 2.4, the Matched Filter receiver may be described
as the building block of the various receiver structures available. In describing the channel
process at the receiver, it begins when the transmitted signal travels across an AWGN
channel from the transmitter to the receiver. The receiver’s function is to absorb the
incoming signal and to recover the transmitted bit stream, while making the least possible
amount of incorrect bit decisions. Success in this exercise depends upon the receiver’s
detection algorithm employed in the previously mentioned PN code properties, as well as

the channel conditions.

The transmission system process involves the channel model inserting a finite propagation

delay 7 into the transmitted signal s(¢), producing s(z—17), followed by corrupting the
transmitted signal with additive white Gaussian noise (AWGN) n(¢z). Thus, the input to

the receiver is the sum of the delayed transmitted signal and the AWGN. In order to
exhibit consistency with the previously described BPSK-based DS-SS transmitter, the

received signal is modelled by
r(t) =s(t—7)+n(t) (2-8)

which after expansion becomes
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#(¢) = N2Pb(t - D)a(t - 1) cosaf, (t - T) + 0) + n(1) (2-9)

The BPSK-based conventional DS-SS receiver representation is shown in Figure 2-5.

@nr+e | Z,; - 2
r(t) jdz > 0 >
iT+t -

cos(2nf,(t—7)+0) a(t-7)

Figure 2-5: A BPSK-based conventional Matched Filter DS-SS receiver representation

The sequence of operations is opposite to those at the transmitter, i.e., demodulation
followed by dispreading (and ultimately decision making). For effective demodulation, the
receiver’s carrier replica must be synchronized with that of the transmitter’s. Once the
receiver has achieved carrier lock, the receiver must then regenerate a synchronous copy of

the PN code waveform a(z — ) to fully despread the incoming signal. Once despread, the

signal passes through a correlator which produces a decision statistic or metric, Z; for the

i’ transmitted data bit, computed as

2; = 1GADTHT L (ya(t - o) cos( 2af (1 - ) + 0)dr . (2-10)

To be recovered from r(l), is the information data, which is embedded along with AWGN.

This is accomplished by the above correlation integral gauging the degree of similarity

between a(t —7)and the base-band version of »(¢), similar to an inner product operation.
Therefore at reasonable AWGN levels, the correlation operation on r(¢) is sufficiently

capable of extracting the information data.
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Following the correlator, is a non-linear threshold device, modelled as a hard limiter,

which yields an estimate of the transmitted bit b;, such that

A

-1, Z.<0
bi =sgn[z;] = U 2-11)
[ = SEnLe +1, Z,20.

Such a correlation receiver, which is usually implemented as a matched-filter, exhibits
lowest BER when attempting to detect a known signal, Rennuci, [6]. A mention of the

various receiver variants follows.
2.6.2 Correlation & RAKE Receivers

Correlation receivers (conventional CDMA receiver), use a bank of single user DS-SS
receivers for each user, implemented as a bank of matched-filters. These correlation
outputs are fed to decision devices that form transmitted bit estimates. In comparison to
other receivers, it offers relatively low complexity at the cost of inferior performance and
has been proposed for use in the IS-95 standard. The matched-filters and correlator

receivers exhibit almost identical performance in AWGN.

The RAKE receiver introduced by Price and Green [6], takes advantage of the inherent
multi-path diversity in a frequency selective fading CDMA channel. Subjected to these
conditions, the coherence bandwidth of the channel is significantly smaller than the
bandwidth of the transmitted wideband CDMA signal, giving the ability to distinguish the
arriving multi-path signal components, Rappaport, [10]. This is done by the RAKE
receiver locking onto each arriving multi-path component and, for a given bit, filters the
components, hereby producing a final decision statistic corresponding to that particular bit.
Figure 2-6 shows the RAKE receiver structure for a given user. The name ‘RAKE’ given
to this receiver structure is analogous to a generic garden RAKE where the & “fingers” of
the RAKE receiver track the < M multi-path components of each user. The first part of the
receiver is similar to the conventional correlation receiver, and then the output of the
correlator is searched for multi-path components to be combined, i.e, the correlation
detection process is typically followed by RAKE combiner process. In a X user system,
there are K such filter banks with A fingers each, one for each user. These correlators

produce a set of preliminary decision statistics {Zl-} which reflect the strength and
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reliability of a given multi-path component. Therefore, based on the multi-path structure

of the channel, appropriate FIR filter weights {wi} are chosen to maximize the fidelity of

the final decision statistic Z , which is computed as

M
Z = Zwl'Zl'. (2-12)
i=1

This is a form of Maximal Ratio Combining (MRC).

r(t)
Correlator at Correlatorat |  _ __ _____ Correlator at
delay 3 delay %) delay Ty
Z1 Z2 ZM
Predicted Threshold Predicted Threshold
Wk = {W17W2,...WM}
Z
k=12,...,wy —
——
b

Figure 2-6: BPSK-based RAKE CDMA Receiver for a Given User (given that MUIC has

already taken place, with sufficient preservation or restoring of code orthogonality)
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2.7 Multiuser Detectors

As mentioned previously, single user detectors are not optimal for CDMA or WCDMA,
because they process other users’ interference, termed multiple access interference (MAI),
as unstructured channel noise. To better design CDMA/WCDMA receivers, the specific
structure of MAI needs to be more fully exploited. To such an end, novel receiver
structures have been proposed over the years that take advantage of knowledge of MAI
signal parameters. Such receivers are termed multiuser receivers. Multiuser receivers are
more complex than conventional ones because of their added capability of using MAI
signal information to help recover the desired user. For now, multiuser receiver structures
are only proposed for use at the base station where additional complexity may be

supported.

A description of the advantages and disadvantages of the main MAI Cancellation (MAIC),

structures is given below.

2.7.1 Optimal Receiver Structure:The Optimal Detector

Verdu derived the optimal CDMA receiver in 1986 [6]. It had been pre-empted seven
years earlier by the introduction of multiuser detection by Schneider in 1979 [6]. The
optimal structure consists of a bank of matched-filters providing first order user amplitude
estimates to a Viterbi decision algorithm. Verdu mathematically showed that the optimal
structure gave significant performance improvement over the conventional structure, but
due to its hindered implementation as a result of the expense involved (due to processing
complexity), the role of the optimal receiver has been that of a benchmark against which to
compare sub-optimal CDMA detectors. These sub-optimal detectors exhibit more
reasonable computational complexity. In the following sections, we consider three typical

sub-optimal multiuser receivers.
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2.7.2 Sub-Optimal Receiver Type I: The Decorrelator-MAIC Receiver

The decorrelator may be described as a linear multiuser detector with a upper bound

complexity of K 2, which functions by applying a linear transformation to the set of
matched-filter outputs obtained from the first stage. It basically decorrelates or undoes the
various inter-user correlations in order to isolate users from one another. This is carried
out by computing PN code waveform cross correlation values and storing these in a
K x K matrix, followed by multiplying the inverse of this matrix by the vector of matched-
filter outputs from the first stage. Pre- knowledge of signal amplitudes is not required by
the detector, and it is completely insensitive to the near-far effect. Though not widely

used, it generally provides substantial performance and capacity gains over the

conventional receiver [6]. The K 2 complexity is alluded to the K x K matrix storage
requirement. Another disadvantage is the level of noise obtained in decision statistics due

to the noise enhancement produced by the decorrelation operation.

2.7.3 Sub-Optimal Receiver Type II: The Minimum Mean Square Error
(MMSE) Detector

The MMSE detector operates similarly to the decorrelator by applying a linear
transformation to the set of first stage matched-filter outputs. The aim is to minimize the
averaged square error between actual data and the soft outputs from the first stage. This
makes the MMSE detector able to overcome the decorrelator’s shortcoming of enhancing
noise, but at an additional cost of requiring knowledge of signal amplitudes. It generally
displays better receiver BER than the decorrelator, but in the limit, as the noise level drops
to zero, the MMSE detector’s performance approaches that of the decorrelator’s. It has a

near-far resistance slightly less than that of the decorrelator’s.
2.7.4 Sub-Optimal Receiver Type III: Interference Cancellation Detectors

The remainder of this dissertation will deal with an interference cancellation algorithm.
First proposed by Varanasi and Aazhang [8], interference cancellation detectors seek to
remove interference by actually subtracting estimates of interfering signals from the
received signal. A general interference cancellation receiver comprises of an initial stage

of matched-filters, like the other multiuser receivers, followed by stages of interference
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cancellation. Interference cancellation receivers typically come in two flavours: parallel,
Varannasi et al. [8], and successive, Renucci, [6]; the parallel scheme is the one originally
proposed by Varanasi and Aazhang. In parallel interference cancellation, all interfering
users are cancelled (subtracted) concurrently (in parallel) from the received signal. In the
successive approach proposed by Holtzman, users are cancelled sequentially in descending

order of estimated received power, from strongest to weakest.

Both detectors have been shown to improve performance and capacity over conventional
detection, and both have distinct sets of advantages over one another, Moshavi, [21]. From
a computational viewpoint, parallel cancellation is more advantageous as it can usually be
implemented with complexity proportional to K. Furthermore, since all users are cancelled
concurrently, the cancellation process is faster than in the successive cancellation method,

which incurs a delay in subtracting out each interferer one after the other. Such ordering of

cancellation in the successive case entails an expensive K 2computational complexity.
The parallel scheme also performs better than its successive counterpart under perfect
power control. Assuming some form of crude power control in the cellular environment,

we henceforth focus on a parallel MAI cancellation method in the following chapters.
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2.8 Chapter 2 Summary

The WCDMA physical layer has been described, as well as the uplink spreading and
modulation techniques. Also, a short overview of the CDMA receivers, namely
conventional single user CDMA detectors as well as multiuser detectors, has been given.
The focus in Chapter 3 will be much more on the parallel interference cancellation based

approach, specifically, the soft cancellation techniques.
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CHAPTER 3

PARALLEL INTERFERENCE CANCELLATION AND BIAS MITIGATION

This chapter focuses on the existing Parallel Interference Cancellation techniques, the
conventional and the partial methods. It studies the receiver performance at both the first
and second stages of the decision statistic analysis, and shows how the second stage
decision statistics become biased. The Bias mitigation techniques in the form of the soft
parallel interference cancellation is described around the transmitter and receiver models.
Here, the decision statistics are weighted by a soft cancellation factor, SCF and then used
in cancellation. This is indicated by the recomputed mean and variance of the second stage

metric, generally showing that the partial cancellation process removes more MAI than it

enhances noise. The equation for the BER ) of second stage cancellation is derived in
order to obtain the optimal SCF. This is the foundation used to determine the Universal

SCF, SCFyyy , which is proposed to produce acceptable cancellation results over the

whole range of the system load (simultaneous users).
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3 CONVENTIONAL PARALLEL INTERFERENCE CANCELLATION

The parallel interference cancellation originally proposed by Striglis et al. [6], had a
receiver structure consisting of an initial stage of matched-filter reception, followed by an

arbitrary number of interference cancellation stages,as shown in Figure 3-1.

> 4 > > bl

> First Sta_ge Zz > Further St.ages n
Processing Processing b

r (f) ! ; | 2

> ‘ ;
| Zx Multiuser | A
»  Correlation »  Detecton —» b
Algorithms K

Figure 3-1: Multiuser Receiver Structure

This consists of the first stage providing first order amplitude estimates (decision statistics)
of each user, which are then fed to the second stage. The second stage then constructs
(MAI) signal estimates based upon first stage amplitude estimates and cancels this
reconstructed MAI from the original received signal, with the MAI reconstruction and
cancellation process being repeated if preferred, i.e. as many times as may be necessary to
meet the same performance (QoS) criterion. Initial analysis, Renucci, [6], assumed that all
amplitude estimates were completely unbiased. It was discovered later by work done by
Buehrer et al. [9], after extensive analysis of the receiver, that amplitude estimates after
cancellation are biased in proportion to the amount of interfering users. This also revealed
reasons for analytic BER yielding more promising results, compared to simulation BER
results exhibited which bias effects. Early accounts regarding bias in parallel interference

cancellation structures can be found in the documentation by Divsalar and Simon [6].

The first stage analysis follows that proposed by Kaul et al. [27], however, the second
stage analysis deviates from Kaul [27], as a more accurately modelling of the interference

cancellation algorithm was performed, showing the presence of bias in the MAI estimates.
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The mean of the second stage statistic demonstrating the bias source, was described, and
the effects of the bias on system performance shown. Thus, in a counter-measure effort to
mitigate the bias effects, Kaul et. al. carried out simulation experiments where interference
estimates were down-scaled by a scalar. Promising initial results of this sort of
interference cancellation were documented by Buehrer [9], and later by Correal et al. [28].
Rennuci [1], also performed an analysis of the model of interference estimate down-
scaling, ultimately obtaining the down-scaling factors yielding the lowest BER for a given

system load.
3.1 Model of Conventional Parallel Interference Cancellation

A detailed mention of the performance of conventional (brute), interference cancellation,
where no interference estimate down-scaling is practised, can be found in Renucci [6].
The description of the transmitter and receiver models can be found here. It should be
noted that the Gaussian approximation process results in each transmitted signal estimate
(MALI signal estimate) becoming an unbiased estimate of the corresponding transmitted
signal. Once all signal reconstructions are completed, the second stage proceeded with
conventional parallel interference cancellation. The conventional parallel interference

cancellation is implemented by the subtraction of interfering user’s signal estimates from

the received signal r(¢), to form a new reconstructed received signal for the k" user

flgz) (1), given by

K
i 0= X G 0-r. 6D
K=

K#k

Where:

§,((2) (z — Ty ), is the transmitted delayed signal for each user at second stage.

The new reconstructed received signal is generated for each user, since each user is the

desired user at some point so that the new received signals are “cleaner” versions of r(z),

for each user respectively.

Centre For Radio & Digital Communication (CRDC) 44
Department of Electrical, Electronic & Computer Engineering
University of Pretoria



University of Pretoria etd — Ngwenya, T M A (2005)
CHAPTER 3 Parallel Interference Cancellation and Bias Mitigation

It is also seen that the level of the effectiveness of the cancellation operation largely lies in
the degree of accuracy of the reconstructed MAI signals, meaning that the closer the
estimates are to the actual transmitted signals, the better the receiver performance becomes.
These new received signals are passed through a bank of correlators similar to those in the

first stage in order to produce a second stage decision statistic for each user given by:

(2) J'(l+1)T+TK ER{ ( )(f)ak(t Tk)e ¢ }dt . (3_2)

lT+T

Where:
T, is the bit duration, ‘R, is the real part operator,

ay (t — 1 ), each user’s spreading waveform

@y , denotes received phase of each user
~(2) . . . th
e (¢), is the reconstructed received signal for the k" user

The aim is for flgz) (#) to contain the least possible amount of MAI, which would enhance

the post-cancellation correlator operation as only AWGN is affecting the desired signal. It
was observed that the cancellation of interference in first stage metrics enhances the
quality of second stage metrics. Interference cancellation could be repeated any number of
times, however, most of the performance enhancement is already achieved after the second
stage. It was found that the additional performance improvement decreased from stage to
stage as the fundamental performance limit imposed by the system processing gain
impeded further isolation of the desired signal from MAI. Thus, processing beyond four

stages is worth neither the computational burden nor the incurred delay.
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3.2 Conventional Parallel Interference Cancellation Receiver Performance

The study of the receiver performance at both the first and second stages involved
analysing the decision statistic characteristics. The first stage analysis, based upon 3GPP
[14] and Kaul et al. [27], computed both the mean and the variance of the decision statistic,
to ultimately obtain the first stage BER. The reasons for this characterization was not only
to provide a reference point for comparison with second stage metric moments, but was
also to highlight the existence of a bias with potentially harmful effects. This important

impediment is discussed further on.

Considering the first stage, the analysis by [6] focuses on user 1 as the desired user, and
for convenience as well as to make notation less cumbersome user 1’s propagation delay is
set to zero, i.e. Ty = 0. (It is however standard practice to consider the reference user to
have a propagation delay of j =0, which is the time alignment with respect to the received
signals from other users in a CDMA system and not the actual propagation delay between
transmitter and receiver). The correlation integral [6] , is first broken up into its three

constituent parts: The desired user, MAI, and noise due to AWGN, as shown in equation

(3-3).

20 (l+1)TER{r(t)a1(t)e ¢}

(’“)T m{ VPebi (= )ag (t — 7 )ej %, n(t):|a1 (t)e_j % }dt
k=1

I(l+1)Ts)z \/Flbl (t)al(t)e 7 () 4 }dt

DesiredUser
i K . Yy
+ %J.?TJFI)T m{kzz \/gbk (t—rp)ag (-7 )eJ¢K }q (t)e % }dl
MAI
L +)r -9
+ ;[ i Ryn(0ay (e dt

Noise
K
1
=4+ X Il(c) +1,
k=2 (3-3)
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where A;, 1"

k

and n are the contributions from the desired user, first stage interference

from the k™ user, and the noise due to AWGN, respectively.

The first stage amplitude estimates are found to be composed of a desired component,
accompanied by MAI and noise due to AWGN. This means that the matched filter’s
ability to eliminate the effect of MAI from the received signal r(t)is directly affected by
the processing gain, with secondary influences due to the relative effect of the desired

user’s power on MAL.

The analysis process found that the three components in the decision metric are statistically
independent random variables, and as a result computation of the first stage’s mean and

variance yields respectively

E [zgll) | bl’i]: E [Al |b1,,~ ]+ E Lli Il(cl) |b1,i } +E [77 |b1,i] (3-4)
and
Var |:Zl(,11) |b1,i:| —Var [Al |bl,i ] = Var L{Iéz Il(cl) |b1,z} + Var [77 |bl,i ] . (3-5)

Focusing on the Desired User, this gives:

. »
£l - E[;I.E’T“)Tfﬁ {ﬁbl,iaﬁr)e 7 }dr}

-E B T {[pby, }} (3-6)
= \/Flbl,i-
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As the conditioning is based upon the desired bit, by ;, the variance of the desired user

term becomes zero, yielding

var |y |py =0, 3-7)

For the MAI it becomes:

K 1 s K i —j
E[ > 1 b(u)} - E[ [T m{ > Byt — gt ) % :|a1 e’ % }dt}
k=2 T k=2
. K ;
- E[; el m{kzz\/ﬁbk(t — ) ap(t 1) g (1) Rl Wl)}dt}

1 : K
=0T 2[Rl m et - cosi -l
=0,
(3-8)
(NB: Only true for synchronous case and perfectly orthogonal sequences) as the use of both

random bit and signature sequences is assumed.

Focusing on the variance of the MAI term computed in [27] under the Gaussian
assumption for MAI with the result stated here, upon adapting it for the baseband model,

[6], as well as obtaining normalized decision statistics, gives,

al"|: Z I](€)|b1,ij| :Ek

™M™

% - 3-9)
2

Similarly for the Noise trend we obtain:
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loley ;= 2| - 2=n1 I
E ;7|b1,,~ -F ;f.ir R4n()ay(t)e di
L i+1)T —i9
==Y Eln@ay@)e dt (3-10)
T
=0,

due to modelling AWGN as a zero mean random process. Thus, the noise term variance

is computed as

Va”[’?‘bl,i]:Elﬂz bl,iJ

- EB JEEnT m{n oy (t)e_j % }dt : % JEDT SR{ n (;t)al(ﬂ,)e_j | H

- %E JEDT [EEDT 4y 1)y (2) m{ n (t)e_j % }SR{ n(2) 7 }dtd/?}

T
_ L p| g er| nQe e @06 T ke Ten e

72 2 2
_ % JDT (AT g [n (On (D) + n*(t)n(ﬂ)]dzd/l

47° ’
= % JEEDT (DT 25 - 2) drda

1 .
-— JEDT Nt
r?”
NO

5

2T

(-11)

where (0)>k denotes complex conjugation. Finally we may write the first stage’s mean and

variance according to Equation (3-4) and Equation (3-5), as,
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Bz 0oy |- JAn, (3-12)

and

1 K N
Var[ l(ll)|b1,]:— > =2, (3-13)
3N =2 2T

Special focus is directed toward Equation (3-12), which indicates that first stage metrics
are unbiased amplitude estimates of each user’s signal, for a given transmitted bit. This
result contrasts the corresponding second stage result described in the following section.
Now, Expressing BER for the conventional BPSK-based CDMA system, and on assuming

equiprobable signalling, the first stage bit-error-rate BER'" can be written as

eEr (D = Pr[ (1)‘171, = IJ:Pr lzl(,li)‘bl,i = —1J
2
G
=0
V oar [ }
L
2
ol Ekah ||
Ep 3N P
2]\]—l
0 (3-14)

12
% I “e 24 (the standard Q-function). It gives the
Via Z

standard “Gaussian Approximation” for the performance of a CDMA system [10], and

where Ej, =PATand Q(z) =

leads to an analysis of the second stage decision statistic.
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Now, consider the analysis of the second stage metrics which show that the decision
statistics become biased. It begins by identifying the constituent parts of the second stage
correlation integral in Equation (3-2), followed by the development of an expression in
terms of first stage metrics. The first stage metrics are re-written in terms of PN code
waveform cross-correlation functions to avoid cumbersome elements.  Therefore,

introducing the PN code waveform cross correlation functions from (61", Ry p(7) and

Iél’ m(7), which are the continuous-time partial cross-correlation functions of the first and
second signature sequences defined by:

R,m(r):l [8ajt— ) apm(@dr and Ry (L apt ~2)ay,(tyde; 0 <z <T. (3-15)
9 T . bl .

Dropping the index k of the delay parameter T so that T, from here onwards is considered a

general random delay parameter uniformly distributed over [0, T) and attributable to all users.

Where, [, is the desired user and m, the interferer. Interferer m can be any user in
{1,...,1 —1}u{l+1,...,K},and as such, user m ’s bit indeces can be i—1, i,or i +1, and not

just iand i —1 as when the interferers are users 2 through K.

With reference to the stochastic properties of R; ,,(7) and Ri..(7), and with regard to first

moments, it is seen that for random codes the mean could be written as

E|R; (@)= E|Ry (@)= E|Rp @Ry ()] = E[Ry o (0] E|Ry ()] =0 (3-16)
and
E [I_'gaz (t—7)apy (1) dt] -E [R,,m @)+ Ry (z')] -0. (3-17)

It can further be shown, from [1,24], that

! Just as with decision statistics, we choose to normalize by the bit duration 7 here as well so as to
remove the dependence upon T of the cross-correlation functions
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A 1 2
E [Rlz’m (r) + Rlz’m (r)]: v ar [? 1Tay - )ay @ dt:| - (3-18)

The detailed illustration as to how PN code cross-correlation functions are used is given in
[6], but a diagrammatic explanation is given in Figure3-2. Here, Figure 3-2 depicts the

asynchronous time relationship between users in the system.

byi-1 bii | bri+i |

User 1 ‘
Ryi | Ry
X
72 by i1 by ; ‘ by i+

User 2

7 \ |
|
|
|
| TK X bK i—1 | bK,l | bK,i+1 |
User K ,‘ ‘ ‘ ‘

t =0
Figure 3-2: The asynchronous time relationship between system users
The (i — )™, i, and (i + 1)™ bits of several users are shown, with their respective time

delays. Thus, continuing with user 1 as the desired user, and rewriting the first stage

decision statistic in terms of PN code cross-correlations, we obtain:
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U A I T S

xal(t—rl)ej¢l + n(t) }al(t)e_ J91 }dt

™M=

/

. K
VP byt Tl_Ji(rl+ DT Z E 2\/P1b1 X e

x (t —77)a;(t - t;)ay (t) cos( ¢l - ¢1)dt + 7

/ 1K / iT + T
= P1 bl,i + T—Zl Pl[fl

iT Lby ;o %

x a;(t -t )ay(t)d + fl.(Ti ++1T)1T by ;ox -

>

x a;(t —t;)aqy(t)d }cos( 6, — ¢,) + 1

= */Plbl,i + g 1/Pl cos(

g — 91 X
~ [ 2
DesiredUse _ = — _M;l/} -
X|:bll—lRll(T)+bl,lRll(T):|+ n
— — — ———~ — — — — Noise
MAI

(3-19)

Once the receiver has completed first stage processing and obtained amplitude estimates
for all users, MAI signal reconstruction commences as

51(2) (t—77) = { 2 Zl(,li)PT (t-7 —iT)}al (-7 )ej¢l :
i=—00

(3-20)

MAL is then cancelled according to Equation (3-1), so that, User 1’s new reconstructed
received signal is written as

K
fl(z) O=r)- 2 §l(2) (t-1p).

(3-21)

This gives a set of improved decision statistics, according to Equation (3-2).
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User 1’s second stage metric is computed according to
2) 1. .2 ~J¢
zl(’l.) - fi(lTH)T R {rl( )(t)al(t)e 1 }dt (3-22)
So that, substituting Equation (3-21) into Equation (3-22), we obtain:

Z(2) (T+ DT {

r(t)— z §@- ‘r)a(t)e "51%
L+ 17 - D) 3 52 -/
= ;L(ITH)T R{r(r)cq(t)e %}dt—;fflf 7 R{[EZSZ( ) (t—7)a (e ¢'}dr
= zl(’ll? Ja T m{l ZH 20 pr-5+1)+2 ()pT(t—Tl)}al(t—rl)e]¢l}al(t)e_]¢]}dt
Li—-1giT T+T

- z(l) z cos(¢ q){z(l) j(’T +flal(t—rl)al(t)dt+Z(l) JEEDT g - rl)al(t)dt}

K
- ZS? - % ety 41k 240R 0

N
Coancver

IC
(3-23)

Showing the important expression of the second stage statistic in terms of first stage
statistics. To obtain the bias produced through conventional parallel interference

cancellation, substituting Equation (3-19) into Equation (3-23)? yields:

2 We can only substitute Equation (3-19) in its current written form for the Z l(li) term in Equation

(3-23). For Z l(li)—l and Z l(li)’ [ and m are designated as desired user and interferer respectively.
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Z(2)_\/_bllJr Z \/_COS(¢I_¢1)[bll lRll(T)+bl lel(T)]

- ZZ cos (¢; — ) {[\/P_lbl,i—l

/- .

+ zl,/Pm cos (@, — ¢]) [bm,i—lRm,l (7)+ bm,iRm,l (T)]
m=

»—al\)

) (3-24)
Mcos (Pm —9p) [bm,i—sz,l(T) + bm,i—lRm,l(T)]+ U]RI,I(T)

MN

+
m=[+1

+{\/Fbll+mzl\/§cos(¢m ¢Z)[m1 ml(7)+bml+lR Z(T)]

>

+ Y [Py cos(gy - ¢,)[bm5i_1RmJ (@) + by iRy, I(r)]+ )R (z’)}.

m=[+1

Following simplification and collection of like terms, yields

K 1 )
247 =Rt = 2% By cos6r 0005 40 1R OR11 )

by [Rm z(T)Rz | <r> 4 Ry (DR O]+ by i1 Ry () Ry (2)]
S5 S costy — gy cosi - 00 bami—2 Ry () Ry () (3-25)

1=2 m=I[+1
bt R g DR (D) + Ry g DRy 0]+ by i Ry ()R1 4 (2)]

K N
+7n l—lchos(¢z —¢1)[R1,1 (T)+Rl,1(T)] :

This gives the closed form expression for the second stage statistic.

Then, in taking the conditional expectation (the expectation conditioned upon the desired
user’s i transmitted bit by ; ), the first term in the expression above remains intact, while
the last term, the noise term, vanishes. When considering the two double summation
terms, it is realised that the only components that could survive the conditional expectation
operator are those with the indices m =1, and /e {2,...,K } Thus, when m =1, the

products of cosine terms and the products of PN code cross-correlation terms become
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squared terms. It is also noted that when m =1, the second double summation does not

contribute anything. Therefore, the grouping of like terms gives

K .
E [21(3)|bl,i]= \/Ebl,i -E {\/E 152 cos” (¢ - )by [RZZ,I(T) + Rlz,l(f)ﬂ
= \/Ebl,i - \/Ebl,iE L

1 2
VAbL = Rb (K =D

K N
20052 (¢ - ¢1):| E [Rlz’l (r) + Rlz’l (T)]
= (3-26)

1
\/Ebl,i _3_\/Ebl,i(K_1),
H_J N

Des.Amp.Est BiasTerm

Thus, Equation (3-26) was able to indicate the presence of a bias proportional to the
number of interferers in second stage amplitude estimates. This was in contrast to the first
stage, as second stage MAI was found not to be zero-mean, but on the ensemble average
was observed to corrupt second stage amplitude estimates and ultimately, BER. The
conclusion made was that, the more the system was loaded, the more the decision statistic
values strayed from the desired user’s signal amplitude. It was further noted that the effect
of the bias in signal amplitude estimates was to directly cause the received signal points to
drift towards the decision boundary and further increase the likelihood of inaccurate
detector outputs . Therefore, second stage MAI was seen to corrupt the second stage
amplitude estimates, which in turn corrupted MAI signal estimates, ultimately jeopardising

second stage BER.

33 The harmful effects of bias on system performance

The discussion in Rennuci [6], centred around the fact that while first stage metrics are
unbiased, second stage metrics are biased in direct proportion to the system
loading,(number of users). The discussion explains the origin of bias, and it was able to

gauge the decline in system performance with simulation exercises.
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3.3.1 Source of Bias Explained

It was found that the bias emanates from the fact that the second stage’s MAI amplitude re-
estimation process involves matched-filtering of remnants of previous matched-filter
outputs,(i.e. those of first stage MAI). Consequently, the presence of the MAI term in
Equation (3-19) indicates the correlation of the interferers’signal with the desired user’s
signal (user 1’s signal) at the first stage. During the second stage, the interferers’ first
stage decision metrics are used as estimates of their signal amplitudes. This is followed by

the reconstruction of the estimates of the interferer’s transmitted signals, and finally,

subtracting these from the original received signal, to form 7 (#). The reconstructed
received signal 7 (f)is then matched-filtered in an effort to gauge its degree of

correlation with user 1°’s PN sequence. This however means that each interferer’s first
stage metric itself contains correlation by products from the other K —1 users, including
user 1. As a result, all K —1 reconstructed interfering signals are also correlated with user
1. Importantly, when cancelling MAI, an amount of the desired signal (user 1) is also
removed from r(?), resulting in the bias. It is found that the bias exists for all desired users

in the system and a similar argument can be substantiated for each of them.

The simulations performed by Rennuci [6], assume a system under perfect power control,
and is thus able to view the magnitude of the decision statistic when loading is intensified.
It is observed that the degradation in the mean of the second stage decision statistics has a
direct impact upon second stage BER. This impact could be particularly severe under
heavy system loading (i.e one whose number of users approaches the system gain N ). It
is found that, as the bias results from the matched-filter estimator, replacing the matched-
filter estimator with an equivalent low-complexity unbiased estimator is not a trivial
exercise, as the proposed replacement is likely to be more complex, and possibly even non-
linear. The answer to this problem is to find an effective low-complexity bias mitigation
solution. The reasoning is that, if MAI estimates are unreliable due to biasing, then

perhaps using them partially instead of integrally could assist BER reduction. More

Centre For Radio & Digital Communication (CRDC)
Department of Electrical, Electronic & Computer Engineering
University of Pretoria



University of Pretoria etd — Ngwenya, T M A (2005)
CHAPTER 3 Parallel Interference Cancellation and Bias Mitigation

specifically, it is postulated that weighting MAI estimates in proportion to their reliability
could abate the effects of the bias on BER. Thus, it is proposed to cancel only a certain
percentage of MAI, in order to scale down each interferer prior to cancellation by a soft
cancellation factor (SCF), which lay between zero and unity. The exact down-scaling
percentage depends upon the degree of MAI estimate reliability as well as general system

parameters (processing gain, signal powers etc...)

3.3.2 Analysis of Soft Parallel Interference Cancellation

The discussion by Rennuci [6], on the proposed bias mitigation technique, termed soft
parallel interference cancellation, SPIC required the analysis of the soft cancellation
system model. Here, the decision statistics were weighted by a soft cancellation factor
(SCF) and then used in cancellation, resulting in soft interference cancellation. This
analysis was based on a bit-synchronous CDMA system, which made it possible to
dispense with the modelling of the propagation delay 7 through the channel. According to
[6], when plotting the BER versus optimal SCF across various system loads for both
asynchronous and synchronous systems, it was found that the inter-user asynchronism in
time in an asynchronous system decreased the magnitude of MAI making users interfere
with each other less on average, thereby allowing for lower BER, i.e. a higher obtained
SCF for the asynchronous case indicated a lower BER. A bit-synchronous system on the
other hand did not share this benefit. Therefore, based on these results, [6] concluded that
analyzing soft cancellation in a bit-synchronous system would in effect provide a lower
bound on the performance improvement that a more realistic asynchronous system would

exhibit.
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3.4 Transmitter and Receiver Model for Soft Parallel Interference
Cancellation

3.4.1 Transmitter Model

The block diagram of the bit-synchronous CDMA transmitter is depicted in Figure 3-3

below.

by () 51(r)

Bay(t)e’®
by (2) S»(2) . Z r(t)
L Jma0e il
b (0) Sk (2)
P a(t)e’%

n(z)
Figure 3-3: CDMA Bit-Synchronous Transmitter Model

Considering K users simultaneously transmitting over a linear AWGN channel a binary

data stream modelled as

be®)= X bgipr(t—il). (3-27)

1=—00

So that each user’s data stream is spread by its own high rate PN code waveform,

expressed as
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0

ag(®= X ag jpr, (1= JjTc), (3-28)

j==0

where a, (t)=a, (t—nT)=a(t-nT,N),i.e. this pseudo-random sequence is usually finite, with
period corresponding to N7, =T7. It modulates the information signal to generate the
transmitted signal, where {by;} and {ay;} are modelled as b, ; e {~1,+1}, a, ;€ {-1,+1},
and Pr [b,w. = —1]: Pr [bk)l. = +1]: Pr [a,w. = —IJ: Pr la,w. = +1J:1/2. The bit duration is T

and the chip duraction is 7. The ratio N = 7/T is defined as the processing gain.

Here, each user transmits a signal given by

0
sk () = \[Pe by Bap (e’ F (3-29)

where P, is the baseband power of the & user’s signal and 0. is the associated carrier

phase, modelled as a random variable uniformly distributed over [0,27[).

Each user’s transmitted signal travels through a linear AWGN channel producing a

received signal »(?) given as

r(t) = sg(t) +n(t)
1

N T

(3-30)

0
> /Py by (t)ak(t)ej k +n ().
k=1

Now, the noise n(?) is a zero-mean ergodic and stationary complex AWGN process with
one-sided power spectrum magnitude N,. In this bit-synchronous model, the received

phase is identical to the transmitted phase.

3.4.2 Receiver Model- Soft Interference Cancellation

The block diagram for the interference cancellation receiver modified for bit-synchronism
and soft cancellation is shown in Figure 3-4. The scaling of each reconstructed signal

estimate with its own SCF &, represents the soft cancellation.
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Correlate with
User 1

Y

+ Z ;1(2) (l) Correlate with Zl(z)

User 1

Correlate with

\/

User K
72
K
Correlate with >
User K
Stage 1 Stage 2

Figure 3-4: The CDMA Bit-Synchronous Soft Cancellation Receiver Model

The first stage is a conventional CDMA correlation receiver. Thus, the decision statistic

produced for the & user’s i bit Z(") is given as

74 :%f.ger)T‘R{r(f)ak(f)e "k }dt- (3-31)
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Considering the second stage where the reconstructing of the estimates of transmitted

signals also occurs. The form of each reconstructed signal is

© 1%
§,(€2)(t)=[. y z,(clz Pr (t—iT)j|ak(t)ej k. (3-32)

1=—00

Then, assigning an SCF ¢&; for each interferer. This is in order to form a new

reconstructed received signal for each user which is given by

K
PP @ =r- 3 lé,(f,(f) () (3-33)
K=

K2k

The next step involves passing each reconstructed received signal through a bank of
correlators identical to that in the first stage, to obtain a cleaner set of decision statistics for

each user, given by

; -jo
Zlgzi) = ;_I.E'ZTH)T R {fk(z)(t)ak (t)e 77k }dt. (3-34)

H

The proposed effect of soft cancellation is to reduce the level of interference in 7 () as
compared to conventional cancellation, such that the correlator following the cancellation

operation will better detect @;(¢) in 7 (¢). The main objective of this soft cancellation
process, is to use the SCFs which minimize second stage BER or BER )

Thus, considering user 1 as the desired user, and seeking the set {&; }/ € {2,...,K}, such that

the objective can be expressed as

{5‘1 }: arg min BER(Z) ({égl }) , (3-35)
Osél <1

vie{2,. K}
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yielding the BER for stage 2 of the soft interference canceller. Equation (3-35) can be

expressed as

) Gk

BERD( })-0 ([ll— ) j . (3-36)

Va{Zg’zl.)‘bLi} { } ( Z(2) j

As the description and objective of the system model has been referred to above, we can

now follow with an analysis of the receiver metrics used to ultimately determine the set of

optimal SCFs minimizing BER® for a given system.
343 Metric Analysis Description

Before continuing with this analysis by Renucci [6], it should be noted henceforth that
the index of the delay parameter 7, has been dropped, indicating that from this stage
onwards, t shall be considered as a general random delay parameter uniformly
distributed over (0,T ], applicable to all users.

This analysis first required (as mentioned above), converting from the asynchronous case

to the synchronous. It was simply done by setting T = 0 in the metric expressions of the
asynchronous case. It consequently leads to R;;,(0) = 0, thus leaving only f@,m 0) to
account for PN cross-correlations. Also, to make notation in subsequent analysis less
cumbersome, the synchronous normalized cross-correlation of the PN code waveforms was
defined as

Ui = %Ijg ay (Dag()dt = Ry (0), 1 # m (3-37)

The original source of this definition is taken from Divsalar and Simon who have computed several

moments of 1, | ,used in the second stage variance computation.
b

Considering the first stage statistic, for the asynchronous system it follows from Equation

(3-15) with 7 =0, that
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1 K .
Zl(.i) = Pby; + Ez Py cos (¢ — 1) [bl,i—lRl,l () + by iR 1 (7) ]+ . (3-38)

Substituting converts to synchronism case to give
(1) K
2 = LY +122\/Flbl,ir1,l cos(d; — 1) +1 (3-39)

Then, taking the conditional expectation of the first stage metric gives

E lzl(}i) |bl,i J= JA bis (3-40)

NB: This is the same result as the asynchronous case, indicating that first stage metrics are

unbiased amplitude estimates in the synchronous case as well.

In order to compute the conditional variance of first stage statistic, we take advantage of
the statistical independence of its desired user, MAI, and noise components. Thus, the
desired user contribution is zero again (as mentioned above) and the noise contribution

again becomes

No

Var[77|b1,i - o (3-41)

The MAI is zero mean and E lflsz =1/N [1]. The conditional variance of the MAI

component of the first stage statistic is then computed as

2
K N
V ar [Zl(,li) ‘bl,i ]: E ([?2 Ny blbirl’[ cos (¢l -# )j ‘bl,i + -2

2T
K 2 N

= zE[(,/P,bl,,cos (¢ —¢1)) }—0 (3-42)
1=2 2T
1 K N,

=— 3P+
2N j—p 2T
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It is seen that the synchronous first stage variance is greater due to bit-synchronism on
comparing Equation (3-42) with the asynchronous first stage variance in Equation (3-13).

Thus for the first stage synchronous case, there is an increase in the BER observed.

Considering the second stage metric for user 1, expressed as
| e -jo
2D =L [P0
1 (i K -j6
- ;I'E’T”)T m{[r(z)—lzzgls‘l(z) (z)} ajtye 1 }dt
. -j6 : K -jo
- LT m{r Oaye 1 }dz—l jubT m{ > &5 0aje 1 }dt
T - =2
H Sy 3-43
Z(l) f(’“)T {[ Y rle( )pT(t—zT) ar (e’ j|a1 e ’ 1}dt G4
K
= z(l) Z 5,2( ) cos (0] - 01)— j(’”)Ta, (1) ay (t) dt

1 1

- Zl(,) - zglzl(l.)rl,,cos(el—el)
—— =2 ?

Conv.Rec.

c with SCF

Substituting Equation (3-38) into Equation (3-43) gives

K
:\/Flbl,i +lz \/Ebl,irl,l cos(0; —01)+7
=2

K K
- 12251 [\E by; + 21 JE b iTlm cos(0,, ~6; )+ 7]- Iy cos(0; -6y )
= m=

m#=l
K
=Py + ZZ (1-&1) Py Ty cos (@) —6)) (3-44)
)
K K
- X [gl,/Pm by iT1LiT ) m €05 (6, —61) cos(6) — 6 )]
1=2 m=1
m=l

K
+77|:1— > 11,1 cos (6 —191)}
=2

The above gives the expression for the second stage statistic. The mean and variance

computations are then computed in order to compare with the initial bias representations.
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3.44 Mean and variance computations

Thus, conditioning the second stage statistic upon by ; and taking the expectation, it is seen

that the first term, (the desired term), in Equation (3-44) remains intact, while the last term,
the noise term, vanishes. Similarly, the second term in the second stage statistic vanishes
in the expectation. It is noted that the double summation term only contributes in the
expectation when m =1, also when the cosine and PN code cross-correlation terms

become squared terms. The conditional expectation therefore becomes

K
2 2 2
E [Zl(,,')‘bl,i ]= VADbyi - E Lszz VP Dy T cos ™ (O — 91)‘171,1}

K
2 2
=\ P1bri —~P1by ZZZ§1E [Fl,l cos ~ (01 — 0 )]

1 K
= NAb, - Pk X&p
. y 2N =2
Des .Amp .Est . — —

Re duced Bias Term
(3-45)

Of importance is that in the synchronous soft cancellation case the bias exists as well.
Comparing Equations (3-26) and (3-45), the factor of 1/2 instead of 1/3, arose due to the
change to synchronous operation. Another important difference is the presence of the

summation of the SCFs of the interferers, due to the use of soft cancellation.

Equation (3-45) gives the summation of the SCFs to be always less’ than K —1.
Therefore, the bias magnitude in soft cancellation was less than that in conventional or

brute cancellation [6].

3 A given system will never have all SCFs minimizing BER(Z) equal to unity, hence

S & <Kl
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Setting all SCF’s to zero would cure the system of the bias, but in doing so would in effect reduce
the receiver to a conventional correlator, not cancelling any interference at all, since all MAI

signal estimates would be zeroed. In general, non-zero SCFs minimize BER™.

3.4.5 Second stage metric variance derivation

Defining the variance as

ol ko] e |-l ] s10

E [Z ,(f) |bu] has already been computed in Equation (3-45). Hence E l(Zl(f) |b1’,. )ZJ remains

to be determined.

Using the expression for Z 1(5) and assigning terms, we have

@) _ [7
21 = AbL
H_/

1

K

+ 122(1 —&1)~Frby T, cos (6] —61)
)

K K
-2 X [5[ \/abm,il"[,m cos (0, —0;)cos (6] —91)] (3-47)

[=2m=1

m#l

V3

K
+77|:1— > &1, cos (6 —91)}.
=2

V4
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The desired expectation expressed in terms of ¥, >, W3 and W4 gives
2 2
{( z )‘bl )1 = E[{(V/l ty—v3 )l ]

-l o b

bl,i]_ 2E [‘//3‘//4‘bl,i]

[+

i } (3-48)

This subdivision was done in order to make the calculations easier. The next step is to
compute each component in order of appearance in Equation (3-48). Rennuci [6], gives a

detailed derivation of this.

The final computation gives the variance of the second stage metric as

ralgPpal- | b |-k
=E (Zf,?\blﬂ - _ﬁbl,i i CLY Iz(sz (3-49)

Ao e ]

Cancelling like terms finally yields
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9 3 1 K K,
Var f217+f sinen—s-— |32 s S,
=2 2N|=2 8N 122 4N“I1=22m=2
m#l
1 1 K K 1
—A Z Zézém — L Xyt Z Zcfzéum
4N 1=2m= 2N~ I=22m=2 2N 1=22m=2
m#l m#l m#l

1 K K K 1 KV
+—= 2 X IR -— Zé[ﬁ ———Hh 2§
8N~ [=22m=2n=2 4N =2

mzl n#m,/

N
{+ Zfl}
2T 2N =D

where the last term is the noise contribution to the variance, and all preceding terms are

attributed due to MAIL

It is seen that the cancellation process generally removed more MAI than it enhanced

noise, thereby making the second stage variance as a whole smaller than the first stage

variance. The smaller second stage variance is indicative of second stage amplitude

estimates wandering about their mean to a lesser degree than at the first stage.

positive effect of this is it allows for a high rate of correct bit estimates.

3.5 BER® of Second Stage Cancellation

As BER"? is expressed in terms of the O-function, it is found that minimizing BER® is

equivalent to maximizing the O-function argument. The optimal SCF for a given interferer

(§ kel K })is found by taking the partial derivative of the QO-function argument with

respect to &y, setting it to zero, and solving for &, as denoted by
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o ( ’ (2)|b“m

0ck Var[Zl(zl.) |b1 ; }

=0, where x € {2,...K}. (3-51)

{K‘}:

After the differentiation process, the maximum of the two extrema (minimum and

maximum) was collected and was of the form

A
Sk = B’ (3-52)
where
3 N, K
A=8N"| P. ——2 z §l P(IN=6)+(2N-1)| X P, +2NP,
2T m=2
IED m#K,l
K K
aNeN-b S g -nl-ev 1| 5 X416 (=) (3-53)
=2 =2 m=2
l#K l#Kx m#xK,l
N,
a2l 3 2,
2T 1=2

l#K

and
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3 N, K K
B=8N’| P.+—% |- X&| B(IN-6)+2N-1)| X P, +2NP,
2T ) =2 m=2
l#K m#ic,l

K 2 N, K
“IN(-2N) X, +(6-TN)P |-4N%2 =2 ¥¢.
m=2 2T =2

MEK [#A
(3-54)

This is the expression for the optimal SCF used to minimize second stage BER, (BER® ).

The following explanation is based on Equation (3-52), with the following conditions

where user 1 is still our desired user, and assigning to the " interferer the SCF &

As Equation (3-52) assumed knowledge of signal and noise powers, in practice, perfect
knowledge of these quantities is usually not available. According to Moon et al and
Celandroni et al [6], this knowledge could be estimated in a number of ways which varied
in complexity and effectiveness. It is observed that the convergence of Equation (3-52)
made the implementation of the soft cancellation factor technique feasible in a digital
receiver. Equation (3-52) also indicates, however, that optimal SCFs are not only
functions of MAI parameters, but of noise power as well in an in-direct way, i.e. even
though noise did not contribute on an average basis to MAI estimates, noise does however
contribute to the oscillation of MAI estimates about their mean ( basically contributing to

the respective variance). Thus, as noise impacts on the variance of reconstructed MAI, it

in turn impacts BER® ({fl 1), therefore, hereby, optimal SCFs are able to account for noise

in this manner.

Furthermore, the limiting cases analysed show the fundamental dependence of SCF upon
MALI reliability. The initial insights into the behaviour of the SCFs is gained by first

observing certain extreme cases.
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Limiting Case I: Consider a system with hypothetically infinite processing gain. This
translates to the system having infinite immunity to MAI and will only be impaired by

AWGN. With this condition, Equation (3-52) can be simplified to:

P, No

, K oo
lim &, = (3-53)

N> NO

Pe +—

2T

The SCFs depend only upon the given interferer’s power and the noise power under full
MAI immunity conditions. Intuitively, the more noise present in the system, the less
reliable the MAI estimates become, and consequently the more MAI estimates require

scaling-down. Equation (3-52) is intuitively consistent with as &, decreases with
increasing N, . Also, for a given value of N, the stronger the interferer power P, the

more reliable the interferer’s amplitude estimate. Thus, a high-value SCF will be required

to cancel the interferer.

Limiting Case 2: Considering further the above infinite processing gain system with the
added hypothetical postulation of the absence of noise, this results in a system with perfect
MALI estimates. This characteristic of ideal knowledge of interference uncorrupted by
AWGN noise, means no MAI down-scaling would be needed. This would correspond to

an SCF of unity (SCF = 1).
This is confirmed by examination of Equations (3-52) and (3-53), to obtain

lim &, =1. (3-54)
N—>w

N,—0
An important observation is that if the system is fully immune to MAI and there is no noise, any

value of SCF (not just &,. =1) leads to BER) = 0, as the variance of the matched-filter outputs

(at both stages) is zero. The fact that &,. approached unity under these conditions is indicative of

less down-scaling needed as MAI estimates become more and more reliable.
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Consider a perfect power control system where all signal powers are set equal to P.
Mathematical manipulation of Equation (3-52), gave the result that under perfect power

control, all interferers bore the same SCF, as determined by4

2 No
2T

2

P(4N - 2N)— 4N

E= (3-55)

N
13(41\/2 +2K(2N -1)-3N - 2)+ an? 2o
2T

£
—b(4N2 _ 2N)— N2
N

o

E
i(m 2
N

o

2 1 2k(2N -1)-3N - 2)+ 2N

When all users are received with the same power, MAI estimates across all users share the
same degree of reliability, and are thus all scaled-down by the same amount. We see in

Equation (3-55) the same dependence of SCF upon N,, namely the greater the noise

power, the smaller the SCF.

Another important relationship in accordance with literature (the performance of CDMA
systems degrades approximately linearly with system loading), is revealed in Equation (3-
55). Tt is that of SCF system loading: as system loading increases, SCF decreases. A plot

of SCF versus loading would in fact look roughly linear.

The simulations performed by Rennuci [6], served to illustrate the fundamental
dependence of SCF upon MAI reliability. It was observed that as MAI fidelity (accuracy)
dropped, so did SCF, reflecting a lesser degree of reliability in MAI estimates. Also of
note, was the fact that increasing the processing gain in a CDMA system, amounted to

enhancing the system’s inherent MAI suppression ability, i.e. when doubling the

* Previous analysis assumed the presence of MAI, implying K > 2. Therefore, the constraint
K > 2 must also be applied to the expression of & for perfect power control.
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processing gain for a given system load, the SCFs would only need to down-scale MAI

estimates by about half as much.

Considering a cellular system, it was concluded that the system benefited from power
control, and that received power variations were to be maintained rather small. On an
implementation note, it was observed that for perfect power control, all users were to bear
identical SCFs, i.e. regardless of the user, all users in a given system would be cancelled
with a unique SCF. This implementation complexity was found to be linear in K, in
contrast to the more expensive implementation which is quadratic in K, used when the
signals are received with different power levels. Here, each user’s SCF will be different,
and it will also depend upon which user is the desired user. The former implementation

scheme, using perfect power control, has been chosen in implementing the

proposed P>MUD algorithm.

The objective of this chapter has been to give a description and hopefully not an
exhaustive explanation on the conventional and soft parallel interference cancellation

techniques. This is to form the foundation from which the universal SCF, SCF;y) can be

determined.
3.6 Determining the Universal SCF
3.6.1 Motivation for the Universal SCF, SCFyyp

The identification of the merits of the effect of a universal SCF has come about through
studying the work done by Renucci et al [6]. Here, the optimal SCF values pertaining to a
specific system load (number of users), were calculated. Rennuci [6], basically analysed
the BER performance as the number of users K, was varied, (K=10, K=15, K=20, K=25,
K=30), whilst using a specific SCF value. This study attempts to go further by analysing
the behaviour of the SCF values as K is incremented by one user at a time. Equation (3-
55), which minimizes second stage BER, will be used to calculate the optimal SCFs. This
is in order to create a model of the optimal SCF behaviour. This model will then be used

to derive the universal SCF, where 0<SCFyy <1 ,which should exhibit a promising
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characteristic, independent of the numbers of users K. This universal SCF will also assist

in mitigating the bias effect(s) during the parallel cancellation process.
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3.6.2 Methodology I

The approach taken in this dissertation study was to employ Equation (3-55) to verify the
theory, as well as to be used in the calculation of the optimal SCF values. This was
basically the first stage in the calculation of the Universal SCF value. It involved varying

the number of users K iteratively in Equation (3-55) with N =31 and SNR(E},/N,, )=10

dB. This was done for 30 users and the magnitude of the difference between the iteratively
calculated values of SCF was shown to decrease, indicating decreasing accuracy in

Equation (3-55) as K approached N. This is shown in Table 3-1.

K (Users) SCF Delta

2 0.85774 0

3 0.83344| 0.0243
4 0.81048| 0.02296
5 0.78876| 0.02172
6 0.76817| 0.02059
7 0.74862| 0.01955
8 0.73005| 0.01857
9 0.71237| 0.01768
10 0.69554| 0.01683
11 0.67947| 0.01607
12 0.66414| 0.01533
13 0.64948| 0.01466
14 0.63545| 0.01403
15 0.62202| 0.01343
16 0.60914| 0.01288
17 0.59679| 0.01235
18 0.58492| 0.01187
19 0.57352| 0.0114
20 0.56256| 0.01096
21 0.55201| 0.01055
22 0.54184| 0.01017
23 0.53204| 0.0098
24 0.52259| 0.00945
25 0.51347| 0.00912
26 0.50467| 0.0088
27 0.49616| 0.00851
28 0.48793| 0.00823
29 0.47997| 0.00796
30 0.47227| 0.0077

Table 3-1: Tabulations of K, SCF and Delta(SCF) or ASCF

An accuracy of 5 decimal places was employed. These variables are graphically displayed

in Figure 3-5.
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Variance of Optimal SCF and Delta(SCF) versus
K(users)
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Figure 3-5: Variations of SCF and ASCF' versus K (number of users).

The above variation agreed with the theory according to Equation (3-55). The range of
optimal SCFs was shown to vary from between 0.47 up to a value of 0.87 for 2 < K <30.
This indicated the inverse relationship between the SCF and K. The ASCF variation, i.e.,
the difference in magnitude in the optimal SCF value as the number of users K was

progressively increased, tends to decrease as K increases.

The optimal SCF range was employed as the main guideline in the process of determining
the Universal SCF. This procedure involved varying the SCF value iteratively from 0.47
to 0.86 for a given K to obtain the Probability of Error. Thus, graphical representations of

the Probability of Error P;, versus the number of users for given SCF were obtained and

analysed as seen in the next section.
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3.7 Chapter 3 Summary

This chapter described the conventional and soft parallel interference cancellation models.
It presented and analysed the receiver structures and the interference cancellation
algorithm for both models. The focus was on the soft cancellation technique, and the first

and second stage metrics were defined, all of which are functions of SCFs. The

formulation of second stage BER, (BERz), in terms of SCFs was shown as well as

deriving the set of optimal SCFs minimizing BER. It was explained how the optimal SCFs
were able to reduce the bias. The motivation for the universal SCF was given, and the

initial methodology to determine in which range the optimal SCFs lay, was described.
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PROBABILITY OF ERROR ANALYSIS

The focus of this chapter is to derive the probability of error expression to be used in the
universal SCF, SCFyyy determination. The probability of error analysis is described for

the conventional receiver, which is usually stage 0, in the parallel interference cancellation
process, and is also mentioned for the partial interference cancellation stage 1, which
follows on from the conventional receiver. The resultant probability of error expression is
used in the analysis of the behaviour of the optimal SCFs, and hence, the derivation of the

Universal SCF.
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4 PROBABILITY OF ERROR ANALYSIS INTRODUCTION

It was promoted by Correal [29], that for practical implementation purposes, multistage
parallel interference cancellation was an attractive approach, both in terms of performance
and computational complexity [30], as well as its robustness to moderate phase jitter and
synchronization errors. In order to minimize the complexity of an interference cancellation
receiver, a matched filter bank is commonly used at each stage for estimation of the
transmitted bits and received signal energies. Regeneration and complete subtraction of
the estimated MALI is then performed to reduce the interference affecting each user. This
important fact should be noted as it differs from the bit-streaming pipelined multiuser
detector, in the following chapter, where the first stage matched filter is followed by three

or more stages of parallel interference cancellation.

The work done by Correal [29], extended the analytic approach of Divsalar et al , for
single user multiple symbol differential decoding to derive bounds on the probability of
error of multi-symbol differential partial parallel interference cancellation. Thus, an upper
bound for the probability of bit error was obtained through the union bound of pairwise
probabilities of error. Then, computation of the pair-wise error probabilities was
performed using a technique developed by Stein [29] for the unified computation of the
probability of error of FSK and other digital modulation techniques. Correal [29], obtained

Probability of error expressions for standard differential detection,where N, =2,

observation symbols, to subsequently deriving probability of error bounds for the case of

N,, = 3, as well as asymptotic bounds for arbitrary observation lengths.

Therefore, the results obtained give an upper bound for the probability of error of the

synchronous as well as the asynchronous case.
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4.1 Stage 0 Probability of Error Analysis: The Conventional Receiver

According to Correal et al. [29], the conventional CDMA receiver, can be implemented
with a bank of matched filters, or with correlation demodulators. The focus of analysis was

once again reference user 1, with equal received powers being assumed.

The pairwise probability of error for standard differential detection, is thus given by :

2 2 1 2F; 2F
P,{ 2 "> 7| }:2 1-0 %,OJFQ 0, % . (4-1)

Where E,, is the bit energy, N,, the noise power, N, the processing gain, and K, the

number of users.

In the Evaluation of Equation (4-1), advantage is taken of the following properties of the

Marcum-Q function [29], where the arguments are a and b, for:

0O(a,0)=1
b2 (4-2)

00,b)=c 2 .
Manipulating Equation (4-1) by these limiting forms and noting that for binary
constellations, the pairwise probability of symbol error equals the probability of bit error,

gives the following expression for the probability of bit error for standard differential

detection:
Py - b (4-3)
=—exp| —— |. -
b 2 P K -1
Ey +N,
N
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Analysis for stage 1 and stage 2 for conventional or full interference cancellation is omitted
here, but can be observed in the work done in [28]. Of interest, is the derivation of the
probability of error for stage 1 employing partial interference cancellation, as it will be

used in the SCFpyy determination analysis. We thus move on to the partial interference

cancellation analysis in the next section.

4.2 Stage 1: Probability of Error Analysis with Partial Interference

Cancellation

The decision statistics at stage one are obtained by partially subtracting the estimated

interference caused by the remaining users:
(s=1) _ (s=0) K (5=0)
" =7 - SCFlug2 vt Ry, (4-4)

Here, SCF; is the partial cancellation factor at stage 1, u is the user and R,,, is the

lLu>

signature cross-correlation. The decision statistic at stage(s=0) for user uis y&*=".

Reiterating, the focus of analysis is user 1, as mentioned above. As before, equal received
powers are assumed. Thus, using notation based on [31], the i™ decision statistic of user 1

in the observation window,

yi'e), corresponds to:

J9 -
yl(sk(z) JEpe K \/72 Rlu K (4-5)

Where, in order to simplify notation, the unknown phase shift at the receiver has been

accounted for in ¢, the phase of user j at time k — i, n,, is the complex valued AWGN

noise element for user 1.
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Then, using Equation (4-5) to express the soft outputs of the conventional receiver, and

cancelling like terms, give the decision statistics after partial interference cancellation as:

=1 j¢, K j¢
yl(s ) =.Epe 1 +1221'Ele,le ! +ny
K , K ié
- SCF| % [JEbemu + X JEpR e l+nujR1’u.
u=2 l#u

(4-6)

Where 7, is the path subscript, R, is the path signature cross-correlation, ¢, , is the path

(s=1)

phase, ¢, is the user phase and n,, is user noise, y;" "’ , is the decision statistic for user 1

u

after partial cancellation, and K , is the number of users.

Isolating and factoring common terms results in:

'™ @[I_SCFI z Rlu:l "
2

u=

K . K K 7) K
+(1-SCH) X ,/EbRLueMj” - SCR\E, ¥ IZZR[,MRLue /{nl ~SCH X nuRl’uj.

u= u=210= u=2
l#u
(4-7
Now, to compute the pairwise probability of error, Pr |zz|2 > |Zl|2 , we need to define
the variables z; and z, , which are the multiple-symbol decision statistics as:
N i-2
7] = NW - (S‘l) X0 A iem, (4-8)
k=0
and
Ny-1 iy Nw—i=24
_ =1) Jx Y ¢1 k—i—-m
Zn = y(s e m= ) . 4-9
2 K=o "1 (4-9)
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th

Where N, , represents the observation symbols, mis the m"™ cancellation stage, and

k —i—m, represents the time frame.

Proceeding, substituting in Equation (4-8) the expression given in Equation (4-7) gives:

1

Jjo +1 K 41 N,,— K .
[ Lk— N,,—1 w

. < Ny,—i—2
K K it M —IX W Al i
_SCFl"Ebugzlzleaue Lk l+(nl,k—l'_SCFlugznu:k_i)Rl,u e m=0 Lk—i m.

l#u

(4-10)
Where M , is the number of iterations.
The mean, z_1 , corresponds to:
_ —1\ J 4
21 = Ny [I—SCFl %je LA=Nw+, @-11)

It is noted that the bias in the mean has been reduced by an amount proportional to the

partial cancellation factor (0 < SCF} <1).

Consider the power in the non-random component S as:

(4-12)

The noise power after cancellation corresponds to:
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ix Ny—i—2
1 Ny -1 -JX 2/ A¢1 i
NS = —FE z ylk_le m 0 ,k I—m
2 i=0 ’
4-13
, @13)

1Y By Nyl
- Ny /Eb(1+SCF1%je L= W

Then, substituting for y; x; as given in (4-7) results in:

. 2
Ny-1l(g_1 K Jjé
1 w K-1 2 1,k—Ny+1
Ny =—ES|,/E; SCF, _ R e w
) b="1 ,'50 ( N ugz 1’”]

2

[\

Ny—-1 K i _ 'ZNW_i_zAgé .
1 w i P DL L
+—= E4|[E, (1- SCR) .zo 22 /Ele,ue uk—i 7 =m=0 1,k—i—m
1= u=

2

: - Nyy—i—2
1 Ny-1 K K ]¢l k—i_JZ KVO A¢1 f—i—m
+=E||JE,SCF, ¥ Y S R R e » m= ’

2 b 1 i=0 u:2l:2 Z,u l,u

l#u

2
Nyl ¢l,k—i -m

K
tS B X ("1 k—i_SCFl 2 Ly k—iRl u]e
i=0 ’ u=2 "’ ’

[N

(4-14)

Where N, is the equivalent noise power.
The evaluation of the expectations is readily performed to give,

1 2 2 2(K -1)

1 2 K -1
+—N,,E; (1-SCF)* ——
7 Nw p( ) N

, | (4-15)
+ = Ny SCF2 (K 1)K - 2)—
2 N2

1 K 2 K 22
+ 2 Ny| No =2NoSCF| X E{R{,}+ 3 _NoSCF{"E{R{,}|
u=2 > u=2 ’
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The direct evaluation of Equation (4-15) is possible by assuming that £ {Rfu} = % This

is the variance of the signature cross-correlations.

Therefore:

1 2K -1
N = in,2E,scr | 2K D
S b l 2
2 N
2 K -1

1
+ =N Ep(1-SCF)
2 (4-16)

1 I
+ =N, EpSCF (K —1)(K - 2) —
2 NZ

1 K -1 2 K —1
+ =N, N,y|1-2SCF, + SCF | :
2 N N

4.3 Computation of probability of error

Now consider the standard differential receiver (N,, = 2). The parameters a and b

of the Marcum-Q function are given by:

bl
{51k (4-17)
o

where, S; and N; are given in Equations (4-12) and (4-16) respectively.

Continuing, by substituting (4-12)and (4-16) into (4-18) yields the pairwise error
probability of choosing A¢fj J(the estimated information sequence), when Ag, (the
reference information sequence), is transmitted, is obtained. From the previous definitions,
the pairwise error probability P {ﬁj >77j‘A¢j} is equivalent to Pr{zz|2 >|zl|2|A¢}.

Calculation of the pairwise probability of error will be performed based on the results by
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Etten [29] and applied in work by Divsalar et al [29] to the single user problem. Thus, the

pairwise error probability can be evaluated according to Divsalar et al [29]:
2 2 1
Pr{|22| >|Zl| }ZE[I_Q(\/ZA/;)JFQ(\/;,\/Z)] (4-18)

where

2,2
O(a,b) = jgo exp[— a_*x Jlo (ax)dx.
(4-19)
is the Marcum-Q function, with arguments determined according to:
{a} 1| S1+82 -20AlS15; cos(6) ~0; +9) _51-52 420,
bl 2 )

- |
Ny 1-|n) Vi-|df?

Where S, and S, represents power in non-random components z,and z,, respectively,

and 6, and 6, are the respective phases, and p, is the correlation coefficient,

Therefore, since for N,, = 2 and binary signaling, the pairwise probability is equivalent to

the probability of bit error, then:

E lSCFK_lz
b Iy

K-1 2 K-2 K-1 2 K-1
+SCF (K ~1)——= |+ N, | 1-2SCFH +SCF” ——
N N2 N N

-21)

Alternatively, in a slightly more compact notation:
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=1
Pb(szl) = Pr{zz|2 > |zl|2 }(S :

ElSCFK_lz
b R

exp

1
2 K -1 ) K +2
Ej ——| SCF,
N N

K-1
+ (- SCF1)2J+ N, (1— SCF| =~ (2 - SCFl)j
N

(4-22)

For SCF| =1, Equation (4-22) evaluates to the probability of bit error for the full cancellation

approach [29]. For SCF| = 0 it evaluates to the probability of error of the conventional receiver.

To note also, is that the signature sequence cross correlations are uncorrelated, but not
independent, random variables. It was shown in Appendix E of [29] that the variance of
signature cross-correlations is:

1

>

E{R; iR; yRi y)=
JJGsmim
N

(4-23)

Thus, this fact should be taken into consideration in order to augment the expressions
employed in the computation of the probability of error. This is in order to account for

quadratic terms that arise due to expressions of the form of Equation (4-23).

Therefore, Equation (4-13) is augmented to obtain an expression for the equivalent noise

power. The resultant process involves adding the appropriate terms, to obtain;
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1 9 2 2(K - 1)
Ng =—N,,“EpSCF, (—2
2 N

Ly By - scrpy? K21
+— p— —
) web 1 I
1 2 1
+ =N\ EpSCF 2 (k = 1)K - 2)—
2 N2

(K -1)(K -2)

N2

1 K -1 2 K-1 (K -1)(K -2)
+—N,,N,| 1-2SCF; + SCFy + .
2 N N

1
~— N, EpSCF| (1 - SCF})
2

N2

(4-24)

Then the probability of error reduces to:

2
-yfi-scr %)

pl= _1 N

2

b p
K -1 K+2 K-2
E (SCFIZ( N j+ 1- SCFI)((I - SCFl) - 2SCF1 N)j 4.

b N

K -1 K-2
o+ N,(1-SCF))——| 2-SCF,(1+
0( 1) N [ 1( N )J

(4-25)

Comparisons of the analytic results produced with the augmented expression, along with
simulation and analytical results using the independent Guassian assumption for the user
cross correlations was done by Correal [29]. It was seen that the augmented expression
produced optimistic results when compared to simulation results. This was alluded to the
fact that, in addition to the quadratic terms, there are consequential higher order terms that

have not been accounted for.

A further addition from Divsalar et al. [31], was that a more accurate expression was

derived for the bit-energy to noise spectral density ratio for stage 1. This expression, based
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on the analytical averages of the binomially distributed signature sequence cross

correlations, results in a re-written formula:

2
K-1
(s=1) 1 _Eb(l_SCFlTJ
Pb = 5 exp

_ 2_ _
By XL SCF 2 K+2 KZSK2 1 _seryya-scry)-25cm K22y |+
N N N2 N

K-1 K-2
-+N,(1-SCF]——| 2—-SCF1 (1+
ol 1 N( 1( Iy, )j

(4-26)

Where SCF,, is the optimum partial cancellation factor, K, is number of users, N is the

processing gain, E,, is the bit energy and N, is the noise.

Comparisons done by Correal [29], between modelling the cross correlations as
independent Gaussian random variables and the results based on the binomial distribution
for the cross correlations, indicated that the curve for the binomially distributed cross

correlations appeared more accurate compared to the Gaussian model curve.

During Stage 2 analysis, not mentioned here the decision statistics obtained in stage 1 (s =
1) are used to partially remove the interference caused by the remaining users. The
detailed explanation can be seen in [29]. The expression of Equation (4-26) is now used in

the SCFyyy determination in the following section.
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4.4 Calculation of Universal SCF
4.4.1 Methodology 11

A detailed analysis of the behaviour of the SCF values as measured by the Probability of

Error when K was varied, was done.

According to Equation (4-26), the probability of error was calculated and tabulated for
each value of SCF in the range from 0.47 to 0.86, as K was varied from 2 to 30. The

values of N =3land Ej,/N, =10dB were used in the calculations. The results are

indicated in Figures 4-1 to 4-8, including the zoomed views of the area of interest.
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Figure 4-1: Graphical representation for SCF range 0.47 to 0.56
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Figure 4-2: Zoomed Graphical representation for SCF range 0.47 to 0.56
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Figure 4-3:Graphical representation for SCF range 0.57 to 0.66
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Figure 4-4: Zoomed Graphical representation for SCF range 0.57 to 0.66
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Optimum SCF search
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Figure 4-5:Graphical representation for SCF range 0.67 to 0.76
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Figure 4-6: Zoomed Graphical representation for SCF range 0.67 to 0.76
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4.4.2 Observation and Possible Explanation

The observed trend in the behaviour of optimal SCF values is that when the number of
users is small,( k£ =2,3..etc), the particular SCF indicates a high BER. As the number of
users is gradually increased, the BER characteristic will tend to increase slowly, up and
until a certain threshold point. It is at this point that the BER characteristic switches to a
lower value, i.e. the high initial BER characteristic now becomes a characteristic with a
lower BER variation as K increases. This trend is repeated right through from SCF = 0.47
to SCF = 0.86. This behaviour appears to be in agreement with the work done by Rennuci
[6], in that the smaller SCF values tended to have good BER characteristics for a large K,
whilst the larger SCF values tended to have good characteristics for smaller K. This also
agrees with theory in Rennuci [6] and Correal [29], in that the small K will produce a
small MAI and bias. As it will not require a large down-scale, a large value of SCF will be

required. The inverse is true for the large K case.

4.4.3 P, Variance and Determination of Universal SCF

The multiple observations noted in the detailed analyses of the graphs reinforced that

indicated in the analyses over the various ranges of SCF. Here, from 5< K <10, the

variance in P, is 3.858026x 107> < Py, < 1.4645548x1072. Thus, the magnitude of the

variance 1s

AP, =1.0787521x1072, (4-27)
according to observation.

But, for the range 10 < K <30, this shows a marked variance in P, and this is highlighted
clearly by the graphs for the different SCF ranges, Figures 4-1 to 4-8. The variance is

given by 3.8580265 x 1073 < P, <4.8353523 1071 ,
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and the magnitude is:
AP, =4.796772x107". (4-28)

Thus, according to Equation (4-27), the SCFs displays a low variance in this range
5< K <10, that they could each be used interchangeably. Therefore, it is decided to take

the mean of the SCFs given by

SCF=0.86
D SCF /40 =0.665. (4-29)
SCF=0.47
The SCF value of 0.47 exhibits a low overall P, throughout the range 5< K <30,

according to observation, and this fact is utilised in the Universal SCF calculation.
Thus, continuing with our calculation, the Universal SCF value can be given by:

(0.665+0.47)

SCFyny = =0.5675~0.57. (4-30)

The so called Universal SCF value, should be expected to exhibit reasonable behaviour
over the total range as K varies. It has basically been determined by taking the low P,
characteristics of the SCF(0.47) and combining them with the mean SCF between
5< K <10 range, due to low variance of P}, to obtain a Universal SCF value. Figures 4-
9 and 4-10 illustrate the SCF variations, especially that of the Universal SCF which can
also be approximated to the characteristic for SCF = 0.57 = SCFyyy . This SCFyny will
be tested in the multistage Parallel Interference Cancellation Algorithm in the next section.

The observations noted during this current exercise will provide input to areas of

modification of the algorithm.
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Figure 4-9: Graphical representation for SCF range 0.47 to 0.86
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Figure 4-10: Zoomed Graphical representation for SCF range 0.47 to 0.86
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Figure 4-11: Focus on SCF = 0.47 variation showing the threshold point

Figure 4-11, attempts to describe the threshold points as mentioned above displayed by the
optimal SCFs in the ‘threshold crossing’ phenomenon. This threshold may be defined as a
point or a plane across which the behaviour of the SCF variations may be described. The
observed variation when SCF = 0.47, is a clear example of how, as K was incremented,
the graph initially possessed the highest BER of all the SCF variations, and then at a point,
(threshold point), of approximately K =12, as indicated clearly in Figure 4-11, it crossed
the graphs it had preceded to eventually end up with the lowest observed BER for the rest
of the K variation. This was observed for all SCF variations, with each appearing to have
it’s own characteristic threshold point. As the value of SCF tended to increase, the

corresponding threshold point tended to decrease as shown in Figure 4-10.
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4.5 Discussion and Conclusion

The proposed method and approach differs from Rennuci [6], in that the obtained universal
SCF’s aim is to process a wider range of users in the parallel interference cancellation

process. This value of SCF, SCFpy , has come about due to the modelling of the
behaviour of the optimal SCFs. The method used in the derivation of SCFyy) appears to

be consistent with the analytical observations. In the analysis in Rennuci [6], optimal SCFs
were assigned to a particular number of users, and Renucci proposed that this type of setup
would require a lookup table structure storing these SCFs, in order to process the users in

the multiuser detection. This study on the other hand, aims to implement the SCFyy) in

the multistage algorithm, with the assistance of the proposed compensator mechanism.

Considering the threshold phenomenon. The main conclusion that can be drawn from this
is that each SCF has an ideal operating range as regards K variation, and that once this
range is passed, according to the threshold point phenomenon, the SCF will tend to behave
in a non-ideal manner. Thus, in the case of SCF = 0.47, the ideal behaviour can be
observed for K >12, whilst the non-ideal behaviour can be observed for K <12. Also,
for SCF = 0.86, the ideal behaviour, (lowest initial BER value), can be observed for K <5,
whilst the non-ideal behaviour, (highest overall BER value), is for K >5. This type of

observational analysis is true for all optimal SCF value graphs.
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4.6 Chapter 4 Summary

The probability of error expression was derived and used in the universal SCF,

SCFyny determination. This factor will be tested in the proposed Partial Parallel Pipelined

Multiuser Detector.
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CHAPTER 5

PIPELINED MULTIUSER DETECTOR ,PREREQUISITE TO PARTIAL

PARALLEL PIPELINED MUD -P>MUD

The second part of the research involves the conventional parallel pipelined detector. This
Chapter gives a background overview of the detector and an understanding of the
processes involved. It describes the channel estimation and subsequent multiuser detection
stages. This is vital to an understanding of the incorporation of the universal SCF into this

conventional detector to propose the Partial Parallel Pipelined MUD in Chapter 6.
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5 INTRODUCTION TO PIPELINED MULTIUSER DETECTOR

This solution employs the advantages of two directions of research as regards our

multiuser detection for wireless communication receivers.

Multiuser detection is a capacity enhancing feature in the WCDMA standard.  As
mentioned in the previous chapter, combining different IC strategies into a hybrid scheme
appears to be a realistic way to achieve a reliable MUD, overcoming the limitations of the
investigated schemes. Hence, the overall objective of the study is to describe such a (new)
scheme which should comply as much as possible with the requirements and standards.
The results of the study will be a description of the proposed scheme(s) in detail,

accompanied by related simulation(s).

51 Background to the Partial Parallel Pipelined Multiuser Detector —

PPPMUD or P3MUD

This has been brought about by the initial and extensive work done by Rajagopal et al. [7],
who were motivated by the proposed algorithms for WCDMA communication systems
which had extremely high performance requirements. The focus was on both the different
processing and precision requirements for the multiuser channel estimation and detection
algorithms. The computational complexity associated with the asynchronous multiuser
detection method involved multishot detection characterised by block-based computations
and matrix inversions. Thus, extensive research was done by Rajagopal [7], on iterative
based suboptimal schemes to decrease this complexity and eliminate the need for matrix
inversions, with an added advantage of avoiding multishot detection if the scheme started
from a matched filter estimate. This resulted in the ability to have the stages of the

iteration pipelined and the bits processed in a streaming fashion using this bit-streaming,
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pipelined architecture. It was shown that the implementation scheme could reduce the
latency of the bits by the detection window length D/2 at the same time assisting the DSP
implementation by eliminating the storage requirements for block computation. The edge-
bit computation effects could be avoided using this scheme, reducing the computation per
detection stage by 2/D. The advantage of using the scheme was indicated by the DSP
simulations that showed that data rates of 800 Kbps for a single user to 50 Kbps for 32
users could be processed in real-time with additional FPGAs in a pipelined fashion. This
was achieved using a spreading gain of 31, which gave an increase in speed of at least 4
times over a single DSP implementation. The software implementation of the pipelined
detector was carried out on a Texas Instruments TI TMS320C6701 DSP at 167 MHz, with
the pipelining of the multistage detector carried out in hardware using a high density FPGA
per stage [7].

A description of this detector is vital to an understanding of the parallel interference

cancellation process employed. The P3MUD simulations have been done using Matlab
Code, [7], where the original algorithm and code has been modified to take into account
the presence of a partial parallel interference cancellation constant, in this case the

SCFUNV .

5.2 Channel Estimation and Pipelined Multistage Detector

The uplink channel estimation scheme uses a pilot or preamble (a sequence of bits known
at the receiver), which is time-multiplexed with the data. The channel causes changes in
the preamble as the signal passes through the channel. Thus at the receiver, by comparing
the received bits with the known preamble, the channel parameters (delays and amplitudes)

can be extracted from the signal. The channel parameters are assumed to remain static until
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the end of the frame. These estimates are then passed on to the pipelined multistage
detector. The pipelined multistage detector performs the interference cancellation stage by
stage until the algorithm converges. The channel estimation and detection algorithms
essentially consider multi-path and multiuser effects. The assumptions made are that the
static or slow fading channel (existing for the duration of the frame) has a single sensor at
the receiver. Also, the algorithms process a short repeating spreading sequence system

(short codes).

Noise

Multiuser

Antenna
- Detector

Data

Antenja Mast

Estimated
Delay ; Amplitudes & Detected

Delays Bits
Demodulator =t Demux Decoder

Pilof

!

Multiple
Users

Delay Channel
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Figure 5-1: Base Station Receiver for the uplink Estimation and Detection Scheme.
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5.3 Maximum Likelihood Channel Estimation Overview

The maximum likelihood estimation method has been adopted, mainly as a result of the
channel having unknown a priori statistics. The information contained in the received pilot
signal is the basis for the extraction of the channel parameters. Thus, the observation vector

r; depends on the channel whose a priori statistics are unknown, and is a function of the
channel vectors zj, the noise covariance matrix K, which is assumed unknown and the
transmitted bits b;. It is assumed that the bits b; are known. This is accomplished in the

acquisition phase by requiring that all users transmit training pilot sequences. The

maximum likelihood method can be characterized by the following steps.

Maximum Likelihood Steps

1 L
Ryp =— Zri”iH : (-)
Li=1
1 L
Ry =— Sbiri (5-2)
Li=1
1 L
Rpp =— S}’ (5-3)
L=
-1
Y = RppRyp (5-4)
K =Ry, - YR/ . (5-5)
, ' -1
H H -1,,R H -1 L R -1..R L.~ L
zy =(Y2k_11< Up +Yy KU, )X(Uk KU +U K Uk) ) (5-6)
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where:

R,, 1s the autocorrelation of the observation vector,

Ry, is the cross- correlation between the observation vector and the

preamble bits,
Ry, 1s the autocorrelation of the preamble bits,
K the noise covariance matrix,
Y is the estimate of UZ ,
U is the matrix of codes
Z is the channel impulse response matrix.
A detailed description is given in Rajagopal [24].

Then, the strongest P paths are extracted by performing a least squares fit of z; . Thus, for
each pair of adjacent coefficients of z;, local values of amplitudes,o, and delays are

obtained, using the following optimization,

[aqﬁ’q] = argmir*‘zk’q _(1 _y)O‘HZ +sz,q+l _7/04‘2 . (5-7)

Next, searching for the global maxima to obtain the strongest path :

q:argmax|aq|,z':(q+7/q A=, (5-8)

where:

y 1is the fractional part of the delay,
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q is the integer part of the delay,
7 is the estimated delay
a is the estimated amplitude.

Finally, the estimated path is subtracted from z; and the process is repeated to find the

next strongest path, until a specified number of paths have been identified.

5.4 Matched Filter and Pipe-lined Multistage Detector Overview

The stages following channel estimation are Matched Filter and Pipe-Lined Multistage
Detection and both of these stages comprise the Multiuser Detection process. The
multiuser detection techniques use the output of the matched filter bank and the cross-
correlation information of all users in the system. The process flow is illustrated in Figure

5-2.
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Channel Estimate

Received Sigl“"l_> Matched Filt
A atched Filter A:[A0A1]®I(D)

y0 = RelAHrJ

d% = sign(jzo)

STAGE 1: Parallel Interference

Cancellation Channel Estimate
1 0 30 H : H
y =y —Bd 2= iag

~

al = sign ()'}1)

di---dp
Y A 4
Delay STAGE 2: Parallel Interference
D) Cancellation
a7 ---d D
A 4 A 4

Delay STAGE 3: Parallel Interference
D) Cancellation

ap---a3

Detected Bits
Figure 5-2: Multistage Multiuser Detection process overview

A Matched Filter is assigned per user, and the collection of Matched Filters forms a Bank
of Filters, which is usually the first stage in the baseband signal detection. Here, the data
bits are passed through the matched filter bank to detect each user’s signal. Then, the
matched filter output, given below, is sent through the pipe-lined multiuser detector where

the parallel interference cancellation is done in stages. After M, iterations, it is most

iter
likely that d™ =4’ , which reflects the convergence of the PIC algorithm, (this is not a

very effective way to investigate/verify convergence of the multistage algorithm).
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The implementation of this PIC process differs from that in chapter 3 section 3.4.2
[6,29],

The matched filter output is represented by the expression
y=RAd +1. (5-9)
where:

y is the output of the matched filter bank

d represents the transmitted user data bits,
R is the cross correlation matrix of the synchronized spreading codes
A is a diagonal matrix containing the amplitudes of the users.

Alternatively, the cross correlation matrix R can also be split into three parts, given by

R=D+S+5T, (5-10)

BRz(S+ST)A. (5-11)
where:

D =diag(R) =1 , (5-12)

S is the lower triangular part of matrix R .

By is used to simplify the notation in the non-linear multistage detection

algorithm.

The structure of AH AeC KDxKD 1s as shown:
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Alfag Al 0 0
H H H H
Al Ay AO Ag + Al Aq AO Aq 0 . (5-13)
0 0 AlTag Allag+alla

Rajagopal et al. [7], exploited the tri-diagonal block-Toeplitz nature ( assumption of the
static nature of the channel during the detection window, whilst other multiuser detectors
based on matrix inversions lose their block-Toeplitz structure due to matrix inversions and
hence, cannot be pipelined), of the matrix in equation (5-13) for reducing the complexity

and pipelining the algorithm effectively.

5.5 Detailed System Model Description

The detailed system model is now described covering the three main stages of Channel

estimation, Matched-Filter Detection and Pipelined Multistage Detection.

Considering an asynchronous system: Assuming Binary Phase Shift Keying (BPSK)
modulation in the uplink. The channel estimate can be given as Agp,A; ecV XK,
corresponding to partial correlation information for the successive bit vectors
di_1,d; e{+ 1,—1}K, which are to be detected. The spreading gain is represented

by N ,and K represents the number of users in the system. In vector form, the received

signal is given by:

i =laom] |70 e (5-14)
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Where, the bits, d;, of the K users to be detected lie between the received signal 7; and
r;_; boundaries. Thus, the matched filter detector, according to Moshavi [21], and Verdu

[32], does a single user detection for each user. This process neglects the effects of other

users. The representation of the matched filter detector after substitution can be given by
‘21' = sign(&ﬂ[A{_Irl-_l +A6{rl-] J (5-15)

Equation (5-15) represents the hard decision output of the matched filter, which inherently
becomes the input to the pipe-lined multistage detector. The causal nature (characteristic
exploited in pipelining the multistage detector), of the matched-filter detector means it

does not require succeeding bits of other users to produce an output estimate.

The PIC performed iteratively in stages for the multistage detector [8, 33] and required
multishot detection.  Multishot detection (cancelling the interference due to the

succeeding/future bits of the users) required extending the model to include multiple bits.
Considering D bits at a time (i =1,2,..., D). ,the multishot received vector r e RMP was

formed by concatenating D vectors (rl-,i =12, --,D), expressed by

dy
Ag A 0 0 d'
3 0 Agp A 0 1:<’1 .
r=l N R (5-16)
di,p
0 0 0 Ag :
_dK’D_

Where:
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A e cNP*KD represents the new multishot channel matrix.
Also
O _ m[AHrl (5-17)
4O _ Sign(y(O) ) (5-18)

Where the initial soft decision outputs y(o) e RXP and hard decision outputs d© ¢ pKP

of the detector were obtained from the matched filter using the channel estimates.

According to Rajagopal et al [7], during multi-user detection, the desired user’s bits
receive interference from the past or future overlapping symbols of different users along
with their current symbols because they are asynchronous. Thus, the Pipelined Multistage
Detection algorithm they proposed is based on the principle of Parallel Interference
Cancellation (PIC), where the scheme cancels the interference from different users,
successively in stages. It has been shown to have computational complexity linear with the
number of users. The pipelined effect can best be described by Figure 5-3, where an

example highlighting the calculation of bit 3 in the detector is shown.

An initial estimate of the received signal is done using a matched filter detector, which
depends only on the current and the past received bits. The stages of the multiuser detector
need bits 2 and 4 of all users to cancel the interference for bit 3. Hence, the first stage can
cancel the interference only after the bits 2 and 4 estimates of the matched filter are
available. The other stages have similar structure. Hence, while bit 3 is being estimated
from the final stage, the matched filter is estimating bit 9, the first stage bit 7 and the
second stage bit 5. By avoiding edge bit computations, we get 2/D savings in
computation per detection stage, where D is the detection window length. Also, instead of
detecting a block of bits, each bit is detected in a streaming fashion with a latency of 2 bits,
reducing the latency by the detection window length to D/2 and eliminating the storage

requirements of block computation.
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Matched.
Filter 412

PIC(Stage1) d, | 1|2 |3 4|5|6|7 /8|9 10|11 12

PIC (Stage 2) d, 123 |4|5|6|7|8]9]|10/|11 12

PIC (Stage 3) diy 1,203/4 /5 6|7 8|9 /101112

Figure 5-3: Pipelined Detection Process*.
Time (i) _—

*The detection process can be streamlined to work on a bit basis rather than in blocks. As soon as
the immediate future bits are available, the next iteration of detection is carried out. Bit 3 is

highlighted as an example.

Also, the computations are reduced to work on smaller matrix sets due to the block

Toeplitz nature of the matrix AHA in (5-13). The computations performed on the

intermediate bits reduce to

L= m[A{iAO]. (5-19)
~ [AHA CHio (AHA H )]

C=R|Ag Ag +A1l A —diag\Ag Ag + A7 Aq ). (5-20)

SO0 g0 _gin 400, s

o?i(l) = sign(yl(l) ) (5-22)

where yl-(l) and c?l-(l) are the soft and hard decisions respectively, after each stage of the

multistage detector. These computations are iterated for /=1,2,---,M,, where M, is the
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maximum number of iterations chosen for PIC algorithm convergence (typically M,,. =3

iter

stages of the detector, with one iteration per stage, successfully). The P3MUD , proposed
detector attempts to reduce the convergence stage of the algorithm to one or two, as

reflected by the BER simulations.

Continuing with the discussion, equation (5-21) represents subtracting the interference
from the past bit of users, who have more delay, and the future bits of the users, who have

less delay than the desired user.

Also,

L , the left matrix stands for the partial correlation between the past bits of

the interfering users and the desired user,

L", the right matrix stands for the partial correlation between the future bits

of the interfering users and the desired user.

C , the center matrix is the correlation of the current bits of interfering
users and the diagonal elements are made zeros since only the interference
from other users, represented by the non-diagonal elements, needs to be

canceled.

The lower index, i, represents time, while the upper index, /, represents the iterations. The
initial estimates are obtained from the matched filter. The equations (5-21)-(5-22) represent

bit-streaming computations.

Equation (5-21), forms the foundation of the proposed Partial Parallel Pipelined Multiuser

Detector -PPPMUD or P>MUD , as seen in the next section.
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5.6 Chapter 5 Summary

A description of the conventional Pipelined Multiuser Detector, a prerequisite to Partial

Parallel Pipelined MUD, P M UD, was given in order to provide a vital understanding of

the parallel interference cancellation process employed.
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This chapter is the culmination of the study, tying together the themes discussed

previously, and most importantly, proposing the Partial Parallel Pipelined Multiuser

Detector (P3M UD). It describes the motivation behind the proposed detector, and gives
the proposed algorithm architecture.  The simulation software implementation is

mentioned, as well as the simulation parameters used. Of importance is the proposed

P3MUD algorithm analysis procedure. The compensator mechanism is described as well.
The simulation outputs for the various detector configurations are shown, and observations

and a discussion are made.
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6 PROPOSED PARTIAL PARALLEL PIPELINED MULTIUSER

DETECTOR ALGORITHM —PPPMUD OR P> MUD

The description of the two main lines of research has been made above. The dissertation

so far has involved determining the universal SCF, which will now be employed in the

proposed P3MUD algorithm. It has also involved describing the workings of the three-

stage conventional pipelined multiuser detection method, which has been reduced to two

stages according to the p? MUD, proposal. This is in accordance with the aims of the
study where the advantages of the various existing interference cancellation schemes
would be used to formulate an improved scheme. This improved scheme would be tested

and compared against the existing ones to measure the extent of improvement, if at all.

Before deriving the system model for the Proposed Partial Parallel Pipelined Multiuser

Detector Algorithm, an insight into the motivation for the methodology used is given.

6.1 Motivation for Proposed Partial Parallel Pipelined Mud Algorithm

The motivation towards the possibility of combining the best features of the various
research work to produce an improved algorithm as regards multiuser detection, has been
brought about by the work done by Correal et al. [34]. According to Correal [34], a
simple yet effective way to mitigate the effect of the bias (mentioned in Chapter 3), and
improve the performance of a parallel multistage interference cancellation receiver, is

based on multiplying the channel gain estimates before signal reconstruction by a partial-
cancellation factor 0 < SCF I(<S) <1 that varies with the stage of cancellation s and system

loading k.

Thus, the decision metric could be represented in the following equation:
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(s)
2SCF 0
5;3) (t) = TKaj (t)cos(a)ct + ¢j )i:Z_OOZSf?pT (t - iT). (6-1)

Where §:(¢) corresponds to the estimated reconstructed signal for user j at stage s, and
pr(2) is a unit pulse function of duration T equal to the bit period, a, is spreading

waveform, and Zj(.‘fl.) , is the decision metric [34].

This is interpreted as modifying the complete cancellation scheme to include the partial-

cancellation factor SCF I(<S) as follows:
()= r()-scr ) 5 §S.S) (1). (6-2)
j#k

Explained further, the first step involves creating the first stage decision statistic for bit 1
of each user, (see Figure 6-1a). This is to be stored and used as an estimate of each user’s
data bit and received power in the cancellation process, i.e., the overlap between bit 1 of

user k£ and bit 2 of any user j, where j <k (assuming users are numbered according to

increasing delays).

According to Correal et al. [34], the first-stage decision statistics of each user are needed
for bit interval 2, (see Figure 6-1b), before proceeding with cancellation, so that, once
stage 1 correlation over bits 1 and 2 is completed for each user, cancellation over bit
interval 1 may proceed, (see Figure 6-1c). This is done by first multiplying the correlation

result by the factor SCF and the spreading code of each user, and then using the resulting

signal estimate to subtract out each estimated signal from the received signal, (refer to
equation (6-2)). The residual signal is then input to the next stage (stage 2). The next step
is to perform correlation over bit interval 3, (see Figure 6-1d), followed by stage 1
cancellation on bit 2 of each user, as seen in Figure 6-1e. Finally, stage 2 processing could
now be performed on bit 1, (see Figure 6-1f). The stage 2 residual signal is correlated with
the spreading code of each user to obtain a correction factor which is added to the
correlation score of the first stage. The result is then used as the decision statistic, and the

process is repeated if additional stages are used.
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Figure 6-1: P3MUD Process flow description using a timing diagram

Thus, the similarities of equations (6-2) and (5-21) are apparent in that the future soft
decision estimates are obtained by subtracting the estimates of the interfering users from
the received signal input. It is in this manner that the formulation of the pipelined
multistage detector soft decision estimate output is done. The SCF constant is incorporated

into equation (5-21) to give:
yl@ = yl(O) —(SCF)La?l.(f Il) —(SCF)Cc?i(l D _(seryi’ cil.(_ﬁl) ) (6-3)

Where the symbol definitions can be found in Chapter 5, section 5.4 and 5.5.

This addition is similarly reflected in the modified pipelined multistage algorithm of

Rajagopal [7], which has an additional compensation mechanism (adjusting the Universal
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SCF accordingly), that takes into account the number of users and adjusts the SCF so that
the accuracy in the multiuser detection process is increased. When the number of users &

approaches the processing gain N, the algorithm effectiveness begins to degenerate.

MATCHED FILTER d ) = sign (»)
for k =1to NK
1 J=NK 5, 5(0
Z](C) =Yik— j=1 Bl]d§ )
end

d - sign(z(l))

Figure 6-2: Steps in the Multistage Detector Algorithm

The detector takes in the matched filter estimates y; and the hard decisions, c?,-. The
partial correlation matrices L,C (channel estimates) are also loaded. @ The detector

subtracts the interference iteratively in stages from the matched filter output. Each stage of
the detector sends a delayed-by-2 match-filtered estimate and the updated hard decisions to

the next stage of the detector.

6.2 Proposed Algorithm Architecture Differences

The proposed pipelined architecture differs from the conventional one Rajagopal [7], by
the presence of the SCF constant, which enhances the possibility of the multistage
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detection algorithms being reduced to at least two stages instead of three. It also differs by
the presence of the SCF compensation mechanism which results in the algorithm being
able to process effectively a large number of users k. Thus, the third stage is indicated by

red dashed lines and arrows, signifying that convergence can occur in the second stage of

the P> MUD algorithm.

Channel
Received )
Estimates

Signal
e A, 1A1
Matched Filter
Vi+ 2 di+) R = 17 C L
A 4 VL A 4
—| SCFyyy Ld; SCFyyy Cd; SCFyykd
-
Adder Stage 1
v
- Detection

Detected bits

Figure 6-3: Partial Parallel Pipelined multiuser detector (P3M UD) architecture.
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6.3 Simulation Software implementation

The simulation software has been implemented using Matlab (ver 6). The code has been
based on that used by Rajagopal [7], for the conventional pipelined detector. The four

main modifications or additions made are:

e The restructuring and optimization of the original code. The code, the original version

and the amended/modified version, can be seen in Addendum A.

e The incorporation of the SCFp vy constant into the algorithm.

e The addition of the compensator mechanism for the SCFyy;- constant.

e The creation of a user friendly Graphical User Interface (GUI) which incorporates a
dual-output presentation for the BER ver SNR and BER ver & (Number of users) on a
single screen. This also makes it easier for comparison purposes. This is seen below in

Figure 6-4.

-5 Themba Ngwenya (University of Pretoria 2003) ol xi

File

M of snr a0 Spreading GainfN] [~ 32 SCF Function Initial valus 057 Stages Affected by SCF =
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CaorwentPipelinedPIC-stage?
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Figure 6-4 :Layout of PPPMUD or P°MUD Graphical User Interface
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6.3.1 The Conventional Matched Filter Receiver and Optimum Detector

Bounds

A measure or sense of accuracy in the graphical outputs of the proposed P*MUD detector
has been the introduction of the conventional matched filter bound, represented by the
Gaussian approximation of a k-user system, [35], and the optimum detector (single-user)

bound originally defined by Verdu, [35].
Gaussian Approximation for Conventional Matched Filter

The Gaussian expression for probability of error of k" user is given by,

Ay

PE(0)=0 (6-4)

2 2 2
o+ Z Aipjk
J#k

where P¢ (o) denotes the probability of error when a conventional receiver is used; 4, is

the received amplitude from the k" user, and 47, is the j user energy, p, is the cross

correlation between the signature waveforms of ;” and &™ users, and o, is the noise

level. This Gaussian approximation is good for low SNR, but highly unreliable at high
SNR [35]. It also states that the probability of error goes to a non-zero limit for high SNR.
The Matlab code for the approximation is found in Addendum A.

Single-User Representation for Optimum Detector

The optimum detector representation for probability of error for single user bound is given

by
P{(0)=0(4, /o) (6-5)

Thus, the probability of error P°(c) for user one, (single-user), versus normalized
amplitude of user one 4,/c, is plotted. The Matlab code for the optimum detector is found

in Addendum A.

Reseachers have and are still using the optimum detector bound derived by Verdu, as a

guide to the accuracy of their work.
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6.4 Simulation Parameters Used

The simulation code used certain parameters in the main program file as well as the sub-

programs. The PPPMUD or PPMUD GUI (see Figure 6-4), shows four of these input

parameters and these are explained as follows.

e Maximum SNR, input the signal-to-noise parameter (by code structure is also in-put

for maximum &, number of users)
e Spreading Gain, input, typically 32
e SCF coefficient or SCF start value = SCFpyy in this case = 0.57

e Stages required for algorithm to be processed, 1, 2 or 3

Addendum A in the Addendum section contains the simulation code. Converting from E, [N, to

SNR, E,/N,=10."""has been used.

6.5 P3MUD AlgorithmTest Analysis

The P>MUD was then tested by plotting the BER graphs against SNR and also against K

(the number of users). The output graphs were able to show a comparison between the

conventional pipelined algorithm and the proposed P>MUD algorithm. The Sliding
Correlator and Matched Filter Detector outputs, Rajagopal [7], where left in for

comparison purposes, as well as those of the Conventional Pipelined Multiuser Detector.

Multiuser detection will cancel the interference from other users to improve the error rate
performance. This is in comparison with traditional single user detection using only a

matched filter [7]. In this process, the desired user’s bits receive interference from the past
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or future overlapping symbols of different users along with their current symbols, because

they are asynchronous, according to explanation in Figure 6-5.

The assumption that the delays of the different users are coarsely synchronized within one

symbol duration is taken here.

User 1 M| | e i+1
User 2 i-1 \ :E:: ] E i+1
Received . . .
Signal (r) i : o
— Time >

Figure 6-5 : Graphical representation of Multiple Access Interference, showing the
interference from past, current and future bits (each shaded differently) of other users.

6.6 Methodology IIT

6.6.1 P3MUD Algorithm Analysis Objectives and Methodology

The objectives of the test analysis was to determine the performance behaviour of the

P3MUD algorithm. This involved:

e A graphical analysis where the impact of the P>MUD algorithm was compared to the

conventional pipelined detector, as the SCF value was varied.

e A graphical analysis when the SCF compensator mechanism was activated and the

SCFyny value of 0.57 used. This was also compared to the non-compensator outputs.
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This is indicated in Figures 6-6 to 6-11.

6.6.1.1 Simulations without SCFyny and Compensator Mechanism

This is represented by Figures 6-6 to 6-10, as the SCF varies from 0.47 to 0.87, for all three

stages of the multiuser detection algorithms.
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Figure 6-6 : A 3-stage analysis with SCF = 0.47 at constant k(k=13) on left, and constant

SNR(SNR=25), on right
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Figure 6-7 : A 3-stage analysis with SCF = 0.57 at constant k(k=13) on left, and constant
SNR(SNR=25), on right
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Figure 6-9 : A 3-stage analysis with SCF = 0.77 at constant k(k=13) on left, and constant
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Figure 6-11 : A 3-stage analysis with SCFp;;7 = 0.57 with compensator at constant k(k=13)
on left, and constant SNR(SNR=25), on right
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Figure 6-12 : A 3-stage analysis with SCFy;- = 0.57 with compensator at constant k(k=26)
on left, and constant SNR(SNR=50), on right

Figure 6-12 indicates the behaviour of the P’ MUD at high system loads.
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6.6.2 SCFyny Compensator Mechanism

The structure of the compensator mechanism is as shown below:

Where k refers to the number of users, and 7, is a function, (see SCF.m in Addendum A),
which takes into account parameters such as £, SNR, the number of stages (1,2 or 3) of
the Algorithm, and returns an adaptively adjusted SCF value depending on the number of
users present. ks 2 & K<— 8

r=r+ 0.1;

elseif k=2 & k<=12
r=r + 0.2;

elseif k> 2 & k <=35
r=r+ 0.3;

else
r=r;

end

Figure 6-13 : Structure of Compensator Mechanism

The compensator has come about due to the optimal SCF modeling exercise of Chapter 4.
The modeling exercise indicated by how much an optimal SCF could be incremented or
de-cremented based on the integer-variation of k in order to produce a good BER

characteristic.  Thus, the aim of the use of the compensator is to assist the

P3MUD algorithm in automatically adjusting the SCFpyp in order to cope with sudden

increases in the number of simultaneous users k. The mechanism, through the script

above, will be able to adjust the SCFy;y; value accordingly.
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6.7 Observations and Discussion

It is observed from Figures 6-6 to 6-10 that, for 3-stage analysis when the number of
simultaneous users is 13, the rise in the SCF value used tends to give a good corresponding
lower overall BER. This possibly means that for the value of SCF = 0.87, the operation of
the algorithm in those conditions would be efficient if compared to the lower SCF values.
The observations also indicate that as the number of users, &, rises, the BER will
correspondingly increase, according to theory. Importantly, the results indicate that the

incorporation of the SCF into the pipelined multiuser detector to produce the
P>MUD algorithm appears to be successful. It is also observed from Figure 6-10, that the
1-stage P3MUD graph, (as well as the subsequent stage graphs), actually has a lower
overall BER characteristic as compared to the conventional pipelined PIC graph. This

again indicates the improvements offered by the P3MUD algorithm.

The use of the SCFy;yp in conjunction with the compensator mechanism in Figure 6-11,
show the improvement in overall BER as compared to the conventional pipelined PIC. An
interesting note, is that the SCFy;y; -Compensator outputs are almost identical to that of
Figure 6-10, when SCF = 0.87. This result concludes first of all that the compensator
mechanism does work, and if written based on the results of the optimal SCF modeling,
according to Figure 6-12, it will enhance the processing ability of the P>MUD algorithm.
This means that the SCFyyy based system can also be modeled to mimic a system that

offers low overall BER during the multiuser detection process. This translates into an
overall performance improvement due to the low BER observed as compared to the

conventional Bit-Streaming PIC.
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PROPOSED 2-STAGE P>MUD

The simulation analysis in Chapter 6 has brought about an observation which motivates
for a two-stage algorithm as opposed to the conventional three-stage process. This chapter
justifies this observation with further analysis being performed. Once again, observations

and a discussion are made of the proposed two-stage system.
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7 PROPOSED 2-STAGE P> MUD ALGORITHM IMPLEMENTATION
7.1 Motivation for 2-Stage P>*MUD

This has been motivated by the observations of the algorithm as it processes the various
parallel interference cancellation stages. The analysis involved producing graphical
outputs for non-compensated SCF at values 0.57 and 0.87. Then, additional outputs using

the SCF compensator and the SCFy;y-. Also, outputs showing the variation of signal-to-

noise ratio SNR, as well as the number of users k, were obtained for the 2-stage

implementation. These are shown in Figures 7-1 to 7-8.

It should be noted that due to the time-frame of this dissertation, the MATLAB output
code was not modified to reflect a particular cancellation stage process, i.e. at 1-stage
cancellation, only the graphs pertaining to that particular stage(stage-1) should be
shown to avoid any confusion when analyzing the results. Thus for stage 2 processing,

only stage 1 and stage 2 graphs would be output, and so on.

7.11 Observations at Varying Detector Stages (1, 2 and 3) for SCF=0.57 &
SCF=0.87 without Compensator Mechanism
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Figure 7-1 : A 1-stage analysis with SCF = 0.57 at constant k(k=13) on left, and constant
SNR(SNR=25), on right
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Figure 7-2 : A 2-stage analysis with SCF = 0.57 at constant k(k=13) on left, and constant
SNR(SNR=25), on right
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Figure 7-5 : A 2-stage analysis with SCF = 0.87 at constant k(k=13) on left, and constant
SNR(SNR=25), on right
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Figure 7-6 : A 3-stage analysis with SCF = 0.87 at constant k(k=13) on left, and constant
SNR(SNR=25), on right
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7.1.2
and 3)

Observed Compensated SCFy;yy Outputs as Detector Stages vary (1,2

Figure 7-7 : A 1-stage analysis with SCF;y;y = 0.57 with compensator at constant k(k=13)
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Figure 7-8 : A 2-stage analysis with SCF;y;y = 0.57 with compensator at constant k(k=13)
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Figure 7-9 : A 3-stage analysis with SCFy;- = 0.57 with compensator at constant k(k=13)

Figure 7-9, again indicated the apparent ineffectiveness of the third cancellation stage.

The SNR and & was varied for the proposed two-stage P>*MUD , as shown in Figures 7-10

to 7-13.

on left, and constant SNR(SNR=25), on right
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7.1.3 Observed Compensated SCFy;y; with Varying SNR and k , for proposed

2-Stai e Detector
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Figure 7-10 : A 2-stage analysis, SCF7;y; = 0.57 with compensator at constant k(k=11) on

left, and constant SNR(SNR=20), on right
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Figure 7-11 : A 2-stage analysis, SCf;yp = 0.57 with compensator at constant k(k=8) on

left, and constant SNR(SNR=15), on right
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Figure 7-12 : A 2-stage analysis, SCFy;y = 0.57 with compensator at constant k(k=6) on
left, and constant SNR(SNR=10), on right
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Figure 7-13 : A 2-stage analysis, SCFy;y; = 0.57 with compensator at constant k(k=3) on
left, and constant SNR(SNR=5), on right
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7.2 Observations and Discussion

Comparing the outputs when SCF= 0.57 and when SCF = 0.87, for varying stages (1,2 or
3) of algorithm processing, indicated for both cases how the third —stage affected the
process. In both cases, it does not appear to add much to the overall multiuser detection

process, (see Figures 7-1 to 7-6). The compensated outputs when using SCFyyy and the

compensator mechanism appeared to indicate the apparent in-effectiveness of the third-
stage in the multiuser detection algorithm, (see Figures 7-7 to 7-9). This agrees with
theory in that the algorithm has converged by the second-stage, and third-stage processing
is futile or will not produce any significant changes in the detector output. Simulations

were also done for 2-stage analysis for SCFpy with varying maximum SNR and

maximum &, (see Figures 7-10 to 7-13).

On the whole, it is seen that the P>MUD 2-stage output graphs produce lower overall
BER as compared to the conventional 2-stage outputs. Figure 7-13 shows the ideal stage

when BER is almost non-existent due to the small number of users, (3 in this case). The

overall conclusion is that the P>MUD algorithm can do most of the multiuser processing
in the first stage, with the second-stage available to reinforce or enhance the process. The

third-stage appears not to contribute much to the multiuser detection process, and thus is

the foundation for the motivation of a 2-stage P>MUD implementation. The new
approach therefore has the advantage of considerable savings in computational complexity,

with corresponding benefits in terms of less costly multiuser detection without

performance loss compared to 3-stage P3MUD schemes.
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SUMMARY , CONCLUSIONS AND RECOMMENDATIONS

This final chapter mainly summarises the overall study exercise, makes conclusions from

the observations seen in Chapters 6 and 7, and in the future work discussion, makes

possible recommendations of the way forward as regards the proposed P3MUD algorithm.




University of Pretoria etd — Ngwenya, T M A (2005)
CHAPTER 8 Summary, Conclusions & Recommendations

8 SUMMARY OF DISSERTATION

This study exercise can be summarised by figure 8-1. The original SCF was mainly
obtained to assist in decreasing the MAI during the PIC process. The proposed
SCFyny does the same, but is implemented by being dynamically adjusted by the Soft

Cancellation Mechanism or Compensator. A look-up table implementation had been

proposed for the original SCF method [6].

T
ORIGINAL PARALLEL PIPELINED MUD
- 1

Figure 8-1 : Summary of Dissertation

The original Bit-Streaming Parallel Pipelined MUD was chosen to implement and test the
SCFyny because it offered a computational advantage detector as compared to the

computational complex matrix inversion earlier detectors [7]. Hence, the Partial Parallel

Pipelined MUD or P*MUD was created.
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The simulations observed indicate that the presence of a soft cancellation factor in the
conventional PIC algorithm does assist in improving the overall BER during the 3-Stage

PIC detection process. It is also observed that the 3-Stage PIC BER is almost similar to 2-

Stage PIC BER for the proposed P>MUD ,thus 2-Stage P*MUD is also proposed. Before
the future work and recommendations is discussed, conclusions on the observations made

in Chapters 6 and 7 are follow next.

8.1 Conclusions on 3-Stage P>MUD (Chapter 6) Observations

The simulation results indicate that the presence of the P>MUD algorithm, including the
compensator mechanism, has helped improve the overall BER results for a 3-stage
software implementation of the algorithm, as compared to conventional pipelined
multiuser detection implementation. The initial aims of the study were to investigate the

possible improvement techniques for WCDMA using multiuser detection and interference

cancellation. The creation of the P>MUD algorithm is a culmination of the original goals,
as simulation analyses indicate an improvement offered to the multiuser detection process.
As these tests alone may not be conclusive enough to test the integrity of this proposed
algorithm implementation, a further suite of tests can be created, such as analyzing the
effect of the multiuser detection process on an identified user, as the user’s signal is
processed, as opposed to the current simulation implementation where the strongest user or

user of interest is randomly chosen. =~ A possible hardware implementation of the

P3MUD algorithm would be to incorporate the code into the DSP and FPGA

implementations of Rajagopal [7]. It would be interesting to see what the

P3MUD method would have on the hardware-software implementation, especially with
the data rate requirements per user. According to this present study, the effect of the SCF
in the Pipelined Multiuser Detector has been to lower overall processing BER. Thus,

according to this theory, the data rates per user should also be increased in the hardware-
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software implementation. This falls within the WCDMA requirements to provide higher

data rates per user by enhancing the multiuser detection process.

Further work, as mentioned above, would be required before the practical implementation

of the P>MUD became feasible. This practical implementation of the P>MUD algorithm
could have far reaching effects, as already seen by the promising simulation results of this
current study, in that the system would be able to absorb a large number of simultaneous
users, and effectively process each of them without the processing algorithms failing, due
to saturation of users. Currently, due to the enhanced processing power achieved in FPGA
implementation over DSP, it is the favored implementation. In a practical WCDMA
cellular system this would translate to the ability of the service provider to offer a wider
range of high data rate services to a wider population, and hence increase the income base.
Thus, the importance of the efficiency of the multiuser detection algorithms is noted as
regards the effect it has on the overall improvements to the WCDMA system. Research,
present and future, will be centered around how best to implement this process. This will

also affect the successful implementation of the 4G (All IP), systems [12].

8.2 Conclusions on 2-Stage P>MUD (Chapter 7) Observations

The analysis of the proposed 2-stage P>MUD algorithm initially indicates the apparent in-
effectiveness of the third-stage’s contribution to the multiuser detection process. The
advantages of a proposed 2-stage implementation is that it enhances the algorithm
implementation, and practically, it does away with unnecessary processing power
requirements using the same hardware. Thus, processing time is saved, which on the
surface may appear minute, but in cases where algorithm processors have to deal with very
large numbers of simultaneous users’, this constitutes a significant saving. This effect adds

to the overall improvement in WCDMA system performance.

5'The more users a system is able to process will mean the individual data rates of the users is low,
whilst the opposite is true in the case of few users in the system.
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On the whole, it appears that the 2-stage P3>MUD detector is a possibility. Thus, not only

is this study proposing the P>MUD algorithm, but also the 2-stage P>MUD detector,
which should offer performance improvements over the conventional pipelined multiuser

detector algorithm.

8.3 Recommendations and Future Work

A possible start would be to practically implement the P>MUD algorithm to see how it
compares to the hardware-software implementation of Rajagopal [7], and also to establish
how practically realisable it would be to reduce the number of multistage algorithm stages

from three to two.

Another key area for further work should be to investigate the performance of P’MUD in

a multipath channel environment using the recommended WCDMA channel models.

A lookup-table implementation, Rennuci [6], of the SCF part of the P>MUD algorithm
would be interesting, to see how it compares to the compensator method used in this

present study.

Another implementation path would be using the differential multistage detector

Rajagopal et al. [36], to implement the P>MUD algorithm. The differencing multistage

differs from the multistage algorithm in that, instead of dealing with each estimated bit
vector V) , we calculate the difference of the bits in two consecutive stages, i.e the input
of each stage becomes, 7O —g® _gt=b (j = 1.2,...,K), where xis called the

differencing vector.

Further work could evolve around implementing the algorithm such that a single user’s
signal can be analyzed from a background of multi-user signals. This would assist in

determining the effect of the algorithm per user.
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A neural network implementation could also be possible, as it would involve
designing/training the multiuser detector so that it responds according to sets of input

asynchronous user/training data.

The suppression of MAI in the UMTS multi-path propagation environment could also be

another area of possible future work.

The possibility of further work in this research appears endless, which further enhances the

importance that has been attached to the study of this section of the receiver architecture.

The overall goal of this and similar type research would be to improve the performance of

WCDMA systems.
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ADDENDUM A

INTRODUCTION TO ADDENDUM A

This document contains the input data used in the Universal SCF determination in
Methodology II, (Chapter 4), and the input data and MATLAB simulation program used in
Methodology III, (Chapter 6). The document also defines the various parameters used in

these practical sessions.
UNIVERSAL SCF Determination Data

The input data used in Methodology I, is available in Chapter 3 of the dissertation

document.

Calculation of Universal SCF Data for Methodology 11

This consisted of Probability of Error, P,, and K the number of users. Equation (4-26) in
Chapter 4, was employed in these calculations. The data in Tables 1-1 to 1-5, was used to
plot the Probability of Error versus X graphs of Figures 4-1 to 4-11, in Chapter 4 of the

dissertation document.

K users |Ph at SCF=0.47 |Ph at SCF=0.48 |Pb at SCF=049 |Pb at SCF=0.50{Ph at SCF=0.51|Ph at SCF=0.52 Pb at SCF=0.3 |Pb at SCF=0.54

5 4 4E-04 4T1E04 | 45004 | 40E04 | 4N2E04 | 39E4 | 380N 366E-04
10| 386E03 3T2E03 JH0E-03 | 3S0E03 [ 3AOE3 | 333 | 326E3 JEN
15 143602 143E02 14602 | 1MEQR | 14E02 | 14TER 1.51E02 1.55E-02
0 | 3830 SUEQ | AB0E02 | AEQ | AMER | 46TEQR | 49ED 521E2
5 | 83EN 8B4E2 0302 | O9WEQ | TOGE01 | 112E 120801 1.28E-01
30 161E-)1 1,651 TOE0T | 186E01 [ 19RO | 240E1 2.32E01 2.35E01

Table A-1: Calculated Data for K and P, , (range SCF =0.47 to 0.54)

K users |Ph at SCF=0.55 Pb at SCF=0.56 |Pb at SCF=0.57 |Pb at SCF=0.58 |Ph at SCF=0.59 |Pb at SCF=0.60 |Ph at SCF=0.61 |Pb at SCF=0.62

5 3.53E-04 340E-04 3.20E-04 3.19E-04 3.10E-04 3.02E-04 2.95E-04 2.88E-04
10 JATE-03 3.15E-03 314E-03 3.14E-03 3.16E-03 3.19E-03 3.E03 3.30E-03
15 1.59E-02 1.65E-02 1.72E-02 1.80E-02 1.80E-02 2.00E-02 2.12E02 2.25E02
2 5.54E-02 5.90E-02 6.30E-02 6.74E-02 1.23E-02 1.76E-02 8.33E-02 8.4E-02
25 1.37E-01 1.46E-01 1.56E-01 1.66E-01 1.76E-01 1.87E-01 1.99E-01 2.10E01
30 248E-01 261E-01 214501 28701 2.99E-01 312601 3.24E01 3.35E-01

Table A-2: Calculated Data for K and P, , (range SCF =0.55 to 0.62)
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K users |Pb at SCF=0.63 |Ph at SCF=0.64 |Pb at SCF=0.65 |Ph at SCF=0.66 [Pb at SCF=0.67 |Ph at SCF=0.68 [Pb at SCF=0.69 |Pb at SCF=0.70

5 2.83E-04 2.78E-04 2.714E-04 2.70E-04 2.68E-04 2.66E-04 2.64E-04 2.64E-04
10 3I7E-03 J4TE-03 3.58E-03 37203 3.87E-03 4.05E-03 4.25E-03 449E-03
15 2HE02 2.57E-02 2.76E-02 2.97E02 3.20E-02 3.60E-02 3.73E02 4.03E-02
2 9.60E-02 1.03E-01 1.10E-01 1.18E-01 1.26E-01 1.35E-01 1.44E-01 1.53E-01
25 222601 2.33E01 245601 2.56E-01 2.68E-01 2.79E-01 291E01 30101
30 JATE0 3.58E-01 3.68E-01 378E-01 J87E01 3.96E-01 4.04E-01 4.12E01

Table A-3: Calculated Data for K and P, , (range SCF =0.63 to 0.70)

K users |Ph at SCF=0.71 [Pb at SCF=0.72 |Pb at SCF=0.73 |Pb at SCF=0.74 |Ph at SCF=0.75 |Pb at SCF=0.76 |Ph at SCF=0.7 |Pb at SCF=0.78

5 2.64E-04 2.65E-04 2.66E-04 2.69E-04 272604 2.76E-04 2.80E-04 2.86E-04
10 4.75E-03 5.04E-03 5.37E-03 5.73E-03 6.14E-03 6.60E-03 7.10E-03 1.66E-03
15 4.35E-02 4.70E02 5.08E-02 5.49E-02 5.92E-02 6.39E-02 6.88E-02 740E-02
2 1.62E-01 1.72E-01 1.81E-01 191E-01 201E-01 2.11E01 2.1E01 2.31E01
2 312E01 3.23E01 3.33E01 342E-01 3.52E-01 3.61E-01 3.69E-01 3TTE0
30 4.20E-01 4.27E01 4.33E-01 4.39E-01 4 44E-01 4.50E-01 4.54E-01 4.59E-01

Table A-4: Calculated Data for K and P, , (range SCF =0.71 to 0.78)

K users |Pb at SCF=0.79 |Ph at SCF=0.80 |Pb at SCF=0.81 |Ph at SCF=0.82 [Pb at SCF=0.83|Ph at SCF=0.84 [Pb at SCF=0.85 |Pb at SCF=0.86

5 2.92E-04 3.00E-04 3.08E-04 3.18E-04 3.28E-04 J40E-04 3.53E-04 3.68E-04
10 8.28E-03 8.96E-03 9.70E-03 1.05E-02 1.14E-02 1.24E-02 1.35E-02 146E-02
15 7.4E-02 8.51E02 9.11E-02 9.74E-02 1.04E-01 1.10E-01 1.A7E-01 1.24E-01
2 2HEN 2.55E-01 2.60E-01 2.70E-01 2.19E-01 2.89E-01 2.98E-01 3.06E-01
25 3.85E-01 39301 4.00E-01 4.07E-01 413601 4.19E-01 4.25E01 4.30E-01
30 4.63E-01 467E-01 4.70E-01 47301 4.76E-01 4.79E01 481E-01 4.84E-01

Table A-5: Calculated Data for K and P, , (range SCF =0.79 to 0.86)
The values of spreading gain N =31, and E,/N, =10d4B , were used in the calculations. The

graphs were plotted in Microsoft Excel.
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P’MUD (PPPMUD) MATLAB Program

Overview of P°’MUD MATLAB Program Structure

The program to simulate the P’MUD outputs was originally obtained from the shareware
MATLAB software employed by Sridhar Rajagopal et al.[7], for determining the
CDMA/WCDMA performances at Rice University, Houston, Texas.  Thus, the
P3MUD program uses the structures of the shareware program as a base to build on, and
the program modules that have been developed are similar in some instances to the original

modules, but different in others as seen in figure A-1, and in the comparison of Table A-6.
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ITEM PPPMUD

Conventional PIC MUD

Comment

1 testerm

For PPPMUD, tests validity of input data functions
in Information4.m

2 Informationd.m

For PPPMUD, main excecutible program,
controlling input and output data and GUI
activation. It also contains the Conventional
Matched Filter Receiver program code and the
Single-user optimum detector code for the
respective error bound graphs.

3 Optimum_detectm

detect pipe.m

For Conventional MUD, main excecutible program,
but for PPPMUD is a function where code syntax
has been optimised. Program generates channel
estimate parameters for the randomly selected
users' data which is spread before transmission
over channel. Program performs Maximum
Likelihood channel estimation process and outputs
used in Matched Filter & Multistage PIC Detector
stages. Resultant Qutput is detected bits and error
count from detection process, as well as graphical
BER vs SNR, with additional BER vs K
(simultaneous users) for PPPMUD

Function for generating randomly selected users
and data and spreading codes, channel estimate

gendata.m gendata.m parameters to be used in detection process
5 genseq.m genseq.m function to generate spreading code sequences
Function to assist in manipulating matrices
6 splitAmatrix.m SplitAmatrix.m efficiently in detection process calculations
For PPPMUD, function activates the soft
1 SCFm cancellation factor compensator mechanism

Table A-6: Comparison of P°MUD and Conventional PIC MUD

program structures
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Information4.m

[testerm
‘ fileparts.m

filesep.m

openfig.m
fullfile.m
getappdata.m

nargchk.m

isfield.m

hgload.m
strmatch.m

detect_pipe.m
gendata.m

iscellstr.m

strmatch.m

str2double.m genseq.m

deblank.m
getfield.m

gold31.m kron.m

meshgrid.m
SplitAmatrix.m rank.m
hold.m
gea.m

plotedit.m
rotate3d.m

allchild.m
= g gefom

ser m
findall.m newplot.m

isappdata.m

title.m

Zoom.m isappdata.m

— - isfield.m
en.m

xlabel.m

movegui.m
isnumeric.m

ylabel.m

legend.m
flipud.m

m

isvarname.m

iskeyword.m iscellstr.m

¥ |setfield.m
guidata.m

legend.m

double.m

isstruct.m

nargoutchk.m

optimum_detect.m legendtext.m

gendata.m jpropeditutils.m

linspace.m
legendline.m
allchild.m

nargchk.m

genseq.m

GoldCode.m kron.m

meshgrid.m

splitAmatrix.m

rank.m

SCF.m

hold.m
gea.m
gef.m
newplot.m

clo.m
setdiff.m
unique.m
title.m

xlabel.m

ylabel.m

legend.m
flipud.m

colstyle.m

legend.m

double.m

isstruct.m

legendtext.m

jpropditutils.m

linspace.m
legendline.m

Figure A-1: Overview of P *MUD MATLAB Program Structure
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P>MUD Program Description

The program basically simulates a CDMA system in MATLAB, with the process
consisting of the transmission of randomly selected user data bits over a channel, and
detection of those bits at the receiver side by comparing the preamble and transmitted bits.
The number of errors is counted and forms the input to the BER output graphs, which is a
measure of the efficiency of the detection scheme. The standard optimum detection graphs

are also included as a comparison measure.

MATLAB Program Assumptions

The MATLAB code version assumes a simplistic AWGN channel model, which supports
Walsh and Gold codes for asynchronous detection. Also no pulse shaping or fading is
assumed, with the receiver consisting of a single antenna case. Multi-path propagation is

supported. There is no source/channel coding for the algorithms used.

Multiuser Channel Estimation and Detection

If we assume Binary Phase Shift Keying (BPSK) modulation for the transmitted signal, the
scheme uses spread spectrum signalling, where each active user uses a unique signature
sequence or spreading code to modulate the data bits. The receiver system receives a
summation of the signals of all the active users after they travel through different paths in
the channel. These paths will induce different delays, attenuations and phase-shifts to their
signals. Also, the signals from different users interfere with each other in addition to the
Additive White Gaussian noise (AWGN) present in the channel. Thus, the multiuser
channel estimation consists of the joint estimation of these unknown parameters for all
users in order to mitigate these undesirable effects and accurately detect the received bits
of the different users. Also, the multiuser detection refers to the detection of received bits

for all users jointly by cancelling the interference between the different users.

In the MATLAB program, the channel estimation scheme is enhanced for an iterative
scheme that avoids matrix inversions and has a simple fixed point architecture. The

multiuser detection is enhanced for a highly pipelined and bit-oriented scheme.
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Another advantage of scheme is that there is no division except for multiplication by
convergence parameter x which can be implemented as a right-shift, by making it a power
of two. This can be done as the algorithm converges for a wide range of x. For
simulation purposes, a Gold code of length 31 was assumed. This code was chosen for

WCDMA [19] as it has desirable auto-correlation and cross-correlation properties for

asynchronous transmission scheme.

Pipelined Multiuser Detection Process

The stages in the multistage detector are efficiently pipelined to avoid edge computations
and to work on a bit streaming basis. This is equivalent to the normal detection of a block
of infinite length, detected is a simple pipelined fashion. Also the computations can be
reduced to work on smaller matrix sets. The computations performed on the intermediate

bits reduce to

L= m[AlHAO]. (A1)
Co Al Ao+ ATTA| —diaglll Ao+ ATTA, . (A2)
y D =0 gt gD TG, (A3)
v =3O _iseryea' Y - seryca P —seryifal b . (A4)
D = sign= (. (A5)

where yl-(l) and a?l-(l) are the soft and hard decisions respectively, after each stage of the

multistage detector. Refer to Chapter 5 and 6 for other symbol definitions. These

computations are iterated for / =1,2,---,M where M is the maximum number of iterations

chosen for convergence (typically, 3). Equation (A.3) represents subtracting the
interference from the past bit of users, who have more delay, and the future bits of the
users, who have less delay than the desired user. Equation (A.4) is the Soft Cancellation

implementation of equation (A.3).
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Running the P’MUD Program and Parameter Settings

The Program was run on MATLAB Version 6.1.0, Release 12.1. Typing in the command
‘information4’, starts the execution of the program. Depending on the number of bits
being transmitted, if less than 100000, than the program can be executed on a Pentium III,
500MHz processor system, with the execution time dependent on the bits transmitted. A
virtual memory setting of 900 Mb is sufficient. This is done by varying the ‘Ld’ variable
in the ‘Optimum_detect’ program. For transmitted bits above 100000, precisely 2000000
bits, this was done on a Dell with Intel Xeon Processor 2.20 GHz. The virtual memory was
set to 4 Gb. The program execution took 40 minutes for different settings of the SCF
value. The parameters are input in the GUI after it is called up as shown in the diagram

below. The simulations used a u value of 1/300, and the number of paths P=4. For the
Single-user Optimum Detector Bound, o =0, was used, and for the Conventional Matched

Filter Bound, p=0.16, was used.

K =Xy
[ M af snr 20 Spisading Gainf] 32 SCF Funciion initial vaius 0.47 Siages Affected by SCF i =]
Plat
1 1
09+ 038
08+ 08
0.7+ 07
06+ 06
05+ 05
n4r 04
03r 0.3
02r 0.2
01r 0.1
0 ! 0
0 0.2 0.4 06 0.8 1 0 0.2 0.4 0.6 08 1
Figure A-2: Default Program GUI to enter variable data
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That is for example, for constant number of users ., the BER is varied with the SNR, and
also, for constant SNR, the BER is varied with k. Also input is the SCF value. If the
Compensator mechanism is to be used, when using the SCF,, =0.57 value, then the SCF.m
file is loaded with the appropriate fractional values, i.e 0.15, 0.25..etc, otherwise these

fractional values can be set to zero when varying other SCF values not SCF,, .

A sample of the output graphs is shown in figure A-3.

) Themba Ngwenya {University of Pretoria 2003} =10

File

Fax of snr I 18 Spreading Gain(M] 32 SCF Function Initial value 067 Stages Affected by SCF I—_[3 =
Flot

FPPWMUD 2003 UP: Error rate vs SMR PPPMUD 2003 UP: Eror rate ve no of users k

—— ConventPipelinedPIC-stagel [7777
—&— ConventPipelinedPIC-stage? |
—&— ConventPipelinedPIC-stage3 2252
—= PPPMUD-stage! ===
— PPPMLD-stage2
—%— PPPMUD-stage3

21 —— Sliding corr - MF
4[| & MatchedFilter
FZ] —— Conventional Matched Filter
z] —— ConventPipelinedPIC-stagel
&[] —% ConventPipelinedPIC-stage2 |-
107 kz{ == ConventPipelinedPIC-stage3 |2
:] = PPPMUD-stagel
-] = PPPMUD-stage2
m'ﬁ -] —%— PPPMLUD-stage3
2] — Optimum Detector

Bit Error Rate
Bit Error Rate

ShR (in dB) k users

Figure A-3: BER vs SNR at constant k (k=10), and BER vs k at constant SNR (SNR=18).

It is seen from figure A-3, that the SCF,,, value of 0.57 is being used, indicating that the

compensator mechanism is also in use. The output graphs indicate the comparisons

between the various detection schemes, i.c.,

For the BER versus SNR case:

e Sliding correlator Matched Filter

e The Matched Filter (first stage of Multiuser Detectors)

e The Verdu Matched Filter Approximate Detector

e Three stages of Conventional Bit-Streaming Pipe-lined Multiuser detection
e Three stages of Partial Parallel Pipelined Multiuser Detection

e The Verdu Single-user Optimum Detector
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For the BER versus k case:

e Three stages of Conventional Bit-Streaming Pipelined Multiuser detection

e Three stages of Partial Parallel Pipelined Multiuser Detection

MATLAB Program

The MATLAB Program Modules that have been attached are:

e Information4.m

e Tester.m

e Optimum_detect.m
e (Gendata.m

e (Genseq.m

e SCF.m

e SplitAmatrix.m

The software version is also included and will be available from my supervisor, Professor
Louis Linde, at the Centre For Radio & Digital Communication (CRDC) at the Department

of Electrical, Electronic & Computer Engineering, University of Pretoria.
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Information4.m
function varargout = Tester(varargin)
% INFORMATION4 Application M-file for information4.fig
% FIG = INFORMATION4 launch information4 GUI.
% INFORMATION4('callback name', ...) invoke the named callback.
% Last Modified by Themba v2.0 27-April-2004 22:43:32
if nargin == 0 % LAUNCH GUI
fig = openfig(mfilename,'reuse');
% Generate a structure of handles to pass to callbacks, and store it.
handles = guihandles(fig);
guidata(fig, handles);
if nargout > 0
varargout{1} = fig;

end
elseif ischar(varargin{1}) % INVOKE NAMED SUBFUNCTION OR CALLBACK
try
if (nargout)
[varargout{1:nargout}] = feval(varargin{:}); %
FEVAL switchyard
else
feval(varargin{:}); % FEVAL switchyard
end
catch
disp(lasterr);
end

end

%| ABOUT CALLBACKS:

%| GUIDE automatically appends subfunction prototypes to this file, and

%] sets objects' callback properties to call them through the FEVAL

%| switchyard above. This comment describes that mechanism.

%?%| Each callback subfunction declaration has the following form:

%]| <SUBFUNCTION_NAME>(H, EVENTDATA, HANDLES, VARARGIN)
%%| The subfunction name is composed using the object's Tag and the

%] callback type separated by ' ', e.g. 'slider2_Callback’,

%| 'figurel CloseRequestFcn', 'axis] ButtondownFcn'.

%% H is the callback object's handle (obtained using GCBO).

%%| EVENTDATA is empty, but reserved for future use.

%%| HANDLES is a structure containing handles of components in GUI using
%] tags as fieldnames, e.g. handles.figurel, handles.slider2. This

%l| structure is created at GUI startup using GUIHANDLES and stored in

%| the figure's application data using GUIDATA. A copy of the structure

%] is passed to each callback. You can store additional information in

%) this structure at GUI startup, and you can change the structure

%| during callbacks. Call guidata(h, handles) after changing your

%| copy to replace the stored original so that subsequent callbacks see

%| the updates. Type "help guihandles" and "help guidata" for more

%] information.

%]|%| VARARGIN contains any extra arguments you have passed to the

%l| callback. Specify the extra arguments by editing the callback

%l| property in the inspector. By default, GUIDE sets the property to:

%| <MFILENAME>('<SUBFUNCTION_NAME>', gcbo, [], guidata(gcbo))
%| Add any extra arguments after the last argument, before the final

%| closing parenthesis.
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%
function varargout = pushbutton1_Callback(h, eventdata, handles, varargin)
% this function is called when the plot button is pressed
%il=get(handles.txtNoUsers,'String'");
% first do some validation tests
% test for a valid value of the no of users
if isempty(str2num(get(handles.txtNoUsers,'String')))
set(handles.errmsg,'Visible','on");
set(handles.errmsg,'String','no of users not numeric'); % on error display error message
return ;
elseif floor(str2num(get(handles.txtNoUsers,'String"))) > 32 |
floor(str2num(get(handles.txtNoUsers,'String")))<2
set(handles.errmsg,'Visible','on");
set(handles.errmsg,'String','no of users greater than 32 or less than 2 not supported'); % on
error display error message
return;
end
Y%test for a valid value for the spread gain
if isempty(str2num(get(handles.txtSpreadGain,'String'")))
set(handles.errmsg,'Visible','on");
set(handles.errmsg,'String','Spread Gain not numeric'); % on error display error message
return ;
elseif floor(str2num(get(handles.txtSpreadGain,'String'))) > 32 |
floor(str2num(get(handles.txtSpreadGain,'String'))) <=0
set(handles.errmsg,'Visible','on");
set(handles.errmsg,'String','invalid sread gain cannot be less than or equal to zero or greater
than 32");
return;
end
Y%test for a valid value for the SCF starting value
if isempty(str2num(get(handles.txtSCF,'String")))
set(handles.errmsg,'Visible','on");
set(handles.errmsg,'String','SCF start not numeric'); % on error display error message
return ;
elseif str2num(get(handles.txtSCF,'String")) > 1 | str2num(get(handles.txtSCF,'String')) <= 0
set(handles.errmsg, Visible','on');
set(handles.errmsg,'String','invalid value for SCF cannot be less than or equal to zero or
greater than one');
return;
end
set(handles.errmsg,'Visible','off"); % if no error make the error textbox invisible
maxsnr=0;
maxsnr=floor(str2num(get(handles.txtNoUsers,'String"))); %get the no of user
spreadgain=0;
spreadgain=floor(str2num(get(handles.txtSpreadGain,'String"))); %get the spread gain
SCFstart=0.47;
SCFstart=str2num(get(handles.txtSCF,'String')); % get the correlator initial value
stages=get(handles.cmbStages,' Value');
maxnousers=0; % initialise max no of users
maxnousers=floor(maxsnr/2) + 1; % get the maximum no of users

i=1;
for i=1:maxnousers % fill matrix with the no of users
kval(i)=(maxnousers) * (((maxnousers - i)/maxnousers)”\(i-1));

Centre For Radio & Digital Communication (CRDC) 161
Department of Electrical, Electronic & Computer Engineering
University of Pretoria



University of Pretoria etd — Ngwenya, T M A (2005)
ADDENDUMS ADDENDUM A

end

[error_slvec,error_vec,errl vec,err2 vec,err3_vec,epartl vec,epart2_vec,epart3_vec,snr] = ...
optimum_detect(maxnousers,spreadgain,SCFstart,stages); % function call to do the required
calculations to return the parameters

%MATLAB code for Single User Optimum Detector:
ro=0.00;
range = [0 14];
k=[0126];
for nal=range(1):range(2)
nnal(nal-range(1)+1) = 10"(nal/10);
end;
[k1 k2]=size(k);
plt = zeros(range(2)-range(1),k2);
for i=1:k2
for j=1:range(2)-range(1)+1
al=nnal(j);
a2=k(i)*nnal(j);
if (al>a2*ro)
plt(j,1)=0.25*erfc(sqrt(al-a2*ro)/sqrt(2))+0.25*erfc(sqrt(al+a2*ro)/sqrt(2));
end;
if(al<= a2*ro)
plt(j,1)=0.5*(1-erfc(sqrt(a2*ro-al)/sqrt(2))/2)+0.25*erfc(sqrt(al+a2*ro)/sqrt(2));
end;
end;
end;
n=range(1):range(2);

%MATLAB for Conventional Matched Filter:
ro=0.16;
range=[0 18];
nou = 10;

for i=range(1):range(2);

nnal(i-range(1)+1)=sqrt(10"(i/10));
end;

for k=1:(range(2)-range(1)+1)

end;

xr =range(1):range(2);

for i=range(1):range(2)
temp(i-range(1)+1)=0.5*erfc(nnal(i-range(1)+1)/(sqrt(2)*sqrt(1+(nou-1)*ro”2*nnal(i-
range(1)+1)"2)));

end;

axes(handles.axes1); % set axes 1 as the current drawing view
hold off; % erase any previous drawings

semilogy(snr,error_slvec,'-+'); % plot graph with y axis in logarithmic plot of base 10 (sliding
correlator),x snr

Centre For Radio & Digital Communication (CRDC)
Department of Electrical, Electronic & Computer Engineering
University of Pretoria



University of Pretoria etd — Ngwenya, T M A (2005)
ADDENDUMS ADDENDUM A

hold on; % dont erase the drawing view draw on top

semilogy(snr,error_vec,'-s'); % plot graph with y axis in logarithmic plot of base 10 (error
vector),X snr

hold on; % dont erase the drawing view draw on top

semilogy(xr, temp,'-m'); %plot Conventional Matched Filter analytical results

hold on;

semilogy(snr,errl vec,'-xr"); % plot graph with y axis in logarithmic plot of base 10 (PIC 1),x snr
hold on; % dont erase the drawing view draw on top

semilogy(snr,err2_vec,'-dg"); % plot graph with y axis in logarithmic plot of base 10 (PIC 2),x snr
hold on; % dont erase the drawing view draw on top

semilogy(snr,err3_vec,'-0'); % plot graph with y axis in logarithmic plot of base 10 (PIC 3),x snr
hold on; % dont erase the drawing view draw on top

semilogy(snr,epart] _vec,'-vk'); % plot graph with y axis in logarithmic plot of base 10 (epartl),x
snr

hold on; % dont erase the drawing view draw on top

semilogy(snr,epart2_vec,'-*k'); % plot graph with y axis in logarithmic plot of base 10 (epart2),x
snr

hold on; % dont erase the drawing view draw on top

semilogy(snr,epart3 vec,'-p"); % plot graph with y axis in logarithmic plot of base 10 (epart3),x
snr

hold on; % dont erase the drawing view draw on top

grid

semilogy(n,plt,’-");%Plot single user optimum detector
hold on;

title("'PPPMUD 2003 UP: Error rate vs SNR');

xlabel('SNR (in dB)');

ylabel('Bit Error Rate");

legend('Sliding corr - MF','MatchedFilter','Conventional Matched Filter','/ConventPipelinedPIC-
stagel','ConventPipelinedPIC-stage2','ConventPipelinedPIC-stage3','PPPMUD-stagel','PPPMUD-
stage?','PPPMUD-stage3','Optimum Detector');

axes(handles.axes2); % make axes 2 the current drawing view
hold off; % erase any previous drawings on axis

semilogy(kval,errl vec,'-xr'); % plot graph with y axis in logarithmic plot of base 10 (PIC 1),x
users k

hold on; % dont erase the drawing view draw on top

semilogy(kval,err2_vec,'-dg"); % plot graph with y axis in logarithmic plot of base 10 (PIC 2),x
users k

hold on; % dont erase the drawing view draw on top

semilogy(kval,err3_vec,'-0"); % plot graph with y axis in logarithmic plot of base 10 (PIC 3),x
users k

hold on; % dont erase the drawing view draw on top

semilogy(kval,epartl vec,"-vr"); % plot graph with y axis in logarithmic plot of base 10 (epartl),x
users k

hold on; % dont erase the drawing view draw on top

semilogy(kval,epart2 vec,'-*k'); % plot graph with y axis in logarithmic plot of base 10 (epart2),x
users k

hold on; % dont erase the drawing view draw on top

semilogy(kval,epart3 vec,'-p');% plot graph with y axis in logarithmic plot of base 10 (epart3),x
users k
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hold on; % dont erase the drawing view draw on top

grid

hold on;

title('PPPMUD 2003 UP: Error rate vs no of users k');

xlabel('k users');

ylabel('Bit Error Rate");
legend('ConventPipelinedPIC-stagel','ConventPipelinedPIC-stage2','ConventPipelinedPIC-
stage3','PPPMUD-stagel', PPPMUD-stage2','PPPMUD-stage3");

o
t(jnction varargout = txtNoUsers_ButtonDownFcn(h, eventdata, handles, varargin)
o
t(jnction varargout = txtNoUsers_Callback(h, eventdata, handles, varargin)
o
t(jnction varargout = pushbuttonl ButtonDownFcn(h, eventdata, handles, varargin)
V)
fﬁnction varargout = txtSpreadGain_Callback(h, eventdata, handles, varargin)
0
fﬁnction varargout = TxtSCF_Callback(h, eventdata, handles, varargin)
%

function varargout = cmbStages Callback(h, eventdata, handles, varargin)

Tester.m

function tester
F=20* ones(1,11);
i=1;

%F(1)=12

for i=1:F
disp(num2str(i));
end

i=11

w(i)=2.0/(F(1)*30.0)

Optimum_detect.m

function [error_slvec,error_vec,errl vec,err2 vec,err3_vec,epartl vec,epart2 vec,epart3_vec,snr]
= optimum_ detect(LN,N,SCFstart,stages)

% Program for maximum likelihood estimation and multiuser detection
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% Originally written by Sridhar Rajagopal sridhar@rice.edu
% http://www.ece.rice.edu/~sridhar
%% Modified by Themba Ngwenya, themba.ngwenya@ericsson.com
% University of Pretoria, Pretoria, South Africa 2003
% LN is the no of user
% N is the Spread gain
% SCFstart is the SCF start value
% stages is the no of PIC stages affected by the Function
% error_slvec is sliding correlator vector
% error_vec is matched filter
% errl vec PIC stage 1
% err2_vac PIC stage 2
% err3_vec PIC stage 3
% epart]_vec epartl
% epart2_vec epart2
% epart3_vec epart3
% should warn if no of users exceed 32 because of K it should always be <= N
ij=1;
for ij=1:LN

snr(ij)=(ij-1)*2;
end
K =20*ones(1,LN); % lrix of 20 by 11 matrix of onesfor k = 1:length(snr)
fork=1:LN

% N =32; this is now a program parameter

L =200;sinr = 0;P =4;
rand('state',0);
randn('state',0);

% Estimation part

Centre For Radio & Digital Communication (CRDC) 165
Department of Electrical, Electronic & Computer Engineering
University of Pretoria



University of Pretoria etd — Ngwenya, T M A (2005)

ADDENDUMS

ADDENDUM A

[r,codes,bits,atau,aamp] = gendata(N,K(k),sinr,snr(k),L,P);
bt=kron(bits(:,1:L),[1;0]) + kron(bits(:,2:L+1),[0;1]);
Yest = zeros(2*K(k),N);
Rbb = zeros(2*K(k),2*K(k));
Rbr = zeros(2*K (k),N);
Windowsize = L+1;
mu = 1/5000;
for (i=1:L)
if (1 < Windowsize)

Rbb = Rbb + (bt(:,i)*bt(:,i)");

Rbr = Rbr + (bt(:,)*1(:,i));

else

Rbb = Rbb + bt(i)*bt(i)' - bt(i-Windowsize)*bt(i-Windowsize)';

Rbr = Rbr + (bt(i)*r(i)' - bt(i-Windowsize)*r(i-Windowsize)");

end;
Yest = Yest - mu*(Rbb*Yest - Rbr);
end;
Y= Yest';
%Y = Rbr';
%size(Y);
A0 =[LAT=[];

for i= 1:2*K(k)
a =mod(i,2);
if(a ~=0)
A0 =[A0 Y(:,i);
else
Al =[A1 YC.i);

end;
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end;
Rbr = Rbr'; % Comparison with sliding correlator
AOsl =[];Alsl =];

for i= 1:2*K(k)

a=mod(i,2);
if(a ~=0)
AO0sl =[AOsl (Rbr(:,1))/L];
else
Alsl=[Alsl (Rbr(:,1))/L];
end;

end;

Lmat = real(A1*A0);

C =real(A0*A0 + A1'*A1 -diag(diag(A0'™*A0 + A1'*A1)));
error = 0;

errl =0;

err2 = 0;

err3 =0;

epartl = 0;

epart2 = 0;

epart3 = 0;

errorsl = 0;

errorl= zeros(1,3);

picerror=zeros(1,3);

Ld =round(100000);% loading preamble bits
y = zeros(K(k),Ld);

d=y;

dsl=y;

ytemp =y;
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ysl=y;
% Detection part
rand('state',0);

randn('state’,0)

[r,codes,bits,atau,aamp] = gendata(N,K(k),sinr,snr(k),Ld,P);

r = reshape(r,N,Ld);

% Matched Filter - MF, makes initial detection of transmitted bits,and the soft and hard outputs fed

to Multiuser Detection stage
for(i=1:Ld)
if i==1)
y(:,1) = real(A0™r(:,1));
ysl(:,i) = real(AOsl'*r(:,1));

else

y(:,1) = real(A1"*r(:,i-1) + A0™*1(:,1));

ysl(:,1) = real(Alsl™*r(:,i-1) + AOsl'*r(:,1));

end;

y(i);

d(:,1) = sign(y(:,1));

for(j =1:K(k))
if( d(j,i) ~= bits(j,i))
error = error +1;
end;

end;

dsl(:,i) = sign(ysl(:,i));

for(j =1:K(k))
if( dsl(j,i) ~= bits(j,i))
errorsl = errorsl +1;

end;
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end;
end;
%Detection Stages for Conventional and PPPMUD
% Conventional Parallel Pipelined Multiuser Detector
% PIC - Stage 1 ,2 and 3
ij=1;
for(ij=1:3)
for(i=1:Ld)
if(i==1)
ytemp(:,i) = y(:,1) - C*d(:,i) - Lmat™*d(:,i+1); % first row
elseif (i ==Ld)
ytemp(:,i) = y(:,1) - Lmat*d(:,i-1) - C*d(:,i); % other rows
else
ytemp(:,1) = y(:,1) - Lmat*d(:,i-1) - C*d(:,i) - Lmat™*d(:,i+1); % last row
end;
d(:,1) = sign(ytemp(:,i)); % get the sign
for(j =1:K(k))
if( d(j,1) ~= bits(j,1))
picerror(ij) = picerror(ij) +1; % increment the bit error count
end;
end;
end;
end
% Partial Parallel Pipelined Multiuser Detector - PPPMUD
% The SCF multiplys the channel gain estimates before subtraction from received signal
ij=1;
for(ij=1:3)

for(i=1:Ld)
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if(i==1)

ytemp(:,i) = y(:,1) - SCF(snr(k),ij,SCFstart,stages)*C*d(:,i) -
SCF(snr(k),ij,SCFstart,stages)*Lmat'*d(:,i+1); % first row

elseif (1 ==Ld)

ytemp(:,i) = y(:,1) - SCF(snr(k),ij,SCFstart,stages)*Lmat*d(:,i-1) -

SCF(snr(k),ij,SCFstart,stages)*C*d(:,1); %second row
else

ytemp(:,i) = y(:,1) - SCF(snr(k),ij,SCFstart,stages)*Lmat*d(:,i-1) -
SCF(snr(k),ij,SCFstart,stages)*C*d(:,1) - ...

SCF(snr(k),ij,SCFstart,stages)*Lmat'*d(:,i+1); % last row
end;
d(:,1) = sign(ytemp(:,i));

for(G =1:K(k))
if( d(j,i) ~= bits(j,i))
errorl(ij) = errorl(ij) +1;
end;

end;

end;

end

ind=K(k)*Ld;

error_slvec(k) = errorsl/ind; % sliding correlator

error_vec(k) = error/ind; % error
errl vec(k) = picerror(1)/ind; % error in PIC stage 1
err2_vec(k) = picerror(2)/ind; % error in PIC stage 2
err3_vec(k) = picerror(3)/ind; % error in PIC stage 3
epartl_vec(k) = errorl(1)/ind; % error in PPPMUD Stage 1
epart2_vec(k) = errorl1(2)/ind; % error in PPPMUD stage 2

epart3_vec(k) = error1(3)/ind; % error in PPPMUD stage 3
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end;

Gendata.m
function [y,codes,bits,tau,amplitude,dim] = gendata(n,k,sinr,snr,L,P,a)

%GENDATAGenerate Direct-sequence CDMA antenna data

%% function [y,codes,bits,tau,amplitude,dim] = gendata(n,k,sinr,snr,L,P,a)
% PARAMETER:

% n = Spreading gain (i.e. # of chips/symbol)

% k = Number of users

% sinr = Signal-to-interference noise ratio (in dB)

% snr = Signal-to-noise ratio (in dB)

% L = Number of snapshots to be obtained. Each column of y

% corresponds to 1 snapshot (i.e. "n" chips) of data.

% P = Number of Paths

% a = Optional parameter which defines the spreading waveforms.

% If the parameter is undefined, it will be generated

% internally.

% OUTPUT:

% y = Observed data corrupted by noise ( N*L)

% codes = The codes of the various users, obtained from Gold code 31(N*K)
% bits = The sequence of bits which are transmitted( K*(L+1)

% observation length +1)

%  tau = The delays of the various bits.

%((K*P) * 1) K user's P paths

%  amplitude = The amplitude of the various bits

%( 1 * (K*P))

% dim : The total number of orthogonal dimensions required.

% Genseq(n,i) is used to generate the
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% spreading waveform for user i
%

%  Initially Written by : Kishore Kota,Chaitali Sengupta
% Modified by : Sridhar Rajagopal
% Generate the spreading sequences
% Fill the Codes matrix with the Gold Code corresponding to the
% randomly selected user.
if (nargin == 6)
codes = zeros(n,k);
maxusers = genseq(n);
[tmp index] = sort(rand(maxusers,1));
for i=1:min([k maxusers])

codes(:,1) = genseq(n,index(i))";
end
if (k > maxusers)

for i=(maxusers+1):k

codes(:,1) = sign(randn(n,1));

end
end
end
a = kron(ones(1,P),codes);
% Make them asynchronous; Generate random delays
tau = ((n-2)/P)*rand(k,1);
for p=2:P
tau = [tau; ((n-1)/P)*rand(k,1)+tau((p-2)*k+1:(p-2)*k+k)];
end
tau = tau+l1;

% Generate the amplitudes and MAI
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mai = 10.~(-sinr*rand(1,k)/20);
mai(1l) = 1.0;
amp = exp(sqrt(-1)*2*pi*rand(1,k));
amplitude=amp.*mai;
%Amplitude of Path P assumed as Amplitude/P
for p=2:P
fori=1:k
amplitude((p-1)*k+i) = amplitude(i)/p;
end
end
% estimate noise variance
var = sqrt(n)*10"(-snr/20);
% Generate random data(currently it is uncorrelated)
bits = round(round(rand(k,L+1)) - .5*ones(k,L+1));
x = kron(ones(P,1),bits);
% Generate random noise
noise = (randn(n,L) + sqrt(-1)*randn(n,L))*var*sqrt(0.5);
% Generate the data
[aleft, aright] = splitAmatrix(a,tau);
%splits a into aleft and aright matrices
xx = diag([amplitude'; amplitude']) * [x(:,1:L); x(:,2:L+1)];
y = (alefttaright) * xx;
dim=rank(y);

y =y + noise;

Genseq.m
function [code] = genseq(n, k)

%GENSEQ Generate a m-sequence
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% function [code] = genseq(n, k)

% n = length of the m-sequence

% k = index into the sequence table

% code = a vector containing the m-sequence

%% If the parameter "k" is missing, then the function returns with

% the number of codes of length "n" currently implemented.

%% NOTE: Currently the sequence table is implemented only for n=31

%%  Written by : Kishore Kota

gold=0;

if (n==231)

[GC]=GoldCode(31);

gold =1;

seqtable=[011100; ...

elseif (n ==3)

001010;...
101001;..
101111;..

111011;..

15

seqtable=[11 1]

elseif (n ==7)

gold=1;

[GC]=GoldCode(7);

seqtable =[1 10 17

elseif (n == 15)

seqtable=[11001; ...

I1111]%

elseif (n == 63)
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seqtable=[1100001; ...
1110101;...
1110011;...
1001001;...
1011000;...
15
elseif (n == 127)
seqtable=[10010001; ...
11110001;...
10111001;...
11101111;...
I11111101;...
10101011;...
11000001;...
11010011;...
10100111;...
15
elseif (n == 255)
seqtable=[101110001; ...
111011101;...
110011111;...
100101101;...
101111011;..
111001111;...
110101001;...
111010111;..
110010000;...

101001101;..
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11010001 1;...
110001101;...
110110001;...
111111001;...
111110101;...
110000111;..
100111001;...
111110000;...
111000000; ...
15
elseif (n ==511)
seqtable=[1000100001; ...

1001101001;...
1000111001;...
1001100101;...
1100100011;...
1011010001;...
1110111001;...
1000011011;...
1101101101;...
1010000111;...
1110100001;...
1001011111;...
1100011111;...
1111000111;...
1101011011;...
1000000011;...

1111011001;...
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1011001111;...
1110111011;...
1101001111;...
1011111001;...
1010101111;...
1010100101;...
1011110101;...
1101000000; ...
I1ot1111111;...
1001001011;...
1010100011;...
1110110101;...

15

elseif (n == 1023)
seqtable=[10010000001; ...

%11110000001; ...
10110000101;...
10011111111;..
%11110101001; ...
%10101100001;...
111101100015 ...
10110010111;...
11011111101;...
11011000001;...
11000100101;...
10001100101;...
11001000011;...

11000110111;..
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101001111015 ...
10011000101;...
11111110011;...
10101010111;...
11110001101;...
10011100111;...
11001011011;...
11100010111;...
11001001111;...
11100011101;...
11101011001;...
10101101011;...
10110100001;...
10111110111;..
10011110011;...
11100100001; ...
10101000011;...
11111011011;...

10010001011;...

15

elseif ((log2(n)-floor(log2(n))) == 0)
% Code is a power of 2 then use Walsh codes.......
H=1;gold=1;
for i=1:ceil(log2(n))
H=[HH;H -H];

end;
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%code = seqtable(1:k,:);
Yreturn;
else
n
error('Table not yet implemented the above value of N');
end
if (nargin == 1)
if (gold == 0)
code = length(seqtable(1,:));
return
else
code = length(GC(:,1));
return
end
end
% If it is a gold code simply retrive it from the table and return
if (gold==1)
code = GC(k,>);
return
end
if ((log2(n)-floor(log2(n))) == 0)
code = GC(1:k,:);
return;
return;
end;
stages = floor(1.442695*log(n) + 1.0);
maxnum = 2/stages;

init = zeros(stages + 1,1); init(1) = 1;
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perm = zeros(stages+1,stages+1);
for i=2:stages+1
perm(i,i-1) = 1;
end
register = init;
sequence = seqtable(:,k);
for i=1:n
register = perm*register;
code(i) = register(stages+1);
if (code(i) == 0)
code(i) =-1;
end
mask = register & sequence;
for j=1:size(mask)
register(1) = xor(register(1), mask(j));
end
end
SCE.m
function =SCF(k,ki,start,stagesaffected)
% this is the Compensator mechanism function

% k is the snr based on the no of users

% ki is an integral value representing the particular PIC stage

% stagesaffected is the no of stages of the PIC algorithm affected by this function

% start is the starting value for this function

if stagesaffected <=0 or stagesaffected >3
stagesaffected=1;

end

if ki > stagesaffected
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r=1;
return;
end
r=start;
if k>2&k<=38
r=r+0.15;
elseif k>2 & k<=12
r=r+0.25;
elseif k>2 & k<=35
r=r+0.35;

else

SplitAmatrix
function [aleft, aright] = splitAmatrix(a,tau)

% function [aleft, aright] = shiftsteeringmatrix(a,tau)

% Splits the a matrix ( n* (p*k)) into aleft and aright matrices (n* 2*(p*k))

% Note : k used below in this code is NOT the number of users; it is K*P

[n,k] = size(a);
k = min([k max(size(tau))]);

aleft = zeros(n,2*k);

aright = zeros(n,2*k);
tau = rem(tau + n*ones(size(tau)), n);
frac = tau - floor(tau);
for i=1:k

s = floor(tau(i));

if (s ~=0)
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aleft(1:s,1) = (1-frac(i)) * a(n-s+1:n,i);
end
aleft(s+1:n,k+i) = (1-frac(i)) * a(1:n-s,i);
aright(1:s+1,1) = frac(i) * a(n-s:n,1);
if (s ~=n-1)

aright(s+2:n, k+i) = frac(i) * a(1:n-s-1,i);
end

end
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