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Abstract

The thesis focuses on fast acquisition techniques for spread spectrum packet radio 

communications systems. Matched filters are oft ?n used to achieve fast acquisi

tions. A new synchronizer using multiple acquisition detection is designed to achieve 

a highly reliable synchronization with a very simple receiver structure. Since PN 

codes, in practice, cannot be made too long due to the difficulty of manufacturing 

long matched filters and the limitation on the bandwidth of the frequency spectrum 

for the system, the reliable synchronization can be only obtained by repeating the 

transmission of the acquisition code at the beginning of each packet. The verifica

tion or coincidence detection is done by means of a marker detection following an 

acquisition. A hard-limiting synchronizer is also examined combined with the mul

tiple acquisition detection. The hard-limiting synchronizer is simpler to implement 

and suitable for receiving signals with a  large SNR dynamic range, but it can

not work well when multiuser interference and multi-path interference are present. 

For this reason, a  new linear Automatic Threshold Control (ATC) synchronizer is 

developed for detecting signals with a large amplitude dynamic range while pre

serving good performance in multi-path and muUi-user interference. The idea of 

the ATC scheme is to adjust the receiver acquisition threshold level according to 

f h« SNR of the received signal such that the largest (or the most likely) correlation 

peak in a short time period is selected for the synchronization alignment. There

fore false acquisitions caused by strong correlation side-lobes during the acquisition 

can be eliminated. For the more realistic situation where the multi-user interfer

ence or near-far effect causes severe performance degradation, we proposed a novel 

non-line r multi-user detector or multistage detector which is suitable for both the 

synchronous and asynchronous CDMA systems. This sub-optimal detector is able 

to achieve the performance of the optimal detector with very small computation 

complexity. The near-far effect will no longer exist because the interference from
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the unexpected users is considered to be not always harmful for the detection of a 

specific users’ message. To apply this detection technique to asynchronous CDM \  

systems, acquisition for each users’ PN code becomes more critical, because dur

ing the acquisition, the information from the other users’ PN codes is usually not 

available, which means that acquisition still suffers the near-far effect. The proposed 

acquisition scheme based on mte^erence cancellation technique and the ATC scheme 

can alleviate the near-far effect significantly, and provide the necessary condition for 

the appropriate opt "ations of multi-user detectors.
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Chapter I. Introduction 1

Chapter 1 

Introduction

1.1 Introduction

In the past few decades spread spectrum technology has been used for military com

munications, where it was attractive because of its capability of various interference 

resistance, secure communications and its capacity for high-resolution ranging. Just 

as spread spectrum signals are unlikely to be intercepted by a military opponent, so 

are they unlikely to interfere with other signals intended tor commercial users - even 

ones transmitted on the same frequencies. Such an advantage opens up crowded 

frequency spectra to vastly expanded use. Two typical examples of commercial ap

plications of spread spectrum are given by the Digital Cellular System of Qualcomm 

Inc. and the Broadband Personal Communications Systems (PCS) [55][38].

Spread spectrum is a kind of modulation and demodulation technique. With 

this technique, the conventional digital transceivers, such as PSK, DPSK, MSK 

transceivers etc, can be used to communicate digital information in channels when; 

a  variety of interference exist. As the name implies, spread spectrum technique 

converts digital signal into the transmission signal which has a  bandwidth much 

greater than the minimum bandwidth required to transmit the digital information.
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The two commonly used techniques for this conversion are direct sequence (DS) 

modulation and frequency hopping (FH) modulation . Both techniques spread the 

transmitted power over a wide frequency band so that the power per unit bandwidth 

(Watts pe» Hertz) is very small; then at the receiver the signal is compressed into 

its original narrow band - even while leaving the power of other (interfering) signals 

scattered over that same extremely wide transmission band.

Spread spectrum modulations can b i  used as a multiple-access scheme in which 

users share the same bandwidth without interfering with each other by using differ

ent codes or FH patterns. This is called code-division multiple-access (CDMA) or 

spread-spectrum multiple-access (SSMA) . Some specific CDMA systems are Per

sonal Communication Networks (PCN) , Digital Cellular Systems (DCS) [38][55].

The key to  success in spread spectrum operation is that the transmitted signal 

for a given user is ’’tagged” with a direct-sequence (pseud-noise (PN) code) or a 

frequency hopping pattern that only the designated receiver can recognize. The 

receiver knows in advance how the transm itter will spread the spectrum and ac

quires the signal and continues to trad; the transmitted pattern. The technique for 

acquiring and tracking the transmitted pattern is called synchronization.

The chapter is organized as follows. In sections 1.1.1 and 1.1.2, the principles of 

the frequency-hopping (FH) and direct sequence (DS) spread spectrum technologies 

are introduced. In section 1.1.3, some aspects of CDMA are discussed. In section 

1.2, packet radio technique is presented. The importance of synchronization for 

spread spectrum systems is emphasized in section 1.3. Finally, an outline of the 

dissertation is given in section 1.4.

1.1.1 frequency hopping spread spectrum

The type of spread spectrum in which the carrier hops randomly and rapidly under 

the control of a random sequence is called frequency-hopping (FH) spread spec
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trum. Typically, e«.ch carrier frequency is chosen from a set of 2* frequencies which 

are spaced approximately the width of the data modulation spectrum apart. The 

spreading code in this case does not directly modulate the data-modulated carrier 

but is instead used to control the sequence of carrier frequencies. In the receiver, the 

frequency hopping is removed by mixing (down-converting) with a local oscillator 

signal which is hopping synchronously with the received signal.

When a FH system coexists with a few other conventional narrow-band users, the 

interference from the narrow-band users can be greatly reduced because the existing 

narrow-band users only occupy a small fraction of the total frequency slots available 

for the hopping. Therefore the FH system transmits data without interference most 

of the time. On the other hand, the conventional narrow-band users may encounter 

severe interference from the FH users. An example is shown in [38]. Therefore, FH 

spread spectrum may not be the best choice if the system is required to coexist with 

some other conventional communications systems.

1.1.2 Direct sequence spread spectrum

Direct sequence spread spectrum transmission spreads the spectrum by modulating 

(multiplying) the digital data bits with a pseudorandom sequence of very high chip 

rate. Because of the high rate of the sequence, the bandwidth after the modulation 

is much wider than the bandwidth of the original information.

A typical DS coherent PSK spread spectrum system is shown in figure 1.1. At 

the transmitter, the digital data bits b(t) are modulated (multiplied) by a high 

rate PN code c(t) and then up-converted to the transmission band. The signal is 

assumed to be added with narrow-band interference in the channel. At the receiver, 

the signal is compressed into its original narrow band while leaving the power of 

interfering signals scattered over the same extremely wide transmission band. The 

data  bits are recovered by the conventional PSK demodulation. The process at
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Data sequence

WO c(t)

Carrier

Channel

PN code 
generator

PSK
demodulator

Local 
PN code

Transmitter Receiver

Figure 1.1: Direct sequence PSK spread spectrum transceiver

the receiver is usually called despreading. Because the despreading recovers the 

original signal energy while suppresses the interference, the signal to interference 

ratio after despreading is increased. The amount of the increase is called processing 

gain which is traditionally defined as the ratio of transmission bandwidth to digital 

data bandwidth.

The key to success in the despreading operation is that the receiver has the 

exactly same DS sequence (replica) as the transmitter has. In other words, only the 

given receiver can recognize this pattern. The receiver knows in advance how the 

transm itter will spread the spectrum and acquires (at the beginning of reception) 

the signal and continues to track the transmitted pattern.

1.1.3 Code-division- multiple-access

More recently, commercial applications of spread spectrum have attracted consider

able attention. One useful form of applications is called code division multiple access 

(CDMA). A typical CDMA system is shown in figure 1.2 where coherent reception 

is assumed. In the CDMA system, a group of individual signals can be multiplexed 

onto a communication medium via a set of distinct sequences. Each of the sequences 

identifies a  user. For example, if user 1 has a sequence Ci, and user 2 a sequence c2, 

• etc., then a receiver, desiring to listen to user 1 will receive at its antenna all of the
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Figure 1.2: Conventional coherent CDMA signal detection

energy sent by all of the users. However, after despreading user l ’s signal, it will 

see all the energy of user 1 and expect a small fraction of the energies sent by other 

users.

Typical applications of CDMA include personal communications service (PCS), 

cellular telephone, and wireless networks. In these systems spread spectrum is likely 

to be used to improve the performance in multipath, to make possible coexistence 

with the other systems, and to provide resistance to various interference. Several 

spread spectrum systems using CDMA have been described in [39][38][37] and [55]. 

The PCS system presented in [37] has demonstrated that DS spread spectrum users 

can share a frequency band with conventional microwave radio users without one 

group interfering with the other while achieving a good performance in fading chan

nel.

The demodulators illustrated in figure 1.2 were referred to as the conventional 

single-user detectors [54]. Although this type of demodulators achieves the minimum
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bit-error-rate in additive white Gaussian noise channel, it is no longer optimum in 

the multiple access channel Its performance is only acceptable when the energies 

of the received signals are not too dissimilar and the PN codes are relatively long 

compared to the number of users in the system, i.e., in low bandwidth efficiency 

situations. If the received signal energies are indeed dissimilar, i.e., some users are 

very weak in comparison to others, then the demodulators are not able to recover 

the weak signals reliably, even in low power bandwidth efficiency situations. This is 

known as the near-far effects and is the main shortcoming of currently operational 

CDMA systems.

Power control technology is currently applied to remedy the near-far problem. 

However such a strategy may be self-defeating [54] [51] because it may dictate a 

significant reduction in most transmitter powers to accommodate the weakest trans

m itter, thereby diminishing the multiple access capability of the overall system.

A complete solution to the near-far problem relies on the development of cost- 

effective multi-user detectors. A lot of work has been done by Verdu, Lupas, 

Varanasi and Aazhang [52] [53] [25] [26] [49] [50]. Verdu and Lupas focused on the 

development of linear type multi-user detectors which do not require the energy 

information of users. Varanasi and Aazhang studied non-linear type multi-user de

tectors which can achieve better performance than the linear ones provided that the 

energy information is known. In addition, the computation complexity is still linear 

with the number of users.

1.2 Packet radio

Packet radio is a technology that extends the application of packet switching which 

evolved for networks of point-to-point communication lines to the domain of broad

cast radio. It offers a  highly efficient way of using a multiple access radio channel
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with a potentially large number of mobile subscribers to support computer com

munication and to provide local distribution of information over a wide geographic 

area.

In a packet-switched network, the unit of transmission is called a packet. It 

contains a number of data bits, and is usually of variable length up to a maximum 

of a  few thousand bits. Packet switching was originally designed to provide efficient 

network communications for "bursty” traffic and to facilitate computer network 

resource sharing. It is well known that the computer traffic generated by a given 

user is characterized by a very low duty cycle in which a short burst of data is sent 

or received followed by a longer quiescent interval after which additional traffic will 

again be present.

The rapid development in packet radio technology has been great’y stimulated 

by the need to  provide computer network access to mobile terminals and computer 

communications in the mobile environment.

Spread spectrum technology is often applied in packet radio systems to provide 

the capability of reducing intersymbol interference, to improve performance in multi

path fading channel and to make possible for CDMA communications, i.e., allowing 

various groups of users to coexist in the same area.

The signal processing of spread spectrum packet radio systems is based on 

matched filters (MF) such as charged-coupled-devices (CCD), digital matched fil

ters and surface-acoustic-wave (SAW) convolvers. Among them, SAW convolver 

is probably the most attractive one because of its large time-bandwidth product 

and programmability. A sufficient processing gain may be obtained by the time- 

bandwidth product. However, in some cases where even larger processing gain is 

needed, a hybrid correlator technique can be applied [10]. The programmability 

allows the transm itting signal to be changed. Thus, each data bit can have a new 

PN code. For the high data rates on the order of 1 Mbits/s or higher, this could help
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ease the suffering from intersymbo! interference in typical broadcast environments.

More detailed design issues of SS packet radio are given in [10] and the papers 

therein. A complete tutorial about packet radio is given in [16].

1.3 Synchronization for spread spectrum

One may have noticed from the previous description of spread spectrum technology 

that those attractive benefits of spread spectrum can only be obtained under the vi

tal condition of the alignment of phases/frequencies between the received spreading 

pattern and receiver pattern. At the beginning of signal reception, the difference be

tween these two phases/frequencies is a  random variable which mainly corresponds 

to the propagation delay. Since typical spreading waveform period is quite long 

and bandwidth is large, the uncertainty in the estimated propagation delay trans

lates into a large number of symbols of code phase uncertainty. Synchronization 

is a method to  reduce the uncertainty until the two sequences are in alignment. 

Synchronization for spread spectrum basically consists of two steps. The first step 

is called acquisition which brings the difference of the two sequences to within an 

uncertainty unit (usually called a cell). At the same time, the SNR at the output 

of the receiver detector is large enough to do further synchronization adjustment. 

The second step is called fine synchronization which brings the difference to within a 

small fraction of an uncertainty unit. In this thesis, we will consider the acquisition.

1.3.1 Synchronizations for systems with non-limited per

m itted synchronization time

In such a system, communication can be assumed to be in operation forever. There 

is no time limit on the synchronization procedure. Theoretically, synchronization 

time could be any value from 0 to oo seconds. The objective of synchronization is
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to reduce the average synchronization time as efficiently as possible. To judge the 

performance of an acquisition system, one needs to calculate the average acquisition 

tim e and its variance. Intuitively, the acquisition time will increase as the uncer

tainty region increases and SNR decreases. There are a lot of acquisition methods 

available. Among them, the serial search method is probably the earliest and most 

commonly one used for military spread spectrum systems. The method includes sin

gle dwell search and multiple dwell search which have been generalized by the unified 

method in [31]. Other acquisition schemes include sequential estimation [56][34] and 

sequential detection [5][4][44]. Each method has its own particular application case 

and to  some extend reduces the acquisition time or simplifies the system complex

ity. There is no versatile method existing for all kinds of applications. An optimum 

synchronizer can be defined to be a  synchronizer which can achieve synchronization 

with a given probability in the minimum possible time [60].

The analysis of acquisition consists of two parts. First, the model of the acqui

sition process must be established. For different methods, different models (usually 

represented by signal flow graphs) can be employed. Using the technique of signal 

flow graph or Markov chain, the characteristics of time and frequency domain of 

acquisition time can be obtained. The second part is to calculate the probabilities 

of detection and false alarm at each decision moment. The exact calculations some

times are not easy for most of the receiver constructions, and approximated results 

are often obtained.

1.3.2 Synchronizations for systems with limited permitted 

synchronization time

Until now, few papers gave a  complete analysis for the synchronization of spread 

spectrum packet radio systems. For this kind of system which has a limited syn

chronization time, the optimum synchronizer defined before is no longer appropriate.
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Nh Bits For Acquisition Ns Bits For Frame Sync LD Data Bits

Figure 1.3: Packet structure

A new optimal synchronizer needs to be defined. From the structure of a packet 

in figure 1.3, we see that a packet is mainly composed by two portions. The first 

portion, the head of a packet, is called preamble which is used mainly for synchro

nization. The other portion is the tex t/data of the packet. It is obvious that the 

correct reception of a packet is dependent upon acquisition of the preamble as well 

as correct decision for each data bit. Since the presence of interference or nois£, the 

operation of synchronization in the preamble can not be perfect. In other words, 

synchronization may fail so th a t the whole packet is lost. The minimum packet loss 

synchronizer may be defined as an optima' synchronizer to minimize the probability 

of packet loss by synchronization failure given the length of the preamble.

Sonm of the fast acquisition schemes which use matched filtering technique can 

be adopted for packet radio with the attention focusing on the minimization of 

probability of packet loss due to  synchronization failure. The basic idea is to use a 

passive correlator (matched filter) to correlate with the received sequence and find 

the meat likely correlation peak as the synchronization phase. The selected phase is 

then verified by the followed coincidence detection (CD) which is usually based on 

majority logic algorithm [32]. Acquisition schemes using matched filters for packet 

radio were presented in [22] [23] [43]. More complicated schemes based on SAW 

matched filters can be found in [28][12].
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1.4 Dissertation outline

In chapters 2 and 3, an acquisition scheme based on multiple acquisition prefixes 

are analyzed for linear and hardlimiting matched filters, respectively. The scheme is 

similar to the two-lcvel scheme in [35] [58], but with much simpler receiver construc

tion because it does not need any active correlators for the coincidence detection. 

L sides, the scheme will be shown to has better performance than the single prefix 

scheme. The masking effect caused by false alarms at high SNR will be diminished 

by a two-level threshold decision scheme in the linear matched filter and can be 

totally eliminated by the hardlimiter.

In chapter 4, an automatic threshold control scheme is proposed and anaiyzed to 

reject the masking effect and thus increase the dynamic range of the received signal. 

This scheme will be shown to be most appropriate for sequence acquisitions in a 

CDMA system because the effective SNR for a specific user fluctuates according to 

the number of active users in the system.

Starting from chapter 5, we introduce some basic concepts for optimum and 

sub-optimum multi-user detection. A new non-linear multistage multi-user detector 

is proposed in chapter 5. The method will be shown to outperform other detec

tion methods fo: CDMA signals. The comparison of existing multi-user detection 

schemes for asynchronous CDMA is addressed in chapter 6.

W ith the knowledge introduced in chapters 5 and 6, it will be easier to under

stand the acquisition scheme for CDMA signals based on interference cancellation 

technique presented in chapter 7. Since any multi-user detection requires the knowl

edge of signature sequences of all users in the CDMA system, the acquisition for 

these sequences becomes the most important task. The difficulty is that the near- 

far effect cannot be avoided during acquisition, although it can be alleviated by our 

method. Acquisition process in such a  system involves more signal processing com

putations than those in other conventional systems, which may result in some delay
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for the signal receptions. For packet radio, each packet can be temporally stored 

in buffers, the induced delay by acquisition does not cause too much performance 

degradation. However, searching for efficient acquisition algorithms to achieve the 

near-reaJ-time communication is still a  challenging topic.
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Chapter 2 

Acquisition Using Linear 

M atched Filter

2.1 Introduction

Direct sequence spread spectrum systems operating in burst or packet mode trans

m it user data in packets of a few thousand bits where each packet begins with a 

short synchronization preamble. Such burst or ’push-to-talk’ techniques are com

monly used in tactical military communications as well as indoor wireless computer 

communications [34] [29]. Thus for receivers which use matched filters like SAW de

vices spanning one PN code period, only a finite number L PN code periods in the 

preamble are available at the beginning of a burst for PN acquisition and to deter

mine the start of user data. Because synchronization must be achieved during the 

limited time of the preamble, one measure of system performance is the probability 

of not achieving synchronization within this limited permitted time, i.e. missing the 

packet. However, packets may be also lost because a false alarm in noise can cause 

the receiver to be busy, and thus unavailable (blocked) when the packet arrives. 

Thus the overall system performance is characterized by the probability of packet
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loss caused by either failed synchronization (missed packet) or receiver blocking.

For maximum information throughput, a tradeoff is made between the probabil 

ity of successful synchronization and the overhead time needed for synchronization. 

Thus the length L  of the preamble which yields maximum throughput will depend 

on the number of information symbols in each data burst and the symbol error rate 

[45].

One previous scheme requires code acquisition at the first PN code period, fol

lowed by coincidence detection (verification) on the remaining L —1 PN code periods 

[29]. For any particular choice of acquisition threshold and corresponding false alarm 

rate, the matched filter may not be long enough for reliable acquisition at low SNR, 

although the message with forward-error-correction (FEC) could be decoded suc

cessfully. Therefore, most of the packet losses may be caused by synchronizations 

failure.

The two-level code acquisition (TL) scheme presented by Rappaport and Wilson 

[35] (58) may be used to improve the performance of synchronization to burst mode 

communication. The reliable sync is guaranteed by the use of several active corre

lators following one or more fast (short) acquisition matched filters. In the scheme, 

the detection threshold can be set to be reasonably low for reliable detection in 

low SNR, because most of the ”false-start” signals may be dismissed by a number 

of long active correlators. However, this method needs a long preamble relative to 

the message length, thus it may not be suitable for packet-switch communication. 

Furthermore, the hardware complexity may impose an upper limits to the number 

of correlators in a receiver.

Logically thinking, for the same length of the preamble, we can have fewer PN 

codes with longer code period. Thus the corresponding matched filter will be longer. 

The detection performance will be better than that by using shorter codes. However, 

the tradeoff with L  is usually made according to the possible size of the matched
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PN+ PN+ PN+ PN+ PN+ PN* PN- PN+ LD bits data

Nh bits for acq. Ns bits for 
coincidence

Figure 2.1: Packet format for the proposed acquisition scheme

filter being used. As a matter of fact, since longer matched filters are difficult to be 

built, the above two-level scheme has been considered.

The comparisons given at the end of the chapter show that the proposed scheme 

in this chapter yields much better performance than the scheme of [29], and is 

better +han or equivalent to that of the scheme of [35][58] with comparable receiver 

complexity. We have found that the performance of the TL scheme of [35] [58] can 

not be significantly improved by increasing the number of active correlators. Thip 

is due to  the fact that increasing the active correlators means that one can male 

the acquisition threshold lower to reduce the possibility of missing signals. But on 

the other hand, the lower threshold may bring too many false acquisitions which 

the active correlators cannot handle. The maximum amount of improvement over 

the proposed scheme is limited by this method. In addition, the new scheme has a 

much simpler receiver structure

The chapter is organized as follows. In section 2.2, the acquisition technique 

is described. The performance analysis is carried out in section 2.3, followed by 

numerical results and the appropriate comparisons of the proposed scheme with the 

other schemes in section 2.4 and summary in section 2.5.

2.2 Acquisition technique

In this section, a  new construction of preamble is proposed for fast acquisition. The 

designed preamble is mainly used for enhancing the acquisition reliability. Accord-
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M-chip PN codes 1,2 & 3 corresponding 
to the active correlator 1,2 &3

t
PN1 PN1’ |PN2 I PN2 PN3 PN3’ LD bits data

I
r ---------------------------------------------------

m-chip PN codes 1,2 & 3 matched to the 
passive correlators 1,2 & 3

Figure 2.2: Packet format for the two-level acquisition scheme

itgly, the acquisition process is presented.

Figure 2.1 shows the data format used by the proposed technique for a preamble 

w ith length of L — 8 PN code periods. This preamble is divided into two portions. 

The first one consists of Nh unmodulated PN code periods, while the second portion 

is made up of N„ PN codes modulated by a marker. In the above example, Nh = 5 

and Na =  3. We assume one data bit per PN code period, so that the preamble 

consists of the data string 11111001. For comparison, figure 2.2 illustrates the 

preamble data  format for the TL method of [35] [58]. It is assumed that the length 

of the  preamble of the TL method is the same as that of the proposed method. In 

addition, same passive correlators or matched filters are used for the two schemes. 

The length of the active correlators for the TL scheme will depend on the number 

of prefixes in the preamble. The more the prefixes, the shorter the length of the 

active correlators.

Figure 2.3 shows a  simplified code-shift-keying (CSK) receiver structure. A band

pass filter eliminates out-of-band noise. The noncoherent matched filters (MF) are
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r<t)
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Data Decision

Figure 2.3: Simplified CSK receiver

designed to  match two orthogonal PN codes corresponding to ones and zeros, and 

axe followed by envelope detectors (ED) with a detection threshold. After synchro

nization is achieved, bit decisions are made by comparing the two ED outputs and 

selecting the larger output.

The receiver operates by searching the incoming data stream for synchronization 

in two steps: initial acquisition (correlation detection) and coincidence detection 

(frame synchronization).

Initial acquisition is achieved when the MF output y(t) exceeds the threshold 

bo . This may occur in any one of the JV* PN code periods in the preamble, not 

necessarily the first one. When this first step is complete, the receiver sets the 

threshold to  a new value bx and samples the MF output once per code period. The 

coincidence detection is achieved when the current data symbol d e{ -l, 1, era su re{ 

plus the previous N a — 1 symbols match the Na symbol marker within a specified 

symbol error and erasure tolerance. Since it is not known a priori at which point 

in the Nh preamble symbols acquisition occurred, the marker search (symbol-wise 

correlation) is performed in successive positions of the marker until a match is found 

or Nh positions have been tested. If no match is found, then the receiver resumes 

the search for initial acquis) i/.on. If a match is found, then the receiver starts to 

process the Ld  symbols of user data.

The marker of length N a is chosen to be a sequence with minimum correlation
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sidelobes when preceded by the N ^ 'V  symbols in the preamble, while also preserving 

minimum sidelobes when preceded by random data or noise. The optimum marker 

sequences for selected values of Na are determined in [7].

The advantage of this acquisition scheme for packet radio is that successful ac

quisition can be achieved even if several PN sequences are missed due to noise, thus 

increasing the synchronization reliability at low SNR. The technique in [29] is a 

special case where Nh =  1, so that if the receiver does not achieve acquisition in the 

first PN code period, then the packet is missed.

2.3 Performance analysis

In this section, the synchronization performance of the proposed rapid acquisi

tion technique is analyzed in terms of the probability P i  of packet loss versus 

SNR. The system parameters which determine Pi  are the PN sequence length 

7nt Nh,N9,LD,bQ,bi and the symbol error tolerance in the marker. An expression 

for Pi  is determined and each component of this expression is evaluated in terms of 

the system parameters. This is followed by consideration of threshold selection and 

the use of two-level threshold.

2.3.1 Preliminaries

A binary code shift keying (CSK) direct-sequence spread-spectrum system is briefly 

reviewed to establish notation. The received signal at the output of the bandpass 

filter is

r(t) ~  lJ^Aaik( t - t -  kT) +  n/]cosufot-ngsinu;ot h  = 0 ,l  (2.1)
k

where A  is the amplitude of the signal, and oo(0* ° i (0  are assumed to be orthogonal 

spreading sequences time-limited to [0, T\ which represent ones and zeros of the
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binary message, n ; and nq are the in-phase and quadrature components of the 

white Gaussian noise with two sided power spectra! density No/2. The noise power 

at the output of the bandpass filter is o 1 = No/Te. The sampling rate at the output 

of the matched filter is 1 /Te. Let m be f lie total number of chips in a PN code period, 

we have T = mTc. m will determine the processing gain of the spread spectrum 

system and is often from 30 to 500.

Consider the acquisition procedure in which the detector observes over a 

period 0 <  t  <  N^T. The test statistic at the output of the matched filters is

*  {ANp(t)  + n';} cosu/ot -  n'q sinu/0< (2.2)

where n'j, n'q in (2.2) are filtered noise, and

f y /o a i(r )< 

I  f / o  ®i(r )

r - ' l W - r ) *  ‘ < T  (U J
r) c i (t -  r)dr t > T

is the  normalized autocorrelation function of the PN sequence ai(2) and is usually 

not negligible since the PN codes are not m-sequences or orthogonal sequences. The 

upper equation in (2.3) corresponds to the partial correlation when the first PN 

code period of the preamble has not yet come into the matched filter completely, 

i.e. only a fraction of the first bit (PN period) is in the matched filter. The lower 

one corresponds to the whole period autocorrelation after the first whole PN period 

has come into the matched filter.

Assuming that the receiver has no knowledge of the amplitude A of the received 

signal, we select the threshold of the acquisition for an acceptable probability of false 

alarm Pjan caused by the noise alone. From [57], the output of the envelope detector 

is according to  the Rayleigh distribution when no signal is present. Accordingly, the 

probability of false alarm is

fra
Pi  an »  e x p ( ~ |) ,  (2.4)
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where bo is the acquisition threshold normalized to o. Also from [57], the output 

of the envelope detector is according to the Rician distribution when signal plus 

noise is present. Thus the probability of initial acquisition in the correct position 

(p(iT) as 1, * s  1,2 ,..., Nh) is given by

(2.5)

where % — m% — m  • A2/2 o 2 =  mjijfo (Ee is chip energy) is the SNR at the output 

of the MF, and Q(a, 6) is the Marcum-Q function.

The probability of false initial acquisition a t an incorrect position where p(t) < 1 

can be written

P/d(n) -  Q(y/2'ioP2{nTc),b0), n =  1, . . . ,N hm. (2.6)

In [32], it was shown that the test samples at positions n =  1,2 ,..., are 

mutually independent if the PN sequence is long enough.

2.3.2 Calculation of performance

To detect signals at low SNR, the acquisition threshold is set to be as low as possible. 

But lower threshold will cause more frequent false acquisitions which may result in 

many packets to be blocked. An appropriate threshold may be set based on an 

acceptable blocking rate.

From [29], the probability Pi of packet loss may be approximated by

PL = l - ( l - P B)Pavn(0) (2.7)

where PB is the probability of receiver blocking due to false alarms, and P8yn(0) 

is the probability of successful synchronization provided that the receiver is not
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blocked and the synchronization search starts from the first chip of the preamble. 

^s»n(0) will depend on the parameter Nh and the threshold b0. PB is estimated as 

£ ? /(/ +  B), where B  is the average blocking time and /  is the average idle time 

between two consecutive false alarms.

This approximation assumes that if the receiver is blocked at the time of packet 

arrival, then the packet is irretrievably lost. However, if the blocking period ends at 

some point during the preamble of an arrived packet, then the receiver can resume 

the search for acquisition, and that packet may still be received correctly.

To show how an incoming packet is captured and blocked/missed by a receiver, 

we characterize the receiver into two states when no signal is present. This is 

shown in figure 2.4. One is called silent or idle state (7) in which the receiver is 

ready for capturing a new packet (real or false). Another one is called blocking 

or busy state (B ) in which the receiver is busy in detecting (either coincidence or 

da ta  demodulation) a non-existing packet. We assume that any busy period is only 

caused by false acquisitions. This is equivalent to saying that the arrival rate is low 

enough such that no more than two packets overlap. There are two cases for a real 

packet to be captured. The first one is when the packet falls into a silent interval, 

which is illustrated in figure 2.4-b. And the sync is obtained successfully under the 

above condition. The second one happens when it falls in a blocking interval which 

ends before the last PN chip in the preamble comes into the matched filter. 'This 

is shown in figures 2.4-c, 2.4-d and 2.4-e. Up to Nun  — I correlation peaks may he 

lost due to the blocking, but synchronization is still possible. If it is achieved, the 

packet is captured. A precise approach to obtain Pi is given in appendix A by using 

queuing theory. However, a more straightforward analysis is described as follows.

From section 2.2, we see that the receiver will be busy for T\ = (Nh + Na — 1 )T 

after a  false acquisition if no false coincidence occurs. If a false coincidence occurs, 

the receiver will be unavailable for 7a — Tr  +  To which is the time period equal
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Figure 2.4: State diagram of receiver.



Chapter 2. Acquisition Using Linear Matched Filter 23

to the i mgth of a  packet, where To -  LdT  is the data length. Tn (T  < Tn <

(Nh + N„ — 1)T) is a random variable which depends on which of the (Nh -  1)

coincidence positions is detected. Thus the blocking time is at least T\. The average 

blocking tim e B  can be determined from

B  =  (1 -  P/enW  +  PfenT2

= (Nh + N a -  1 )T  + PJen[TR - ( N h + N s - l ) T  + TD) (2.8)

P/m  is the probability of false coincidence in noise. Since To »  Tn, NhT and N„T, 

we may have

B  m (Nh + N , ~  1 )T  +  PjcnTo (2.9)

The false acquisition in noise is modeled as a Poisson process with arrival rate 

A/ =  P ,an /Tc, where 1 /Tc is the sampling rate or chip rate. Since the inter-arrival 

times of a  Poisson process are identical-independent-distributed (i.i.d.) exponential, 

the average silent tim e can be obtained from

/  =  1/A/ (2.10)

Denote D  as the event that the current packet is at least one-chip overlapped with
• i

a  blocking interval. For the given average blocking time B  and silent time / ,  the 

probability that D  occurs is

P{D) =  ( T T B j  (211)

Once D  occurs, synchronization is still possible if less than chips in the pream

ble are blocked/lost. Let k (k  =  1,2,..., iV^m — 1) be the number of chips blocked by 

false acquisition, and the corresponding conditional probability P(k\D) is approxi

mately T J B . Here we assume that the location distribution of the blocked preamble 

in the average blocking period B  is uniform. Denote Ptvn(k) as the probability of
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successful synchronization when k  chips are blocked, the probability of sync when 

D  happens can be written
N^m-l

P„«(D) =  P(D) £  P(k\D)Psyn(k)
Jbst 

r p  N fr tn —l

= T + b  f ;  p ,m { k )
p  N^m-l 

_  r f an S T  P
i + »  h  ‘

(k) (2.12)

where

a  =  B j l

® l* /on(^  "(■ Na 1 'J* PfcnLp)l7t (2.13)

The probability P(D) tha t no blocking occurs when a  preamble comes into the 

receiver is

™  =  T T B

=  r b  < 2 - 1 4 >

When this is the case, all the iV/,m chips are available for the sync, i.e. no chips

are lost. Let Pa,,n(Q) denote the successful sync when no chips are lost, and the

probability of sync when D  happens is

Pavn(D) m P(D)Payn(0) (2.15)

The total sync probability is

P»y/n ~  Payn{D) +  Payn{D)
1 p .  Nhm -l

~  T T Z Pavn{0) T T q ^  ^»#*»( )̂ (2.16)

Note that the successful sync probability (1—PB)P»yn(0) given in the approximation 

(2.7) corresponds to the first term in (2.16).
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Payn(k) can be calculated from

w*
P»yn{k) — 52  Pacqihk) ' Pc{i) (2*17)

where Paeq(i,k)  is the probability of acquisition in the 2th PN period (1 <  * < Nh) 

given k chips lost (0 <  k <  mNh -  1). Pe{i) is the probability of coincidence when 

the acquisition occurs in the ith PN period.

The probability P l of packet loss is

Pl = 1 ~  Psyn (2.18)

To determine Pl , it remains to evaluate Paeg(i,k), Pe(i) and Pjm .

Probability of initial acquisition Pacq(i, k)

It is clear that the acquisition search starts from the (k +1 )th (k = 0,1 ,..., Afom -  I ) 

correlation peak because k  chips are lost. Figure 2.5 shows the signal flow graph 

of the acquisition process. From this flow graph, PaCq(h k) can be easily calculated 

with the initial condition k  + 1
«m -l

PacQ(i, k) = n  0 -  
j=ft+1
j  $  m, 2 m , . l ) m  (2.19)

where N h > i > i 0, and i0 =

Probability of coincidence detection

To calculate the second term Pc(i) ’n (2.17), we note that the coincidence test

is carried out in up to Nh positions of the marker. The probability of successful

coincidence detection Pc(i) will depend on the probability of a false marker detection 

when testing at an incorrect position before the correct position is reached, as well 

as on the probability of a successful marker test when testing in the correct position.
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1-Pfd(k+I) 1-Pfd{fc*2)
Pacq(io,k)Start

1-Pd

•pdT

Pacq(Nh,k)

io= Ijc/mj + 1 , Nh >  i & io.

Figure 2.5: Signal flow graph of the acquisition process
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The number of incorrect positions tasted, and thus the probability of false marker 

detection, will depend on the particular PN code period a in the preamble at which 

the search for the marker begins.

The probability P(he,h x,n )  of marker detection in a particular position depends 

on the specific choice of marker, the amount of overlap n, the error tolerance he 

and the erasure tolerance hx between the observed marker bits and the known or 

expected marker bits. The overlap n is defined to be Na when there is complete 

overlap (i.e. correct position) and may be 0 or negative if there is no overlap. 

The disagreements k0(h) or the Hamming distance between the replica marker and 

the under-detected Na bits in the absence of error is known for all n > N„ -  Nh. 

P(hc, hx,n)  is evaluated in (8] and reproduced here for convenience

P(ket kXy n)

=  Prob (he or fewer disagreements and hx or fewer erasure 

with overlap n)

hB tnin(hx,No—j)  mln(k,Na-ho{n)) min(j, N t-ho(h)-m )

= E E E E
jaO k=0 n»=ma*(0, k-ho(n)) (-mu*lO,i-ho(n)+k-m)

( K  -  A0(ft) \  ^  

V £,m  )

i—t  7j i o ( h ) - i + t - k + m  _ fc -ma ro, (2.20)

where ^ * >  )  - _ feo<*)* ( 2 2 l )
?, m  )  ttm\(h0(n) -  £ -  m)\'

where symbol detection probability q , error probability p anu erasure probability 

a for noncoherent CSK receiver are derived in appendix B.
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Following [8][41], Pe(i) can be calculated from

Pc(i) — P r{  No detection occurred at h ^  Na}

'P r {Detection at n =  N,, | no detection occurred at n ^  N a} 

— [1 — Pr{A t  least one detection occurred at h ^  N a}]

•Pr{Detection at h — Na | no detection occurred at n ^  N a}

(2.22)

A lower bound on Pe{i) may be written

N ,- l
P S )  >  [1 -  £  P(he, hx, n ) ] . P(he, hx, Na) (2.23)

n=Nt +i-Ni,

Probability of false c incidence Pfcn

The probability of false coincidence in noise is written

Pjcn =  Pr{  at least one false marker detection occurs 

in noise during Nh marker tests}

<  NhPr{one test succeeds}

=  NhPfn (2.24)

Define {gn, sn, pn) as the probabilities of decisions {+, erasure, -} in noise alone, 

P /n can be calculated from

(2.25)

The calculations of qn,pn and sn are also given in appendix B.
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2.3.3 Threshold selection for desired performance charac

teristics

From (2.16) and (2.18), since Pay„(k) <  1 for k =  0,1,..., N un — 1, Pi ’■ an never be 

less than

PL(min) =  1 -  —̂ ------------------------  1) (2.26)
1 +  a  1 +  a  '  7

This probability can be taken as the packet blocking probability Pb , i.e., Pb = 

Pi(m in).  Thus the system designer can select a desired Pi(min)  <C 1 by an appro

priate choice of 6o and hi. Typical values of Pi(min)  may be in the range 10~3 to

i o - 6.

2.3.4 Two-level threshold for initial acquisition

At high SNR, correlation sidelobes of the first PN sequence may cause false acqui

sition at an incorrect position prior to the correct position because the threshold 

bo is determined independent of the received signal power. 1 Thus Pi  will have a 

minimum value at some SNR, and will increase for higher as well as lower values of 

SNR. This effect has been observed for Nh = 1 in [29], and was called the maskinq 

effect in [11].

One technique to eliminate this effect is to use the hardlimiting receiver presented

in [1] with the cost of some degradation in performance in low SNR for AWGN

channel. Another choice is to construct a maximum likelihood receiver which can

compare all the samples in a whole period of PN correlations and pick up the

largest one as the main correlation peak. A simple way is to apply the two-level

1 Automatic gain control (AGO) schemes are not used in the system because the SNR before 

the despreading is usually low so that the AGO may not work fine. Besides, if we consider a 

CDMA system, the estimated energy may not represent the real signal’s energy due to other users 

interference.
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threshold [29] to the present case. The priority in the sync decision is given to the 

higher level. Whenever an acquisition detection by a decision device with the lower 

threshold level b0 is followed by the crossing of a higher threshold boh = bo +  A, 

within one PN period, the latter is taken for the correct sync detection [29]. By this 

method, enough dynamic range may be obtained. In appendix C, the computation 

of Pacq{i, k) for the two-level threshold is completed by using the technique of signal 

flow graph.

2.4 Numerical results

In this sec . a , the performance of the receiver is illustrated for L  =  8 and Lu  =  1000 

with 255 Kasami sequence as the PN code, bo and 6i are selected to get the required 

Pl(min).  The optimal pair of b0 and 6i is obtained by maximizing the dynamic 

range of P l  at low SNR. Performance comparison with the TL acquisition method 

is made at low SNR.

For L — 8, figure 2.6 shows Pi  versus SNR for different Nh and Na, respectively. 

The two-level threshold method of [29] is used with A =  4 dB. For each value of Nh, 

he and hx are selected for the widest dynamic range. The best overall performance 

is obtained with (Nh,N„) =  (5,3). From these curves, we can see that almost 3 dB 

improvement can be achieved at low SNR compared to the method of [29] where 

(Nh,N,)  =  (1,7), with only a slight reduction at high SNR.

Figure 2.7 shows Pi  versus SNR with thresholds chosen to obtain Pi(min) ■— 

10“3 to 10“6 and parameters (Nh,Na) =  (5,3) and (1,7). Lower values of Pi(m in)  

are obtained by raising the threshold bo and accepting a slight reduction in per

formance at low SNR. The amount of improvement at low SNR obtained with the 

proposed sync technique is essentially independent of the choice of Pi(m in).

Performance comparisons between the proposed acquisition scheme and the TL
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acquisition scheme [35][58] are made in the case of low SNR where the effect of 

correlation sidelobes can be ignored. In this situation the average rate of false code 

s ta rt signals when a  packet comes is the same as that when no signals show up. The 

analysis for high SNR will be difficult for the TL scheme because the false code start 

ra te  when a  packet is present will be different from that when a packet is absent.

All the comparisons are made under the assumption that the two schemes use 

the  preamble of the same length and the same matched filter which processes 255 

PN  chips. Thus we have (Nh +  Na)m = Npc(m +  M), where Npc is the number of 

prefixes in the preamble for the TL scheme. The optimal sync performance of the 

proposed scheme for a  given preamble length is obtained by appropriately selecting 

th e  parameters Nh, N a, b0, he and hx. The sync performance of the TL scheme for 

th e  same preamble length is computed for all the possible number of prefixes and 

several different number of active correlators. A modified performance analysis of 

th e  TL scheme with a consideration of blocking probability is given in appendix D.

Figures 2.8 to 2.10 show performance calculations given the preamble length 

of 2040 chips ot equivalently 8 bits long for Lhe proposed method. The proposed 

scheme has been found to be optimal with Nh — 5,Na =  3, he =  0 and hx — t. 

In figure 2.8 performance of the TL method for single prefix preamble is plotted 

w ith several different c as parameter. The length of the active correlators is 1785 

chips. b'0 and b\ are selected in the way that the performance for each c is optimized. 

From this figure we see that the proposed method yields better performance than 

th e  TL one does, with a slight reduction in very low SNR. For the same preamble 

length, performance with two prefixes is plotted in figure 2.9. The length of the 

active correlators is correspondingly shortened to 765 chips. It can be seen that 

the  proposed scheme is almost equivalent in performance to the TL scheme of 2- 

prefix with 3 active correlators. To further increase c, the performance cannot 

he significantly improved. The maximum improvement over the proposed scheme



Chapter 2. Acquisition Using Linear Matched Filter 32

is limited to within 1.3 dB in this case with c =  32. Figure 2.10 illustrates the 

comparison of the proposed method and the TL method with 3-prefix preamble 

where the length of the active correlators is further reduced to 425 chips. Since 

the sequence length of the active correlators is not long enough for the reliable 

coincidence detection, no curves by the TL method, which yield better performance 

than that by the proposed method, can be found. These figures indicate that the 2- 

prefix preamble is the best choice for the TL method in this case. The performance 

with more prefixes will saturate more quickly as c increases. Lower values of P bt l  

can be achieved by raising bo and b'0. The performance relation between the two 

schemes is about the same as before. This is shown in figures 2.11 and 2.12. If 

the receiver complexity were not under consideration, the TL scheme would have a 

little better performance than the proposed scheme. However, receiver complexity 

is indeed an important factor in practical applications. More comparisons between 

the proposed scheme and the TL scheme are given in the next chapter.

2.5 Summary

For burst mode DS spread spectrum communications, where a fixed length preamble 

is used at the beginning of each data packet for synchronization, and noncoherent 

matched filters are used for detection, the new acquisition technique shows advan

tages over the previous schemes in either sync performance or receiver complexity.

The probability of packet loss is lower bounded by the probability of receiver 

blocking caused by false alarms. The system designer can determine this lower 

bound by selecting appropriate decision thresholds. For a fixed preamble length, 

the proposed acquisition scheme is equivalent in performance to the multiple-prefix 

TL scheme with less active correlators. At the same time, it yields a  much simpler re

ceiver structure. The TL method has the potential to improve the sync performance
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in low SNR by adding more active correlators, although the hardware complexity 

may not be acceptable.
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Figure 2.6: Pl versus SNE for different parameters of Nh and N a.

a. (Nh,N>) =  (3,5);
b. (NH,Nt) =  (4,4);
c. (Nh,N.) = (5,3);
d. (Arh,iV.) =  (6,2);
e. (Nh,Nt ) = ( 1,7).

Pl

0.1

0.01

0.001

0.0001

l e - 0 5

le — 06

le -  07
-20 -15 -10 0 5 10

Figure 2.7: Comparison of the new scheme and the conventional scheme with
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Figure 2.8: Performance comparison of the new method and the TL method with 1 

prefix at Pb  — 1 0 -3 .
Preamble length=2040 chips, M=1785 for the TL method, (Nt,, N,) = (5,3) for the new method.
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Figure 2.9: Performance comparison of the new method and the TL method with 2 

prefixes a t Pb  =  1 0”3.
Preamble length=2040 chips, M=765 for the TL method, (AT*, N,) = (5,3) for the new method.
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Figure 2.10: Performance comparison of the new method and the TL method with 

3 prefixes at Pb  = 10~3.
Preamble length=2040 chips, M=425 for the TL method, (Nh, Nt ) =  (S,3) for the new method.
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Figure 2 .11 : Performance comparison of the new method and the TL method with 

2  prefixes at Pb  =  10“B.
Preamble length=2040 chips, M=7G5 for the TL method, (Nh,N,)  =  (5,3) for the new method.
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Figure 2 .1 2 : Performance comparison of the new method and the TL method with 

3 prefixes a t Pg = 10“8.
Preamble lengths2040 chips, M=425 for the TL method, (Nn,Nt ) = (5,3) for the new method.



Chapter 3. Acquisition Using Hardiimiting Matched Filter 38

Chapter 3 

Acquisition Using Hardiimiting 

M atched Filter

3.1 Introduction

The acquisition scheme discussed in chapter 2  can be also applied to the hardiim

iting matched filter receiver. As we mentioned in section 2.3.4, the masking effect 

during acquisition can be eliminated by using hardiimiting matched filters. This 

is shown in figures 3.1 to 3.4, where the correlation outputs from a linear matched 

filter and a  hardiimiting matched filter are plotted respectively. The linear matched 

filter is seen to be sensitive to the dynamic range of the received signal power and 

thus vulnerable to false acquisitions prior to the main correlation peak, while the 

HL receiver preserves good acquisition performance in a  large range of SNR. Fur

thermore, the HLMF implemented in VLSI has advantages over the analog (linear) 

MF in terms of flexibility, reliability, speed, compactness, and cost efficiency [2 ].

In this chapter, we analyze the acquis:. ion performance of a  HL receiver. Since 

the acquisition system model is basically the same as that in chapter 2 , we will skip 

those similar analyses and focus on the decision statistics and the numerical results.
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Figure 3.1: Outputs from a linear matched filter. S N R  =  -1 2 dB  

PN sequence length m =  255, F, = bit energy.

Correlation (normalized to y/Eb) 
25

2 0

15

10

5

0

- 5
0 50 100 150 200 250 300 350 400

time (chips)
Figure 3.2: Outputs from a linear matched filter. S N R  — 2dB  

PN sequence length m =* 255, Eb =  bit energy.
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Digital Correlation 
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Figure 3.3: Outputs from a hardiimiting matched filter. S N R  = -1 2 dB  

PN sequence length m  =  255.
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Figure 3.4: Outputs from a hardiimiting matched filter. S N R  =  2dB  

PN sequence length m  =  255.
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Figure 3.5: Receiver structure with hardiimiting matched filter.

3.2 System  description

The proposed receiver structure with a  hardiimiting matched filter is shown in figure 

3.5. This receiver is similar to that of [1] except that the active correlator is replaced 

by a passive correlator/matched filter. Coherent receiver reception is assumed for 

simplicity of analysis, since the comparative performance of the new scheme with 

other schemes is expected to be similar for the more practical non-coherent receiver 

of [48]. However, the principle of the proposed acquisition technique is the same for 

both the coherent and non-coherent receivers. Bit decisions are made by comparing 

the output of the correlator with appropriate thresholds to obtain + 1, —1 or erasure 

decisions.

The preamble format and the synchronization process are exactly the same as 

those described in the last chapter.

3.3 Performance analysis

The purpose of this section is to obtain the probability of Pi, when a hardiimiting 

matched filter is used. The derivations of P l, PaCq{h &)* Pe(i) and Pjm are the same 

as those in chapter 2 except Pj, P /on, P/d(n), q, p, a, q„, p„ and a„. Therefore we 

will mainly focus on the derivations of these terms. Besides, in order to apply the
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analysis given in chapter 2, we must also show that successive samples from the HL 

matched filter are approximately Gaussian and are mutually independent.

3.3.1 Probabilities of false and correct acquisitions

In this subsection, we derive Pd, P fan and Pjd{n) for HL receiver. A binary PSK 

direct-sequence spread^pectrum is considered. The received signal is written as

r(t) =s Ab(t)a(t)cos(<jjQt + </>) + n(t) \)

where

=  (3.2)
3

with 6jc{—l, +1} is the j th  information symbol, A  is the amplitude of the received 

signal, and P?{-) is the unit rectangular pulse of duration T. The data signal b(t) 

is modulated onto a phase-coded carrier, where the code waveform or spectrum 

spreading signal a(t) may be written

a ( t )=  £  ajPTc{ t ~ j T c) (3.3)
i=-oo

where a;e{—1, + 1} and a,j =  <zJ+m for all j  and for some integer m which is the 

period of the spreading sequence {aj}. The chip length Tc relates to the symbol 

length T  via T  = mTc, so that there is one code period per data symbol. n(t) is 

AWGN with power spectral density N0/2. For coherent receiver, we assume 0  =  0  

in the analysis.

To calculate the system performance in terms of packet loss probability, we need 

to compute the probabilities of false and correct acquisitions at every test instant.

During the process of acquisition where 6, =  1 (i =  1,2,..., Nh), the test statistics 

from the digital matched filter (as illustrated in figures 3 .3  and 3 .4 ) are given by the 

inner product of the two sequences {a,} and { s g n ( Z n- j ) }
m—1

y» * !E ai ' 89n (Z»-j) (3.4)
i=o
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where Z„_j is the input sample to the hardlimiter at the (n —j ) th sampling instant. 

Note that the m — n samples Zo, Z_i , Z_ (m_n_t) in case of n < m represent m  -  n 

random data generated by noise alone. Zn_j for j < n contains the information 

fl[TO-[n-j]m]m plus the noise, where the modular function [A"]m of an integer X  is 

defined as [X]m =  X  MOD[m]. Thus the synchronization epoch is at any of n = im, 

where i — 1,2 , ...,7V;,. We use H° to represent the test when n ^  im  and Hx to 

represent the test when n =  im.

The probability of acquisition at each test epoch n from the matched filter was 

derived in [9]. First, if n <  m, i.e. the binary sequence corung into the matched 

filter consists of m  — n random data contributed by noise alone followed by n binary 

samples of the re'll signal plus the noise, then the probability that the output of the 

matched filter exceeds the threshold hi is written as

m in ( n ,h )  (  n -  hQ(n) \  (  h0(n)
Pfd{n)=  ^  ^  ,

J~0 l=max(O,j-h0(n)) V I J  \  J  — I

m i n ( h - j , m - n )  /  _ \
(1  -  pe)»-Ao(n)+i-2lpAo(«)-i+2/{ ( 0  5 )m-n £  }, n < m

k?0 \  k J
(3.5)

where pe =  0.5erfc (7 ^ ) is the chip error rale, 7 ^  is the input SNR. Even though 

7 i,t is usually very small, which results in relatively large pe, the probability of 

acquisition detection at the right sync-epoch is usually high enough because of the 

use of digital correlator. In the above equation, h is the error tolerance of the 

acquisition detection, with h\ =  m — 2h. h\ or h is usually determined by a specified 

given false alarm rate in the absence of signal.

ha{n) is the contribution of the received sampler to the Hamming distance test 

measure a t the n th  test [41], in the absence of transmission and detection errors. 

ho(n) for n < m  is expressed as

M 7*) =  " ' * ®n-l)t (flm-n®i»-n+l * * * On-l)) n < m (3.6)
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where H (x, y) is the hamming distance between vectors x and y.

Second, when n > m, i.e. the binary sequence coming into the matched filter 

consists of m data samples of the real signal plus the noise, the probability that the 

output of the matched filter exceeds the threshold hi is written as

P/d(n)  = £  £
3-0 l=max(0,j-ko(n))

h0(n) \  I h0(n) \  

1
(1 -  ‘•OW-HfM-M+H n > m (3.7)

Similar to  (3.6), h0(n) for n > m  is written as

M » )  =  ^ ( ( a 0®l • • ’ am -l) t  (a [m-[n]m]m<z[m -[n -l]m]m * * * a [rn-[n-m +l]m]m))  (3*8)

The probability of false acquisition in noise alone is obtained from (3.5) by 

specializing the parameters pe — 0.5, n  =  0, and h0(n) =  0

Pt .n  =  (0.5)”  E l  m | .  (3.9)
k-o \  k J

and the probability of acquisition at the correct position, i.e. n =  m, ho(m) =  0 ,

is

^ = j H O (3.10)

In the next section, it will be shown that the statistic Yn in (3.4) can be very 

well approximated by a Gaussian variable, with mean

K„ = [min{n,m} -  2 h0 (n)](l -  2pe), (3 .11)

and variance

°Yn — 4m 'n{n,m}pe(l — pe) -t m — min{n,m) (3.12)



Chapter 3. Acquisition Using Hardiimiting Matched Filter 45

Thus (3.5) and (3.7) can be approximated by

(3.13)

For pe =  0.5, n = 0 and ho(n) =  0, the approximation of (3.9) is

Pjan =  0 .5 e rfc (-^ = ) (3.14)

For n =  m and h0(m ) =  0 , (3.10) may be approximated by

(3.15)

The derivations of q, p, s, qn, pn and s„ are given in appendix E for * he hardiim

iting receiver.

statistics of the HLMF can be considered to be approximately mutually independent.

segments of received data are used repeatedly in many subsequent H° tests. The 

independence among all the H° test statistics for the linear matched filter was shown 

in [32]. For the hardiimiting case, this is shown in section 3.3.3.

3.3.2 Gaussian approximation

In this subsection, we will show that, by the Central Limit Theorem [30], the statis

tics at the output of the matched filter can be very well approximated by Gaussian 

variables, provided that the length of the PN code is long enough. By this approx

imation, the calculation of false alarms and detection will be very simpie.

At the n th  test, the received sequence in the matched filter consists of min{n, m )  

signal plus noise samples and m -  min{n,m} noise samples.

The Gaussian approximation makes it possible for us to show that those Gaussian

As described for the case of linear MF in [32], this is not immediately obvious from 

the system description since, by virtue of the shift register employed, overlapping
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First of all, the products of those noise samples multiplied by the replica sequence 

can be taken as m -  min{n,m} independent Bernoulli trials, each of them having 

two possible values ± 1  with probability 1/2 for each value. From the Central Limit 

Theorem, the summation of those i.i.d. random variables, denoted as Yni, can be 

approximated as a Gaussian variable, with mean f t .  =  (m — min{n, m})?/i =  0 , 

and variance var(Ynx) ~  (m -  min{n,m})<7f =  m -  min{n,m}, where fj\ =  0  and 

<rjf =  1, respectively, are the mean and the variance of the Bernoulli random variable 

of value ± 1  with probability 1 /2  for aach value.

Then the products made by those signal plus noise samples with the replica 

sequence are further divided into two types. One of them is from the predeter

mined ho(n) disagreements corresponding to “-1”, without interference or noise. 

The other is from the min{n,m} — k0(n) agreements corresponding to “+ 1”, with

out interference or noise. The products from the first type are i.i.d. random 

variables of two values ± 1 , with probability 1 — pe for the value “-1” and pe for 

“+ 1” . Similarly the products from the second type are also i.i.d. random vari

ables of two values, with probability 1 -  pe for “+1” and pe for “-1”. The sum

mation, denoted as F„2, from the products of the first type, can be approximated 

by a  Gaussian variable with mean Kna =  ft0(n)y2 =  hQ(n)(2pe -  1), and variance 

var(Y„a) =  M n )° 2  =  4A0(n)pe(l -  pe), where y2 =  2pe -  1 and a \ =  4pe(l -  Pe), 

respectively, are the mean and the variance corresponding to the first type product. 

The summation from the products of the second type is approximated by a Gaus

sian variable with mean f „3 =  [m in{n,m }-/j0(n)]p3 =  [m in{n,m }-A 0( n ) ] ( l - 2pe), 

and variance t>ar(K3) = [min{n,m} -  M  *)]*! =  4[min{n,m} -  ft0(u))pe( 1 “  Pe), 

where $3 — 1 -  2pe and <r| =  er| =  4pe(l -  pe), respectively, are the mean and the 

variance of the second type product.

F,», as the statistic at the output of the matched filter, is given by the summation 

of these three independent Gaussian variables (by construction), which is also a
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Gaussian variable with its mean and variance computed as follows

Yn =  Yni +  Ynt +  Yna

=  {min{n,m} -  2 A0 (n)j(l -  2pe)

and

ffY„ = var(Ynt) + var(Y„2) + var(Vn}>)

= 4min{n,m}pc(l - p e) +  m -  min{n,m}

At H l tests where ko(im) =  0, the mean and the variance are simply

i'im =  m (l -  2pe) i =  1, 2 , Nh

and

°Yim =  4mPe(l -  Pe) * =  1 , 2 , Nh 

Thus the probability density function of Yn at the nth test is written as

From (3.20), the probability of false acquisition at l l u test will be

(» -  K, ) 2Pjd{n) »
1 A, v/2^ 2< )d?/

=  0.5erfc( —— ), n ^  im
y 2aYn

The probability of acquisition detection at H x is written as

Pi =  P  1 mp[ ( V - M I - 2 P . W
•'»' y '8am pI( I -  p .) 8 m p ,( l -p „ )

=  0.5e,fc ( Y ( 1 ~ 2,,- )ro)
\ / 8 mpc(l - p e)

47

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)
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Pjd(n)
0.0001

 Gaussian approximation
— Exact calculation

n =  10l e - 0 5

l e - 0 6

n =  100

=  300l e - 0 7

l e - 0 8
_8 - 6  - 4  - 214 12 - 1 0 0

Figure 3.6: Gaussian approximation to the probability of false detection at n. 

lb =  71.

Figure 3.6 illustrates the comparison between the exact computation of (3.5) or 

(3.7) and the Gaussian computation of (3.21) when the received sequence and the 

replica are not in alignment. In this figure, P /Q(n) versus SNR are shown for n =  0 

(noise samples alone), n =  10, n =  100 and n =  300 with 255 Kasami sequence 

as the PN code in a data bit. From the foi r pairs of curves, we can see that the 

exact or the complicated computation of false acquisition probability can be very 

well approximated by the simple Gaussian computation. The same conclusion can 

be drawn for the calculation of the probability / j  of acquisition detection. The 

comparison between the two computations is shown in figure 3 .7

It is interesting to see that, with the larger n, Pji(n) tends to decrease as SNR 

increases. The reason for this is that, as the SNR becomes higher, Yn tends to be 

a determined value defined by the partial correlation of the P/J sequence at the 

corresponding position, and the value of this partial correlation, by the design of 

the PN sequence, will be far less than the assigned threshold. This may mean that
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Pd
1

 Gaussian approximation ■
—— Exact calculation

0.1
14 -1 2 10 - 8  - 6  - 4  - 2

7 i n ( d B )
0

Figure 3.7: Gaussian approximation to the probability of acquisition at //* tests. 

hi =  71.

the partial correlations or sidelobes with a large amount of signal samples in the 

correlator can be neglected in the performance analysis at high SNR. The influence 

on Yn by noise will be smaller for larger n at high SNR. This is not true for smaller 

n  since the contribution on Yn by noise can not be neglected. And for Yn > 0  or 

n > 2ho(n), Pja(n) will even go a little higher as SNR goes up. This is shown in 

figure 3.6 for n =  10 where hQ(\0) = 3.

3.3.3 Independence at HLMF output

The Gaussian approximation in section 3.3.2 makes it possible to show that the 

statistics at the output of HLMF are approximately mutually independent. This 

is done by showing that the statistics are almost uncorrelated instead of highly 

correlated as they appear to be with a large amount of chips overlapped in the shift 

register.
A A

Denote Zn as the input sequence vector of m  elements in the HLMF, and Zn -
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[zn zn- 1 ••• £n-m+i]T* where zn represents the most recent signal plus noise sample. 

It is noted that the input sequence consists only of noise samples when n  <  0. The 

replica sequence is expressed by the vector a =  [a0 ... am-i]7> The output given

by the inner product of the two vectors can be written as

Yn »  aTZn (3.23)

where the superscript T  denotes the transpose of the corresponding vector. The 

covariance between the two outputs Yn and Yn+k is given by

C0v(Yn,Yn+k) = E{{Yn ~  Yn)(Yn+k -  Kn+fc)}
=  aTE{(z„  -

=  a TCa (3.24)

where Yn — aTE{Zn) is the statistic mean of Yn. And the m  x m matrix

C  ~  £{(Z„ -  (3.25)

is the covariance matrix of the input sequence Zn and Zn+k- The element Cij of C, 

where i , j  =  0 , 1 , 2 ,..., m -  1, is given by

Cij ss E { ( z n- i  ~~ z n- i ) ( z n+k-j  ~  ^n+fc-j)} (3.26)

Since £„_< and zn+k-j for j  ^  i +  k  are independent, we have

Cij =  E {zn-i  — Zn-i}E {zn+k-j ~  2n+fc-j}

=  0  j ^ i  + k  (3.27)

When j  = i + k < m  —

Cij =  £ { ( £ „ _ , - I n_<)2} (3.28)

If the sample contains only noise, we simply get =  0  and C# =  1 . If zn-% 

contains signal plus noise, Cij can be calculated by assuming the test sample to be
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equal to a?„_,e{+l, — 1} without the interference or noise. Thus will be

(3.29)

And the random variable zn-% -  zn~* will be

zn -i ~  Zn-% =  «
2 Xn-iPe with probability 1 —pe

—2 ^„_i(l -  pe) with probability pe
(3.30)

Then Cy for j  = i + k  is

Cij  =  4p?(l -P e)  +  4(1 -P e fp e  

=  4pe( l~ P e ) (3.31)

which is not bigger than 1 . It is interesting to notice that the variance of a signal 

plus noise sample from a linear sampler is always equal to the noise variance, no 

m atter how large the SNR is. But this is not true for HL sampler from the above 

derivations, where we have shown that the variance from a hardlimiter will depend 

on the SNR of the signal or pe.

W ith the calculated above, C  can be written as

j  m 0  j  sb k

I  i

0  .. 0  r  0  ••• 0

1
•• 0  

0  1

0

i=0

i=min{n,m-k}-l

♦— i=m-l

(3.32)
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where r  =  4pe(l — pe). It is to  be noted that there are m in {n ,m  — k) common 

samples in the sequences Zn and %n+k, which contain signal components, and there 

are m  — k — n  common samples (when n < m  — k) which contain noise components 

alone.

Substituting C  in (3.32) into (3.24), the covariance becomes

cov(Yn, Yn+k) =  r  J 2  <*»«<+* + 5Z atai+k (3.33)
«s0 inn

Since

var(Yn) = m — m m {n, m} +  mm{n, m }r

=  m -  m m {n,m }(l -  r)  (3.34)

and

var(K+&) — m  -  m in{n  +  m }(l — r) (3.35)

The normalized covariance or the correlation coefficient between the two tests is 

written as

nCV V  \  — COVjYnt I’n+fc)

P( , +1> "  V>«T(K) v a r ( n +t)
y sm in {n ,m -h }-l , ^ m -fc -1

_  ; Ẑ i=o UtCt+k T L j a n  Q|Qi+fc
yf[m -  m m {n,m }(l -  r)](m -  min{n +  fe,m}(l -  r)]

(3.36)

We notice that this correlation coefficient depends on r or SNR of the received signal 

as well as the construction of the PN sequence. As pointed out in section 3.3.2, the 

influence of the sidelobes can be neglected at high SNR when the correlator contains 

a  large number of signal plus noise samples. Thus we may only need to  concern the 

values of p(Yn, Yn+k) a t relatively low SNR when signal samples are dominant in the 

correlator.
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Figure 3.8: Correlation coefficient p(Yn,Yn+k) versus k. n = 50 chips, 7 <„ =  - 5 dB.

p(Yn,Yn+h)

Several plots concerning values of p(Yn, Yn+k) versus the shift k are drawn in 

figures 3.8 to 3.10 with n and input SNR as parameters, 'to m  these figures, we can 

say that, for the selected 255 Kasimi sequence, p(Yn, K+*) is usually very small, 

and the successive statistic tests from the HLMF are almost uncorrelated instead 

of highly correlated as they appear to be with a large amount of chips overlapped. 

W ith the Gaussian approximation, they are also mutually independent.

3.3.4 Thresholds selection for desired performance char

acteristics

From (2.16) and (2.18), since PByn(k) <  1 for k =■ 0 ,1 , ..., JV/,JV — 1, P i can never be 

less than

P i(m in) =  1 -  _ L .  -  ii= .(A f4W -  1) (3.37)
1 +  P 1 +  P

This probability can be taken as the exact packet blocking probability Pb , i.e., 

Pb  — and is more accurate than the approximation /»/(! *f p) used in (291.
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Figure 3.9: Correlation coefficier* p(Y„,Yn+k) versus k. n  =  50 chips, 7 -  0dB.
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Figure 3.10: Correlation coefficient p(Yn, Yn+k) versus k. n  =  200 chips, %n =  - 5 dB.
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The system designer can select a desired P t(m in) «  10-6  (b is an integer) by an 

appropriate choice of h \y h2, he and hx, while the overall performance or the dynamic 

range is optimized. The approximation sign means that generally P i(m in)  cannot 

be exactly equal to a given constant because the thresholds are not continuous 

Typical values of f t(m in )  may be in the range 10"3 to 10"°. Practically, hi, h2, he, 

and hx can be easily determined by comparing the values of the objective functions 

of all the candidates (h i,h 2,h c,h x) which satisfy the constraint.

For this problem, the parameters Nh and N a are assumed to be given such that 

Nh + Na = L, L is a constant integer. Thus for different pairs (N/t, Na), a  different 

solution can be found. Then the best combination of N/, and Na can be determined.

3.4 Numerical results

In this section, the acquisition performance of the receiver is illustrated for L = 8 ,16 

and Ld =  1000 with 255 Kasami sequence as the PN code. (ht , h2) and (he, hx) are 

selected to  approximately get the required Pi{min). The optimal combination of 

h i, h2, he and hx is obtained by maximizing the dynamic range of Pi at low SNR. 

A performance comparison is made with the TL acquisition method.

For L  =  8 , figure 3.11 shows P i versus SNR for different pairs of Nh and N„ with 

P i(m in )  »  10-3. The best overall performance is obtained with (Nh,N„) =  (5,3). 

Similar to  the linear receiver, almost 3 dB improvement can be achieved compared 

to  the method of [29] where (A/&,JVa) =  (1,7). However, the performance will not 

degrade when SNR goes up, which is different from the linear receiver.

Figure 3.12 shows P i versus SNR with thresholds chosen to obtain Pi(m in)  «  

6  x l t r 4 and 8  x 10“ 6 and parameters (Nh, Na) — (5,3). Lower values of P i(m in)  are 

obtained by raising the threshold hi and accepting a slight reduction in performance 

a t  low SNR. For each pair of (h \,h 2), three curves for Pi are calculated. The lowest
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one is obtained by neglecting the blocking probability, i.e. jPj, =  1 — Payn(0). The 

middle one represents the exact Pl from (2.16) and (2.18). And the highest one 

corresponds to the approximation from (2.7). Simulation of the lowest curve for the 

lower threshold h\ is shown to be consistent with the theoretical result.

Performance comparisons between the proposed acquisition scheme and the TL 

acquisition scheme [35][58] are made in the case of low SNR such that the average 

rate of false code start signals for the TL method is unchanged whether or not a 

packet is present. The performances of the two methods at high SNR are limited 

by the given P i{m in ) or the blocking rate. It is noted that, due to the hardlimiter, 

the effect of false starts can be neglected at high SNR (this is the difference from 

the linear matched filter), and the performance will mainly depend on the detection 

of the main correlation peak*'.

All the comparisons are made under the assumption that the two schemes use 

the same length of preamble and the same matched filter which processes 255 PN 

chips. The optimal sync performance of the proposed scheme for a given preamble 

length is obtained by selecting the parameters Afo. Ns, h i,h 2, he and hx according to 

section 3.3.4. The modified performance analysis of the TL scheme in appendix D 

is still applicable to the hardlimiting receiver. The optimal sync performance of the 

TL scheme for the same preamble length is computed for all the possible number of 

prefixes and different numbers of active correlators.

Figures 3.13 to 3.15 show the comparison between the two schemes with the 

preamble length equal to 2040 chips or equivalently 8 bits long for the proposed 

method. The blocking rates for both methods are approximately 8 x 10~4. We 

have seen that the proposed scheme is found to be optimal with Nh =  5, N3 =  3. In 

figure 3.13, the performance of the TL method for a single prefix preamble is plotted 

with c (the number of active correlators) as a parameter. The length of the active 

correlators is 1785 chips. h\ and are selected so that the performance for each c
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is optimized. From this figure we see that the proposed method yields better perfor

mance than the TL one does, with a slight reduction in very low SNR, unless more 

than 32 active correlators are employed in the TL receiver. For the same preamble 

length, the performance with two prefixes (active correlators reduced to 765 chips) is 

plotted in figure 3.14. It can be seen that the proposed scheme is almost equivalent 

in performance to the TL scheme with 2 prefixes and 3 active correlators. By further 

increasing c, the performance of the TL method cannot be significantly improved. 

The maximum improvement over the proposed scheme is limited to within 1.3 dB 

in this case with c =  oo. Figure 3.15 illustrates the comparison of the proposed 

method and the TL method with 3-prefix preamble where the length of the active 

correlators is further reduced to 425 chips. Since the length of the active correlators 

is not long enough for reliable coincidence detection, the TL method cannot yield a 

significant performance improvement over the proposed method. From these hgures, 

we can see that the TL method with fewer prefixes or longer active correlators has 

the potential to improve the performance over that of the new proposed method, but 

only if an impractically large number of active correlators are used. For example, 

in figure 3.13, even u?ing 32 active correlators, the performanc • of the TL method 

is just about the same as the proposed method which has a much simpler receiver 

construction. The performance with more prefixes will saturate more quickly as c 

increases. If the receiver complexity were not under consideration, the TL scheme 

would have a little better performance than the proposed scheme.

Similar results are obtained for longer preamble. In figure 3.16 performance with 

3-prefix and longer preamble of 4080 chips is plotted when the blocking rate is about 

8.5 x 10~4. The proposed method is found to be optimal with (Nh,Na) = (10,6). 

For the TL method, more prefixes with the same preamble cannot give any better 

performance no m atter how many active correlators are used. A preamble with one 

or two prefixes is able to yield a little better performance at the cost of using many
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active correlators. The maximum amount of improvement by the TL scheme with 

the 3-prefix preamble over the proposed scheme is about 1.6 dB by using more than 

16 active correlators. The proposed scheme is performance equivalent to the TL 

scheme with a  3-prefix preamble and 3 or 4 active correlators.

Lower values of Pi(m in) and PbTl can a ŝo be achieved by raising hi and h\. 

The performance relation between the two schemes is about the same as before. 

This is shown in figure 3.17 for a 2-prefix case.

Thus for packet radio communication where the preamble of the packet is usually 

short, the proposed scheme provides an equivalent performance to the TL scheme 

with a small number of active correlators. At the same time, the receiver is sig

nificantly reduced in its complexity. The TL scheme has the potential to improve 

the sync performance but at the cost of increased (possibly unacceptable) hardware 

complexity.

3.5 Summary

The proposed acquisition scheme in chapter 2 is shown to be also effective for the 

hardlimiting receiver. In spite of the difference between the linear and hardlimiting 

receivers, the performance comparisons of the scheme with the conventional and the 

TL schemes are essentially the same for the two types of receivers.

The reason of studying the hardlimiting receiver is its simplicity of implementa

tion and its insensitivity to amplitudes of r< -eived signals.

Gaussian and independence approximations for the decision statistics of the 

matched filter have been shown to be appropriate. Thus the computation of the 

performance becomes simple and explicit. The correctness of the approximations is 

verified by means of simulation.
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Figure 3.11: P i versus SNR for different parameters.
a. (Nh,N „ h i , h2,he, hx) = (1,7,79,25,1,2);
b. tNk , N„hi,h2,he, M  = 2,6,79,35,1,3);
c. (Nh, N„ hx, h2, he, he) = (3,5,78,35,0,2);
d. (Nh,Nt ,h l t h2,he,hg) = 4,4,77,35,0,1);
®* (^fti ^ii hit het hg) — (5,3,76,45,0,1); 
f. (Nh,N „hi ,h2,he,ha) = (6,2,76,45,0,0);
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Figure 3.12: P i versus SNR for different thresholds.

(Nh,N$,he,h,,) = (6,3,0,1); a. approximation from (2.7); b. exact result from (2.16) and (2.18);

c. 1 -  P,Vn(0).
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Figure 3.13: Performance comparison of the new method and the TL method with 

1 prefix at Pg «  8.5 x 10”4.
Preamble length=2040 chips, M=1785 for the TL method, (Nh,Ns,he,hx) = (5,3,0,1) for the 
new method.



Chapter 3. Acquisition Using Hardlimiting Matched Filter 61

0.1

TL: c=2" 
TL: c 3 
TL: c=4-

0.01

TL: c=oo0.001
Proposed

0.0001
15 -1 4  -1 3  -1 2  -11 -10 9 - 8

Figure 3.14: Performance comparison of the new method and the TL method with 

2  prefixes at Pg »  8.5 x 1 0“4.
Preamble lengths2040 chips, M=765 for the TL method, (Nh, N , , h ei hx ) = (6,3,0,1) for the new 

method.
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Figure 3.15: Performance comparison of the new method and the TL method with 

3 prefixes at Pg »  8.5 x 10“4.
Preamble lengths=2040 chips, M=425 for the TL method, (N/,, N,, l iClhx) = (5,3,0,1) for the new 
method.
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Figure 3.16: Performance comparison of the new method and the TL method with 

3 prefixes for preamble length=4080 chips.
Pb  «  8.5 x  10"4, M=1105 for the TL method, (AT/,, Na) — (10,0) for the proposed method.
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Figure 3.17: Performance comparison of the new method and the TL method with 

2  prefixes at Pb «  10”8.
Preamble lengths2040 chips, M=705 for the TL method, (Nh, N„,he, hx) =  (5,3,0,1) for the new 
method.
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Chapter 4 

A utom atic Threshold Control in 

A cquisition

4.1 Introduction

In chapter 2 and chapter 3, a  fast acquisition scheme UBing multiple sequences was 

analyzed. The main purpose of using more than one acquisition sequences is to 

increase the acquisition probability for weak signals. A few dB improvement can 

be obtained by the scheme at the low SNR range. However, the dynamic range 

has been limited at the high SNR range due to the partial auto-correlations. Two- 

level threshold may be used for the linear detector, which is still not applicable 

to  receiving signals with a large dynamic range, especially in CDMA environment. 

Hardlimiting detector can be used to deal with a  large dynamic range signal with a 

very simple receiver structure. Unfortunately, it may be only useful in the point to 

point data c  nmunications. In a  code division random access system, signals from 

different users are added together linearly (the channel is assumed to be approx

imately linear additive), a lot of information from the received signal will be cut 

out by a hardlimiter due to its nonlinearity. In addition, as pointed out in [47], a
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linear modulation process and the principle of superimposition will prove to be quite 

important when dealing with multipath reception. In this chapter, we will study a 

new type of acquisition scheme which uses a linear matched Alter with its decision 

threshold being adjusted by the input signal. Although it is extremely useful for 

acquisition of CDMA signals, as we will see in chapter 7, for simplicity we will still 

assume that a single packet is present. Furthermore, the acquisition scheme pre

sented in this chapter can be also combined with the method using multiple copies 

of correlation word to improve performance at low SNR.

For a packet with the DS modulated signal, the received PN waveform plus noise 

is convolved with a replica PN waveform, the output is tested against a normalized 

threshold 6  to determine when acquisition has occurred. Once the threshold is ex

ceeded, which corresponds to a declaration of an acquisition, a coincidence detector 

is initiated to confirm the acquisition test. The operation of the coincidence de

tector (CD) was described in [44]. The performance of the acquisition technique 

will strongly depend upon the setting of the threshold b. In practical situations, 

a  receiver has no prior knowledge about the SNR of any received packet, thus b 

is often determined by applying the well-known Neyman-Pearson criterion [36], i.e. 

the receiver sets its acquisition threshold according to a false alarm rate Pjan it can 

afford when no packets are present *. For a receiver based on the Neyman-Pearson 

criterion or i nstant threshold (CT) criterion, if the acquisition threshold b is set 

relatively low in favor of receiving weak signals, the false acquisition probability 

will be too high when strong level packets show up, because the partial correla

tion side-lobes are likely to exceed the threshold before the main correlation peak 

is detected. On the other hand, if b is set relatively high in favor of large signals, 

the probability that receivers miss those relatively weak packets will be increased.

1 Pjan can be easily related to the minimum packet loss probability, which is a more convenient 
parameter for evaluation of the system performance.
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Figure 4.1: ADTLC circuit block diagram.

Both cause losses of many packets. Such phenomena become more serious in CDMA 

environment because the signals including both sidelobes and main peaks are more 

likely to fluctuate with the random number of active users in the system. Thus it is 

necessary to  design an acquisition threshold with its value. being set according the 

effective SNR of the main correlation peak and the strengths of sidelobes.

In [12], a  method called automatic decision threshold level control (ADTLC) was 

presented. Using this method, the detection threshold will be changed as the input 

signal SNR varies. The ADTLC diagram is shown in figure 4.1. The sampling rate 

at the output of the envelope detector (ED) is assumed to be equal to the chip rate 

of the PN sequences. If the threshold is too high for a given SNR, the number of 

pulses collected at the output of the threshold detector in an observation interval 

of N  PN periods will be less than N,  otherwise, if the threshold is too low for the 

SNR, the number will be greater than N.  The desired threshold is obtained when 

the number is equal to N.  The threshold selected in this way is trying to make a 

receiver pick up the N largest samples in the observation interval as the real decision 

samples. If the method is used for the acquisition, the instants corresponding to 

the selected samples will be taken as the sync-state epochs since these are the most 

likely moments th a t the received PN code and its replica are synchronized. It has 

been shown in [12] that the average acquisition time is very sensitive to the step 

size Aft for updating ft. Some modifications for the ADTLC searching strategy may
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be applied to speed up the approaching to the desired threshold. For example, A b 

can be designed nonlinearly with the number of positive pulses in the observation 

interval, such that A b is large when the current threshold b is far away from the 

desired threshold, and A6 is small when b is close to the threshold. However, the 

acquisition time for the ADTLC scheme is a random variable which cannot be less 

than N  PN periods. 1 herefore the method cannot be directly used for the acquisition 

in packet radio system, because the system usually requires that the acquisition be 

achieved in a given number of PN periods.

In this chapter, a  new automatic threshold control (ATC) scheme for the acqui

sition of DS spread spectrum packets is proposed. This method guarantees that the 

acquisition threshold b be set right below the largest correlation peak in a PN period 

when a packet is present. Thus the threshold will be equivalent to the steady-state 

threshold approached by the ADTLC method, because the number of pulses which 

exceed b of the ATC scheme will be equal to AT in an observation interval of N  PN 

periods. However, this threshold can be obtained automatically in one PN period. 

The proposed acquisition scheme is found to be useful in receiving packets with 

a  large amplitude dynamic range. A potential application with this scheme is for 

CDMA systems where the equivalent SNRs of received packets fluctuate according 

to  the number of simultaneous transmitted packets.

The chapter is organized as follows. In the next section, the description of the 

ATC acquisition process is presented. The corresponding circuit implementation is 

given in section 4.3. The performance analysis is carried out in section 4 .4  followed 

by numerical examples in section 4.5 and summary in section 4.6.
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Figure 4.2: Packet format.

4.2 Description of acquisition process

The packet format is shown in figure 4.2, where the preamble consists of L + 2 

different m-chip PN codes. The first PN code PN\  is used for the fast acquisition, 

the second one, which is not processed, is utilized to provide enough time for the 

receiver to adjust its local PN code, and the other L PN codes are designed for 

the coincidence detection. The matched filter is programmable such that, upon any 

tentative acquisition decision made by PN\  a t t =  f*., the local PN code is updated 

by PNi  a t t = tk + (i — 2)mTe ( i  =  3,4,..., L + 2), where Tc is the chip duration. The 

decision for each PNi  test of the CD is made by comparing the test output with the 

CD threshold bc at t = tk + ( i  — l)m Tc (* =  3,4,..., L +  2). At the end of the CD, 

if I out of L CD tests are larger than bcy the acquisition is accepted and the data 

demodulation begins, otherwise the local code returns to PNi  and the acquisition 

search continues.

For signals with a large dynamic range, a satisfactory acquisition performance 

can only be maintained by properly determining the acquisition threshold b accord

ing to the SNR of received packets. The goal of the ATC method is to set the 

threshold to a level such that the largest correlation peak in an observation interval 

of one PN period is selected. To do this, we design a detection window which is 

shown in figure 4.3. The initial or minimum value bo of b is set according to the 

Neyman-Pearson criterion for an acceptable false alarm rate when the receiver is in 

acquisition search state in which the matched filter is waiting at P N X for a match



Chapter 4. Automatic Threshold Control in Acquisition 68

b 2

bi
bo

iHiiiiu
• * /  /  

| d M i l  n .lhhl Ml hi . l l  l .Lllllll.  Llll  II
0 t

I Detection Window

Figure 4.3: Window operation. b0: initial threshold, bf  the jth  updated threshold.

with an anticipated packet. Once the threshold is exceeded, the detection window 

opens and will stay open for one PN period. At the same time, the threshold is 

updated by the value of the correlation peak which exceeds bo. The epoch corre

sponding to the correlation is stored. During the following tests in the window, 

the current threshold and the stored epoch are updated in the same way, whenever 

the threshold is exceeded. Consequently, the largest correlation in the window is 

selected as the in-sync peak. It is noted that the window may start at any sampling 

epoch of the preamble, but only the window initiated by the first PN code of the 

received preamble can lead to the successful acquisition. If no packets are present, 

a  false acquisition impulse due to noise may also start a window. In this case, the 

CD test will be initiated, and the receiver will be busy for L + 1 PN periods. Fur

thermore, if a  falae coincidence occurs, the receiver will not be available for another 

interval equal to the length of a packet.

4.3 ATC implementation

In this section, a simple implementation of the ATC algorithm is described. The 

ATC circuit block diagram is illustrated in figure 4.4. The programmable matched 

filter scanning one PN period is loaded with PN\  a t the acquisition search state. The
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Figure 4.4: ATC circuit block diagram.

correlation pulses after the envelope detector are sampled every Tc second. With 

the  receiver front end bandpass filter of bandwidth B  =  2 /'Tc, these samples were 

shown to be mutually independent [32]. The number of samples in the detection 

window is equal to m, i.e. the number of chips in every single PN code. When 

the receiver is in the standby state or acquisition search state, the threshold for 

the comparator is b0. Once bQ is exceeded, the comparator will output an updating 

signal, aud the threshold is updated by the value of the correlation and the position 

corresponding to the correlation is stored ia the threshold sync-state updating unit. 

In addition, the window counter is immediately started by the positive output from 

the comparator. During the operation of the window, any positive output item  the 

comparator will lead to an update of b by the new correlation and an w pdateofthe 

sync position. After all m samples have been tested, the window counter will wnii 

out a  terminating signal to stop the updating and initiate the CD operati©®.
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4.4 Performance analysis

70

In this section, the synchronization performance of the proposed ATC technique 

is analyzed in terms of the probability Pi  of packet loss versus SNR. The system 

parameters which determine Pi  are the PN sequence length m, the number L of 

the CD tests, the number L q of data bits in a packet, the minimum tolerance / in 

the majority logic decision of the CD, and the initial acquisition threshold /»„. An 

expression for Pi  is determined and each component of this expression is evaluated 

in terms of the system parameters.

4.4.1 Preliminaries

The received preamble signal at the output of the bandpass filter is written as

r(t) =  [APNj(t) +  ni] cosui0t -  nq sinu>0t j  = l.( 2 ,  L +  2. (4.1)

where A is the amplitude of the signal, and PNj(t) represents the jth  spreading 

sequence spanning from (j -  1)T to j T  of the preamble with T  =  ml',,, n/ and iig 

are the in-phase and quadrature components of the white Gaussian noise with two- 

sided power spectral density N0 /2. The noise power at the output of the band pass 

filter of bandwidth B  =  2jTc is <t2 =  No/Tc.

Considering the acquisition procedure in which the detector observes PN\(I.) and 

P N 2 (t) over a period 0 < t < 2T. The test statistic at the output of the matched 

filter is

y(t) =  f  r(t )PNi(T -  t +  t ) c o s [ u 0 ( T  -  t +  T)]dr  (4.2)
JO

By doing some manipulations and ignoring the double frequency terms i ■ the inte

gral, we have

A T
y(0  = + «/]cosw0(t -  T) -  n'qsinwo(f -  T)  (4.3)
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where

" /  = 7, f  n , P N x( T - t v  r)dr
& J  0

n'Q = nQP N , ( T - t  + r)iT

(4.4)

(4.5)

are both Gaussian random variables with zero-mean and variance T<t2/4 , and

f/o /W i(r)7 W ,(r-« + r)< /r  t < T

M/d‘ T«V2( r )« V ,(r- i+ 2 T )(i-

+ /i-T W i( r ) w ,(T -i+ r)« iT j T < t <  z r

is the normalized correlation of the PN sequences. The upper equation in (4.6)

corresponds to the partial correlation of PN\  when it has not yet completely come 

into the matched filter, i.e. only a fraction of it is in the matched filter. The first

P N 2, and the second term represents the partial auto-correlation of PN\.  

The envelope Z{t) of y(t) is given by

p(t) — 0 and Rice distribution when p(t) > 0.

4.4.2 Probabilities of false and correct acquisition

Starting with P N X, we denote = kTr as the instant corresponding to the Arth 

ED output sample by P N \ . As we have mentioned, upon any tentative acquisition 

decision at t =  tu. i.e. the largest correlation output occurs ai <*, the local PN code 

of the matched filter is updated by PNi at < =  <* +  ( ? -  2)T  with i = 3 ,4 ,..., L +  2.

term of the lower equation represents the partial cross-correlation between P N X and

(4.7)

The probability distribution of Z(t)  is known to be Rayleigh distribution when
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If the acquisition decision is correct, i.e. k = m ,  each CD test statistic at the output 

of the ED will be given by (4.7) with p(t) =  1, otherwise the statistic will he given 

by (4.7) with p(t) < 1 depending on the partial cross-correlations of PNj.

When no packet.3 are present (equivalent to p(t) = 0 ), the receiver’s threshold is 

set by bo. From [57], the probability of the false acquisition /J;„„ in noise alone is

Pfa n = e x p ( - ^ )  (4.8)
it

and the probability Pjc of the false coincidence detection at each test is written as

P/c — e x p ( —" )  (4 .9 )

The above two equations imply that the receiver may open its detection window 

falsely due to  noise and start the CD operation even though no packets show up. In 

such a situation, the receiver will not he available for at least L + J PN periods.

Let Zk — Z(kTe) denote the correlation output from ED at <*., where Zm corre

sponds to the actual correlation peak and Zk (k ^  m) are the correlation sidelobes, 

then any Zk could start a detection window Wk which contains samples (Zk, Zk+t, •••, 

Zk+ m-i )i but only those windows with 1 < k < m can lead to the successful ac

quisition. Since the ATC circuit is designed to pick up the largest correlation in 

a detection window, the correct correlation Zm can only be selected when all the 

sidelobes in the window are less than Zm. Thus the probability of correct detection 

for the acquisition is

m

Pd =  ^  PWkPr{Zm > all m  — I sidelobes in «;*}
fc=i
m fc+tn-1

=  £  ^  II P r { Z i < Z m ) (4 .10 )
k-i i=k,i$m

where Pwk is the probability that the window it/* is initiated. P,Ui can be written as

P w x =  pr{Zi >  b o )  ( 4 . 1 1 )
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and

Pwk = P r{Z |,  Z2 , . . . ,  Zk-\ < bo, Zk > 60}

= i l i l - P r i Z j  >bo})Pr{Zh >bo), k > 2  
1

(4.12)

in (4.11) and (4.12) Pr{Zj > b0 } can be expressed as [57]

P r { Z j  2  M = Q(vWOX), M (4.13)

where 7 ,, =  m 7 i =  m A %l(2oi ) -  m(EK/N 0) (Ee =  A 2Tcj2 is the chip energy) is the 

SNR at the output of the MP, and Q(a,b) is the Marcum-Q function.

The probability Pr{Z, < Zm) in (4.10) can be written as [42]

P r{Z i  < /„) = i[l -  <3(v̂ ,vS) + <3(vS,v̂ )l (4.14)

where a =  7 0 and c =  i„p 2 (iTc).

The probability P j of the false acquisition, when signal is present and the selected 

correlation peak in any detection window corresponds to a sidelobe, is given by

m
Pj — ^  PWhPr{at least one of the m — 1 sidelobes

k=l
in wk > Zm)
m

(1 — Pr{no  sidelobes in wk > Zm})
tel
m

= T , P u * - P d  (4.15)
fc=i

Thus we have

Pd +  Pf =  X) Pwh (4.16)
fc= 1

Note that is just the probability that at least one of the possible windows

which contain the main lobe at k =  m is opened, and can be written as
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5 3  ~   ̂ — P r {%\ <  bo} Zi <  bo, . . . ,  Zm < 60}
fc-i

= i-nu-«v *̂ou*.)i (i.iv'
3=1

As SNR goes up, YlT=i Pwk - * 1, and Pd -» 1 because Pr{Zi < Zm] -> I, i.e. the 

probability that the main coriv axion is larger than any of the sidelobes approaches 

unity. From (4.16), P j -* 0.

For the constant threshold (CT) receiver, the probability P'd of the correct ac

quisition is written as [2 2 ]

Pd — Pr{Z\ ,  #2, ..., Zm-\ < b0, Zm > b0}
m-l

=  ' R { \ - P r { Z i >b 0 ))Pr{Zm > bQ)
«=i

=  Pwm (4.18)

and the probability Pj  of the false acquisition is expressed as

P j — 1 — Fr{#i, Z%, , Zm-1 < bo)
TO-1

=  ^ - \ l ^ - P r { Z i > b 0}) (4.19)
i=i

It is easy to verify that

Pd + Pj = P<t + Pj (4.20)

which means that the two receivers have an equal acquisition probability (false and 

correct), but the distribution of the false and correct probabilities at each given SNR 

ire different for the two schemes. For the CT receiver, P‘d -  > 1 and Pj -* 0  are no 

longer true at high SNR. This if the disadvantage of the CT scheme.

4.4.3 Performance calculation

We neglect the probability that an arrived packet is lost due to the collision with 

another earlier arrived packet at the receiver. From (22), the probability Pj, of packet
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loss is given by

P L  =  \ - ( \ - P B ) P d P c d  (4.21)

where Pb is the probability of the receiver being blocked by the earlier occurred 

false alarms caused by noise, Pcd is the probability of the successful coincidence 

detection. Pd for the ATC scheme is given by (4.10). For the CT scheme Pd is 

replaced by P£ in (4.18).

Pb  can be estimated as

Pb =  F /(A  + F) 
a

-  I + .  <422> 

where a  =  F / A ,  F  is the average receiver blocking time, in which an arrived packet 

will be blocked and lost, and A  is the average idle time between two consecutive 

false alarms, in which the receiver is available for packets.

From section 4.2, we see that the receiver will be busy for L  +1 PN periods after 

a false acquisition provided that no false coincidence occurs subsequently. If a false 

coincidence occurs, the receiver will be unavailable for a time period equal to the 

packet length. Thus the receiver blocking time is at least L  + 1 PN periods. The 

average blocking time F  can be determined from

F  =  ( l - P f e n ) ( L F l ) T  +  P /lM ( L  +  1 +  L d ) T

=  { L  +  l ) T  +  P / c n L D T  (4.23)

where the probability of the false coincidence detection P /CT) is given by

pt ~  =  E  [  1  )  f / .O  -  P u t '"  (4.24)
k I

The ialse alarm by noise alone is modeled as a Poisson process with arrival rate A/  =  

P j a n / T e . Since the inter-arrival times of a Poisson process are i.i.d. exponential, the
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at urage icPo time can be obtained from

(4.25)

Substitute F  and A  into a , we have

a  = Pjan(h + 1 + Pjcnhp)m

Finally, the probability Pcd of the successful CD test is simply

(4.26)

(4.27)

where the probability Pe that the ED output at each correct CD test epoch exceeds 

the threshold bc is given by

4.4.4 Thresholds selection for desired performance char

acteristics

FYom (4.21), since Pd (or P j), Pcd <  1, Pl can never be less than Pd, i.e. P i is 

lower-bounded by Pb- The system designer can select a desired Pd <  1 by an 

appropriate choice of bo and 6C, while the overall performance or the dynamic range 

is optimized. Typical values of Pb may be in the range 10~3 to 10~fi. Practically b0  

and bc can be easily determined by observing the performance curves of P i versus 

SNR for different pairs of (bo, be), and selecting the pair corresponding to the best

Ideally, a t each SNR there exists a pair of thresholds (bo,bc)  which would pro

duce minimum packet loss probability: the larger the SNR, the larger the optimal

(4.28)

Pl -

threshclds. The problem can be taken as the following unconstrained optimization 

form

min PL(b0,be), h0 and bc > 0 (4.29)

nCTi<rt3»rmr.fw»g'Mcr'mw.-
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at the; given SNR. For situations in which the SNR of received packet* cannot be 

easily estimated or obtained, the ATC scheme for a fixed P g  would be the best 

choice. However, the minimum Pi evaluated from (4.29) serves as a benchmark 

for performance comparisons. The procedure used to solve the stated minimization 

problem is described in the appendix F.

4.5 Numerical results

In this section, we illustrate the performance of the proposed acquisition scheme for 

L =  8  and Ld  — 1000 with a set of m =  127 chip Gold sequences as the preamble 

PN codes. First we show how to determine b0  and bc to achieve the best overall 

performance for the ATC acquisition scheme. Second, since P d , P d , P /  and P j  are the 

key parameters which dominate the overall performances of both the ATC and the 

CT schemes, the performance comparison of the two schemes is shown by plotting 

P d » P 'd , P j  and P j  versus SNR. This is followed by the performance comparison 

given by P i. Finally, the optimal thresholds for both schemes are calculated and 

the corresponding optimal performances are shown.

Figure 4.5 shows results of P i for various values of input SNR 7 from —10 to 

- 2 d B  with I 3  and bc as parameters. 60, bc and I are selected such that Pb — 10-3. 

The best choice of bo and be can be determined from the figures for each given /. For 

example, b0  =  5.28 and bc > 2.0 yield the best performance for /=  6 . It is noted that 

be is not sensitive to P i as long as it is large enough to make the false coincidence 

detection probability P /e small enough so that L +  1 »  PjcnLo- In such a case, a  

given by (4.26) will reduce to a  =  Pjan(l> +  l)m , and Pb  will only depend on bo. 

Further increasing bc will not reduce b0  anymore, but may lessen Pe in (4.28) and, 

therefore, raise Pi.  Also note that the lower bound Pg cannot be reached at any 

point by the conventional CT scheme due to the false acquisitions.
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Figure 4.5: Probability of packet loss versus SNR for different thresholds b„ and 

Pb  =  10"3, L d  = 1 0 0 0 , L = 8, and / =  6.
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Figure 4.6: Probabilities of false and correct acquisition for ATC and CT with Pb 

as a  parameter.

Figure 4.6 shows the false and correct acquisition probabilities for the ATC 

and CT systems with parameter Pb equal to 10- 3 ,10-4  and 10“5. The acquisition 

threshold 6q for the calculations of P4 and Pj is determined by using the procedure 

described in the previous paragraph for each given Pb. From figure 4.6, we can see 

that, at very low SNR, Pj for CT is smaller than that for ATC. This is probably 

due to the fact that the ATC algorithm is able to compare 2 m — 1 correlation 

samples (m -  1 samples each before and after the actual correlation peak Zm) 

and the CT algorithm actually chooses the first sample which exceeds bQ from the 

first m correlation samples. At very low SNR, the sidelobes are more likely to be 

larger than the mainlobe, thus the ATC algorithm has a larger probability that 

a sidelobe is larger than the mainlobe. More specifically, if Zm > bQ is larger
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than < bo-i =  1,2, 1, the CT algorithm will be successful with the

acquisition in this case, bui the ATC algorithm will continue to compare Z,n with

i =  m -f 1, m  -j-2 , 2m — 1, and choose the largest one which may not be Zm . As 

SNR goes up, Pj  for ATC will drop down sharply since Z.n is more likely to be larger 

thi'.n the ridelobes around it, while Pj for CT will rise gradually since the .absolute 

values of the sidelobes before Zm are more likely to exceed b0. Many packets will be 

lost due to this behavior of Pj for the CT scheme. On the other hand, the proposed 

ATC acquisition scheme maintains the ideal feature which is Pj —► 1 and Pj —> 0 , 

even for signals with a  large dynamic range of SNR.

The difference between the two acquisition schemes can also be seen by compar

ing the overall performance in terms of Pi  for the two schemes. Figure 4.7 shows 

Pi  for Pg =  10“3 ,10“4, and 10“ 5 for the ATC scheme as well as the CT scheme.

A significant difference between the two schemes can be seen from this figure. 

At low but practical values of SNR such that Pi < 10~2, performances of the two 

schemes are almost the same, which are dominated by the probability of missing 

acquisition. For the ATC receiver, this means that no detection windows were 

opened after the whole PNi  has passed through the matched filter. At high SNR, 

the ATC performance is dominated by Pg} since Pa —» 1 and Pca -* 1, whereas 

the performance of the CT scheme highly depends on the partial correlations of the 

preamble sequences. Since the absolute values of the partial correlations go up as 

SNR increases, the probability of the acquisition at any incorrect position before 

the right one ri. es, which results in poor performance (small P,'t) at high oWR and 

makes it impossible for practical applications.

As described in section 4.4, if energies or SNR of received packets can be es

timated quickly enough, the optimal performances can be achieved by using the 

optimal thresholds which are obtained by minimizing Pi  with respect to b0  and bK. 

Optimal Pi  of the ATC and CT schemes versus SNR are drawn in figure 4.7. Their
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Figure 4.7: Performance comparison of ATC. CT and their optimal versions with 

Pb as a parameter

performances serve as the lower bounds of their own nonoptimal counterparts. I*, is 

seen that the optimal ATC scheme also yields better performance than the optimal 

CT scheme.

4.6 Summary

In spread spectrum packet radio communications, fast and reliable acquisition is 

highly desirable. For this purpose, the acquisition threshold must be controlled 

in such a way that the false acquisition probability is minimized and the correct 

acquisition probability is maximized, especially in the case of large input signal 

dynamic range. This is critical for the short preambles in packet r idio systems,
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where not many PH periods are available ;or the threshold adjustment. In this 

chapter, a simple automatic threshold control (ATC) scheme for the acquisition 

is proposed and analyzed. The ATC algorithm guarantees the perfect threshold 

setting in one PN period by means of a properly designed detection window, tlms the 

method is suitable for packet radio systems. Tim analysis shows that the acquisition 

performance by the ATC algorithm remains a constant value no matter how large 

the input signal is. Using the conventional constant threshold (CT) scheme, the 

performance will degrade when input signal amplitude goes up.

In this chapter, we make the analysis for the single acquisition code case. In 

practice, the ATC scheme can be also combined with the scheme using multiple 

acquisition codes to improve performance at low SNR.

The proposed method also has potentia1 to improve acquisition performance in 

CDMA systems, where the effect of the multiuser interference can be minimized as 

long as the interference-contaminated auto-correlation values of the desired packet is 

not less than the values of the cross-correlation sidelobes caused by those interfering 

packets.
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Chapter 5 

M ultiuser D etection in 

Synchronous CDMA

5.1 Introduction

In the ’./evious chapters, we discussed acquisition techniques by assuming that 

AWGN is the only noise or interference to the transmitted packet. In practice, 

a common transmission media is often shared by many users. The three commonly 

used methods for users to share a given frequency band are Frequency Division Mul

tiple Access (FDMA) , Time Division Multiple Access (TDMA) and Code Division 

Multiple Access (CDMA). CDMA is the natural product of using spread spectrum 

modulation and demodulation. It has been found useful in many communication 

applications such as satellite networks, mobile and indoor communications, and op

tical networks, because it has the ability to resist a variety of interference and the 

potential to allow a larger number of users to share a common frequency band (39). 

In such a system, each user is assigned an identification code, from which the user’s 

message can be extracted. On the other hand, a packet will more or less suffer 

interference from other simultaneously transmitted packets because the assigned
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codes are often non-orthogonal. In this situation, the acquisition and demodulation 

of a packet will be more ufficult. The conventional acquisition and demodulation 

schemes often fail when a large number of users are sharing a single channel. In 

the following three chapters, we will study the detection and acquisition methods 

in CDMA systems. In this chapter and the following chapter, we will focus on 

the multi-user detection problem by assuming that acquisitions for all active users 

have been obtained. In the last chapter, acquisition methods will oc presented and 

analyzed.

In spread spectrum CDMA systems, the detection of a user’s message from the 

mixture of all users’ waveforms can be classified into three types. The first one is 

the conventional approach which only uses one specific user’s code to correlate with 

the received signal. In this approach, information about the mutual interference 

among users is ignored. Thus the method is vulnerable to the near-far effects and 

is only useful for the case of low bandwidth efficiency [50] where the identification 

codes can be designed such that the inter-user interference is negligible. The sec

ond type of detection is the optimal approach in which each user’s message can be 

extracted by solving a maximization problem [25]. Although a significant perfor

mance improvement can be obtained by this method, the associated computational 

complexity increases exponentially with the number of users, thus making it im

practical. The last type of detection consists of those suboptirnal approaches which 

can yield better performance than the conventional one, especially in the sen^e of 

near-far resistance. Although their performance cannot be better than the optimal 

one, the computational complexity is significantly reduced. One of the suboptirnal 

linear approaches is the so-called decorrelating detector [40] which has been proved 

to be optimal (near-far resistant) when energies for the users are unknown to the 

receiver [25].

From chapter 7 , we will see that a real time estimation of energies of all signals
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received is possible by our acquisition schemes. With the information of energies 

of the received signals, the optimal detector will significantly outperform the decor- 

relating detector. Therefore, it is worthwhile to study the suboptirnal detectors in 

this case. Furthermore, since the synchronous system is a special case of the asyn

chronous system [50], the study of suboptirnal detectors in the synchronous system is 

essential for further studies of suboptirnal detectors in asynchronous systems. In the 

next chapter, multiuser detection problem in asynchronous systems will be studied.

In [50] it is indicated that the linear approaches hinder the achievement of near- 

optimal performance for the demodulation of relatively weak signals, and thus a 

nonlinear approach called multistage detector was proposed. A significant improve

ment is obtained by this method compared to the linear detectors in [25]. In addi

tion, the computational complexity grows linearly with the number of users. For this 

method, the maximization of an integer (-1,1) quadratic problem with K  dimensions 

is approximated by I< unidimensional maximization problems at each stage or iter

ation. Thus the maximization simpiy turns out to be a comparison of the objective 

function values with a single variable or element equal to  1 and -1. In many cases, 

the final decisions from the unidimensional optimization cannot be guaranteed to 

converge to the optimal solution. Furthermore, the performance cannot be improved 

by increasing the number of stages or iterations.

In this chapter, a new nonlinear multistage approach is proposed. Better per

formance can be obtained by the new scheme with only a slight increase in the 

computational complexity compared to the method in [50]. In the next section, the 

optimal detector is reviewed. The basic transformations are presented in section 

5.3. A continuous approach for the optimal 0-1 solution is presented in section 5.4 

followed by two algorithms developed from this approach in sections 5 .5 , 5 .6  and 

5.7. In section 5.8, some numerical results are illustrated for the new method and 

other methods. The summary of the chapter is provided in section 5.9.
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5.2 Optimal detector

In this section, we briefly describe the optimum solution of the multiuser detection

problem in CDMA. Based on the optimal detector, the suboptirnal detector can be

developed in the followed sections.

For a K-user synchronous CDMA system, at each receiver, the received signal in

a symbol duration can be written as
K

r (0  = £  bksk(t) +  n(t) (5.1)
fc=i

where ."*(<) denotes the signature waveform for the kth packet and is time limited 

to a bit duration T , 6 =  [6i 62 ... € {—1,1}* contains all the users’ bits for

the symbol, i.e. fr* =  - 1  or 1 represents the kth user’s bit, and n(t) represents 

the additive white Gaussian noise with a spectral density equal to a'1. It is more 

convenient to express the above signal using the following discrete form

r = Hb + n (5.2)

where H  =  [sj S2 ... sk] € R mxK contains the amplitudes and the identification 

codes of all the received signals with s* being the kth user’s signature waveform. The

number of chips m in a symbol or the number of elements in each column vector sk

must be greater than K  with m «  K  representing high bandwidth efficiency cases. 

n =  [ni n2 ...nm]T € R mxl is a  sample vector from the AWGN n(t).

The optimal decision for the K user’s data bits b is obtained by solving the 

problem [50] [25]

, .mi“ Jf^ ) a s llr " ^ l l a (5‘3)

Although this problem is similar to the weii-known Least-Squares (LS) problem, 

the solution with the constraint b € {—1, 1}*’ will be different from that of the LS 

problem in general. The quadratic form of the above problem is

ie£ > / ( i )  =  ^ r c ‘ ~ !'n  (5-4)



C iapiei 5. Multiuser Detection in Synchronous CDMA 87

where vector y — H l r represents K  decisions from 1( conventional receivers, C = 

!JT f f  is tisc correlation matrix of the I( users, which is a K  x K  positive definite 

matrix.

While the above problem is known to be NP-hard [25], the computational load 

for some suboptbnal approaches is only linear with the number of users. In what 

follows, we present our new suboptirnal scheme.

5.3 Basic transformations

To better understand the theorem in the following sections for the development of 

the new multistage detector, we describe two basic transformations in this section.

First we transfer the problem in (5.4) into an equivalent 0-1 optimization prob

lem, in which 0  and 1 in the transferred function correspond to -1 and 1 , respectively, 

in the original problr n.

Letting x  — ^ p , where K-dimensional vector e = [1 1 ... 1]T, the zth element of 

x  is then

It is easy to verify that the minimization problem (5.4) is equivalent to

, 6r a « { /(* ) = 5 iT ° * + jT a,) <5-6)

where z =  —2(Ce +  y), and Q =s 4C. Q is often called Hessian matrix of f ( x )  l . 

Furthermore. for any given diagonal matrix

#  =  d iag{0 i^ 2 ...tor} (5.7)

‘The Hessian matrix of f(x) is defined as Q(x) = V(V/(*)}. if /(*) has continuous second- 
order partial derivatives.
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and a vector made up of the diagonal elements

<f> = [<̂ 1 <f>2 ... <f>K]r (5.8)

it can be shown that the problem

=  +  *T* (5,9)

is equivalent to (5.6), where Q = Q — Q> and z — z + |<p. The equivalence holds 

because the transformation does not affect the function values at any of the zero- 

one solutions. It should be noted that the continuous minimum (or the LS solution 

without the constraint) of the transformed quadratic function is changed.

5.4 Continuous approach to the 0-1 solution

Garter [3] proposed an iterative method to find a basic transformation, such that 

the continuous minimum solution of the transformed quadratic function can draw 

nearer to the zero-one minimum solution after each iteration.

The idea is based on the fact that the transformed continuous function minimum 

f ( x ) is bounded by the function value f i x 1), where x  and x l are the solutions for 

the continuous and 0-1 minima, provided that Q is positive definite. If the two 

minima are equal, the continuous solution will be the 0-1 solution. As the continuous 

minimum f ( x )  approaches to the 0-1 one f ix*),  the continuous solution x  should 

tend to approach x 1. Figure 5.1 shows such a situation with a one dimensional 

quadratic function as the objective function. The parameters q = 2 and z = 1.5 are 

scalers in this case. From this figure, it is clearly shown that the original function 

is modified by different values of the parameter <j>. The continuous minimum is 

changed whenever a  new 0  is assigned. However, all the continuous minimum values 

are upper-bounded by the 0-1  minimum which is zero in this case provided that
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f(x)
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Figure 5.1: One dimensional quadratic function with q=2 and z=1.5

q = q — <j> > 'd. When <f) approaches —3, the continuous solution is getting closer to 

the 0-1  solution.

An immediate question for this idea is how to find a transformation such that 

the distance between the corresponding continuous minimum f ( x )  and the optimal 

0-1 minimum f ( x !) is minimized, while maintaining the transformed Hessian matrix 

Q positive definite.

One answer can be found with the help of the following theorem [3 ].

Theorem L Let Q  be the positive definite Hessian matrix of a function /  and x 

be the real-valued unconstrained minimum of / .  Suppose the ith diagonal element 

of Q  is decreased by fa; then the unconstrained minimum of the new function will 

change by [3]

()  -  *<)* , 11A / =  —
J 2 (5.10)

where gu represents the *th diagonal term of Q~x. The theorem assumes that fa is
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chosen properly such that the new function is still positive definite.

P roof: Given the system

Qx = - z  or x -  ~Q~xz (5 .1 1)

the modified system is written as

Qx  =  - z  or x = (5.12)

where Q =  Q -  fceiej  and z =  z + The unit vector c, has a ‘1’ in the till

position and ‘0 ’ elsewhere.

The two minima for the two systems are - \ z TQ~lz and - \ z r Q~xz. Therefore,

A /  =  - \ z TQ - ' z  +  \ z TQ~'z (5.13)

From the Householder [15] identities for a rank-one update of a matrix, we get

Q-' = Q-'-W-'celQ-'
= Q~' -  (5.14)

where

0  =  ~~ 1) (5.15)

and gi represents column i of the inverse of Q. Substitute Q~x and 2 into 5.1.1 and 

performing some manipulations, we get

A /  =  - i f <j>igT z  4- i $ gii) +  t [ z Tgi9J z  +  fcg..gJ z  +  I t f g l ]  (5. K i)

Since g j z  =  zTgi — —X{, the above equation can be further simplified

V i»2 1 « , 1 . .  l . i ' i  1
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The parameters for the modified system are summarized as follows

Q = Q-<f>ie,cJ (5.18)

* = * +  (5.19)

Q~' =Q~'  (5.20)

X = X + X (5.21)

xp and x  are computed by

~ 1)
(5.22)

X =  (5.23)

The following corollary gives the condition for the new Hessian Q to be positive 

definite.

C orollary : In the theorem above, the new Hessian matrix Q will always be 

positive definite provided <PX is less than 1 /</„.

P roo f: The proof of this corollary relies on the assumption that the eigen ;.!ues 

of a matrix are a continuous function of the changes in the diagonal elements. 

Consider the Householder identity in (5.14) and observe that the new inverse exists 

if and only if xp exists. Prom (5.15) xp =  (j>i/(<f>igu — 1) and xp is undefined only when 

xp = I/#*.

Furthermore, xp is undefined if and only if at least one eigenvalue is zero. Con

sequently, for xp < 1/0*, all eigenvalues must still be positive. □
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fly maximizing A /  with respect to fa, the function minimum /(£ ) will approach 

f i x 1) at the fastest rate. The following theorem describes the ‘optimum’ strategy 

for choosing fa

T h e o re m  2: The increase in the function value at the minimum of the new 

function is maximized when

4  = I  2 i ' /S" f° r *  ?  » (5.24)
l 2(1  — Xi)/gu for fa > 5

In the case of fa — 1/2, the function is maximized when fa equals infinity. But, in

order to maintain positive definiteness, fa must be chosen less than l/gu.

The corresponding increase in the miaimum function value is given by

for Xi < 5
A /  =  < (5.25)

"  i) for * < > 1

and the ath component of the new function minimum will be
/

0  for Xi < |

Xi =  1 for Xi > |  (5.26)

1 / 2  for in — 5

The new function will always be positive definite.

P ro o f: The result is obtained by computing the value of which maximizes A/  

in (5.13) with the condition ij> < l /gu . □

5.5 Multistage detector

Based on the theorem in the previous section, a new multistage detection algorithm 

is proposed. Let x  be the continuous minimum at stage i, the corresponding 0*1 

solution denoted as x 1 is ob .lined by taking the binary quantization of x. x 1, which 

has the smallest function value f i x 1) in up to i iterations, is stored in xm. The



Chapter 5. Multiuser Detection in Synchronous CDMA 93

corresponding function value / ( x ; ) is stored in f m. At the (i +  l)st stage, x 1 is 

updated using the following algorithm.

A lgorithm  1. Multistage detection.

1. For j  =  1 to K,

Let tj =  -
Zj if Xj < 0.5

(1 — Xj) if Xj > 0.5

2. Find the index p  such that \tp\ =  n'.axjlj |^ |,  i.e. x p is the component of the 

current minimum which is furthest away from a 0-1 value.

3. Compute

<(>p — 2 tp/ gpp

. 1 
9pp — 9pp — 0p» z p  —  z p  +  ^ p

^  =  ^p/i^pdpp “  1) 

i  =  x  +  ipgp(0.5 -  Xp)

. /  sign{x -  0.5) +  1
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4. if f ( x r) < f m, f m = f i x 1) and x m = i 1. Repeat from 1 until the l }i\\ stage.

For this algorithm, there is no need to compute the inverse of Q at each iteiation. 

Thus the dominant operation is given by the computation of /( .r ; ) for each iteration 

or stage. For a Li-stage detector, the algorithm needs at most evaluations of the 

objective function value under each 0-1 solution. Because some of the solutions at 

different stages may be the same, there is no need to evaluate their function values 

every time.

For some sufficient statistics y or z, algorithm 1 will quickly converge to the 

optimal 0-1 point. For some other cases of y, the optimal 0-1 point is often among 

the quantized solutions at different stages. And the point is selected by comparing 

f ( x ! ) at all the stages.

5.6 Convergence of the multistage detector

By simulation trials with different input data y containing information bits from 

each user and Gaussian noise, we have found that the improvement in terms of 

bit error rate for a  specific user is significant with the new multistage detector 

compared to the one in [50]. However, the performance difference between the 

new detector and the optimal one is usually not small. This implies that in many 

cases the algorithm cannot bring the continuous minima close enough to the integer 

solution. In these situations, the continuous minimum ®, as the iteration continues, 

will oscillate among a few points and never converge to the optimal integer point, 

no m atter how many iterations are conducted. In this section, we will explain why 

the algorithm sometimes does not converge to a 0-1 solution. Based on tin; analysis, 

a modified multistage algorithm is proposed.

From section 5.3, we know that the basic transformation by $  and <f> cannot 

affect the function values at any of the 0-1 points. An observation in [13] can



Chapter 5. Multiuser Detection in Synchronous CDMA 95

be used to explain why the algorithm sometimes is not convergent. In [13], it is 

shown that for any x* = {x* x\  ... x*K) € {0 , l} /f , we can construct a unique

=  {^J ^5 ... f a )  € RK, such that x* = —($*)“ *«*, where Q* — Q — <&*, and 

z* = z + 5 ^". <f>* is given by

= 2(2<  -  1)<2, +  • £  q,,) • =  1 ,2 , ... K. (5.27)
>€/* (ar*)

where l\(x*) =  {i|x* =  1}. If Q* for a specific x* is positive semi-definite, the x* will 

be the continuous minimum for the unimodular function /(x )  =  \ x TQ*x +  (zm)Tx. 

Thus the continuous minimum is the optimal 0-1 minimum. It can be proved that 

any of the unique transformed matrices Q* derived from (5.27) for the other 2 K -  1 

x# must be indefinite. The algorithm in the last section is performed to maximize 

the function minimum at each iteration and, at the same time, the new Hessian Q 

remains positive definite, thus the value of the maximized function minimum cannot 

decrease. Since the minima are upper bounded by the /(x*), the algorithm is bound 

to converge to  the unique solution /(x*), or Q -* Q*.

However if no Q* >  0  can be found for all x* € {0 , 1 }K, no such a global 

minimum exists, and the transformed function is no longer unimodular. The unique 

0-1  solution cannot be exactly approached by the algorithm because the transformed 

Hessian matrix at every stage cannot be indefinite. Rounding off the continuous 

minimum and selecting the best among all of the iterations will sometimes cause 

errors.

Whether or not Q* corresponding to the 0-1 minimum, is positive semi-definite, 

will highly depend on the noise component contained in y or z as well as the structure 

of Q. When noise is zero, it is easy to verify that ^* =  0  for all * -  1, 2, . . . , /f ,  and 

Q* = Q which is positive definite. As noise increases, the possibility for the Q* 

being indefinite is increased. Q  itself depends on the cross-correlations of the users' 

id codes and the distribution of all the received signal powers. It is found that Q 

with larger cross-correlations will more likely cause the Q* for the 0-1 minimum to
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be indefinite.

5.7 Modified multistage detector

A moulded algorithm is proposed to obtain successful convergence when Q* for the 

0-1 minimum is indefinite. The objective of the algorithm is to single out some, 

elements of z which cause the Q* to be indeiinite. Such elements may be excluded 

from the consideration m the algorithm, and the Q* for the reduced problem will 

often become positive definite. Then the problem can be solved by the continuous 

approach again. To find such elements, we present the following example for a 

five-user CDMA system.

Example: For the problem defined by (5.9) with Q =  46', let

50.48 -5.11 15.32 15.32 -25.53

-5.11 25.30 -3.61 10.84 -3.61

15.32 -3.61 25.30 —3.61 -3.61

15.32 10.84 -3.61 25.30 -3.61

-25.53 -3.61 -3.61 -3.61 25.30

* =  [-26.18 -  8.69 -  35.20 -  14.54 4.18]T 

Then 4>* computed from (5.27) with the optimal 0-1 solution x* =  {I 1 I 0 I] is

=  (17.97 8.56 -  3.63 -  8.79 -  6.55]r
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Table 5.1: Results for the example (j  =  number of a stage)

j
A
X /(* )

0 (-0.45 0.02 1.79 1.06 -0.21) -33.86

1 ( 0.48 0.55 1.00 0.27 0.58) -30.86

2 ( 0.00 0.25 1.15 0.65 0.13) -30.11

3 (-0.44 -0.03 1.28 1.00 -0.28) -30.09

4 ( O.OC 0.25 1.15 0.65 0.13) -30.08

5 (-0.43 -0.03 1.28 1.00 -0.28) -30.07

and

32.50 -5.11 15.32 15.32 -25.53

-5.11 16.74 -3.61 10.84 -3.61

15.32 -3.61 28.93 -3.61 -3.61

15.32 10.84 -3.61 34.08 -3.61

-25.53 -3.61 -3.61 -3.61 31.85

which is indefinite with the eigenvalues as {40.43 15.11 24.19 — 3.09 67.46}. The 

results for five iterations by algorithm 1 is illustrate i  in table 5.1.

The algorithm is not convergent, because x, as the iteration goes on, will jump 

back and forth around two points [0.00 0.25 1.15 0.65 0.13] and [-0.43 -

0.03 1.28 1.00 — 0.28]. The elements 1 and 4 are the most unstable elements 

because, whenever they are forced to be 0 and 1, they will go farthest away from 0 

and 1 at the next iteration. Let x° denote the element bumping with 0 and x x with

1. In this example, x° is the first element of x and x1 the fourth element. Often 

the correct decisions for x° and x1 are 1 and 0, respectively instead of 0 and 1. If 

we force x° to be 1 in x, or x 1 to be 0, and substitute it into the original function 

/(x ) , the reduced function may have a positive definite Q* corresponding the 0-1
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minimum. Using the same continuous approach, the algorithm will converge to the 

unique 0-1 solution. Assuming that t! j th  element i j  of x is x° or x x, -ij is forced to 

be 1 or 0, and substituted into f (x ).  And letting Qr, x r and zr denote the reduced 

Hessian matrix, the function variable vector, and the data vector, respectively, Qr, 

xr and zr can be easily formed by deleting the j th  row and column of Q, the j th  

element of a:, and the j th  element of z , respectively. The new function f ( x r) will be

/(® r)  — -X r Q r X r "h (Zr A  Zj Xj  4"

where q'j is the j th  column of Q with the j th  element deleted. The constant terms 

ZjXj and \q j j i j  have nothing to do with the optimization and th ;s can be ignored. 

Then the original minimization problem becomes

»r€{o,i?*-*^*r  ̂=  \ X' QrXr +  + (5/29)

If the assignment of the Xj is correct and the reduced Q *  is positive semidefinite, 

the result will be the optimal solution. However, we will always choose the best 

candidate from these two tests and the previous L\ tests.

This heuristic method is shown to be very effective for this particular communi

cation problem. Some numerical results are shown in the next section.

The modified algorithm is summarized as 

Algorithm 2. Modified Multistage Detection.

1. Run algorithm 1 for L\ stages.

2. Find out the indexes of x° and x l from step 1, denote them as indexO and 

index 1.

3. a L et X{ndexO “  I ,

•  Pick up the new Hessian Q =  Qr.

• Compute z = zr + q[n d ex0
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•  Run algorithm 1 with the new Q and z for L 2 iterations without evalu

ating the function values at each iteration except the last one. Compare 

with the one from 1 and choose the best one.

4. •  Repeat 3 with the index0 replaced by index 1, and ®,n<ie*i = 0 and z =  zr.

Choose the best from the comparison with the one obtained in 3.

5.8 Numerical results

In this section, bit error rates of algorithm 1 and 2 are obtained by simulations. For 

comparison, simulation results from the previous multistage algorithm [50], conven

tional, decorrelating, and optimal detectors are also presented.

First we consider a five-user CDMA system. Each user is assigned a different 

id code which is the same as that used in [50]. The largest correlation coefficient 

among the id codes is 5/7. Figure 5.2 shows the bit error rate of the first user with 

its SN R \  =  8dB, versus the ratio of the user’s signal strength to the strength of 

the other four signals. As shown in the figure, the multistage detectors proposed in 

this chapter and in [50] yield much better performance than the conventional and 

the decorrelating detectors, particularly in the worse near-far effects case. Also note 

that, while algorithm 1 shows a clear improvement over the previous multistage 

algorithm, algorithm 2 almost achieves the same performance as the optimal one.

Figure 5.3 illustrates the same performance comparison in the case of a ten-user 

system with the id code length of 15. The largest correlation coefficient is 3/5. From 

this figure, we see that the performance of the decorrelating detector is improved 

because of the smaller cross-correlation or higher asymptotic efficiency [52] [53]. 

The proposed modified multistage detector is observed to significantly improve the 

performance over the one in [50].

If we select the id codes with all the normalized cross-correlations equal to —1/15
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for a ten-user system, the performance of the decorrciating detector is further im

proved, and the performance by the multistage detectors proposed in this chapter 

and [50] will be very close to that of the decorrelating detector. This is shown in 

figure 5.4. In this case, there is no need to desigy the nonlinear multistage detec

tors. This implies that a simple decorrelating detector would be good enough for 

detecting messages from a synchronous CDMA channel since the design of a set 

of orthogonal codes is possible in a synchronous CDMA channel. A system which 

uses a set of orthogonal codes for users in a micro cell was proposed and developed 

by CYLINK Corporation [30]. Note that conventional matched filters were used 

instead of a decorrelaung detector in the system because the codes are assumed to 

be orthogonal. In practical situation, although the intra-cell interference is zero by 

utilizing orthogonal codes, the inter-cell interference from the adjacent cells cannot, 

be neglected due to undesirable partial correlation property of the orthogonal codes

(generated from the Hadamard matrices). Error control coding must be used to« «
deal with the inter-cell interference. The system may be improved by employing 

a decorrelating detector and assigning each user with a near-orthogonal code such 

as the Gold sequence. The intra-cell interference is minimized by the decorrelating 

detector, and the inter-cell interference is not significant due to the good partial 

correlation property of Gold sequences.

It should be noted that the number of iterations in algorithm i and 2 is indepen

dent of the number of users in the system. Increasing Li and Z,2, little improvement 

can be achieved. This is important because the computational complexity of the 

algorithms will not increase much as the number of users goes up.
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5.9 Summary

A new multistage detector is proposed in this chapter to detect synchronous CDMA 

signals. The algorithms are based on the continuous approach to the optimal 0- 

1 solution. By modifying a single diagonal element of the Hessian matrix of the 

quadratic function, all the elements of the estimated vector are modified in one 

stage. The convergence of the algorithms is studied. The algorithms are shown to 

achieve more reliable signal detection than the multistage algorithm of [50], espe

cially in the case of higher cross-correlations between any pair of the users’ id codes. 

The computational complexity of the proposed schemes is dominated by a few of 

quadratic function value evaluations, which are independent of the number of users 

in the system.
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Figure 5.2: Bit error rate of user 1 for a five-user system. The

cross-correlation is 5/7, S N R (  1) =  SdB, L\ — 4, L2 =  3.
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Figure 5.3: Bit error rate of user 1 for a ten-user system. The largest

cross-correlation is 3/5, S N R (l)  = 8dB, L\ =  4, L2 — 3.
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Figure 5.4: Bit error ra te  of user 1 for a  ten-user system. The largest

cross-correlation is -1 /1 5 , S N R (  1) =  8dB, Lx =  4, L2 =  3.
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Chapter 6 

M ultiuser Detection in 

Asynchronous CDMA

6.1 Introduction

In chapter 5, we have proposed a non-linear multiuser detector which yields better 

performance than the linear multiuser detectors when received signal powers are 

known for synchronous CDMA systems. In this chapter, we will show that the al

gorithm developed in chapter 5 can be also used for solving the multiuser detection 

problem of asynchronous CDMA systems. The way we do this is to translate the 

signal from asynchronous users into an equivalent signal from synchronous users. 

Two types of detectors will be analyzed. They are one-shot detector and M-shot de

tector depending on the length of the observation. The detection schemes developed 

in this chapter may be applied to the reverse link demodulation of the Qualcomm’s 

system [19] such that the vulnerability of the closed-ioop power control technique 

may be alleviated.

The optimal detector in the asynchronous case is a maximum-likelihood sequence 

detector which requires the sufficient statistics to be obtained in an observation of
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the whole received waveform. The associated sub-optimal detectors based on the 

sequence detection do not lend themselves to practical implementation. Motivation 

is made to study the more practical detector, the one-shot detector and the M-shot, 

detector which only require the sufficient statistics obtained in a single symbol or 

several symbols. The advantage of the detectors are the simplicity of implementation 

as well as the near-far resistance.

The chapter is organized as follows. In section 6.2, a system model for an asyn

chronous CDMA system is described. In section 6.3, we show that the one-shot 

detector and M-shot detector are near-far resistant. Numerical results are given in 

section 4 followed by a brief summary of this chapter.

6.2 System model

Two types of asynchronous CDMA detectors are presented in this section. The 

first one is called one-shot detector which is based on the detection of signals in an 

interval of a single symbol. The second type is called M-shot detector which detects 

signals in an interval of M-svmbols.

6.2.1 One-shot detector

7or a K-user CDMA system, the received signal at a receiver in a specific symbol 

which corresponds to the desired user (assumed to be user 1) can be written in the 

same discrete signal form as (5.2)

r = H b + n  (6.1)

However, the b and H  are different from those variables in (5.2) due to the asyn

chronous characteristic. In this case, b is expressed as

b =  [6j 62(1) 63(1) . . .  M l )  M 2) M 2) ••• bK(2)]T € { -1 , l}(a* - ,>*1
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where 6*(1) and 6*(2) represent the kth user’s first and second symbols which par

tially overlap with bx. H  in (6.1) is written as

/ /  =  [*, *2(1) *s(l) ••• * / f ( l )*2(2)*3(2) ••• s k ( 2 )} €

where 3fc(l) and s k(2) are the partial signature waveforms corresponding to bk(l)  

and 6fc(2), respectively. Denote ck =  [cfe.j cfc|2 ... ckim]T (ck<i 6 { -1 , 1}) as the 

unit-amplitude spreading sequence used for the kth user, the signature waveforms 

can be written as

*  =  A 1' 2*  = 0 1/!K . ...m m

..,(°) .JO)
Mi) = « (— ),/2k ,-„+, ... c*,m o... o)T

Pk Pk

«.<»> ,„(*)
**(2) =  ( ^ V ) 1/2« ( 2) =  ( - P - - ) :/a(0 -. 0 cM cM ... c j ,„ .p,)T m - p k m — pk

where the random variable pk € [0, m] is the chip phase difference between the PN 

codes of user k and user 1 1. pk is determined by the synchronization circuit in the 

receiver. A practical way to acquire pk for all k is described in chapter 7. In the 

above equations, wx = ||*i||2, =  ||*fc(l)||2 and wj.1* = IM2)II2 are the symbol

energies for the symbol waveforms *i, s*(l) and sj.(2), respectively.

Given the symbol observation for the one-shot detector, the Maximum-Likelihood 

detector selects the most likely hypothesis 6*, which corresponds to the solution of 

the minimization problem

min U(b) = \\r -  Hb\\2}
*C{-I,!}<**-*>

= . min { \ b TC b - y Th} (6.2)

‘For simplicity, we assume that pk is an integer in (0, m]. In practice, we can increase the 
resolution of pk by increasing the sampling rate.
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where vector y =  H Tr represents 2/C -  1 decisions from 2/C -  1 equivalent con

ventional receivers, C — H TH  is a (2/C — 1) x (2/v — 1) positive definite matrix. 

Thus the K-user asynchronous multi-user detector is equivalent to a (2/C — l)-user 

synchronous multi-user detector.

6.* .2 M-shot detector

For the one-shot detector, the observation duration is equal to a one-symbol length. 

In practice, it is also possible for a receiver to observe signals in more than one 

symbols and make a  decision after a  short delay. A multiuser detector is called 

M-shot detector if the observation duration is equal to M-symbol length. In this 

case, the number of data bits in the observation interval is M  + 1 in general, and 

the received signal can still be written as r =  Hb + n, where

b = [Ml)Mi) ••• M l)M2)M2) M2)
••• bl (M  + l ) b 2 ( M +  1) ••• 6/f(M + 1)]T

H =  [si(l) s2(l)  ••• S;f (l) s,(2) s2(2) ••• s/((2)

• • • s i ( M  + 1) s 2(A/ +  1) • • • s k ( M  -f 1)]

and

■Sfc(l) =  1 • ' Cfc.m 0 ^ - pfelT
I'fc

S*(*) =  ( ~ ) * /2[0(<-2)TO+pfc CM ‘ ’ ‘ ck,m Om(M-i-H)-p*]T * = 3, ..., M

}J1)
^ + 1 ) =  ( ^ ) ,/2i ° i V 1)m+p ^ M  ••• cV.m-pJT

Here we use iwj.0\  Wk to denote the energies of the first partial symbol, a 

whole symbol and the last partial symbol of user fc, respectively, in the observation 

duration. Ox, is a column vector with L zero elements.
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Again the ML detector selects the most likely 6*, which corresponds to the solu

tion of

i / =  Hr “fc6 { _ J , l } K ( M + l )

=  min {l;i>TCb - y Th) (6.3)

where vector y represents K ( M  +1) decisions from K (M  + 1) equivalently matched 

filters, C is a K{M  +  1) x K ( M  +  1) positive definite matrix. Thus the K-user 

asynchronous multiuser detection is translated into a I<(M + l)-uscr synchronous
A

multiuser detection. However, not all the elements of 6* are picked up for the 

decisions. Later on, we will show that only those elements which correspond to 

the largest minimum asymptotic efficiency are selected. The M-shot detector is 

supposed to outperform the one-shot detector because, for the one-shot detector, 

estimations on interfering signals rely on parts of symbols.

6.2.3 Linear independence assumption

To guarantee that (6.2) and (6.3) have unique solutions, the matrix C  must be

nonsingular. This is almost true by the Linear Independence Assumption (LIA)

of [26]. The LIA simply says that the received signal does not vanish everywhere

if at least one of the users has transmitted a symbol independent of the received

energies. It was also shown that the violation of the LIA occurs with probability

zero if a priori unknown delays are uniformly distributed which is the case in the

asynchronous channel used by non-cooperating users. In addition to the LIA, a

condition of m > 2K  — 1 must be satisfied, otherwise C will be singular. In the

case that the LIA is violated, there will be more than on< solutions for the problems

(6.2) (6.3), but the decisions we selected are often unique2.

2For decorrelating detector, pseudoinverse of C is often used. For the multistage detector in 

chapter 5, a small perturbation to  the diagonal elements of the cross-correlation m atrix can be
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6.3 Near-far resistance

In this section, we show that the M-shot (including M — 1) detectors are near far 

resistant. Generally speaking, a detector is said to be near-far resistant if the bit- 

error-rate of any single user goes to zero as background noise (AWGN) disappears. 

Conversely, a detector is not near-far resistant if there is an irreducible probability 

of error for a  user even in the absence of background noise [26].

We can easily verify that the M-shot detector by (6.3) (including .tie shot de

tector since it is a special case of M-shot detector) is near-far resistant. We do this 

by checking the bit-error-rate of the solution (decision) of the least-squares prob

lem in (6.3) by removing the constraint 6 € { - l , l } /f*M+l). The solution, which 

corresponds to the decision made by the decorrelating detector [25], is given by

6* = aign(C yy)

— sign(H^r)  (d.4)

where H t  =  (HTFl)~xH T is the pseudoinverse of II [46]. Since r  =  fib -f n, we get

6* =  sign(b + f l^n)  (6 .5 )

As the background noise goes to zero (i.e., the vec.'nr n 0), b -b  -♦ 0, which means 

th a t the bit-errc .’-rate for any of the K users goes to zero. The constrained leant.- 

squares solution (optimal detector) defined in (6.3) always has better performance 

than the unconstrained solution. Thus as <r —♦ 0, the bit-error-rate of the detector 

goes to zero. Therefore, it is indeed near-far resistant. The optimum detection in

(6.3) is known to be NP hard. Some sub-optimum detectors have been studied in 

chapter 5. The performance of these detectors are generally better than that of the 

decorrelating detector, especially in the severe near-far environment. Thus we can 

conclude that these detectors are also near-far resistant,

made. Both efforts guarantee that the detectors work well when C  is singular.
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A quantitative measure for the near-far resistance is the asymptot ic  efficiency 

which was defined and thoroughly studied in [52] [53]. Define the effective energy 

of equivalent user i,  e,(<r), as the energy that the user would require to achieve bit-

error-rate P%{a) in the same Gaussian channel without interfering users. Thus the

ratio Ci(a)/wi, which is a number between 0 and 1, characterizes the performance 

loss due to the existence of other users in the channel. The asymptot ic  efficiency  is 

defined by

Tjt -  l i m e t(<r)/wt ( 6 . 6 )

which measures the slope with which T,(<r) goes to 0 in the high SNR region. 

Further, the Minimum Asymptotic Efficiency (MAE) over the relative energies of 

all the other users is defined as

iji =  inf T)i (6.7)

which quantifies the robustness of a  receiver against the near-far problem. An ad

vantage of introducing MAE that it is much easier to compute than the asymptot ic  

efficiency.  More precisely, from [25]

m =  1/4 (6.8)

where R t is the pseudoinverse of the normalized cross-correlation matrix R  which 

relates to C  by

C =  W l/2R W l/2 (6.9)

where

W  =  diag(u>[0* • • • w $  W \ w 2 • • • wk

• • • u q  I V2 W k  • • • w ]k ) (6 .10)
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fji gives the worst case of the asymptotic efficiency of user i with respect to the ener

gies of the interfering users. Thus it is a lower bound for the asymptotic efficiencies 

of an optimal detector and its sub-optimal detectors. In [25], it was proved that the 

asymptotic efficiency of the decorrelating detector achieves the lower bound exactly, 

no m atter how the users’ energies change. Later on, we will compare the proposed 

multistage detector with the decorrelating detector since its ith user’s asymptotic 

efficiency can be easily obtained from (6.8).

To see how the one-shot detector performs in the near-far environment, we com

pare its MAE with that of the synchronous detector (recall that the one-shot detector 

for synchronous channels is optimal) and that of the decorrelating detector. The 

comparisons can be easily made by assuming a two-user system. Therefore, then; 

are 3 equivalent users for the one-shot detector in the asynchronous case.

For the synchronous two-user case, the MAE for user 1 is iji =  1 — p\2 [25], where 

Pi2 is the normalized cross-correlation value between the two users. The asymptotic 

efficiency of the decorrelating detector takes the same value, no m atter how the 

relative energies of other users change.

For the asynchronous two-user case, the normalized cross-correlation matrix It 

of the one-shot detector is written as

1

Pl2

1

(6 . 11)

where =  p ifm , p^2 =  cfc2 (l)/m  and p^2 — cjc2(2)/m. The minimum asymptotic

efficiency i3 given by
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Vi =
(O)2 ( l )2

= ! _  &2_ _  £ !!_  (612) 
£  1 -  £

When £ = 0 or 1, which is the case of synchronous CDMA system, the term / t  

or py}2/(I  — c) in (6.12) will disappear, and the minimum asymptotic efficiency will 

coincide with that of the synchronous case.

Tables 6.1 to 6.3 list the MAEs of the synchronous and asynchronous channels 

of 2 users with 3 different pairs of PN sequences. From the table, we see that the 

MAEs at different phase delays are different. Denoting A fj as the difference (in dB) 

between the largest and the smallest MAEs, we observe that, in general, A ij will be 

smaller if longer sequences are used. In the three examples listed in the tables, it is 

fount that A t) =  2.73 dB, A ij =  1.24dJB and A fj =  0.86 dB  for sequence lengths of 

7, 15 and 31, respectively. A fj can be used to measure the degree of the variation 

of bit-error-rate for a  one-shot detector and a M-shot detector. It is interesting to 

notice that the MAE obtained by a synchronous one-shot detector (p2 =  0) is not 

necessarily larger than all of the MAEs of an asynchronous one-shot detector, but 

is usually larger than the smallest one. This means that an asynchronous one-shot 

detector sometimes outperforms the synchronous detector. However, the detector 

must be designed such that it can perform satisfactorily in the worst case. A fj 

should be made as small as possible. Tradeoff may be made between the A fj and 

the bandwidth efficiency.

Now we examine f), for a M-shot detector. We know that the subscript i of 

% denotes the number of the user in an equivalent synchronous CDMA system, it 

actually represents the +  l j th  bit of user i — provided that each user

has M  ■f  1 bits in the observation block. For comparison, we first examine a two- 

user system and use the same sequences of length 7 as those used for the one-shot
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Table 6.1: Minimum asymptotic efficiencies for synchronous and asynchronous 

2-user one-shot detectors. PN sequences length=7.

Pi 0 (syn) 1 2 3 4 5 6

MAE .816 .857 .686 .810 .810 .457 .762

Table 6.2: Minimum asymptotic efficiencies for synchronous and asynchronous 

2-user one-shot detectors. PN sequences length=15.

P i 0 (syn) 1 2 3 4 5 6 7

MAE .782 .914 .954 .778 .849 .747 .993 .881

P i 8 9 10 11 12 13 14

MAE .957 .889 .880 .994 .956 .749 .857

Table 6.3: Minimum asymptotic efficiencies for synchronous and asynchronous 

2-user one-shot detectors. PN sequences length=31.

P i 0 (syn) 1 2 3 4 5 6 7

MAE .999 .963 .946 .989 .871 .819 .915 .909

P i 8 9 10 11 12 13 14 15

MAE .949 .944 .986 .916 .861 .990 .837 .914

P i 16 17 18
r

19 20 21 22 23

MAE .998 .900 .990 .826 .901 .999 .996 .931

P i 24 25 26 27 28 29 30

MAE .937 .977 .989 .841 .948 .946 .968
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Fable 6.4: Minimum asymptotic efficiencies for asynchronous 2-user 3-shot detector. 

p2 =  5, PN sequences length=7.

user Bit No.

No. 1 2 3 4

1 .640 .684 .510 N/A

2 .713 .684 .640 .641

Table 6.5: Minimum asymptotic efficiencies for asynchronous 2-user 6-shot detector. 

P2 =  5, PN sequences length=7.

user

No.

Bit No.

1 2 3 4 5 6 7

1 .640 .691 .693 .693 .685 .510 N/A

2 .713 .685 .693 .693 .691 .640 .641

detector. Table 6.4 shows the MAEs of the two users at different bit positions for a 

3-shot detector. Remember that (p\ , p<i) =  (0, 5) corresponds to the worst case for 

the two-user system. Comparing tables 6.1 and 6.4, we can see that the MAE at the 

worst case has been increased from 0.457 to 0.684 by the 3-shot detector. Similarly, 

table 6.5 and table 6.6 list the MAEs when 6-shot and 9-shot detectors are employed. 

Compared to the 3-shot detector, we find that no significant improvement can be 

achieved by the 6-shot detector. The 6-shot and the 9-shot detector achieve the same 

maximum MAE. Considering the computational complexity, we should say that the 

3-shot detector is the best choice. Table 6.7 lists the first user’s maximum MAE 

achieved by a 3-shot detector at all the possible phase distributions. Compared with 

table 6.1, we find that MAEs at all phase delays are increased. Furthermore, Ap
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Table 6.6: Minimum asymptotic efficiencies for asynchronous 2-user 9-shot detector. 

p2 =  5, PN sequences length=7.

user Uit No.

No. 1 2 3 4 5 6 7 8 9 10

1 .640 .691 .693 .693 .693 .693 .693 .685 .510 N/A
2 .713 .685 .693 .693 .693 .693 .693 .691 .640 .641

Table 6.7: Maximum MAE for synchronous and asynchronous 2-user 3-shot detec

tors. PN sequences length=7.

P2 0 (syn) 1 2 3 4 5 6

MAE .816 .980 .894 .894 .894 .684 .894

is reduced by over ldB. Also from this table, it is found that the 3-shot detector 

has similar detection performance at most phase delays. Finally, we compute MAE 

for a 6-user system using the M-shot detector. The phase distribution of the users’ 

signature sequences are selected randomly. Tables 6.8 and 6.9 give the results for a 

3-shot and 5-shot detectors. Again we can see from these two tables that the 3-shot 

detector would be the best choice.

6.4 Numerical results

In this section, the bit-error-rate (BER) of the one-shot detector is obtained by 

simulation using the multistage algorithm 1 of chapter 5. The BER of the detector 

will be upper bounded by the BER of the one-shot decorrelating detector because 

the MAE of the one-shot detector is equal to the asymptotic efficiency of the one- 

shot decorrelating detector. The BER of the one-shot decorrelating detector for user
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'Fable 6.8: Minimum asymptotic efficiencies for asynchronous 6-user 3-shot detector. 

p — [29 26 16 3 20 13], PN sequences length=31.

user

No.

Bit No.

1 2 3 4

1 .602 .745 .733 .559

2 .788 .889 .861 .507

3 .471 .683 .689 .851

4 .823 .742 .806 .736

5 .633 .792 .789 .557

6 .861 .773 .783 .535

Table 6.9: Minimum asymptotic efficiencies for asynchronous 6-user 5-shot detector. 

p =  [29 26 16 3 20 13], PN sequences length=31.

user

No.

Bit No.

1 2 3 4 5 6

1 .602 .745 .746 .746 .733 .559

2 .788 .889 .892 .892 .861 .507

3 .471 .683 .697 .697 .690 .851

4 .843 .743 .807 .808 .807 .736

5 .633 .792 .800 .800 .789 .557

6 .861 .773 .787 .787 .783 .535
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1 is given by [26]

The results are also compared with the BER of a conventional matched filter, which 

is written as [2*']

Z  6 j ( l ) , f c , ( 2 ) , j / l  1  V 2 < r

where p $  =  c fc j(l) /m  and p[1/  =  cjcj(2)/m.  At last, all the results of BER are 

lower-bounded by the BER of a single user detector, i.e., no interfering users exist.

We first study the two-user case. Figure 6.1 shows the bit-error-rates of user 1 

versus the interfering energy of user 2. In this figure, we use the same PN sequences 

of length 7 as those used for the calculation of the MAEs in table 6.1 in section 

6.3, and consider the phase delay p2 = 5 (chips) which is the worst case. The 

actual signal-to-noise ratio of user 1 is 5dB. From the figure, we can see that the 

multistage detector outperforms the decorrelating detector, and both detectors are 

near-far resistant. The conventional detector suffers from the near-far problem. 

Simulation results of the decorrelating and conventional detectors have been shown 

to match the theoretical values.

We now look at the performance in the best phase delay case, i.e., p2 -  I for 

the same codes. Figure 6.2 gives the performance in this case. Since the detec

tors have a higher MAE which implies the smaller overall cross-correlations, better 

overall performance is seen from this figure compared to figure 6.1. Meanwhile, the 

difference between the decorrelating detector and the multistage detector becomes 

smaller as MAE increases. The same phenomenon was observed in the synchronous 

case in chapter 5.

Figure 6.3 shows the bit-error-rate of user 1 versus the actual SNRl with 

SNR2=SNR1. The performance difference between the best and worst delays can
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be seen in the figure. At 19 dB, almost 2 orders of magnitude difference exist 

between the two extreme cases. The multistage detector can usually improve the 

performance of the decorrelating detector at the worst delay case. In this example, 

about ldB  improvement is made by the multistage detector over the decorrelating 

detector. Figure 6.4 is the same as figure 6.3 except that SNR2 is 5dB higher than 

SNR1. Because of the larger interfering energy, the performance of the conventional 

detector becomes poorer, but the decorrelating detector remains the same and the 

multistage detector obtains even better performance.

Then we use a  set of PN sequences of length 31 for CDMA users. Figures 6.5 and 

6.6 illustrate the BERs of the conventional and the decorrelating detectors for a 3- 

user channel. Because of the smaller cross-correlations, the performance difference 

between the worst and best delays is reduced. However, as the number oi users 

increases, this difference will again increase. This is illustrated in figures 6.7 and 6.8 

where 3 more users are added into the system. If longer PN sequences are used, we 

can expect a reasonably small A ij in a CDMA system with a large number of users.

BER by a M-shot detector is plotted in figure 6.9. For the poor case shown in 

figure 6.7, a 3-shot decorrelating detector is able to improve the performance up 

to  2dB. Further increasing the number of symbols in the observation blocks, little 

improvement can be made at the expense of more computations and longer delay.

AH the figures above have demonstrated the attractive property of the near-far 

resistance of the one-shot and 3-shot multi-user detectors.

6.5 Summary

In this chapter, we have studied the behavior of a type of M-shot (including the

one-shot) multi-user detectors in asynchronous CDMA channels. The detectors

have been shown to  be near-far resistant. The multistage M-shot detector will out-
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perform the decorrelating detector, especially when cross correlations between the 

desired user and the interfering users are relatively large. As the cross-correlations 

decrease, the two detectors approach the same performance. A shortcoming of one- 

shot detectors is that their performance will more or less depend upon '.lie phase 

delay distributions of the active users in the system. Tradeoff may be made between 

the performance variation and the bandwidth efficiency to achieve a satisfactory per

formance if a one-shot detector is used. Alternatively, M-shot detectors can be used 

to significantly reduce the amount of the variation of bit-error-rate caused by dif

ferent delays. However, the computational complexity will increase accordingly. It 

is found that the 3-shot detectors will be efficient enough to reduce the maximum 

variation between the highest and the lowest minimum asymptotic efficiencies which 

is represented by A  fj.
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Figure 6.1: Bit error rate of user 1 versus SNR2-SNR1 for a two-user system at

SN R l=5dB . PN sequences of length 7 are used. The phase difference between the

two sequences is 5 which is found to  be the worst case for the codes selected.
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Figure 6.2: Bit error rate of user 1 versus SNR2-SNR1 for a two-user system at

SN R l=5dB . PN sequences of length 7 are used. The phase difference between the

two sequences is 1 which is found to be the best case for the codes selected.
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Figure 6.3: Bit error rate of user 1 versus SNR1 for a two-user system. PN sequences

of length 7 are used. A j? =  2.7dB.
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Figure 6.4: Bit error rate of user 1 versus SNRl for a two-user system. PN sequences

of length 7 are used. A y  =  2.7dB.
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Figure 6.5: Bit error rate of user 1 versus SNR1 for a 3-user system. PN sequences

of length 31 are used. This is an example of a poor phase-delay distribution of users.
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Figure 6.6. Bit error rate of user 1 versus SNR1 for a 3-user system. PN sequences

of length 31 are used. This is an example of a good phase-delay distribution of users.
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Figure 6.7: Bit error rate of user 1 versus SNR1 for a 6-user system. PN sequences

of length 31 are used. This is an example of a poor phase-delay distribution of users.
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Figure 6.8: Bit error rate of user I versus SNR1 for a 6-user system. PN sequences

of length 31 are used. This is an example of a  good phase-delay distribution of users.
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Figure 6.9: Bit-error-rate of a M-shot decorrelating detector for M = 1,2,3,.... 

Sequences of length 31 are used for a 6-user system. This is an example of a poor 

phase-delay distribution of users.
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Chapter 7 

Acquisitions in Asynchronous 

CDM A Systems

7.1 Introduction

In chapter 5 and chapter 6, receivers based on multiuser detectors were studied. In 

practice, there is another type of receivers, which can alleviate the near-far effects, 

based on cross-correlation cancellation techniques, see [21] [18] [6] [24] [20] and the 

references therein. The multiuser detectors are able to turn the strong interfer

ence signals into useful information for detecting weak signals, and thus completely 

near-far resistant. The interference-cancellation detector first detects the strongest 

interference signals, then subtracts them from the compound signals and finally 

detects the desired signal message from the residual signal. Since the subtraction 

cannot be made perfect even when the channel noise (assumed to be AWCJN) reduces 

to zero, the interference cancellation receiver is not completely near-far resistant (at 

least theoretically). However, the cancellation technique can be a useful tool for a 

receiver to accomplish the PN code acquisition for each component user.

No m atter what type of receiver is used, the synchronization process in such a
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system becomes more crucial because a receiver has to know exactly the phases of 

all users’ PN codes or at least the phases of those codes which have larger signal 

powers than the desired code. Unfortunately, the near-far effects cannot be avoided 

during the acquisitions of those PN codes. While the equal power assumption can be 

accepted when analyzing the bit-error-rate performance since the implementation 

of automatic power control is possible, the same assumption will not be appropriate 

for the acquisition process simply because the power control technique cannot work 

without knowing the phase of each component user’s code. In this chapter, we 

develop a novel acquisition scheme which can alleviate the near-far effects during 

acquisitions using interference cancellation techniques iteratively until all the PN 

codes or the desired PN code are captured.

The acquisition model is described in section 7.2 with emphasis on the two 

proposed acquisition schemes. In section 7.3, we present the performance measure 

of interest, the probabilities of acquisition for the proposed acquisition schemes. 

This is followed by the detailed analysis on the statistics of variables which affect 

the acquisition probability in section 7.4. In section 7.5, some numerical results are 

presented followed by a short summary in section 7.6.

7.2 Acquisition model

In this section, we describe two acquisition schemes based on cancellation techniques. 

We continue to use the assumption that the received signal is in baseband form 

although it may be too ideal to assume that acquisition can be done in baseband. 

However, the scheme developed in this chapter can be applied to the non-coherent 

case with different carrier phases by active users. This is listed in the future work 

in the last chapter.
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7.2.1 Preliminaries

In this section, we present the basic estimation scheme for the reconstruction of 

the detected signals. To acquire PN codes from the received compound signal, the 

receiver will collect the received baseband signal in data blocks. The collected dat i 

blocks are stored in memory for further signal processing. The length of data blocks 

depends on the computation speed and the size of the memory. In general, the longer 

the data blocks, the longer the computation time for the acquisition and the larger 

the memory size but the better the acquisition performance. The reasonable length 

of the data blocks may vary from 1 to 10 symbols. The receiver will use the current 

collected data block to conduct signal estimation, cancellation and acquisition. The 

acquisition process is repeated if there are any more potential users whose PN codes 

have not yet been captured.

We conduct the acquisition process in a block of length M T,  where T  is the 

duration of a single data symbol, and M  is a positive integer number. I'or an 

asynchronous CDMA system, there will be M  +  1 data bits for each user in general. 

Thus the received signal can be written as

r{t) = S{t,b) + n(t) (7.1)

where

M+1 K
S(t,  6) =  E  E  hii)AkCk{t -  iT  -  n )  (7.2)

i=i fc=i

where K  is the number of users in the system, 6*(*‘) is the *th data bit of user k in

the observation block. Ak is the signal amplitude of user k , and Ck(t) is the unit-

amplitude signature waveform of user k and is zero outside the interval [0,7']. Tk is 

the delay for signal of user k

Using conventional matched filters, it is likely that the strongest signal is de

tected. W ithout loss of generality, we assume that signals are numbered such that
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their amplitudes satisfy A\ > > ■•• > A/( and the delay tj is zero. Then r(t)

can be rewritten as

M
r(t) =

1=1
JW+l K

+ 52 bk(i)AkCk(t -  iT  -  Tk) + n(<) (7.3)
1=1 fc=2

or in the discrete form

r  =  H\BX +  Ji +  n (7.4)

where

0i =  M i  =  >MM1) 6j (2) ... 6,(M)]r ,

//i =  [c,(l) ci(2) ...

C i(» )  =  [ o £ - i )m  Ci.1 C l,2 . . .  C ,,m 0 f M _ i)m ]T ,

and cip is the pth sample of the total m samples of PN code c,(<), and vector 0^ is 

a column vector with L zero elements. The interference term J x with respect to the 

signal H\0\ at the first cancellation stage is written as

(7.5)

where the interference parameter 9 j x is

=  B j x A j x 

the interference amplitude vector is

A j t = [At A 3 ... Ak]t ,
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and the interference data matrix is

(7.t>)

M O  =  [MO MO -  M 0 1 t » i  =  0 2 , . . . , m  + i.

The interference sequence matrix is defined as

H Jt = M l )  C3( l ) ... cjr(l) C2( 2) c3(2 ) ... c,f (2) ... c2(M + 1) c3(M  + 1)... cK( M  + I))

where Ck(i) depends on the delay r&. For example, if r2 leads to the nutnber of PN 

code samples to be p% for user 2 in the first bit of the observation, we have

c2( l)  =  [c2,„ -K+1 ... c2„  0^M_„]T € ( - l .O .I ) '" * " ',

<*(2) = [o£ »u  -  <*.« <4(«-.)-»]T € { - 1,0, ir" -',

and

C2(0  =  [0(i-2)m+pa ° 2 >l  "• Cz>m € { — 1,0, 1 }mMxl (

etc.

Using the conventional matched filter, the first user’s signature code is detected 

by the Automatic Threshold Control (ATC) acquisition scheme described in chapter 

4. Thus Hi is known in (7.4). Then we conduct the estimation on 0\ including 

both the sign and the amplitude. We apply the Least-Squares (LS) method to the 

estimation. The result is given by [27]

diag(6i/,(l))

diag(6j,(2))

diag(6./,(M + 1))
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which turns out to be the outputs of the conventional matched filter 1 at the M 

sampling instants.

To sec how the estimation behaves, we calculate its mean and covariance. Sub

stituting r  of (7.4) into (7.7), then we get

1
m

1 1
= 9i + - H { H j l$J l + - H { n

m m

— 0\ + — n, m m
(7.8)

where the cross-correlation matrix R \ jx between user 1 and other users is given by

RXJx =  H jH j ,

^u,(0) ^ ( D  0 ••• 0

0 rUt(0) r ^ d )

where

0

r f j t i 0) =  (ci(l)r c2( l )  c , ( l ) r c3( l )  ... cl ( l ) Tc/c(l)]  

=  (ri2(0) rt3(0) ... riA-(O)],

(7.9)

'’u.C1) =  (ct(l)Tc2(2) c1(1)tc3(2) ... c ,( l )TCif(2)]

= [̂ 12(1) ri3(l) -  rix(l)].

Once the delays 77. are fixed, RXj t is a constant matrix (unknown). The estimation
A

0\ is a random vector because of the randc .mess of 0jt (random data) and the 

AWGN n. Since each of the data bits in 0j, is either —1 or 1 with equal probability, 

the mean of 0jx is a zero vector. It is obvious that 0\ -  0X, which means that 0, is 

an unbiased estimation.
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The variance of 0j depends on the covariances of 0jx and (the

multi-user interference and the AWCN are independent), which is calculated as

Cov(0i) =  +  - ^ E  { { H f n ) ( H j n f }  (7.10)
Tit XIX

where the second term is easily found to be

- I M.m

Im  is a M  x M  identical matrix. To calculate the first term of (7.10), we first calculate 

a matrix defined as Djx =  E{6jl8jl }. This is easily obtained by noticing that all 

the data bits in 6jx are i.i.d. 1 or -1 random variables with equal probabilities. Thus 

is found to be a diagonal matrix

A * -

(diag(A jJ)2 0

0 (diag(4/,))2

0

0

0 (diag(/lj, ))2

(7.11)

Thus the first term of (7.10) is given by

m ■ D jx R xj l —

P
0 ••

0

p

(7.12)

where

m :(r iJ,(0)(diag(>l71))2r , j1(0) -I- (l)(diag(A/, ))ar , ./,(!)]

(7,13)
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1
m JrU  (0)(diag(v4^ ))2r Ul (1)

i<
= “ J £ r i*(0)ri*(l)A£. (7.14)

m k=2
A

The sth error variance of the estimation 0\ is given by

Var(<?,(0) = tf? +  4  (7.15)

We have seen that the unknown asynchronous multi-user interference introduces 

correlation p among the M  estimations. For a synchronous CDMA system, r ^ l )  =  

0, then p =  0, i.e. the correlation is zero.
A A

In most cases, the estimation b\ =  sign(0i) is good enough 1 for the acquisition
A

since A\ > A*, k 1. However, the amplitude A\ depends on r^ O ) , ri*.(l) and

Ak, k  ^  1. To further improve the estimation of A\,  we apply the LS estimation

conditioned on that b\ is estimated correctly, or at least during the M  bits data

block. Then r in (7.4) can be written as

r -  H\b\A\ +  J\ +  n

= H\A\ + J \ + n  (7.16)

where Hi = H\b\. The unknown variable A\ is then estimated as

A! = { H l H i Y ' H j r

=  —  H Tr
m M  1

-  A>+iLl,?j'+iLtt?n < 7 - i 7 >

The variance of A\ is 

2

+ UTm (7.18)
_  <r

M  M m

‘The performance of b\ is often given by the required bit-error rate, a system design 
specification.
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Compared with Var(0i(*)) in (7.15), we conclude that the variance has been reduced 

M  times by the second LS estimation. In practice, it is very easy to get A\ because 

it is just the atrolufce average value of the M samples from the output of matched 

filter 1.

7.2.2 Acquisition scheme 1

The most straightforward way for acquiring all the PN codes is to apply the above 

estimation repeatedly until all the stronger signals are removed one by one and the 

weakest signal is given the chance to be captured. We call this scheme the one- 

by-one (OBO) cancellation. The acquisition process is shown in figure 7.1. In this 

chapter, we say tha t the receiver is in the acquisition stage i when it is detecting 

the tth signal.

First, the K  matched filters try to detect their own PN codes using the ATC 

acquisition scheme in a certain time period. Some of the matched filters may obtain 

acquisitions, but the strongest signal is assumed to be the one which corresponds 

to the largest average correlation output. Then we form an estimated signal for the 

signal detected

M
= (7. ID)

i=i

or in the discrete form

S(bi) =  HibtAi (7.20)

After the cancellation is done on this A/-bit signal, the composite signal is updated
A

by r  — S(b\) .  For this updated signal, the left K  -  1 matched filters still try to 

detect their own codes. Once the strongest one is acquired, it will be removed in 

the same way. This procedure is repeated until all the PN codes are captured, If 

at the moment when the left L matched filters are not able to detect any sigeds,
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L = K

Compare the average A

one.

Figure 7.1: Block diagram of one-by-one acquisition process.
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1st removed 

2nd removed 

3rd removed 

4th removed 

5th removed 

last detected

Figure 7.2: Data construction of the received signal. Poorer estimations are repre

sented by the shaded bits.

the signals are assumed to be absent or too weak, and the receiver will pick up 

another block of data  and continue the acquisition, at the same time it will start 

the demodulation for the captured K  — L signals.

Two remarks are addressed here. First, the receiver needs a memory to store 

signal r or updated signals. Secondly, every time the cancellation is conducted, the 

detected signal with a number of data bits is removed, and since other users’ signals 

are usually not synchronized with the removed signal, estimations on the two bits at 

the two ends of the data block are taken from parts of the whole date bits, see figure 

7.2. Therefore the estimations on these two bits will be poorer than estimations on 

other bits. As the cancellation goes on, the effects of the poorer estimations will be 

passed on to some bits of the next estimation signal due to the cross-correlation. 

These bits are illustrated by the shaded bits. However, the acquisition detection 

can be designed not to rely on these bits. In other words, the shaded bits will be 

omitted for the purpose of acquisitions. As seen from figure 7.2, at the *th stage, 

i shaded bits (including the partial bits at the two ends) will be omitted, and only

T*1

1
;!§g itlgll 1i 111!

i
|

1 ... .'!1" "
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M  — i + 1 bits are left for the acquisition detection at the stage. Therefore, for 

a K-user system, if the minimum number of data bits required for acquisitions is 

M ' , the number of data bits M  required for the first detected signal should be 

M  = M'  +  K  — 1. This is clearly shown in figure 7.2 where M  = 10, I\ =  G and 

M '  =  5.

7.2.3 Acquisition scheme 2

In the OBO acquisition scheme, signaL from different users are removed one by one 

by estimating their waveforms. Since the estimation on any user’s signal cannot 

be perfect, especially when there exists multi-user interference, the updated signal 

will contain a residue of the cancelled signal. This remainder will be stored with 

the updated signal until the last detected signal. The residual signals from each 

stage form a harmful interference to the undetected signals and sometimes make it 

difficult to capture the relatively weak signals even when the AWGN is negligible.

The shortcoming of the OBO scheme can be alleviated by our second acquisition 

scheme which is a simultaneous estimation and cancellation (SEC) technique. At 

each stage, all the signals so far detected are estimated simultaneously and then 

removed from the original compound signal. It is expected that the cancellation 

error will be getting smaller as more signals are detected correctly. A special case 

is that when the AWGN is zero and all the PN codes are captured, the estimations 

upon all the signals will be perfect (no cancellation error). This is just what the 

near-far resistant decorrelating detector has achieved. Thus we can say that the 

SEC scheme is an approximation to the decorrelating detector since it ignores the 

influence of those weak signals.

Assume that signature sequences of user 1 to user * have been detected. The 

received signal can be expressed as

r =  H[e\ + Jl + n (7.21)
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where the matrix for the detected sequences is given by

Hi = (c,(l) c2( l ) ... Ci(l) c,(2) c2(2) ... *{2) ... c,(M +  1) e3(M +  1). . .  c,-(Af +  1))

€  { - 1 , 0 ,  l } " *M x( . ( ,Vf+ i ) - i ) ?

Here we assume that r fe ^  0, for k ^  1. The vector of the under estimated parameter 

B\ is written as

where

with

B'i =  B s,As,

Asi =  l^ i Ai  ... j4,]T,

B Si =

diag(6s<(l))

diag(6srj(2))

diag(6Sj(M + 1))

M i) = Mi) Mi) -  Mi))T> i =  1, 2 ,..., a/,

M (A / +  i)  =  ( M M  +  i) M M  +  i) ... M A / + 1 )]7', 

The interference term J[ in (7.21) is given by

(7.22)

where

Mji -  [Ai+i Ai+2 ... / l ;r ]7 ,



Chapter 7. Acquisitions in Asynchronous CDMA Systems 143

Ji

diag(M l))

diag(frj(2)) 

diag(6j(M + 1))

M i)  =  1^+iU) fc+a(j) -  M ;) ] T» j  =  i ,2 , . . . ,a /  +  i,

There could be also two estimation methods in the SEC scheme. For the first one 

or the simpler one, we estimate 0\ using

(7.23)

The estimated waveform is then obtained

and the remaining signal after the cancellation based on the estimation is r — S(0j).

For the second SEC method, we first calculate Bs, or frs<(j), j  =  1,2,..., M  +  1, 

using

fry. =  sign(^)

then the absolute amplitudes of signals from the i users are estimated by

(7.24)

a s, = (7.25)

where

% H{Bsi
Af a M+l
2 Z ci( i ) ^ ( i)  Y ,  c2(j)b2(j) 

L»«I i=i
hx h2 ... hi]

Af+l

j=i
(7.26)
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The estimated waveform from all the i detected users is

S{ba) =  tyA s,,

and the remaining signal after the cancellation is r — S(b„).

The following derivations illustrate how the estimations on amplitudes of the 

detected signals are updated at each stage when a new signal is detected, tliven the-
A

estimations Ast on the first i signals, the estimations on the first i + 1 signals are 

written as

A*., = r'w.T,'-
/

T ■'Sf
■

\ - i

’ H f  '

= (//; A . , ]

V . h ‘» .
h ri+1

H ? H \
-i

’  w;v '

hj+i'hi+t

Using the identity [17]

A D
- i

A~l +  £ A " ‘F  - F A " 1

C B

V

i i i

where A =  B  -  CA~*D, E  =  A~l D  and F  = C A ~ \  we get

As, -  ( f t? f t ; ) - 'h? iA+,
^S»+i ~

Ai +i

(7.27)

(7.28)

where
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with Q\ — I  -  / / '( H-1 f l-)~1II(r . It is easy to verify that i4,+i is an unbiased 

estimation on /l,+i conditioned on the fact that 6I+1 is correctly detected. From 

(7.29), it can be seen that the estimation on the amplitude of the new detected 

user’s signal (the (i +  l)th user) is obtained from taking the output of the (i + l)th  

matched filter with the input equal to the signal cancelled by the previous detected 

i users’ signals and then properly scaled. The scaler in the denominator of (7.29) 

is different from that for the acquisition scheme 1 where the corresponding scaler is 

equal to lij+lhi+i =  mM.  Here the scaler is obtained by adding the weight Q\ into 

the inner product. From (7.28), it is seen that the previous estimations have been 

modified after detecting the new signal. Recall that the quality of the estimations 

depend on the undetected multi-user interference J[ by means of cross-correlations. 

Thus once any of the interfering user’s signal is detected, it can be removed from J[, 

and the precision of the estimations on the detected signals is improved. The first 

acquisition scheme does not have the property because the estimation at each stage 

will never change throughout the process.

It is interesting to see that the estimation given in (7.24) is in the same form 

as that of a  M-shot decorrelating detector. In fact, while the acquisition process 

continues, the demodulation on those detected users is also performed by means of 

any multi-user detections. Therefore, there is no need to keep one specific block of 

data for acquisition. In practice, the number of active users is usually smaller than 

K.  The receiver has to keep updating its observation data not only for demodulating 

signal but also for searching any new comers. In addition, the capability of using 

updated signal data provides a more reliable signal demodulation in the fading 

environment because the estimation of amplitudes on the previous observation may 

be quite different from those of the current data due to fading.
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T.3 Acquisition probabilities

In this section, we compute the probabilities of acquisitions at all detection stages 

given the actual SNRs of signals and an observation data block. To make this 

analysis tractable, we make the following assumptions.

1. As many papers did [33][59][32], Gaussian approximation is made for those 

samples from the outputs of matched filters. For the length of signature se

quences and the number of users of the interest, the results of the performance 

evaluation based on this assumption are very close to the results obtained from 

simulations.

2. Successive outputs from each of the matched filters are assumed to be sta

tistically independent. In theory, this is not true because of the correlations 

introduced by the shift registers of the matched filters and the asynchronous 

interfering users. However, the correlations are very small compared to the 

estimation variance and thus can be neglected. Combined with the first as

sumption, this assumption is approximately correct. For the same reason, we 

have assumption 3.

3. Acquisition decisions on successive bits are approximately independent.

4. Probabilities of acquisitions not in the order of signal power strengths are 

neglected. Therefore, we only consider the case in which the waveforms are 

detected in the order of the power strengths from large to small. However, 

if powers of the signals are similar, every signal gets an approximately equal 

chance to be captured. The probability analysis will be a little different from 

the analysis shown in this section. Here we are most interested in the power- 

dissimilar case, i.e. the near-far environment.
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Pacq(2) PacqCK)Pacq(K-l)Pacq(l)
stagel

Next round with a new data block

Figure 7.3: Signal flow graph of acquisition process.

From assumption 4, the signal flow graph of the acquisition process at different stages 

is shown in figure 7.3, where PaCq(i) is the probability of the successful acquisition 

at stage i. It is clearly shown in the figure that the acquisition at a stage depends 

upon the detections at the previous stages. If the receiver cannot detect any signal 

at any stage, it will take a new block of data and repeat the acquisition process.

Following the definition in the traditional acquisition process, we use H° to 

denote the hypotheses at non-sync epoches and H l to denote the hypotheses at sync 

epoches. Using the ATC acquisition scheme for the matched filter i and assuming 

th a t the detected data bit is +1, the sampled outputs of the matched filter yields 

the decision variables which may be expressed as

Zi(0) = At + Ni(0) at Z/1 (7.30)

Zi(n) =  Aj(n), n =  1, 2, ..., m - 1  at H° (7.31)

where A, is the effective signal amplitude, A,(0) and A,(n) (n =  1, 2, ..., m -  1) 

are mutually independent Gaussian random variables with zero means and variances 

<t?(0) and crf(n), respectively. The values of A,, <rf(0) and vf{n)  will be evaluated 

in the next section. The decision is made in favor of the signal corresponding to 

the largest |2/,-(n)| in a window of length m, while the sign of this term is used 

to decide whether +1 or —1 was transmitted. In the acquisition process, the sign
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of the term does not affect the detection result as long as the epoch is picked up. 

Thus the acquisition epoch is detected if |Z,(0)j > |27i(n)| or 27,(0) > |27,(»}| and 

27,(0) < —\Zi(n)\ for n = 1, 2, m -  1. However, the probability of Z,(0) <

— \Zi(n)\ for n =  1, 2, m — 1 is very small and can be neglected when -fl was

transmitted. Therefore, the probability of an acquisition detection in a window for 

the zth matched filter can be written as

Pd(i) = Pr{|27j(n)| < |Z<(0)|, n =  1, 2, ..., m -  1.}

«  Pr{|27,(n)| < 27<(0)|27<(0) > 0 , n =  1, 2, ..., m -  I.) (7.32)

Using the assumption 2, we get
i n - i

P M  = n ^ l « ( » ) l <  4(0)14(0) > 0 }  (7.;i:i)
n = l

The acquisition for the 2th user's signal is obtained if N  out of M  such windows have 

successful detections. By assumption 3, the probability of the successful acquisition 

for user i ’s signal will be

M I  M  \
* W 0  = £  I W 0  -  (7.:m )

n=N y n I

The probability that a detector successfully passes stage i is given by

Ppass(i) = I I  Pacq{k) (7.35)
k- 1

The average number of data blocks a receiver needs to achieve the acquisition at 

stage 2 is given by

N(i)  =  f > ( l  - P r.. .(i))k- 'P m„(i)
fc=l

=  1 / P p a M  (7.36)

A base-station will be more interested in knowing the average number of data blocks 

it takes to acquire all the sequences. This is given by

A W  =  1 I P p U K )
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=  1/ n  (7.37)
fc=l

To calculate Pf,aaa(i) and N(i)  , it remains to calculate Pd(i).

7.3.1 Calculation of Fd(i)

We derive Pd(i) using the approximation (7.33). The exact computation is given in 

the appendix G. However, in most cases, the two approaches produce almost the

same result. For notational simplicity, we use Zn to denote the variable Z,(n). Thus

equation (7.33) is re-expressed as

TO—1
Pd(i) =  U P T { \ Z n\ < Z o\Zo > 0 )  (7.38)

n = l

Since Zn are assumed to be Gaussian random variables with zero mean and variance 

<r?(n), we get

Pr{|Z»| < Zo\Z0 > 0} =  -7 — -   / *  e~x2/ W l n»dx
yj2irfff(n) J-Zo

= erf(i n r : )- (7-39)y/2<r?(n)

Since Zq is also assumed to be a Gaussian random variable with mean A{ and 

variance of (0), Pd(i) is

ro c  m—1 _
Pd(i) =  I  p(?0) I I  e rf(-p  — --)dz0 

Jo n il y/2af(n)
1 too .  *n-t

= ~7= /  n ^ n v  + ^ d v  (7.40)v 7* J -y/Ti n=l

where a n = ^/of(oj/er?(nj, and 7 i =  Af/ (2crf(0 )) is the effective SNR for the main 

correlation peak.



Chapter 7. Acquisitions in Asynchronous CDMA Systems 150

7.4 Acquisition detection analysis

In this section, we study the statistical properties of detection variable 0i conducted 

by matched filter i at acquisition stage i (i = 1, 2, A). Intuitively, the smaller

the error variance of estimations from previous stages, the better the acquisition 

detection at the current stage. In other words, the noise variance produced by 

a matched filter at a stage will be affected by the error variances of estimations 

obtained from the previous stages. The relation of those variances at different 

stages is very complicated due to the nonlinear cross-correlations of the signature 

sequences. However, we are mostly interested in finding the noise variances gener

ated by matched filters at different stages because acquisition performance can then 

be determined.

7.4.1 Covariances for acquisition scheme 1

In this subsection, we will look at the estimation variable 0, for the OBO acquisition 

scheme. We will soon notice that the estimation conducted by a matched filter is 

biased after the first stage. Therefore, cancellations based on the estimations in the 

following stages would not be expected to be better than those based on unbiased 

estimations.

For the OBO cancellation scheme, after detecting the first signals’ PN sequence,
A

the estimation B\ is

0i = u \ r  (7.41)

where h \  = {H jH \)~ lH j  is the pseudoinverse of H\. This has been shown to be 

an unbiased estimation on 6\. The residual signal after the first cancell •' ion is given

by



Chapter 7. Acquisitions in Asynchronous CDMA Systems 151

rc(l) = r - H x0x 

= r - H xH\ r

= Qir  (7.42)

where Qx = I — HXH X. Similarly, we obtain the residual signal after the second 

cancellation

re(2) = re( l ) - H 202

= re(l) - 

= 9*re(l)

=  QiQxr  (7.43)

In general, the residual signal after the j th  cancellation is given by

r c{j )  — Q j Q j - x "'" Q x r

= Q r ,r , (7.44)

where QPj =  QjQj-x  • • • Q x. The estimation on the «th detected signal is given by

0, = ff/re( i - l )

=  HiQpi-xr  

=  h } q p m  (Hi$i + Ji + n)

=  H)  QPi_x Hi$i +  H) QPi_x (Ji +  n) (7.45)

where Ji =  is the sum of signals of all the K  users except the *th user. The

definitions of H j, and 0j, are similar to the definitions of H jx and 6j x by keeping 

user l ’s signal instead of user i ’s.

The above estimation is biased since f l j  QPi_x H{d{ is usually not equal to 0X except 

for i — 1. For the OBO scheme, the acquisition detection before the estimation also



Chapter 7. Acquisitions in Asynchronous CDMA Systems 152

A A |

depends on the same variable 0j because 0< -  H- rc(i -  1) is just the output from 

matched filter i at stage i. Provided that 6, was transmitted, the mean vector of 0, 

is given by the first term of (7.45), and the covariance matrix depends on the second 

term of (7.45). In practical situations, is a diagonally dominant positive

definite matrix which guarantees that the signs of the elements in 

are not changed from the corresponding elements in 0j. Since the elements of 0, 

are {/lj, - /I ,}  binary random variables with equal probability, the absolute element 

values of h }Q p^HiOi  will be different each time a new 0, is transmitted. For 

acquisition purpose, we are more interested in the average signal sample energy of 

each clement in h ) Q Vi_xHiO{. These energies are given by the diagonal elements of 

the following covariance matrix with the expectation respect to 0<

= A ( t M )

The effective amplitude A; is then defined as the square-root of the average sample 

energy.
A

Now we move to the noise part of 0< in (7.45). It is a zero mean vector with 

respect to the mutually independent random data contained in .7, and with respect 

to the AWGN. Its covariance is given by

Cov(#i) =  Cov(tft<?K_,(./, +  Tl))

=  E{H}Qr, _ M [ Q ' L , n f )  +  E h } T)
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where D j, is

n j,

(d iag(v4j.))2 0

0 (d ia g (/4 j,))2
(7.48)

0 0 (d ia g ( /4 jJ )2

w ith  Aj, =  [Ai A 2 ... v4i-i Ai+i ... A k ]t - I t is difficult to  fu rther sim plify  

(7.47) due  to  the  h ighly non linear dependence  of QPi_x. However, the  j t h  de tec tio n  

variance on  Oi is g iven by th e  j t h  d iagonal e lem ent of Cov(0,) which can be com pu ted
A

from  (7.47). I t  is easy  to  verify  th a t  C ov($i) derived from  (7.47) is th e  sam e as th a t  

derived  from  (7.10).

T h e  following exam ple  shows how  th e  effective am p litu d es  and th e  variances of
A

0{ behave a t  d ifferent acq stages for th e  O B O  schem e.

Example : For a  6-user CD M A  system , all users are  assum ed to  be ac tive  w ith  

actual s ignal-to-noise  ra tio s from  u se r 1 to  user 6 being 24, 20, 16, 10, 8 an d  6dB , 

respectively . 6 d ifferent m -sequences of leng th  31 a re  assigned to  th e  6 users w ith  

sequence phases from  user 1 to  u ser 6 being 0, 20, 10, 6, 10 and 3 chips (re la tive  

to  th e  first user), respectively . We a re  in te rested  in  finding ou t th e  average signal 

sam ple  energ ies a n d  the  d e tec tio n  variances from  m atched  filter i a t  stage  i by 

co m p u tin g  (7.46) a n d  (7.47). K now ing th em , we can  o b ta in  the  effective b it SN Rs 

for th e  observa tion  bits.

T h e  effective b i t  SN R for th e  j t h  b it of th e  m atched  filter i a t s tage  i is defined

as

A?
7 ij =

  * *1
2^ ( 0)

(7.49)

w here <r? (0) is y /e n  by th e  j t h  d iagonal e lem en t of th e  Cov(0,). It is easy to  find 

th a t  <r,2 (0) =  <72/m  when th e re  are  no  in terfering  signals. In such a  case, the  defined 

effective S N R  will b e  equal to  the  actual SN R. Usually, it is sm aller th an  th e  actual
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Table 7.1: F ffective SN R (dB ) for th e  O B O  schem e, (M  =  10).

Stage

No.

Bit No.

1 2 3 4 5 6 7 8 9 10 11

1 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 N/A
2 9.9 11.2 11.2 11.2 11.2 11.2 11.2 11.2 11.2 11.2 7.6

3 4.8 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.8
4 l . l 8.5 8.3 8.3 8.3 8.3 8.3 8.3 8.3 8.3 4.9

5 3.8 4.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.5

6 -8.8 1.1 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 -0.9

SN R. T h e  effective SN Rs for i — 1, 2, ... K  at. all observation d a ta  b its  are listed 

in  tab le  7.1. S ince we a re  only in te res ted  in  those b its  which have the  sam e value of 

th e  effective SN R , th e  su b scrip t j  in  (7.49) was o m itte d  in section 3 for a  no tational 

s im plic ity . B esides, we use  o f  (0) to  deno te  th e  d e tec tion  variance a t a  sync epoch 

an d  o f (n )  (n  =  1 ,2 , . . . ,m  — 1) to  deno te  th e  variances a t th e  non-sync epoches.

F rom  tab le  7.1, we can  see th a t  th e  effective SN Rs of those un shaded  b its  in 

figure 7.2 have th e  sam e values for a  specific m atched  filter, while ihe  effective SN Rs 

of th e  shaded  b its  will o ften  have sm aller values. T h e  reason lias been explained 

in  section  2.2. T herefore, the  receiver will skip over those shaded b its  and use 

th e  left b its  for th e  acqu isition  de tec tions. We also see th a t  th e  SN Rs of m atched  

filters to  d e te c t th e ir  own PN  sequences a re  significantly  reduced by th e  m ulti-user 

in te rfe rence  com pared  to  th e ir  actual SNRs. In th is  exam ple, th e  am oun ts  of SN R 

losses from  user 1 to  user 6 a t th e  corresponding  stages are  respectively  equal to  11, 

8.8, 4.6, 1.7, 4.4 an d  5.7 dB . A lthough  th e  stronger signals usually  reduce SNRs due 

to  m ore in te rfe ring  users, th ey  still have b e tte r  perform ances th an  the  weak signals 

because o f th e ir  larger effective SN R s. A cquisitions o ften  fail for those weak signals.

It shou ld  be no ted  th a t  th e  analysis we have m ade  is based on th e  assum ption
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th a t  a  receiver d e te c ts  signals in th e  o rder o f signal s tren g th s . In p ractice , it is 

a lso  possible th a t  a  receiver som etim es d e tec ts  signals not exactly  in th e  o rder of 

s tren g th s . How ever, in th is  case, th e  corresponding effective SN Rs will be sm aller 

th a n  those o b ta in ed  in the  o rd er of s tren g th s . For the very  pow er-dissim ilar signals, 

th e  d isorder d e tec tio n  rarely  occurs. O nce th ey  happen, the  acquisition  detections 

will often fail because  of too  large e s tim a tio n  error. For pow er-sim ilar signals or 

ap p ro x im ate ly  equal-pow er signals, th e  o rder of detections does not m ake much 

difference for th e  acqu isitions.

F inally  in  th is  subsec tion , we need to  ca lcu la te  the  noise variance a t a  non-sync 

epoch . T h is  is easily  done by com pu ting  th e  covariance of (7.45) w ith h ]  replaced 

by  its  sh ifted  version and  tak in g  th e  firs t te rm  also as a  noise te rm . We have found 

th a t  th is  first te rm  can n o t b e  neglected  for th e  calculation of noise ariance. T he 

no ise  variances a re  g iven by th e ir  co rresponding  diagonal e lem ents of th e  covariance 

m a tr ix  and  a re  d e n o te d  by <rf(n) w here n  is th e  relative tim e sh ift w ith  respect to  

th e  correct sync epoch  0.

7.4.2 Covariances for acquisition scheme 2

In th is  subsection , we will discuss th e  e s tim a tio n  p roperty  for th e  SEC  schem e. 

U nlike th e  O B O  schem e, th e  es tim a tio n  on th e  detec ted  signals is unbiased. T he 

cance lla tions  based  on  it w ill b e  a t lea s t b e tte r  th an  those  by th e  O BO  schem e.

For th e  SEC  schem e, th e  e s tim a tio n  on the* first j  de tec ted  signals a stage j  is 

w ritte n  as

=  f l j t r

=  +  • / '+ » )

=  »' +  +  n) (7.50)

It is obvious th a t  0 ' is an unbiased  e s tim a tio n  on 0j. T h e  residual signal afte r the
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cance lla tion  based on 0 ' is

re(j) = r - H f t

= r — H'jH'j r

=  Q'jr (7 .5 1 )

w here Q \; =  /  -  H j H ^ .

A t th e  *th s tag e , th e  m atched  filte r i will first try  to  de tec t its correlation o u tp u t 

fo r th e  acqu is ition  of th e  «th signal w ith  th e  inpu t signal as r c(i  -  1). O nce th e  PN 

sequence H i  is c a p tu re d , th e  receiver will reestim ate  th e  d e tec ted  i signals and form  

th e  new residual signal r c( i)  for th e  (i +  l ) tn  acquisition  detec tion . T h e  perform ance 

o f th e  acqu isition  a t  s tag e  i depends on th e  de tec tion  variable Oi conducted by th e  

m atch ed  filte r i. As for th e  O B O  schem e, we first s tu d y  0, and  then  find o u t th e  

effective  SN Rs fo r th e  de tec tions.

Oi =  H } r e { i - 1)

=  H} <Ti.tr
=  H } Q ' i _ x ( t I i O i +  J i +  n )

=  / / / < ? ' _ , / / , 0 ,  +  -I- n)  (7 .5 2 )

From  t<*45) a n d  (7 .52), we can see th a t  th e  MF detec tion  variables for th e  tw o 

schem es a re  in th e  sam e form . However, th e  difference of th e  two schem es com es 

from  th e  d ifference of th e  m atrices Q Pi_ t an d  Following the  sam e steps in

7.4.1, we o b ta in  th e  signal covariance as

c ° v (  <7 .5 :1)

a n d  th e  noise covariance  o f th e  0, as

iy*
Cov(ij) .  (J-M)
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T able  7.2: Effective SN R (dB ) for th e  SEC  schem e, (M  =  10).

Stage

No.

Bit No.

1 2 3 4 5 C 7 8 9 10 11

1 13.0 13.0 13.0 13.0 13.0 13.0 .3.0 13.0 13.0 13.0 N/A

2 9.9 11.2 11.2 11.2 11.2 11.2 11.2 11.2 11.2 11.2 7.6

3 4.2 11.4 11.5 11.5 11.5 11.5 11.5 11.5 11.5 11.5 12.1

4 -4.4 8.8 8.8 8.8 8.8 8.8 8.8 8.8 8.8 8.8 5.9

5 -2.4 6.0 6.1 6.1 6.1 6.1 6.1 6.1 6.1 6.2 4.1

6 -4.7 3.8 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6 3.0

T h e  effective SN Rs for the  SE C  schem e can b e  com pu ted  using th e  resu lts from  th e  

above tw o equa tions.

T h e  sidelobe variances a t  the  non-sync epoches a re  com pu ted  in  th e  sam e way 

as th a t  described  in 4.1.

W e now con tinue  the  exam ple  in  4.1 by th e  SEC  schem e. W hile all th e  pa ram e

te rs  a re  unchanged , we get th e  effective SN Rs listed  in tab le  7.2. C om pared  to  tab le

7.1, we can  see th a t  th e  two schem es have a lm ost th e  sam e acquisition  perform ance 

for th e  s tro n g er signals. However, th e  SEC  schem e has m uch b e tte r  perfo rm ance 

th a n  th e  O B O  schem e for th e  weak signals. For exam ple, the  SEC  schem e only 

loses 1.4dB for th e  last acqu isition  d e tec tio n , w hile th e  O B O  schem e U ses 5.7dB , 

w hich a lm o st m akes the  acqu isition  im possible. R em em ber th a t  once all th e  se

quences have been acqu ired , any m u lti-u ser d e tec tio n  a lgo rithm  will give a  b e tte r  

p e rfo rm an ce  th an  th e  acquisition  a lgo rithm s. T hus th e  acqu isition  schem es need to  

be rep e a te d  several tim es o r m ore u n til all th e  sequences a re  cap tu red .

It is n o ted  th a t  th e  acquisition  perfo rm ance also  depends on th e  degree of sim 

ila r ity  of th e  received signal powers. If th e  received signals are very s im ila r, th e  

d e tec tio n s  for th e  first few signals m ay be very diiticul*. T herefore, it m ay  need
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T a b le  7.3: E ffective SN R (dB ) for th e  O B O  schem e w ith equal power of 24dB, 

(M  =  10).

Stage

No.

Bit No.

1 2 3 4 5 6 7 8 9 10 11
1 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 N/A

2 -1.3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 -2.2

3 -1.1 7.0 7.1 7.1 7.1 7.1 7.1 7.1 7.1 7.1 9.(1

4 1.0 14.6 14.1 14.0 14.0 14.0 14.0 14.0 14.0 14.0 6.2
5 10.8 12.1 9.9 9.9 9.9 9.9 9.9 9.9 9.9 9.9 11.9
6 -1.9 7.4 9.5 9.4 9.4 9.4 9.4 9.4 9.4 9.4 7.2

m a n y  rounds (d a ta  blocks) to  acquire  th e  first several signals. Unlike the  power- 

d iss im ila r case  w here th e  de tec ted  signals can be dem odulated  before th e  last signal 

is d e te c te d , for th e  pow er-sim ilar case, no t m uch dem odulation  can be conducted  

w h ile  th e  rece iver is try in g  to  de tec t th e  first several signals. Tables 7.3 and 7.4 nIi o w  

th e  effective SN R s of th e  O B O  and  th e  SEC  schem es, respectively, when po vers of 

a ll th e  signals a re  24dB  while o th e r p a ram ete rs  rem ain  as in th e  previous exam ples. 

F ro m  these  tw o tab les , it  is also found th a t  th e  SEC schem e perform s b e tte r  than  

th e  O B O  schem e for th e  la te r d e tec ted  signals. However, the  first two signals lor 

b o th  schem es a re  very  difficult to  be cap tu red  in th is exam ple because of the  very 

low  effective SN R s d u e  to  th e  existences of strong  in terfering signals, no m a tte r  how 

la rg e  th e ir  actual SN R s are  (for o th e r phase d istribu tions, th e  effective SNR» could 

b e  a  l it tle  d ifferen t). I t  is tru e  th a t  th e  d issim ilar signals will be m ore su itab le  for 

th e  fast acq u is itio n s  in th e  asynchronous CD M A system s. F ortunately , signals in 

such  sy stem s a re  m ore likely to  be dissim ilar.

A lso n o te  th a t  th e  resu lts  given so far in th is  subsection and  4.1 for th e  two 

acq u is itio n  schem es a re  ob tained  based on cancellations by es tim a tin g  Oi or 0[. By



Chapter 7. Acquisitions in Asynchronous CDMA Systems 159

Table 7.4: Effective S N R (dB ) for th e  SEC schem e with equal pow er of 24dB, 

(M  =  10).

Stage Bit No.
No. 1 2 3 4 5 6 7 8 9 10 11

I 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 N/A

2 -1.3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 -2.2

3 -1.7 7.0 7.1 7.1 7.1 7.1 7.1 7.1 7.1 7.1 9.8
4 -4.8 14.7 14.4 14.3 14.3 14.3 14.3 14.3 14.3 14.3 6.9
5 3.2 12.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8 12.2 13.4
6 13.3 21.8 22.6 22.6 22.6 22.6 22.6 22.6 22.6 22.6 21.0

app ly ing  th e  e s tim a tio n  on A, or As, conditioned  on ft, or fts,, the  acqu isition  p e r

fo rm ance m ay  be fu rth e r  im proved.

In th e  ideal case w here bj j  =  1, 2, ..., i — 1, th e  de tec tion  variab le a t

s tage  i for th e  O B O  crhem e is given by

Oi =  H }re( i -  1)

=  h I Q p.s

=  Hi  Q p i - 1 ( H J i  +  J i  +  n )

= H ;  g pj_, HiOi, + h } q Vi_x (Ji + n) (7.55)

where th e  first te rm  rep resen ts  th e  signal p a rt and  the  second th e  noise p a r t , QPi_{ -

Q i-xQ i-i - Qx w ith Qj =  /  -  H j i i l

Sim ilarly , for th e  SEC  schem e, th e  d e tec tion  variable is

0, = n } r c(i — 1)

=  ^ Q l x r

=  DjQl^HiOi + Ji + n)

=  + (7.56)
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w here  = I  — . Again th e  first term  is signal p a rt and th e  second

is th e  noise. U nfo rtunately , it is v irtually  im possible to  com pute  th e  average signal 

sam p le  energies a n d  th e  noise covariances from term s in (7.55) and (7.56) due to  

th e  h ighly non linear dependence of the  expecta tions on Qp,_, and

Finally , for com parison , we com pute  th e  effective SN Rs for the  conventional 

sing le  user d e tec to rs  w ithou t conducting any cancellations. T h e  covariance can be 

ca lcu la ted  by using equa tion  (7.47) or (7.54) on Oi b u t with QPl =  / or Q\ =  / .  

T h e  resu lts  are  illu s tra te d  in tab les 7.5 and  7.6 for the  cases of unequal and  equal 

pow ers, respectively . From  tab le  7.5, we see th a t  th e  acquisitions are  affected by th e  

n ea r-fa r prob lem , i.e ., th e  la s t four (weaker) signals have effective SN Rs which are  

low er th a n  OdB, th u s  m ak ing  these signals a lm ost undetectab le . Event for th e  second 

signa l, its  acqu isition  also becom es difficult since the  sidelobes from the  m atched  

f il te r  2 a re  also very  high. We should  bear in m ind th a t acquisitions depend  not 

o n ly  on th e  effective SN Rs listed in those tab les b u t also on th e  variances 

o f those  sidelobes w hich can  be calcu lated  for a  given phase d istrib u tio n . For the  

above  phase d is tr ib u tio n , th e  effective SN R for the  m ain correlation peaks from the  

second  conven tional m atch ed  filter is p re tty  high, which m eans th a t  the  es tim a tions 

on  these  m ain  peaks is very precise. However, if we look a t its correla tion  o u tp u t, 

w hich  is p lo tted  in  figure 7.5, we can see how m uch effect th e  sidelobes have on the  

d e te c tio n  of th e  m ain  peaks. From tab le  7.6, all signals are still unab le  to  get an equal 

chance  to  be  c a p tu re d  due  to  th e ir random  phase d istribu tion . However no signals 

suffer severe near-far effects. T he perform ance is worse th an  any of the  cancellation 

acq u is itio n  schem es a lthough  all th e  received signal powers are ex trem ely  high.
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T ab le  7.5: Effective SN R (dB ) for th e  conventional schem e with unequal powers as 

‘24, 20, 16, 10, 8, 6dB  and th e  sam e phase d istribu tion  as previous tables. (M  =  10).

Stage Bit No.

No. 1 2 3 4 5 6 7 8 9 10 11

1 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 N/A

2 9.9 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 6.9

3 -9.4 -2.3 -2.3 -2.3 -2.3 -2.3 -2.3 -2.3 -2.3 -2.3 -2.0
4 -17.8 -4.8 -4.8 -4.8 -4.8 -4.8 -4.8 -4.8 -4.8 -4.8 -0.7
5 -15.7 -9.7 -9.7 -9.7 -9.7 -9.7 -9.7 -9.7 -9.7 -9.7 -10.1
6 -18.5 -13.5 -13.5 -13.5 -13.5 -13.5 -13.5 -13.5 -13.5 -13.5 -14.7

T ab le  7.6: Effective SN R (dB ) for th e  conventional schem e w ith equal powers of 

24dB  and th e  sam e phase d is tr ib u tio n  as previous tab les. (M  =  10).

Stag Bit No

No. 1 2 3 4 5 6 7 8 9 10 11
1 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 N/A
2 -1.3 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 -1.9
3 -5.4 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 4.3
4 -8.2 5.7 5.7 5.7 5.7 5.7 5.7 5.7 5.7 5.7 5.8
5 -3.3 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 -0.8
6 -4.7 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 -0.3
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7.5 Numerical results and discussions

In  th is  section , we com pare  th e  two acquisition  schem es by com puting  their acqu i

s ition  p robab ilities  an d  the  average num ber of blocks required to  com plete  the  /th  

s tag e  acqu isition . T h e  com parisons will be conducted  under tw o c« »s. T h e  first 

one  corresponds to  th e  case w here th e  es tim a tio n  for acquisition detec tion  is based 

on  th e  p a ra m e te r  0,- only. T h e  second one is th e  case where the  e s tim a tio n s  are 

based  on an d  A{. For the  la tte r  case, we only give the  sim ulation resu lts  due  to  

th e  d ifficulties of com puting  equations (7.55) an d  (7.5G).

T h e  sy stem  p a ram ete rs  are  the  sam e as those  in th e  exam ple of th e  section ’.I. 

H ere  we list th em  again  for convenience.

S ystem  param eters :

/<  =  6; 

m  =  31;

S N R  =  [24 20 16 10 8 6] dB ;

Phase — [0 20 10 6 10 3] chips;

M  = 10 bits;

M ' = M  — K  +  1 =  5 bits;

N  = 3.

From  tab le  7.7, we see th a t  results ob ta ined  from the sim ulations and  th e  th e 

o re tica l co m p u ta tio n s  a re  very close for bo th  acquisition  schem es. To c a p tu re  all 

th e  6 users in th is  num erical exam ple, th e  O B O  schem e needs abou t 21 d a ta  blocks 

w hile th e  SEC  schem e only needs a b o u t 6 blocks which is faster th an  the  O B O  

schem e.

T ab le  7.8 lists th e  sim ulation  results for case 2. For convenience of com parison , 

th e  s im u la tio n  resu lts  a re  again listed in th is tab le . It is found th a t  th e  acquisition  

pe rfo rm ance  of th e  O B O  schem e based on th e  es tim a tio n  on 0, has been significantly 

im proved  by fu rth e r conducting  estim ation  on the  am p litude  A, which is capab le
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T ab le  7.7: A cquisition  probab ilities and average num ber of acquisition blocks for 

case  1. (N = 3 ).

Stage

No.(i)

OBO scheme SEC scheme

PaejfO N(i) / w o N(i)

Comp. Simu. Comp. Simu. Comp. Simu. Comp. Simu.

1 1.0000 1.000 1 1 1.0000 1.000 1 1

2 1.0000 0.998 1 1 1.0000 1.000 1 1

3 0.9999 0.998 1 1 0.9999 0.998 1 1

4 0.8309 0.765 1.2 1.3 0.9317 0.876 1.1 1.1

5 0.3480 0.280 2.9 3.6 0.5867 0.502 1.7 2.0

6 0.0573 0.049 17.5 20.4 0.2133 0.173 4.7 5.8

of sh rin k in g  th e  e s tim a tio n  variances. T h e  perform ance of the  SEC schem e is no t 

im proved  a s  m uch as th a t  of th e  O B O  schem e. T he  reason is still unclear. T h e  tw o 

schem es a lm o s t have the  sam e perfo rm ance afte r th e  second estim ation .

F inally , we p lot som e typical corre la tion  o u tp u ts  from  m atched  filters for con

ven tiona l, O B O  an d  SEC acquisition  schem es. F igure 7.4 to  figure 7.7 p lot th e  

no rm alized  d e tec tio n  variables from  m atched  filters 1 to  4 using the  conventional 

d e tec tio n  techn ique. From  these figures, we see th a t signals from all the  users excep t 

th e  first ( la rg es t)  one  are  difficult to  be de tec ted  due to  th e  near-far effects. F igu re  

7.8 to  figure 7.18 illu s tra te  th e  d e tec tio n  variables from  th e  o u tp u ts  of m a tch ed  fil

te rs  a t  each  corresponding  stage  for th e  O B O  and SEC th e  schemes. We can see th a t  

th e  weak signals get a  higher chance to  be detec ted  by conducting cancellations.

7.6 Summary

In th is  c h a p te r , a  new PN code acquisition  technique based on in terference cancella

tio n  is developed  for asynchronous CD M A  com m unication  system s. T he acqu isition
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T ab le  7.8: S im ulations for acquisition  p robabilities and average num ber of acqu isi

tio n  blocks for case 2. (N = 3 ).

Stage

No.(i)

OBO scheme Sl'ic sclieino

Pacq(i) N(i) /W O N(i)

Casel Case2 Casel Case2 Casel Case2 Casel Casc2

1 1.000 1.000 1 I 1.000 1.000 1 1
2 0.998 1.000 1 1 1.000 1.000 1 1
3 0.998 1.000 1 1 0.998 1.000 1 1
4 0.765 0.786 1.3 1.3 0.876 0.779 11 1.3

5 0.280 0.561 3.6 1.8 0.502 0.570 2.0 1.8
6 0.049 0.365 20.4 2.7 0.173 0.396 5.8 2.5

schem e is robust because th e  near-far problem  is a llev iated  by th e  cancella tion  pro

cess. T w o schem es are  proposed. O ne is based  on a  one-by-one cance lla tion , in 

w hich  th e  e s tim a ted  strongest signal is rem oved from th e  cu rren t com posite  signal 

a t  one stage  and  never re-estim a ted  in th e  following stages. T he signals a re  rem oved 

o n e  by one un til th e  w eakest signal is d e tec ted . T he  o th e r schem e is based on a  s i

m u ltan eo u s  es tim a tio n  and  cancellation  techn ique, in which all th e  signals so far 

d e te c te d  a re  e s tim a ted  to g e th e r and  rem oved from  the  original com posite  signal a t 

each  stage. T he la t te r  schem e has a  b e tte r  acquisition  perform ance if th e  second 

e s tim a tio n  on signal am p litudes  is no t conducted . F urtherm ore , th e  SRC' schem e 

is ab le  to  m erge in to  th e  m u ltiu se r de tec tion  process na tu ra lly  because it provides 

th e  s ig n a tu re  sequence m a tr ix  of users d e tec ted  as well as their cu rre n t am p litu d es  

a t  each  stage. In fac t, th e  SEC  schem e a t any detec tion  stage can be viewed as an 

M -shot d eco rre la ting  d e tec to r for th e  detec ted  users.

T h e  effect of a  false acqu isition  a t a  stage is not considered in th is  ch ap te r. In 

p rac tice , th is  will cause a  w rong cancella tion , which fu rth e r increases th e  in terference  

for th e  u n d e tec ted  signals. T h is will of course resu lt in longer acqu isition  tim e  for
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th e  system . However, by using th e  au tom atic  threshold  control schem e, th e  false 

a la rm  ra te  can be g reatly  reduced . From  the  sim ulation, we can see th a t  th is  effect 

can  be neglected.

Since th e  near-far problem  is a llev ia ted  by the  cancella tion  process, fast acqu i

sition  is possib le for m ost of th e  signals in a  cell. Therefore, it is indeed su itab le  for 

packet rad io  com m unications provided th a t  th e  processing tim e  of th e  cancella tion  

p rocedure  is fast enough. T h is  raises ano ther challenging p ro jec t, which is how to 

design th e  a lgo rithm  in th e  m ost efficient way to  u p d a te  th e  m atrix  //,• upon each 

new d e te c te d  signal and  com pu te  its  pseudoin verse m atrix .

For th e  ca rrie r m odu la ted  signals, coherent detection  of m u ltiu ser signals is pos

sible. In th is  case, th e  acquisition  schem es should include th e  es tim a tio n  o i the  

ca rrie r  phases which are  uniform ly d is tr ib u ted  random  variables. T h is  is going to  

be ou r fu tu re  work.
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Chapie- 8

Conclusions

A b rie f su m m ary  is addressed  in section  8.1 followed by suggestions for fu rther 

research in section  8.2.

8.1 Summary of thesis

T h e  thesis s tu d ie s  several a spec ts  of acqu isition  techniques for spread spectrum  

d irec t sequence p ack e t rad io  com m unications. For burst m ode DS spread spectrum  

com m unications, w here a  fixed length  p ream b le  is used a t th e  beginning of each 

d a ta  packet for sy n ch ron iza tion , packet acqu isition  using th e  pream ble appears to  

be very  im p o rta n t. I t  has been  found th a t  th e  conventional schem e, which only 
utilizes one period  o f P N  sequence for acqu isition  followed by acquisition  coincidence 

d e tec tio n , does n o t y ie ld  re liab le  enough perform ance due to  the  channel noise. 

Since e rro r con tro l cod ing  techn iques can  be used to  com pensate  the  perform ance 

loss d u e  to  th e  noise for d a ta  d em o d u la tio n , m ost of the  packet losses are  caused by 
acquisition  failu res. R eliab le  synchron izations can be achieved by em ploying a  bank 

of m atched  filters followed by a  bank of long ac tive  correla to rs [35, 58). However, 

th e  receiver com p lex ity  m ay  h inder th e  p rac tica l use of th is approach . In chap ter
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2 of th is  thesis, we in troduced  a  m ultip le  prefix acquisition schem e to  increase the  

acqu isition  re liab ility  a t  low SN R  while m ain ta in ing  sim ple receiver construction . 

T h e  masking effect ex isting  in pream ble acquisition  can be com pletely e lim inated  

by using a  h a rd lim itin g  m atch ed  filter instead  of a  linear one which was analyzed 

in c h a p te r  3. C om pared  to  th e  o ther ex isting  acquisition  schem es, th e  proposed 

schem e achieves a  h ighly reliab le  acquisition  perform ance w ith  a  m in im um  receiver 

com plexity .

Sp read  sp ec tru m  packet rad io  often opera tes in CDM A environm ent. T h u s th e  

received signal is th e  superposition  of m any spread  spectrum  waveforms. Linear 

d em o d u la tio n  schem es will b e  requ ired  to  m ake full use of th e  in form ation  from  

in te rfe ring  users. D em odu la tion  schem es w ith a  h a rd lim ite r, while sim pler to  im 

p lem en t, m ay  lose to o  m uch in fo rm ation  from  th e  in terfering  users. For th is  reason, 

we p roposed  th e  a u to m a tic  th resho ld  control acquisition  schem e for linear m atched  

filters in c h a p te r  4. U sing th e  A TC, th e  m asking t *fect no longer ex ists w hile th e  

linea rity  o f th e  tra n sm itte d  signals rem ains a t  th e  o u tp u t of th e  m atched  filter. In 

C D M A  system s, th e  m asking  effect is caused not only by th e  variation of th e  SN R  of 

th e  desired  signal b u t also by th e  signals from  th e  undesired users. Synchronization  

will be  ex trem e ly  difficult w ith o u t using the  ATC schem e since th e  num ber of ac

tive  users an d  th e ir  received pow ers are  random  variables, resulting  in m ore serious 

m ask ing  effects.

To p robe  m ore insigh t of th e  acquisition  p roperty  in C D M A , in ch a p te r  5 and 

c h a p te r  6, we s tud ied  m u lti-u se r de tec to rs which are  near-far resistan t.

For th e  conven tional sp read  spectrum  d e tec to r, a  receiver only uses one unique 

s ig n a tu re  sequence to  co rre la te  th e  incom ing com pound signal and pick up th e  m es

sage m o d u la te d  by th e  sam e sig n a tu re  sequence. T hus the  inform ation a b o u t the  

m u tu a l in terference  am ong  users is ignored, even though  th e  receiver possesses th e  

know ledge (s tru c tu re  an d  phase) of th e  signatu re  sequence of each com ponent user.



Chapter 8. Conclusions !7;i

T h e  conventional single-user d e tec to r is vu lnerable to th e  mar-far effects and its 

p erfo rm ance  is only  accep tab le  for th e  case of low -bandw idth efficiency where th e  

s ig n a tu re  sequences can be designed such th a t  th e  inter-user interference is negligi

b le. F u rth e rm o re , e la b o ra te  power contro l technique has to  be im plem ented in th e  

sy s tem  to  m ake  ail th e  s ignals’ powers approxim ately  equal a t the  receiver. Unfor

tu n a te ly , pow er con tro l d ic ta te s  significant reduction in th e  tra n sm itte d  powers of 

th e  s tro n g  users in o rder for th e  weaker users to  achieve reliable1 com m unication. 

T h u s , power con tro l can  becom e self-defeating since it act ually decreases th e  overall 

m u ltip le-access and  an tija m m in g  capab ilities  of th e  system  [54].

M u ltiu se r d e te c to rs  a re  near-far res is tan t. O nce it is im p le m e n t'd , the  capacity  

of th e  system  can  be  ex p ec ted  to  be h igher th an  th a t  of the  conventional system . O ne 

of th e  im p o r ta n t m u lti-u se r d e tec to rs  is th e  nonlinear m ulti-use  d e tec to r, which u t i

lizes b o th  th e  sequence  an d  energy inform ation  of users. T h e  nonlinear de tec to r will 

u sua lly  o u tp e rfo rm  th e  linear ty p e  de tec to rs  which only use sequence inform ation. 

T h e  m u ltis tag e  d e te c to r  (non linear) proposed in [50] can greatly  im prove the  detec

tion  perfo rm ance  over linear de tec to rs . However, perform ance difference between 

th is  d e te c to r  an d  th e  o p tim al one is no t triv ia l. In chap ter 5, we developed a new 

m u ltis tag e  d e te c to r . T h e  a lgo rithm s a re  based on the continuous approach to  the  

o p tim a l 0-1 so lu tion . B y m odifying a  single diagonal e lem ent of th e  Hessian m atrix  

o f th e  q u a d ra tic  fu n c tio n , all th e  e lem en ts of th e  estim ated  vector are  m odified in 

one s tage . T h e  a lg o rith m s a re  shown to  achieve m ore reliable signal detection  than  

th e  m u ltis tag e  a lg o rith m  of [50], especially  in th e  case of higher cross-correlations 

be tw een  any  p a ir  o f th e  users’ id codes.

T o  app ly  th e  proposed  m u ltis tag e  d e tec to r to  asynchronous ( ’I)M A system s, one- 

sh o t a n d  M -shot d e te c to rs  were developed in ch ap te r 6. Hoi.ii are near-far resistan t. 

I t  is found th a t  th e  perfo rm ance  of th e  one-shot detecto r varies w ith  the  sequence 

p h ase  delays. H ow ever, th e  am o u n t of th e  variation  is no t very large for a  carefully
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designed system . T h e  M -shot d e tec to r can reduce the  perform ance varia tion  at 

th e  expense  of slight increase in com putation  com plexity . We have found th a t  a 

3-shot d e te c to r  may be the  m ost cost-effective. T h e  one-shot and M -shot m ulti-u ser 

d e tec to rs  a re  very useful for th e  fu tu re  CDM A system s, especially th e  narrow -hand  

C D M A  system  such as CDM A cellu lar system . T hey  can be used for th e  reverse 

link  d a ta  dem odu la tion  of a C D M A  cellu lar system  w ithou t using the  com plica ted  

pow er contro l technique.

In c h a p te r  7, em phasis  was p laced to  the  acquisition  for CDM A signals. W e have 

no ticed  th a t  to  d a te  l i t t le  a tte n tio n  has been paid  to  the  sequence acqu isition  issue 

in C D M A  although  lo ts  of acquisition  schem es a re  available for th e  conven tional th e  

sing le-user receiver. I t  should n o t be difficult to  see th a t  acquisition  in  a  CD M A  

sy stem , especially  in th e  system  equ ipped  w ith m u ltiu ser de tec to rs, becom es m ore 

cruc ia l th a n  acquisition  in  single user case, because the  receiver has to  acqu ire  th e  

phases o f a ll th e  ac tiv e  users’ P N  sequences. F u rtherm ore , th e  near-far problem  

can n o t be avoided d u rin g  acquisition  since any near-far m u ltiu ser d e tec to rs  can n o t 

w ork perfec tly  w ithou t knowing th e  phase inform ation  of th e  active users’ s ig n a tu re  

sequences. T h e  conventional m atch ed  filter acquisition  technique designed for a 

single user will encoun te r a  g rea t am oun t of in terference when working in a  CD M A  

system . In ch ap te r 7, tw o acquisition  schem es based on in terference cance lla tion  

were s tu d ied  for C D M A  signals. In general, th e  acquisition schem e consists of 

tw o basic s tep s. In th e  first s te p , the  receiver searches th e  PN  code p hase  o f th e  

s trongest signal. In th e  second s te p , the  e s tim a tio n  of the  de tec ted  signal a m p litu d es  

(pow ers an d  signs) is o b ta in ed , th u s  th e  w aveform  of th e  de tec ted  signal(s) can  be 

reco n stru c ted  and rem oved (cancelled) from  th e  original signal. In p rac tice , th e  

acqu is itions  for the  cu rren tly  ac tiv e  users’ signals m ay not be ob tained  in th e  sam e 

observa tion  d a ta  block d u e  to  ( he  non-coordination of asynchronous users, i.e ., som e 

u se rs’ signals a re  c a p tu red  earlier because they  a rrive  earlier. In fact, while a  receiver
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is m a in ta in in g  th e  d em odu la tion  for th e  de tec ted  users’ signals, it also rem oves the 

w aveform  co n stru c te d  by these  signals from th e  original received signal and  check 

th e  residual to  see if th e re  are  any new com ers. The most, im p o rtan t ach ievem ent by 

th e  new  schem es is th e ir  approx im ately  near-far resistances. W ithou t the  acquisition 

schem es developed in th is  ch ap te r, near-far de tec tion  of CDM A signals using m u lti

u ser d e tec to rs  will be  im possible.

8.2 Further research

In th is  thesis, we a re  m ain ly  concerned w ith th e  signal detec tion  and  acquisition  

p ro b lem s for CDM A system s. However, for sim plic ity  and the  purpose of tack ling  the 

m a in  p rob lem  in C D M A , i.e., th e  near-far problem , coherent de tec tion  for each user’s 

s igna l is assum ed . T herefo re , th e  signal processing algorithm s can exclusively deal 

w ith  th e  baseb an d  signals which can be expressed in d iscrete form s. F u rtherm ore, 

th e  channel is assum ed  to  be AWGN for the  sam e reason.

In  p rac tice , coheren t receptions for m ulti-user detections are  still possible if the 

c a rr ie r  phase o f each  com ponen t signal can be tracked. In som e cases, w here the 

received  signals a re  su b je c t to  severe lading, oscilla tor phase in stab ility  a t the  tra n s 

m it te r  m akes th e  coheren t reception ex trem ely  difficult. In such s itu a tio n s , some 

k in d  o f non-coheren t m u lti-u ser de tec to rs need to  be developed. In [50j, a  D t'SK  

lin e a r  m u lti-u ser d e te c to r  was studied . For th e  detec to r, no knowledge of th e  ener

gies a n d  ca rrie r  phases of any of the  com ponen t signals is assum ed a t  the  receiver. 

H ow ever, e s tim a tio n  o f signal energies m ay be possible by the  proposed acquisi

tio n  schem e in  c h a p te r  7. N onlinear m ulti-u ser detecto rs for non-coheient de tec tion  

m ay  b e  used to  im prove perform ance. S tudy  of such detecto rs is one of the  fu rther 

resea rch  topics.

In  any  cases, th e  acqu isition  of each of the  com ponent signals based on baseband



signals is to o  idea) to  be accep ted . T h e  m ain purpose of chap ter 7 is to  show th e  

robustness of th e  cancellation  schem es com bined in the  acquisition  schem e. O u t fu r

th e r  research  will focus on th e  non-coherent signal acqu isition  using th e  cancella tion  

schem es. O f course, for coheren t dem odulation , carrie r phase for each com ponen t 

signal is a n o th e r im p o rtan t p a ra m e te r  which needs to  be e s tim a ted  du ring  synchro 

n iza tion . T h is  will no t be to o  difficult if all th e  PN  sequences can be c a p tu re d  

non-coherently .

T h e  fu tu re  work should a lso  include the  ex tension  of th e  analysis of th e  p roposed  

d e tec tio n  an d  acquisition  schem es in fading channel. It will be very in te res tin g  to  

look a t  th e  ways to  ob ta in  th e  near-far resis tan t m u lti-u se r de tec to rs  an d  synchro 

n izers in fading channel for CDM A system s. N eural netw ork com bined w ith  b lind  

equa liza tion  m ay be one of th e  efficient theoretical tools to  solve th is  k ind  o f p ro b 

lem s.
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Appendix A 

Accurate Computation of PL

As an alternative to the simplified method in Section 2.3.2, an accurate approach

synchronization failure. For this purpose, we define the waiting time w as the time 

elapsed from the starting point of the arrival of a packet to the point that the receiver 

just switches back to the idle state. From the construction of the preamble and figure 

2.4, we know that, w =  0 if the packet drops in an idle interval /  on arrival, and 

w > 0 if the packet falls in a block interval on arrival. When 0  < vt < A/,7', the 

packet is recoverable. When NtlT  < w < 7’2, the packet will be lost, w is actually a 

random variable with its probability density denoted as w(t).

To find P i, we need to find the probability density of the waiting time u;(t.) after 

a packet arrival at t = 0. Note that there is a finite probability that the waiting 

tim e is exactly zero. Then

is presented in this appendix to obtain the probability of packet loss caused by

Nt,m- 1
P i  =  1 -  WOPByn(0) -  ]T  WkP„V„(k) ( A . I )

where

w0 — Pr{w  =  0} ( A . 2)

(A.3)
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and P»Vn{k) is computed by 2.17.

To find wo and Wk, we must find w(t). To find w(t), we require the probability 

density / ( /)  of the blocking periods B. By construction of the sync technique.

/(f)  = pi<r(t -  T\) + p2<r(t -  T2) (A.4)

where px =  1 -  Pjcn and p2 =  Pjen> Pjcn is the probability that at least one false 

marker detection occurs in noise during Nh marker tests, and is determined by 2.24 

and 2.25.

We assume that the arrival of a packet during a busy period B  does not affect p\ 

and pa. This assumption is reasonable if the PN code is a near-ideal autocorrelation 

function.

We follow [14] to determine w0,Wk and w(t) in terms of f ( t )  and two additional 

parameters A/  and Ap. We have defined Xj — Pfon/T c as the number of arrivals of 

false acquisitions in Te seconds when the receiver is idle. Ap is defined as the number 

of arrivals of packets in Te seconds. Both arrivals are assumed to be Poisson.

By definition, w(t) concerns the waiting time caused by false acquisitions, and 

does not include waiting time because the receiver is busy processing a previous 

packet. Thus in using the method of [14], we assume that the arrival rate of packets 

is vanishingly small (i.e. there is only one packet arrival for all time, and we wish 

to determine P i for this packet). Thus we consider the case Ap72 C  1.

To find wo, we note that in figure 2.4, the random variable w is equal to zero if 

the packet arrives during one of the intervals Iq, It,..., Summing over disjoint 

events we find [14]

wo =  £  Pri'E'iU  +  Bi) < r  < £ ( / ,  +  Bi) +  / n+1]
n=0 isO i=0

K
A/ + Ap -  \ j F ( X p )  ( A > 5 )
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where F(ap) =  ple~XpTl + p2 t~ x,,T2 is the Laplace transform of the density function

f ( t )  of the random variable Bi.

Similarly, w(t) can be found by

oo n+1
w(t)dt =  Pr[t < w < t +  dt) = 2  Pr[t < £ ( /<  + Bi) -  r  < t + dt\ (A.6)

n=0 (=0

Following [14] for f ( t )  given by (A.4)

-  A ( A- n 

=  A / + A " - X F ( A , ; lf,’c" ,rr' ~, 'g l ( i > + <A-8>

where

^ i ( < )  a*  u ( < )  — u ( <  — 7 ; )  * =  1 , 2  ( A . 9 )

We can now evaluate the in*, terms in (A .l) using (A.3) and (A.8 ) when k < Nitm.

f kTc A /

Wh = J (k - "T C A/ +  Af ~  \ , F ( \ p ) XpF^ e P dl

=  V rA p -A /^ (A P) F(V )eM T' ( ' ~ <!' V,'') (A-I0)

When NhT < w < T2, the packet will be blocked and then lost. The correspond

ing probability is given by

f t  =  P[NhT < w < T 2]

f s hT A) +  Ap -  A/ F ( A p) A p F (A p )c V d <  

+  X ,  A,  +  Ap -  A/ F ( A p) ApP2C~ ApT3cVrf<

=  XT T l ^ A / ^ A , , ) ^  -  ( A T I ,

In the limit ApTi <  l,w e  have

1 +  ĵ t ( 1 — ptc- VH _  p2e-xPT*)
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1 + A/(pi7i +  P2 T2 ) 
1

l + o

Using the same argument, Wk from (A. 10 can be reduced to

(A. 12)

» .  =  { f z  <A-13>

and

Pi> =  -P/0n[Affl — 1 +  P/cnI'D]fn/{l +  «)• (A .14)

Therefore with the condition of APT2 <  I, Pl from A.l can be expressed as

1 p ,  Nhm -i
n  = r ^ p w ( o ) + 1̂  y ;  p ^ ( k )  ( a  is)

which is the same as the result obtained from (2.16) and (2.18).
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Appendix B 

Com putations of q ,p , s ,qn ,pn , s n for 

Linear Receiver

In this appendix, we determine the probabilities q, p, s, qn, pn,s n for the non coherent 

receiver of Figure 2.3. Two matched filters are used for the marker test. We assume 

that the two input signals are orthogonal, where and u„ corresponding to ” 1” 

and ”0 ” respectively are the outputs of the envelopes normalized to <r.

The distribution a t each MF output is written [5]

provided that ”1” was sent. For reliable coincidence detection ( / ■ * ( ~  1) 

without excessive false alarms (P jn — 0 ), it is necessary to use a normalized threshold 

hi 0 with the comparison device, thus erasure may occur if both MF outputs are 

less than b\. If we define

P(«c) = u0 e x p (--^ ) (B.2)

)Io(ax)dx

then <7,p,3,9ntp„ ,sn are calculated as follows:
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n
i>i

p ( u l t u0)du \d u0 

= [1 ~  Q{\I^HoM)][\ - e x p ( - ^ - ) ]  (B.4)

fOO
9 -  I  PrWu < Ui\Ui = Ui]p(ut )dui  

Jb\
fOo eu\

=  /  /  p (uQ)duop(ul )du l
«/U ]= 6i Ju^=Q 

to o

=  J  [1 “  e x p { - u \ l 2 ) ) p { u x)dux

~  -  ^ e x p ( -y )Q (y ^ ,\ /2 & i)  (B.5)

P = 1 - Q - s  (B.6 )

/° °  / Ul Un u 2
9n =  Pn — I u^exp{— — )du0n x e x p ( - - ^ ) d u \

• /tii = 6 ] * 'tio = 0  i  2

62 1
= e x p f - y j - g e x p i - f e 2} (B 7)

=  1 -  2qn (B.8 )
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Appendix C 

Com putation of Pacq(i ,k)  for 

Two-Level Threshold

In this appendix, Pasq(i,k )  of 2.19 of the new scheme introduced in section 2.3.2 

with the two-level threshold is calculated from the flow graph of figure C .l with the 

indicated states and gains. The contents of the H (i,j)  gain blocks are illustrated 

in figure C.2. For each H (i,j )  block, there are two gains: one is from the input to 

an acquisition state, which is denoted as Ha(i,j) ,  and the other is from the input 

to a false alarm state, which is denoted as With the initial searching point

k + 1 =  {i0 — l)m  +  j 0, the probability Pacq{i,k) of reaching an acquisition state 

Acq(i,A) at the *th PN period may be written in terms of the probabilities Hitl of 

reaching the intermediate states ( i , j)  and the gains Ha(i,j)  as

1
E j=Jo j ) ,  i — *0,io — 1, 2 ,

E j= i j ) ,  i > i0.

The S ij  are found from the recursive equations

(C.l)

(C.2)

Si,i =  i( l  “  Pjd{j -  1)), I < * < Nh, j  < m,
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and

Sitl = S i . ltm(\ -  P4). (C.4)

The gains Ha(h j)  are obtained from figure C.2, where the additional h subscript 

attached to the gains Pd and Pfd(j) means that the higher threshold 60j, is used in 

the corresponding definitions (2.5), (2.6). From figure C.2,

m - 1
=  (Pfd(j)  -  P/dh(j)) n  ( I "  Pfdh{j))Pdh» 1 < * < Nh, j  <171 -  I

k=}+l
(C.5)

and

m—1
Ha(i,m )  =  Pdh +  (Pd -  Pdh) J ]  (1 -  Pfdk(k)), (C.3)

k=l

Ha(Nh,m ) -  Pdh. (C.7)

This completes the calculation of Pacq(h h).
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FA

€ f j((N h -l) t ; .i2 )  Q fj(N h  in-1)

II(Nti.m)H(Nh.l)
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Figure C.l: Signal flow graph for acquisition with two-level threshold
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Phi, O+i) T - HI Pfli, )̂

Ph (i) • PflhO) QmhO+i) QiaiOfj) QtdhM) P*------------- j * -------------- — > . . . ------------:—

HRij)

©

1-P,
^Acq(iJc) )
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)

©

i = l , 2 ..... Nh-1; Ha(Nh,m)= Pdh

Figure C.2: Details of H ( i , j ) gain block
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Appendix D  

A M odified Analysis of the TL 

Scheme

In this appendix, some modifications on performance of the TL method in [35, 58] 

are presented for convenience of comparison between the new scheme proposed in 

chapter 2 and the TL scheme. For example, the original analysis did not take the 

blocking probability/rate as the criterion. Since the blocking rate is more appropri

ate in packet radio communications, it is necessary to modify the analysis.

For the TL scheme the packet will be lost if it is blocked or if the synchronization 

fails when no blocking occurs. The expression for this probability is simply

PL -  1 -  (1 -  (0.1)

where PbTl *8 the blocking probability and P'ayn the sync probability for the TL 

method.

Since the receiver may be falsely locked into the in-sync condition, it is possible 

for a coming packet to be blocked by the unavailable receiver engaged by a previous 

false lock signal. The probability that a code start signal of a packet finds the 

receiver to be in a false lock state is
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Pr B '+ P  (D-2)

where B' = L p T  — Lpm Tc is the total time that the receiver stays in the false 

lock state. I ' -  1./A' = Tc/P fl is the average time interval in which the receiver is 

not in the false lock condition. Here Possion arrival are assumed for the false lock 

signals. Ppi is the probability of the false lock.

A code start signal will be also blocked when it finds all the active correlators 

engaged, even though the receiver is not in the false lock condition. This probability 

is given by the Erlang B formula B(c , a) [35, 58] where a =  [1 — (1 — P/0)Npc]M is the 

offered load and c is the number of active correlators. Npc is the number of prefixes 

in the preamble. Pj0 is the probability of false start by the passive correlators.

Given bfQ as the threshold of the passive correlator, will be

h>2

P/o = exp( ~ )  (D.3)

Thus the blocking probability PgTL for the TL scheme can be written

P b tl  = P^ + ( l - P 'B)B(c,a) 
a ' +  B(c,a)

1 +  o ' <D-4 >

where

a' = B 'I I ' = Ipm PpL

= Lpm[l -  (1 -  P /o l^ K l -  B(c,a))Pji. (D.5)

In the above equation, the expanded expression for P f l  is taken from (4 ) in [58]. 

P ji is the probability of false coincidence by the active correlators given b\ as the 

threshold.
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b'2
/3/, = e x  p ( - y )  (!).(>)

The probability P'ayn of successful synchronization in (I). 1) is

p i„  =

= [ i - ( i  -  Q ( s f ^ X ) ) " ' ‘\Q ( \ /n h , lA )  (0.7)

where P'd0 and Pd} are the detection probabilities of the passive correlators and the. 

active correlators respectively, and given by

P "*, =  Q ^ X )  ( D . S )

PI, = (■>.»)

where 7 ' =  M jin =  M j | .

The thresholds b'Q and b\ are determined so that the overall performance or tin; 

dynamic range is optimized.
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Appendix E 

Com putations of q,p , s ,qn ,pn , s n for 

HL Receiver

In this appendix, symbol detection probability q, symbol error probability p and 

symbol erasure probability s to compute P(hc,h x,n) in section 2 .3 .2 , are derived 

for coincidence detection. In addition, when signal is absent, the probabilities qn, pn 

and sn that the outcome of a symbol test of coincidence is ”1”, ”-1” and ’’erasure” 

in 2.3.2 are also derived.

To calculate q, p and a, we assume that symbol ”1” is transmitted. Noting that 

the digital threshold for coincidence is h2, the probability q that the output Ym is 

not less than h2 is given

q = Pr{Ym > h2) (E.1)

By Gaussian approximation, q will be

(E.2)

Similarly, p and s can be obtained from



Appendix E. Computations o f q,p, s, q„,pn, sn for H I Receiver 199

S = Pr{\ym\ < h2}

= \ — q — p (K.4)

Bearing in mind that the probability density function fvm{y) -  />„„(?/) is according 

to Gaussian distribution with mean and variance given in section 3 .11.2 , </,/» and .s 

are easily obtained as

„ . ,  ,/»2 -  (1 -  2pe)rti..
q =  0.5 erfc( - y  -   -) (K.5)

^ 8 mpe(l -  pe) 

y 8mpe(l - p e)
(E.6 )

s = l - q - p  (K.7)

When signal is absent, we can easily calculate r/„, pn and «„ by letting p,, =  0 .5  in 

(E.5), (E.6 ) and (E.7). Thus we get

qn = 0.5 erfc(—ji=L=) ( |.;.8 )
v 2m

P n= qn = 0.5 erfc( - 4= ) (1*1.9)
v 2m

sn — 1 2qn (E.10)
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Appendix F 

Num erical Computation o f 

M inimum

In this appendix, we show the method to calculate minPi, with respect to SNR 

in chapter 4. As described in section 4.4.4, the optimal thresholds (60, be) as the 

function of SNR can be obtained by doing the minimization

min Pi(b0,bc), b0 and bc > 0. (F .l)

Since P/,(60> bc) is related to bo and bc in a nonlinear manner, the problem cannot 

be easily solved by setting =  0 and =  0. Fortunately, P i as a function of b0 

with be as a constant appears to be unimodal, i.e., P i has a single minimum within 

a certain interval bm < bo <  buf. This feature is shown in figure F .l and figure F.2. 

Thus any of the linear search techniques such as the three-point search, the Fibonacci 

search and the Golden-ratio section search can be used. The optimization procedure 

is illustrated by the following steps. Step 1. Transfer the 2-dimensional problem 

into an unidimensional search by fixing bc. Step 2 . Applying one of the above search 

techniques, find the optimal function value and bo. Step 3. Change 6e, and repeat 

step 2. Step 4. Select optimal (ho, 6C) at the minimum Pi point. In fact, be has little 

effect on the minimum Pi as long as it is not too small.
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Appendix G 

Exact Computation of Pd ( i)

In this appendix, we show the method to precisely compute Pd{i) from Pd{i) = 

Ilnsi1 Pr{|^n| < \%o\y n =  1» 2 , ..., m - - 1 .} in section 7.3. To do this, we first derive 

the probability density functions of Un =  \Zn\ and U0 =  \Z0\. The probability 

distribution function of Vn is

Pu„(un) =  Pr(Un < un)

= Pr(|Zn| < u n)

= Pr(—Mn < Zn < un)

= P t { Z n < u„) -  Pr ( Z n  < - u n) ( G . l )

By differentiating (G .l) with respect to un, we get the probability density function 

of Un in term of the density function of Zn. It is

Pun (Un)  =  Pzn ( ^ n )  "f" Pin (  Wn ) ,  Un ^  0 .  ( G . 2 )

Since Zn is zero mean Gaussian random variable, we have p2n( - u n) =  pSn(un). Thus

Pun {u n)  =  2 p a n ( l / n ) ,  Un >  0 .  ( G . 3 )

Similarly, we have

P u o ( « o )  =  Pzo(u») +  Pi0( - U  o )



Appendix G. Exact Computation o f Pd(i) 203

I _ iua-'y?
— (e a*?<0) -f c ) (C.4 )

}/2xof{0)

Now Pd(i) can be written as

too ~ '
W )  -  / n  Pv(Un < u 0\V0 = u0)P u o M du0 (0.5)

J 0  n = l

where

fuo
Pr(C/n < uojl/o = u0) = /  pUn(u0)dun

Jo
fuo

= /  2p!n(u0)dun 
Jo

Up

Substitute (G.6 ) into (G.5), we have

e r f ( - 7.“ ° =) (G.6 )

f  00 ”* * 91.

m  = /• S ed{q ^ )pMdn''

= ■ / TT erf( / ° W«o
1 2 

=  “7 = /  _ c nv n=t
l /°° 2

+ - r  e v n  erf(anu -  a , , ^ ) ^  ((1.7)
V n Js/Ti n=i

However the second term in (G.7) is very small in most cases compared to the first 

term, thus can be neglected. The first term is just the approximation we obtained 

in (7.40).


