INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and

dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations

and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., méps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overlaps.

ProQuest Information and Learning
300 North Zeeb Road, Ann Arbor, Mi 48106-1346 USA
~ 800-521-0600

®

UMI







AR CS-THES

Differential and Coherent RAKE
Receivers for DS-CDMA in Frequency-
Selective Rayleigh Fading Channels

by
Claude D’Amours, B.A.Sc.

A thesis submitted to the
School of Graduate Studies and Research
in partial fulfillment of the requirements
for the degree of '
Master of AppliedScience

Ottawa-Carleton Institute for Electrical Ingincering
Faculty of Engineering
Department of Electrical Enginecering
University of Ottawa

Y e dl
(\\‘6‘5\“’ O""Ol{,
S sovoreas 7
_(_»‘.".‘.,“
: (;.__ T:—-‘I ....g
e
T =g
0 LIBLATIES o
(Y
e’Sﬂ'y of O’(\

Claude D'Amours, Ottawa, Canada, 1992

*

-




UMI Number: EC52230

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform EC52230
Copyright 2007 by ProQuest LLC
Al rights reserved. This microform edition is protected against
unauthorized copying under Titie 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346




Differential and Coherent RAKE
Receivers for DS-CDMA in Frequency-
Selective Rayleigh Fading Channels

by
Claude D’Amours, B.A.Sc.




Abstract

The performance of digital communications over frequency-selective Rayleigh fad-
ing channels can be quite poor, thus diminishing the capacity of a DS-CDMA
system. This thesis compares differential detection, multiple symbol differential
detection and pilot symbol-aided coherent detection of a direct-sequence spread
spectrum signal for this channel. Diversity reception is obtained through RAKE
reception, and both equal gain and maximal gain diversity combining are consid-
ered. The improvement provided by some error correcting convolutional codes and
interleaving are also studied. .
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Chapter 1

Introduction

The telecommunications industry is currently undergoing a technological revolu-
tion which is fuelled by the demand for wireless communications services. These
services include cordless telephones, pagers and cellular telephones. Presently,
there are more than 4.5 million cellular phones in use in the United States [1], and
the need for this service is growing rapidly. Many believe that the existing allo-
cated cellular bandwidths are insufficient to support the number of users that the
service will draw. In fact, cellular operators are reaching their maximum capacity
in several cities today [2].

Personal Communications Networks (PCNs) are now being aggressively proposed
as the logical evolution of cellular telephone. The technology would allow the use
of a small portable communication device from virtually anywhere in the world
by combining wircless, satellite, and wireline communications. PCN’s strongest
supporters believe that eventually 25 to 60 million consumers in the United States
would subscribe to this service [2]. Currently, the bandwidth required to support
-such a huge number- of users is unavailable as much of the allocated frequency
spectrum is already occupied.

New method of spectrum utilization are now being investigated in order to improve
spectrum cfficiency. Currently in North America, there are four major companies
that arc investigating the use of code division multiple access (CDMA), which op-




erates using spread spectrum technology, as a means to increase capacity in the
current cellular telephone networks and as a possible strategy in the implemen-
tation <_5f PCNs. These companies are Cylink, Omnipoint Data, Millicom, and
Qualcomm [2]. They believe that spread spectrum can offer many benefits in the
implementation of future wireless services. The three primary advantages are:

i) Because of the congested nature of the frequency spectrum in the United States,
it is unlikely that the large bandwidths needed for these future services will be
available. The sharing of radio spectrum with existing communication users, cs-
pecially point-to-point microwave towers (1700-2300 MHz) [2,3] is made possible
through spread spectrum. The anti-jam and low density properties of spread spec-
trum signals would allow the co-existance of spread spectrum with existing users.

ii) Spread spectrum is the only technology that allows for the full exploitation of
the voice activity factor which in turn increases the number of users in cellular
networks [4,5,6]. The voice activity factor is about 35%. When users assigned to
the channel are not transmitting, the mutual interference is reduced. Thus, the
voice activity factor reduces the mutual interference by about 65%, increasing the
true channel capacity by a factor between 2 and 3. '

iii) New FCC and Canadian DOC regulations allow the unlicensed use of spread
spectrum on certain RF bands, .notably the Industrial, Scientific, and Medical
(ISM) equipment bands at 902-928, 2400-2483.5 and 5725-5850 MHz [7]. These
frequencies are used for non-communication purposes, and thus the FCC allows
spread spectrumn users to transmit up to 1 W of power in these bands.

A direct sequence CDMA signal consists of a transmitted signal which is spread
over the entire bandwidth of the communications system by a pseudo-noise (PN)
scquence.  All other users occupy this bandwidth as well. At the recciver, the
desired signal is recovered by despreading the signal with the proper PN sequence.
All undesired signals remain spread over the entire bandwideh. If the number of
simultancous uscrs is large, using the central limit theorem, the multiuser inter-
ference can be approximated as equivalent to additive white Gaussian noise [8].
In the general case, if PN sequences with good correlation properties are used
(cg. m-sequences, Gold sequences), the AWGN equivalence is a conservative ap-
proximation [9]. Therefore, as additional users transmit over the channel, the
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performance of each user degrades. Because of this, the system is power limited.
The capacity is determined by how many simultaneous users the system can sus-
tain while maintaining an acceptable level of performance. Thus, optimization of
the performance of a CDMA system is needed in order to optimize its capacity.

One of the greatest impairments to mobile radio is the multipath-induced fading
nature of the channel. An inherent advantage of using CDMA is its amelioration
of the effects of multipath. As the receiver despreads one path, all other echoes
appear as nearly equivalent to white noise, thus reducing its ability to degrade
the system performance. The ability of direct-sequence (DS) spread spectrum
to resolve individual paths from the overall multipath signals allows for the re-
ception of many paths if RAKIE reception is used. This results in the improved
performance through diversity combining, which in turn increases system capacity.
The diversity combining method is important in the optimization of the system’s
performance.

The choice of detection technique is also an important factor in the optimization
of the system’s performance. In a frequency-nonselective Rayleigh fading chan-
ncl, coherent detection provides a 3dB advantage over differential detection and
a 6dB gain over orthogonal signalling {10]. This advantage is maintained when
the channel is frequency-selective and the available diversity is exploited. Such
large gains can greatly increase capacities in CDMA systems. However, coherent
detection requires some form of channel phase estimation. The performance of
such a system will depend greatly on the reliability of the channel phase estimates.
Channel sounding is generally used in channel phase estimation [11]. An alterna-
tive technique which is well suited for this type of channel is differential detection
becausc it does not require a carrier phase recovery circuit. Recent results in liter-
aturc indicate that the performance of differential detection in an additive white
Gaussian noise channel can approach that of coherent detection by observing the
phasc change over a number of symbols [12,13]. This is known as multiple symbol
differential detectiont (MSDD). Since improved performance translates into higher
capacitics, an optimum detection scheme must be determined for the land mobile
channcl.

In addition to the diversity advantage of direct-sequence spread spectrum systems
with RAKE receivers, coding is another way by which time diversity can be intro-
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duced and the performance in a frequency selective Rayleigh fading channel can
be further improved. Along with the diversity gain obtained from the channel and
the nature of the spread spectrum signal, a good detection/coding scheme can be
found which would greatly increase the capacity of the CDMA channel.

1.1 Multipath Channel Model

A brief description of the frequency-selective Rayleigh fading channel model is
discussed in this section as it forms the foundation of all research discussed in this
thesis.

The land mobile channel is a hostile environment for signal propagation. Terrain,
buildings, and other mobiles are some of the obstacles which attenuate and reflect
a signal to various degrees. At any given location, the received signal is the sum of
many reflected versions of the transmitted signal that propagated along different
paths. This alters the amplitude and phase of the received signal. Intersymbol
interference is also present due to the different propagation delays of each path.
Since the receiver and the surrounding environment tend to be in motion, the
channel conditions change with time, making it difficult to estimate the channcl
state.

A typical multipath channel is characterized by the following impulse response:

b = T a8t - Ti) (L.1)

1

or

ht) = 3 lad(®)le™W6(t - Ti(t)) (12)

where fa;(t)] is the time varying path gain of the ith path, 0;(t) is the time varying
channel phasc of the ith path, and T;(t) is a set of time varying random delays on
the interval [Ty, Ty | Thn), where Tyq is the transmission delay and To, is called
the mullipath spread of the channel.




The coherence bandwidth of the channel is given by-

1

@fle ~ 7 (13)
where (A f). denotes the coherence bandwidth. Any two sinusoids with a frequency
separation greater than (A f). are affected differently by the channel. Thus, when
the coherence bandwidth is small in comparison to the bandwidth of the trans-
mitted signal, the channel is said to be frequency-selective. Conversely, if (Af), is
large compared to the bandwidth of the transmitted signal, the channel is said to
be frequency-nonseleclive.

The Doppler spread, By, is a measure of the rate of change of the set of complex
Gaussian random variables ¢;(t). The reciprocal of By is a measure of the coherence
ttme of the channel. This is shown by

1

(At), = B

(1.4)

where (At). denotes the coherence time. Vehicle velocity and carrier frequency
determine this parameter.

The terrestrial mobile channel is discussed in {10,14]. This channel is frequency-
selective for DS-CDMA signals and is typically slowly fading with a typical delay
spread of 5 microseconds. Figure 1.1 depicts a land mobile communications chan-
nel model.

1.2 Thesis Objectives

Direct-sequence CDMA is being considered for cellular and personal communi-
cations services for two reasons, to circumvent the lack of available frequency
spectrum and to increase current system capacities. The capacity of a DS-CDMA
system depends greatly on its bit error rate performance. Since each user acts as
interference to all other users, the capacity is determined by the number of simul-
tancous users the systern can support while maintaining an acceptable bit error
rate.
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The objectives of this thesis are: -

i) To determine a good DS-CDMA receiver with respect to detection, diversity
combining and coding as to maximize the capacity of the system.

ii) To examine these results and to suggest means of further increasing the com-
munication system’s capacity.

1.3 Thesis Organization

The remainder of this thesis is organized in five chapters.

Chapter 2 presents a basic explanation of direct-sequence spread spectrum prin-
ciples. Narrowband interference rejection and multiple access properties are ex-
plained in detail.

Chapter 3 reviews previous research and experiments. in the field of land.mobile
communications, the use of spread spectrum, and diversity combining techniques.
All experimental procedures, analysis, and results obtained from these experiments
are presented. '

Chapter 4 discusses diversity combining and detection techniques, as well as the
RAKE receiver structures employed in this study. Detailed explanations of each
detection scheme and how they arc used in conjunction with RAKE receivers arc
given.

Chapter 5 presents all simulation methods and results. The algorithms used are
described in detail and all results are analysed. All detection schemes are compared
for a number of channel conditions and coding schemes.

Chapter 6 contains a review of all material presented and renders some conclusions
on the performance of certain detection/coding schemes. Based on the resules
obtained, recommendations for further rescarchr are given at the end of the chapter.




Chapter 2

Direct-Sequence Spread
Spectrum

Spread spectrum technology, originally developed for military applications where
security and resistance to jamming are the critical concerns, requires that a digital
signal of limited bandwidth be spread to cover a much larger bandwidth. This
technique seems somewhat odd since a typical communications engineer tries to
squecze more and more capacity into as small a bandwidth as possible. ITow-
ever, certain advantages are obtained through the usc of direct-sequence spread
speetrurn. These are [15]:

(1) Protection against jamming and unintentional interference,
(2) Multiple access,
(3) Protection against multipath.

However, certain disadvantages arise when using direct-sequence spread spectrum.
The main disadvantages are:

(1) Increase in receiver complexity, and

(1) Incfficient use of channcl bandwidth in certain applications.




This chapter provides a detailed explanation of spread spectrum theory needed in
the understanding of the concepts presented in this thesis.

2.1 What is Direct-Sequence Spread Spectrum

In direct-sequence spread spectrum [10,16,17,18], a digital signal, m(t), is modu-
lated by a pseudorandom binary code, ¢(t), known as a pseudonoise (PN) code.
A pseudonoise code is a string of 1’s and 0’s which is usually generated at a rate
higher than that of the bit stream. These codes are selected for their good auto-
correlation properties and their low crosscorrelation with different PN codes. The
modulation of the digital signal produces a resultant signal, s(t) = m(t)c(t), which
is transmitted. At the receiver, s(t) is modulated with a local replica of the PN
code, ¢(t). Assuming the the local replica of ¢(t) is aligned with the original, the
resultant signal is m(t) since ¢*(t) = 1. Figure 2.1 demonstrates a direct-sequence
spread spectrum signal in both time and frequency domains, where T, is duration
of one bit and T, is the duration of one chip. A chip is one binary symbol of the PN
sequence. Figure 2.2 shows the general form of a direct-sequence spread spectrum
communication systern. '

2.2 Pseudonoise Sequences

The PN sequence is the foundation of direct-sequence spread spectrum. It is this
entity which spreads and despreads the information that is transmitted over a
‘spread spectrum systern.

A random binary scequence has the following autocorrelation function:

1- iflr < T,
R = Ti 2.1
(7) { 0 ’ otherwise (2.1)

A pseudonoise sequence is pseudorandom. In other words, it appears random over
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Figure 2.1: Dircct-sequence spread spectrum: (a) Time domain (b) Frequency
domain.
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Figure 2.2: A direct-sequence spread spectrum communication system.

some interval of K chips, then it repeats itself. Thus its autocorrelation function is
periodic with a period of KT, where T, is one chip time. Figure 2.3 demonstrates
the autocorrelation function of an ideal PN sequence. From this, one can see that
the PN sequences of the transmitter and the receiver must be aligned within onc
chip in order for the receiver to receive the spread spectrum signal. PN sequence
synchronization algorithms exist in order to achieve this. Some PN synchronization
schemes are discussed in [19], however they are not discussed in this chapter as

some assumptions concerning this aspect of DS spread spectrum are made further
on in the thesis.

2.3 Interference Suppression Capabilities of Direct-

Sequence Spread Spectrum

Since the advent of spread spectrum, different types of jamming techniques have
evolved. These jamming methods include tone or partialband jamming [18,20,21,22],
barrage jamming [18] and pulsed jamming {18,21,22]. In commercial systems, how-
ever, these types of intentional jamming tend not to occur. Instead, the signal is
subjected to unintentional interference from non-spread systems, which is analo-
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Figure 2.3: (a) Autocorrelation function of random binary sequence (b) Autocor-

relation function of ideal PN sequence.
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gous to narrowband jamming. This section will examine only unintentional inter-
ference encountered by spectrum sharing with existing users.

Figure 2.4 demonstrates a direct-sequence spread spectrum communication systemn
being acted upon by an interfering signal. Note that while the desired signal is
spread at the transmitter and despread at the receiver, the interference signal is
modulated by the PN sequence only once. Thus the interference signal is spread
over the entire spread bandwidth at the receiver, and this reduces its ability to
degrade the performance of the system.

Demodulator

Data
in (t) (t) | pd
—————— Modulator il &Yt ) ><

s(t)+1(t) m(t)+

I(t)clt)

c(t) Y c(t)

Figure 2.4: Spread spectrum in the presence of interference.

The effect of narrowband interference on a DS-CDMA system is similar to the effect
caused by partial band jamming [22]. Consider a DS-CDMA system operating in
the same frequency band as a single non-spread system. The power of the non-
spread system is denoted as [, its bandwidth as W,,, and its carrier frequency
as fns. The DS-CDMA system has a bit rate denoted by R, a spread bandwidch
denoted by Wy, and a carrier frequency given by f,,.

In Figure 2.5 (a), a spread spectrum signal is shown along with a narrowband
interfercnce signal.  For simplicity, it is assumed that the interfercnce signal’s
bandwidth, W,,,, is extremely small. When the received signal is multiplied by by
the local PN sequence, the desired signal is despread, while the interference signal
Is spread, making it appear to be noise. This is shown in Figure 2.5 (b). The
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equivalent interference noise density is denoted as NV; and is approximately [16):

I .
N, = % sinc®[(fos — frs) Te) (2.2)
88
Spread Narrowband
Spectrum -} ———— Interference
Signal \
/ | l \
fss fns
Interference
(a) Signal spread
_ by receiver's PN
Desired » :— —= - Sequence
Signal | | /
I
| L
fss fns
(b)

Figure 2.5: Narrowband interference with spread spectrum signal (a) Before de-

spreading (b) After despreading.

When fo = fouy, Ni = .WI—, The cquivalent energy per bit to spectral noise density

ratio is given by:




E, E-' E~N\!
_o (&= L 2.3
No "|' Ni (No + N,; ( )

_ Eb_] EbWss -\
= ('1\7; + < Ton (T = fns)Tc]) ) (2.4)
B, IR, . - ]
(M + EW,S sinc?[(fos — fns)Tc]) (2.5)

where C' = [,/ R, and is the total signal power.

Figure 2.6 shows the effect of narrowband interference on a DS-CDMA signal
with an energy per bit to spectral noise density ratio, Ey/N,, of 10dB for differ-
ent spreading factors. The center frequencies of both the CDMA signal and the
narrowband interference are equal in this figure.

In the case where many non-spread systems exist within the DS-CDMA system’s
bandwidth, the equivalent interference noise density becomes:

Iy
Wss

I .
/\’1 cq = VVl SinCQ[(fss - fnsl)’-r(:} 1

sinc?[(fos — frs2)Te| - (2.6)

2.4 Multiple Access

Multiple access is obtained in a DS-CDMA network by assigning each user a differ-
ent PN scquence. Since a transmitted signal can only be despread by the correct
PN scquence, the signal remains spread when it is received by a user for which
the signal is not intended. Assuming that the transmissions are asynchronous,
undesired signals appear similar to interference and can be approximated by white
noisc. This multi-uscr interference is known as mulual interference [8). As the num-
ber of additional users to the communication system increases, the performance of
cach individual uscr degrades. Thus, the capacity of a DS-CDMA communication
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system is limited by the maximum number of simultaneous users allowable while
maintaining an acceptable bit error rate performance.

The following analysis of mutual interference is presented in [8] and is often ac-
cepted as being an accurate estimate of the performance degradation due to simul-
taneous users in a spread spectrum system.

Suppose M users are transmitting direct-sequence spread spectrum signals such
that the received signals all have the same power. Let there be a single hub station
with receivers for all users.

The received noise power is the sum of the thermal noise, N,W,, and the inter-
ference from the other M — 1 users, where Wy is the bandwidth of the spread
spectrum signal. Since the interferers will be at a randorm phase relative to the
others, the received interfering power from the M — 1 users is (M — 1) E. /T, where
L. is the received cnergy in one chip and T, is the chip duration. The equivalent
received noise power is

NW,, = NWg | (M-\1)E,/T. - (2.7)

and therefore the equivalent spectral noise density is

N, = N,+ (M -1)E, (2.8)

since W, T, = 1. From this expression for the spectral noise density, the effective
signal cnergy per chip to spectral noise density ratio is given by

L = Ee/No (2.9)
N, L+ (M-=1)E./N, -

The spreading factor is expressed in chips per bit, and is given by
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B. = Rc/Ry (2.10)
Wss/Rb (211)

where R, is the chip rate and R, is the bit rate. The received energy per bit, L,
can be expressed as B.E,, therefore

Eb Eb/No

N;) S +- (M - l)(l/Bc)(Eb/NO)

(2.12)

Figure 2.7 demonstrates the effect of mutual interference on the effective energy

. . . . ! . R .
per bit to spectral noise density ratio, Ey/N,, for a single user energy per bit to
spectral noise density ratio, Ep/N,, equal to 10dB.

2.5 DS-CDMA System Capacity

Equation (2.12) gives an expression for the effective energy per bit to spectral noise
density ratio, [2,/N,. This quantity determines the bit error performance of the
communication system. In order to communicate effectively, it is required that the
bit crror rate not exceed a certain value (for voice communication, BER < 107%).
Therefore, Fp/N, has a minimum value, 4. When Ej/ N, =+, a maximum number
.of user is achieved. Therefore M = M,,.,.. Inserting these quantities into Equation
(2.12) yields .

- Ey/N,
- L4 (Mmar - l)(l/BC)(Eb/NO)

(2.13)

Rearranging Tquation (2.13) to give an expression for M, yiclds the following
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o Ee/No—+ + (1/B)(Ep/No)(7)
(1/B)(Bs/No)()

(2.14)

The spectral efficiency, 7, of a communication system is measured in the number
of bits per second transmitted over the bandwidth employed. Therefore, this is

determined by M.z R»/Wss which is equal to Myez/B.. The spectral efficiency,
n, of a DS-CDMA communications system is given by

Ey/No =+ + (1/Be)(Es/No)(¥)

, (2.15)
(Es/No)(7')
When B, is large,  becomes
Eb/No - '7,
7 —_— (2.16)
VN AT
As 5,/ N, beeomes large, the spectral efficiency is expressed as
1
v

Figure 2.8 shows the spectral efficiency of a DS-CDMA system for different values
- . . ’

of 7. It can be seen that the capacity of the channcl increases as v decreascs.

This figure shows the need for the optimization of a DS-CDMA system.

2.6 Power Control

The expressions in the two previous sections were derived under the assumption
that the received signal from each user was equal in power to the others. Indeed,
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if one user’s signal is received with a much higher power than the others, the
capacity of the system will decrease since the system is power limited. This is
demonstrated in [18]. Therefore, in order to maximize the capacity of a DS-CDMA
communication network, power control is essential.

Perfect power control is assumed in most papers concerning DS-CDMA as well
as in this thesis. Opponents of CDMA claim that the need for power control
makes CDMA undesirable. However, Qualcomm has developed a power control
algorithm which can control the transmitted power from each mobile so that the
corresponding received power at the base station is maintained within a standard
deviation of + 1.5dB [23].

2.7 Voice Activity

When using DS-CDMA for voice transmission, the statistics of voice activity can be
exploited. When a user’s terminal is in use, about 35%. of the time is spent talking
[6]. By transmitting a signal only when the user is actually talking, decreases
the mutual interference in the channel when she is listening.- Thus, morc uscrs
can access the channel when the voice activity factor is exploited. Therefore, the
capacity of the channel becomes

n = Eb/No—’)”
' VBN -

where V ois the voice activity factor.

Figure 2.9 demonstrates the increase in the channel capacity due to the voice
activity factor.
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2.8 Error Control Coding

By applying forward error correction coding to the information stream, the blc
error performance of the DS-CDMA system can be improved, thus lowering 7
and in turn increasing the capacity of the communication system. However, 1t
would appear that the use of coding, which increases the symbol rate, will decrease
the spreading factor of the DS-CDMA system. While there is an actual physical
spreading reduction due to the increase in channel symbols, the effective spreading
factor remains unchanged [23].

When coding is used, the energy per coded symbol is E, and the coded symbol
rate is Res. These values are inserted into Equation (2.12).

ch = Ees/ N, (2.19)
N, = T (M = D)(Res/ R (Eer/ o)

However, B, = 7Ey and Res = Rb/f where r is the code rate and is a measure of
redundancy brought on by the coding process. Therefore Equation (2.19) becomes

Fei _ Bo/N, 220
I'V(I) 1y (M — l)(Rb/T[{,_)(TEb/NO)
Ees/No : (2.21)
11 (M — 1)(Re/Re)(Eb/No)

It can be scen from Equation (2.21) that the increase in the spectral noise density
is the same ds in the uncoded case, therefore the effective spreading factor remains
unchanged when coding is added.
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2.9 Summary
This chapter provided a brief tutorial on DS-CDMA concepts needed in the un-
derstanding of this thesis. The following points were presented:

1) A direct-sequence spread spectrum signal is produced by modulating a digital
signal by a pseudorandom binary sequence known as a pseudonoise (PN) sequence.

2) Direct-sequence spread spectrum technique is extremely effective for the sup-
pression of narrowband interference.

3) By using a different PN sequence for each user, multiple access is made possible
by direct-sequence spread spectrum. This is known as direct-sequence code division
multiple access (DS-CDMA).

4) DS-CDMA network capacities are power limited rather than bandwidth limited.

5) Good power control is required in order to maximize the capacity of a DS-CDMA
systern. -

6) The capacity of a DS-CDMA system can be increased by the exploitation of the
voice activity factor. .

7) Coding does not affect the effective spreading factor of a DS-CDMA system.
Thus coding increases the capacity of a DS-CDMA system by lowering ~'.
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Chapter 3

Review of Previous Research

Direct-sequence code division multiple access (DS-CDMA) for mobile radio has
been one of the main topics under investigation in recent years. Previous rescarch
has found it to be an efficient solution in the suppression of multipath and the
increasing of channel capacities. This chapter focuses on the research done in the
field of DS-CDMA and fading channels. '

This chapter is divided into two sections. The first section deals with previous
rescarch of the use of DS-CDMA over fading channels. The research discussed
in this section deals with diversity reception of frequency-selective Rayleigh faded
signals obtained through direct-sequence spread spectrum. The second scction
concentrates on different detection schemes for fading channels. Different papers
on the use of multiple symbol differential detection and coherent detection are
" discussed in this section.

3.1 DS-CDMA for Fading Channels

The performance of digital radio in harsh frequency-selective Rayleigh fading en-
vironments is extremely poor.  The interference rejection properties of direct-
sequence spread spectrum allows it to suppress all multipath components that
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are not synchronized to the receiver’s PN sequence. This ability to isolate one
single path from the overall received signal allows a DS spread spectrum receiver
to isolate all multipath components by the use of a RAKE receiver.

One of the most influential research papers on this subject is presented by Turin
[24]. Using a channel model which he derives from literature and experimenta-
tion [14], Turin presents analytical results for the optimal single path receiver
(frequency-nonselective) and the optimal multipath receiver. In the case of the
optimal multipath receiver, an ideal RAKE receiver with apriori knowledge of the
path delays and the path strengths is considered. Differential binary-phase-shift-
keying (DBPSK) modulation is assumed throughout this study.

At this point, Turin suggests channel sounding receivers as a means of providing
the RAKE receiver with reliable path delay estimates. The knowledge of the path
delays is crucial as it allows the receiver to switch off any RAKE taps which do
not contain any information. This will be discussed further in the next chapter.

Incorporating a sounding receiver into the overall RAKE receiver (a structure
which Turin refers to as a digital RAKE), Turin performs simulations by assuming
that the sounding receiver’s path delay estimates are exact. From these simula-
tions, Turin concludes that the digital RAKE performs within 1dB of the ideal
RAKE receiver for low rate transmissions. For high rate transmissions, the digital
RAKE performs within 2.5dB of the ideal RAKE.

Turin claborates on this study in a later paper [25], where he investigates the cf-
fects of the channel on the capacity of a DS-CDMA communication system. He
first calculates the spectral cfficiency of a DS-CDMA communication system in an
AWGN channel for DBPSK modulation. He then calculates the spectral efficiency
of a DS-CIDMA system with RAKE reception which encounters frequency-selective
Rayleigh fading. IHe finds that the spectral efficiency of the latter situation de-
creases by a factor of 5 in dense urban areas as compared to the spectral efficiency
in an AWGN channel. In suburban areas, the capacity decreases by as much as a
factor of 24. This is due to the fact that in suburban areas, there is usually onc
strong faded path and thus multipath diversity is not available to overcome the
interference from other users.

e assumes that the transmitted powers of all users are fixed, and because of this,
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the signals from different users arrive with different signal strengths. Therefore, he
concludes that a form of power control is needed in order to improve the spectral
efficiency of a DS-CDMA system when fading is present. His results do not take
error control coding or voice activity into account.

In 1987, Kavehrad and Ramamurthi [26] obtain the performance of DS-CDMA with
DPSK modulation and diversity for indoor wireless channels. The matched filter
based receiver employs a surface acoustic wave (SAW) device. The SAW device is
matched to the PN sequence of each specific user. This is further explained in a
previous paper by Kavehrad and McLane [27].

In [26], Kavehrad and Ramamurthi compare their DPSK receiver to the coherent
PSK receiver discussed in [27]. They determine the performance through numerical
analysis as well as through Monte Carlo simulations. They conclude that the
system with DPSK modulation compares well to the coherent PSK system. They
find that the power penalty at low values of Ep/N, is about 4dB for the DPSK
system, and the increase in the irreducible error floor compared to that of coherent
PSK is less than half an order of magnitude. However, their conclusions do make
a case for the usc of coherent detection since a 4dB gain represents a huge gain
in capacity for DS-CDMA systems. These results do not consider forward crror
correction.

Oschner [28] provides some numerical analysis of an optimum non-coherent dircet-
sequence spread spectrum receiver for frequency-selective Rayleigh fading channels.
In his analysis, some assumptions are made. Firstly, he assumes that the channcl
is time-invariant over a symbol duration. This assumption is generally accepted
when slow fading is considered. Secondly, he assumes PN sequences with ideal
.autocorrelation properties so that multipath components do not interfere with
each other at the receiver. Iis receiver also has an a priori knowledge of the path
gains.

His results show that RAKE reception provides huge gains over conventional spread
spectrumn reception (non-diversity), however, even when the order of diversity is
great, the results do not approach those for a nonfading channel. Therefore, he
demonstrates that the capacity of a DS-CDMA system decreases when fading is
present, even when the diversity is exploited.
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Lam and Steele [29] demonstrate the diversity reception of frequency-selective
Rayleigh fading by a coherent direct-sequence spread spectrum RAKE receiver.
Their results are obtained through computer simulation of their system model.
The coherent detection is obtained by interleaving a sounding sequence into the
data stream to allow the receiver to estimate the channel impulse response. No
forward error correction is considered.

For the system that they consider, the number of simultaneous users is small. They
conclude that the performance of the system depends heavily on the nature of the
channel, especially the number of resolvable paths. In other words, as the number
of resolvable paths increases, thus increasing the order of diversity, the performance
improves. They also conclude that the performance is improved by increasing the
spreading rate at the price of employing more spectrum. This conclusion is obvious.
By increasing the spreading factor, the number of resolvable paths increases and the
interference from each path to the others decreases. However, this is not the best
solution to their problem. Error control coding should improve the performance of
the single user, thus increasing the capacity of the system without increasing the
bandwidth. . :

All of the papers presented in this section demonstrate that the capacity of a
DS-CDMA communication systemn decreases when fading is present as opposed
to the classical AWGN channel. However, the use of DS-CDMA along with a
RAKE receiver is still an effective method at combatting multipath. Its ability to
employ low rate codes without penalty, its ability to exploit voice activity, and the
greater frequency reuse obtained by DS-CDMA are some reasons why DS-CDMA
continues to draw so much attention.

3.2 Detection Schemes for Fading Channels

The capacity of a DS-CDMA system is directly proportional to its single user bit
error rate performance. Developing detection schemes which improve the bit error
performance of the communication system, allows the tolerance to interference to
increase, thus allowing ‘the number of simultaneous users to increase.
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In the previous section, differential detection was the detection scheme employed
by most researchers. This is due to the fact that differential detection relies only
on_the relative phase between two consecutive bits, therefore the channel phase of
a slowly fading channel need not be determined. However, it is shown in [10] that
coherent detection provides a theoretical 3dB gain over differential detection in
frequency-nonselective Rayleigh fading channels. Therefore, it would be beneficial
to the capacity of a DS-CDMA communication system to attempt to approximate
coherent detection in a fading channel.

Multiple symbol differential detection (MSDD) is a detection scheme considered
by Divsalar and Simon [12]. This detection scheme observes the phase change
over a number of symbol intervals in its determination of the transmitted symbol.
Maximum likelihood sequence estimation is the decision rule in determining the
proper transmitted symbol.

They analyse the receiver numerically in order to determine the bit error per-
formance of this receiver in an AWGN channel. As they increase the detection
window (observation period) to include more symbols, the performance of MSDD
tends towards the bit error probability of coherent detection. Therefore, they
show that it is possible to obtain the bit error performance of coherent detection
without employing a coherent detector. It is shown that a detection window of 5
bits is extremely close to the coherent detection performance bound. However, it
should be noted that a multiple symbol differential detection receiver with a detec-

tion window of 5 is extremely complex when compared to conventional differential
detection.

It is important to note that the results obtained by Divsalar and Simon are for
. AWGN channels. However, for frequency-nonselective slowly Rayleigh fading chan-
nels, these results might also apply.

Multiple symbol differential detection does approach the performance of coher-
ent detection but at the cost of increased complexity. Other researchers have
investigated the possibility of implementing coherent detection in mobile commu-
nications by sounding the channel. Davarian [30] analyses a system which cmploys
a continuous-wave (CW) tone to calibrate the mobile channel against multipath-
induced phase uncertaintics. In his system, the relative position of the tone is care-
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fully selected so that the tone and signal experience-the same distortion. Secondly,
the tone coincides in frequency and phase with the carrier in order to obtain coher-
ent demodulation. Finally, the tone uses only a small portion of the total power.
A spectral null is created at the tone’s position in order to avoid self-interference.

This is done by employing one of many schemes of encoding the data so that the
DC component is suppressed.

Davarian’s analysis of this receiver shows that the bit error performance is compa-
rable to ideal PSK in the presence of frequency-nonselective Rayleigh fading, with
the performance depending on the amount of power allocated to the pilot. In the
presence of Rician fading, the receiver also performs quite well compared to ideal
PSK. Davarian concludes that this technique is suitable for digital communications
over mobile channels for the reasons that it is very robust, it performs well for low
bit rate communications in fast fading channels, and that it has good power and
spectral properties.

Another method of coherent detection over fading channels is discussed by Moher
and Lodge [31]. In their paper, they discuss the transmission of trellis coded
modulation (TCM) which maps the output of a convolutional encoder to various
voltage levels. The resultant signal is a pulse amplitude modulation signal, which
is extremely vulnerable to the fading nature of the channel as the information
is carried in both the phase and the amplitude. Therefore it is very important
to estimnate the channel phase and gain. Tone calibration discussed by Davarian
would be one possible method, however, Moher and Lodge decided to interleave
pilot symbols within the actual data stream. This is known as pilot symbol-aided
detection. The pilot symbols are extracted from the data stream at the receiver.
They arc then used to estimate the channel phase and gain. Therefore, the effects
‘of the channel can be compensated for at the receiver.

Using computer simulation, Moher and Lodge examine the performance of this
system over a Rician channel. They conclude that their pilot symbol-aided trellis
coded modulation scheme provides a robust performance over a wide range of
Rician fading channels. They show that a code of relatively modest coding gain
and complexity can provide substantial improvements over uncoded schemes.

Three different detection schemes have been presented in this section. Multiple
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symbol differential detection has been shown by Divsalar and Simon to approxi-
mate the performance of coherent detection while Davarian’s tone calibration sys-
tem allows for coherent demodulation of the signal and performs slightly worse
than ideal PSK in fading channels. All methods have been shown to improve
performance of a digital communication system in the presence of fading. This is
extremely desirable in a DS-CDMA communication system where the performance
of the system can be traded off against capacity.
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Chapter 4

Diversity Combining and RAKE
Receivers | |

In a diversity system, the receiver obtains several copies of the same message
through several different channels. This can be done intentionally, where the trans-
mitter sends the message a number of times, either by time diversity or frequency
diversity. The receiver may employ many receivers in obtaining a single copy of the
transmitted signal. This is known as site diversity. Diversity can also be obtainced
unintentionally, where the transmitter sends a single signal and reflections from
objects in the environment create differently faded versions of the signal.

In each case, it is the receiver’s task to utilise each received copy of the signal in
its determination of the transmitted signal. The act of combining different copies
of the reccived signal is known as diversity combining.

4.1 Diversity Combining

This section discusses different type of diversity combining systems. These are:

1) Hard decision diversity combining,

33




2) Selection diversity combining,
3) ngiinal—ratio diversity combining,
4) Square-law diversity combining,

5) Equal-gain diversity combining.

4.1.1 Hard Decision Diversity Combining

Hard decision diversity {32] behaves exactly like a hard decision decoded repetition
code. A decision is made on all of the L channel outputs. The receiver then
verifies each decision and chooses the symbol which has been selected most often.
Assuming binary signalling and that each diversity path has the same probability
of bit error p,, a bit error would occur only when more than half of the diversity
paths are in error. Assuming that all diversity paths are independent and that their
number, L, is odd, the probability of bit error, py(L), of this diversity combining
systemn is: -

’ L
) = > ()= (4.1

I=(L+1)/2

4.1.2 Selection Diversity Combining

A sclection diversity [33] recciver observes the average power of each diversity path
and demodulates only the path with the highest average power, the others do not
contribute. Figure 4.1 demonstrates a selection diversity receiver.

Brennan [33] demonstrates the increase in effective average power as a function of
diversity order, P (L), when selection diversity is used.
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Pu(L) = ZE (4.2)
where P is the average power of a single diversity path. Thus P,,(2) = 2P,

Fay (3) = %P' . )

4.1.3 Maximal-Gain Diversity Combining

Maximal-gain diversity is the optimum diversity combining law for coherent de-
tection [33]. In other words, after the diversity paths are combined, the resultant
signal has the maximum possible signal to noise ratio. This is done by weighting
each path before the paths are combined. This is demonstrated in Figure 4 2
where w, wsy, wy are the weighting factors for each diversity path.
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Consider a two path diversity system. Assume that each path contains the same
transmitted power. Let a; be the channel gain of path 1, and let a; be the channcl
gain of path 2. Let both paths encounter the same noise density, N,. At the
receiver, path 1 is weighted by w; and path 2 is weighted by w,. Since the actual
information is added coherently and the resultant noise is added incoherently, the
equivalent energy per bit to noise density ratio, (Ep/N,)eq is

(Eb) _ (a1w1 + a2w2)2Eb (4.3)
eq

N, (w? + wd)N,

The equivalent energy per bit to spectral noise density, (Eb/No)eq, is maximized
by maximizing equation (4.3). It can be shown that this equation is maximized
by setting w, = a, and wy = a,.

In the case of fading channels, a channel phase must also be considered. Thercfore
the weighting factor. w, must correct the phase as well. Therefore w; = |a;je™7?,
where 0 is the channel phase. '

When this is the case, equation (4.3) becomes

D) E
(7)., = @F+lPy (44)

Thercfore, for an Lth order diversity combining system,

L2 R o -
Lo\ _ Ly 4.
( No)m >l g (4.3)

In order to determine the performance of this diversity combining system, the
probability density function of (Ey/N,)e, must be determined. If Rayleigh fading is
assumed, then |ag} is Rayleigh distributed and |ag|? has a Chi-Square distribution.
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The probability density function of (E,/N,)es as a function of the diversity order
L is given in [10] as

E, 1 By \*7' _iEuoe
— —_— -—_ — Ye 46
p(Nm) T (N) ¢ (46)

where 7, is the average E/N, per channel. In other words, 4, = (E»/No)eq/ L.

By averaging the probability of error over this distribution, the bit error probability,
po(L) can be found to be [10]

ALY = (“T“)L:g(L - ;*‘k)(#)k (@7)

where p = /2.

4.1.4 Square-Law Divérsity Combining

Maximal-gain diversity combining is so named because the weighting of the paths
provides the maximum possible signal to noise ratio at the combiner. However,
this technique requires knowledge of the channel gain and phase. For non-coherent
communications, such as FSK, where phase is not important, square-law diversity
combining is a mecans of approximating maximal-gain diversity combining.

In square-law diversity combining [35], each path is squared before being combined
with the other paths. Thus the channel gain is squared as in maximal-gain ratio
combining, but noisy components are squared as well.

The performance of a binary FSK diversity combining systern which employs
squarc-law diversity is discussed in [10]. The expression for the bit error prob-

ability is the same as in equation (4.7) with the exception that u = orvoa
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4.1.5 Equal-Gain Diversity Combining

In equal gain combining [36], each path is received and summed with the other
paths without being weighted. This is equivalent to maximal-gain combining when
the channel gains are all equal to 1.

An interesting case of this diversity combining method is when it is used with
DPSK in Rayleigh fading. In this case, the output of the differential detectors are
summed together, however, this behaves much like square-law diversity since the
current symbol is multiplied by the previous symbol in the detection process.

‘This diversity method with DBPSK is analysed in [10]. The bit error probability

of this system is the same as equation (4.7) with the exception that u = T

4.2 RAKE Receivers

RAKE receivers were first discussed in 1958 by Price and Green [34]. This receiver
employs a single delay line through which the received signal is passed. The signal
on each tap is demodulated and combined in order to increase the equivalent signal
to noise ratio. Figure 4.3 demonstrates this receiver structure.

The structure given in Figure 4.3 can be modified in order to allow the use of spread
spectrum. The RAKE receiver will have a tap for each chip in the pseudonoise
sequence with cach delay on the tapped delay line being equal to one chip time.
By including a despreader on cach tap, each independent path can be received.
Figure 4.4 shows the receiver structure after this modification.

Since most taps will contain only noise, it is important to eliminate these taps
from contributing to the output. Consider a system which transmits 10 kbps
using a PN sequence that is 128 chips long that is repeated every information bit.
Knowing that T,, is typically 5 microseconds, and a chip time is slightly less than 1
microsccond, all information from the channel will be received on about 7 adjacent
taps. Algorithms allowing 7 or less adjacent taps with the highest average power
is one method of climinating all other noisy taps.
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Sounding the channel [24] is another method of noisy tap elimination. In this
method, a sounding signal is sent within the transmitted data stream or by itself.
This signal is received and processed by a nonlinearity. The output of this nonlin-
earity contains spikes corresponding to the delays of each path. The receiver then
activates the taps which correspond to these delays. This method is used when
delay spreads are large, and paths are not received on adjacent paths.

4.2.1 Differential RAKE Receiver

Differential detection is clearly the simplest choice as it was conceived for this
type of channel. Although the optimum combining law is not known, the simplest
approach appears in [10} which uses equal gain diversity combining. Because each
received bit is multiplied by the previous received bit in differential detection,
equal gain combination of the outputs of numerous differential detectors behaves
like square-law combining. Therefore, this is a close approximation to maximal-
gain diversity combining. The structure of the differential RAKE receiver with
equal gain combining is shown in Figure 4.5. '

4.2.2 Pilot Symbol-Aided Coherent Detection RAKE Re-
ceiver

By interleaving a pilot sequence within the channel symbols [31,35], it is possible
to sound the channel in order to estimate the channel phase. The pilot symbols
also provide power estimates needed for maximal-gain diversity combining.

At the receiver, the pilot symbols are stripped away from the channel symbols to
be used to estimate the path gain and phase. Delaying the channel symbols by
the appropriate amount, channel prediction can be performed with a smoothing
filter rather than a prediction filter. The pilot symbols are interpolated and arc
fed to the smoothing filter which has a bandwidth slightly larger than the fading
bandwidth of the channel. The pilot symbols appear as nearly continuous to this
filter and more noise cdn be removed. Figure 4.6 depicts a pilot symbol-aided
coherent RAKE receiver .
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4.2.3 Multisymbol Differential Detection RAKE Receiver

Conventional differential detection observes the incoming signal over two symbols,
and makes its decision based on the phase change over these two symbols. Multiple
symbol differential detection observes the signal over a longer period and makes a
joint decision based on maximum-likelihood sequence estimation. This is further
discussed in [12,13].

Figure 4.7 shows the block diagram of an MSDD receiver for a flat fading environ-
ment with a detection window of 3. The receiver is divided into two sections. The
first section contains the differential detectors. At this point, differential detection
is performed on one and two bit intervals. The outputs of these detectors arc
input to a decision circuit which consists of a hypothesis testing algorithm which
is followed by a maximum-likelihood sequence estimator.

For a frequency-selective channel, each tap on the RAKE receiver would contain the

-differential detectors. The output of these detectors are combined with the output
of the appropriate differential detectors on the other RAKE taps. The hypothesis
testing is done on the output of these summers. This is shown in Figure 4.8.

4.3 Summary

Diversity combining techniques were described in this chapter. Maximal-gain di-
versity is the optimum diversity technique for coherent detection in Rayleigh fad-
ing. Squarc-law diversity approximates maximal-gain diversity for non-coherent
signalling such as FSK, and cqual-gain diversity approximates maximal-gain di-
versity for differential PSK.

RAKE receivers along with direct-sequence spread spectrum transform frequency-
selective Rayleigh fading channels into diversity systems. Structures were given for
coherent detection with maximal-ratio diversity, differential detection with equal-
gain diversity and multiple symbol differential detection with equal-gain diversity.
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Chapter 5

Simulation Methods and Results

All simulations were performed on LINKSIM, a program developed at the Commu-
nications Rescarch Centre (CRC) in Ottawa. The LINKSIM program is capable
of simulating a complete communications link at complex baseband. This pro-
gram was modified and expanded at the University of Ottawa in order to perform
the simulation of diversity reception techniques in a frequency-selective Rayleigh
fading channel. '

5.1 System Modelling

The system to be modelled is as follows:
1) BPSK modulation is used with an information rate of 10 kbps.

2) The spreading sequence is 128 chips long, repeated each information bit. This
gives rise to a spread bandwidth of 1.28 MHz.

3) The bandwidth of the fading process is 125 Hz (single-sided), and the fading
effects are considered to be constant over the duration of one symbol time.
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4) Except for the fading, the channel is assumed to be linear. Consequently, no
transmit or receive filtering is needed.

Directly modelling the system as above would require a minimum of 128 samples
per information bit. This would give rise to extremely long simulations. Therefore
the spread spectrum nature of the system is hidden in the channel model.

The spread spectrum frequency-selective Rayleigh fading channel is modelled with

1to 5 independent Rayleigh flat fading paths using pre-existing models in LINKSIM.

Since there exists some correlation between paths in actual frequency-selective
Rayleigh fading channels [24], the results obtained from this model will contain a
degree of optimism Using a theoretical RAKE receiver in conjunction with direct
sequence spread spectrum, the approximation that the path delays are multiples
of the chip time can be made. This is not always true in practice. Receiver taps
on either side of the true delay will capture a fraction of the path’s power. The
path can then be reconstructed at the combiner with some loss. This loss depends
on the detection technique used.

By making this assumption, the multipath components need not be combined in
the channel program. Each independent Rayleigh path is fed directly to the specific
RAKE tap (see Figure 5.1). Since the RAKE receiver realigns all paths before
combining them, the delays of each independent path can be ignored.

Since each path is scen as ncarly white noise by every other path in a CDMA
system, the noise power scen by each receiver tap must be increased by the ap-
propriate factor. If each multipath component is treated as another user’s signal,
the factor that the noise must be increased by is seen in [8). This is given by
(1 Z z:/ Be) where z; is the average energy per bit energy per noise density ra-

i
tio of an interfering multipath component, and B, is the spreading factor of the
CDMA systern.

In LINKSIM the RAKE receiver is modelled using the pre-existing receiver model.
This allows for the use of multitap receivers.

The overall communication link simulated is shown in Figure 5.2. The subpro-
grams developed as a part of this rescarch are shown in italics.
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5.2 System Conditions

The objective of this study is to determine a reliable detection/coding scheme for
a CDMA system on a frequency selective Rayleigh channel with RAKE reception.

This is considered for channels with a different number of paths as well as perfect
and nonideal RAKE receivers.

An ideal RAKE receiver receives all paths of sufficient power and only taps con-
taining a path contributes to the decision. However, in reality, not all paths are
received, and noisy taps sometimes contribute to the decision. In these cases, the
right choice of detection and coding schemes may suppress the noisy taps.

The simulations performed consider the following Rayleigh fading channels:
(i) 1 Rayleigh path,

(i) 3 independent Rayleigh fading paths of equal power,

(iii) 5 independent Rayleigh fading paths of equal power,.

(

iv) 5 independent Rayleigh fading paths of exponentially decréasing power (0dB,
-2dB, -4dB, -6dB, -8dB).

The performance of the following schemes are simulated under the channel condi-
tions listed above:

(i) differential detection with 1 tap receiver,

(ii) differential detection with 5 tap receiver with equal gain‘combining,.

(iii) pilot symbol-aided detection with 1 tap receiver,

(iv) pilot symbol-aided detection with 5 tap receiver with maximal ratio combining,
(v) multisymbol differential detection (detection window = 3) with 1 tap receiver,

(vi) multisymbol differential detection with 5 tap receiver with equal gain combin-
ing.




For the cases when the channel has more paths than the receiver has taps (eg. 5
paths 1 tap) this is equivalent to an increase in noise only. These simulations are
not ryn since one needs only to shift the bit error rate curve of the 1 path channel
with the one tap receiver case. The curves of the one path case are shifted to
account for the fraction of received signal energy that is used and must include
the increase in noise due to spread spectrum multipath interference. The signal
energy that is discarded by the receiver must also be taken account.

In pilot symbol-aided detection, 20% of the power is allocated to the pilot. The
pilot is inserted after every four channel symbols.

In addition to these channels and receivers, forward error correction is also con-
sidered. The reason for examining the effect of forward error correction is to find
powerful combinations of detection and coding strategies, and to find the best
tradeoff between coding and receiver complexity. Convolutional codes are cho-
sen because they are powerful and their codecs are commercially available. Their
selection does not imply that these codes will provide the optimum results.

Convolutional encoders employ memory and their n outputs depend not only on
their k£ inputs but also on m previous input blocks. These codes have a rate k/n

and a constraint length m. For a more detailed description of convolutional codes,
the reader is referred to [36).

The coding schemes considered are:

(i) rate 1/2 constraint length 7 convolutional code (rl/2¢7),

(ii) rate 1/4 constraint length 7 convolutional code (r1/4c7),

(iii) rate 1/8 constraint length 7 convolutional code (r1/8c7),

The properties of these codes in an AWGN channel [36] are given in Table 5.1.

It should be r.wted that these three codes provide the same coding gain in AWGN
channels and it is for this reason that codes of different constraint lengths are not

considered.

In all cases Viterbi decoding [36] is used. All codes employ soft decisions with the

53




code rl/2c7 | r1/4c7 | r1/8c7
rate 1/2 1/4 1/8
constraint length 7 7 7
free distance 10 20 40
coding gain (dB) 7 7 7

Table 5.1: Code properties in AWGN.

exception of when MSDD is used. Since the existing MSDD software requires a
decision to be made in the detection process, soft decision cannot be employed for
this technique. Note that it is possible to modify the MSDD software such that
it employs a Viterbi decoder. Then it would be possible to use MSDD with soft
decision decoding [13]. However, this results in a large increase in complexity.

Interleaving is used in all cases. A 40 ms (400 information bits) interleaver is used.
The interleaving is performed on a coded symbol level.

All sirnulations include AWGN as the only source of interference. The bit error
rate objective is 1073, as would be required for digital speech.

The parameter Ej/N, refers to the ratio between the average received energy per
information bit to the single sided noise spectral density of the channel. In the
case of a single path channel, £} is the signal energy of that path. In the case of a
multiple path channel, [, refers to the sum of the average energies of all the paths.

5.3 Simulation Results

The results discussed in this section are grouped together according to channcl
and recciver conditions with a scparate graph for each detection type. For all
performance curves, a minimumn of 1000 bit errors were tabulated for each point.
Curves are given for

(i) uncoded,

(ii) rate 1/2 coded convolutional code with constraint length 7 (rl /2¢7),
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(iii) rate 1/4 coded convolutional code with constraint length 7 (rl1/4c7),
(iv) rate 1/8 coded convolutional code with constraint length 7 (r1/8c7),

All codes employ a 40 ms (400 bit) block interleaver/deinterleaver.

5.3.1 AWGN Channel

Figure 5.3 demonstrates the performance of the different coding schemes for coher-
ent detection in AWGN. The three convolutional codes have the same asymptotic

coding gain, but at a bit error rate of 103, rate 1/8 convolutional code outperforms
the other codes.

Figure 5.4 demonstrates the performance of the codes in AWGN when differential
detection is used. No interleaving is included in this simulation. Note that the
performance of the codes is much worse than for coherent detection (Figure 5.3).
The relative performance of the codes are practically reversed as in Figure 5.3. Bit
errors in DBPSK tend to occur in pairs. These small error bursts are enough to
seriously degrade the performance of the convolutional codes, which are random
error correcting codes. The lower rate codes have smaller symbol energies, there-
fore these double errors occur with a greater frequency than in the higher rate
codes, and thus their performance is worse. This figure demonstrates the need for
adequate interleaving in order to randomize symbol errors.

Figure 5.5 shows the decoding of DBPSK in an AWGN channel with interleav-
ing. The performance of cach coded curve improves slightly, but their relative
performance remains unchanged. In other words, even with the elimination of the
double errors common to DBPSK, the lower rate codes still perform worse than
the higher rate codes. This result suggests that differential detection causes some
loss in performance in lower rate codes. Although coherent detection outperforms
differential detection by 0.8dB at higher values of E,/N, in AWGN channels, at
lower values of 5,/N,, the gain can be as much as 4dB [10]. When low rate codes
are used, the energy per code symbol, E.,, becomes quite small. For the bit encr-
gies considered, the lower rate codes produce values of E.;/N, which are quite low.
Thercfore, the lower the rate of the code, the larger the difference in performance
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Figure 5.3: Coherent detection in an AWGN channel.
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Figure 5.5: Differential detection in an AWGN channel with interleaving.

5.3.2 Single Path (Frequency-Nonselective) Rayleigh Chan-

nel

Figure 3.6 demonstrates the performance of differential detection for a single path
channel by a single tap receiver. The uncoded case matches the theoretical curve
obtained from [10]. When coding is used, it is difficult to determine the best

98




BER

scheme as most of the curves reach the target bit error rate of 10~3 within a 1dB

range. However, the rate 1/8 convolutional code appears to provide a small gain
over the other codes.

100 3
1071 .
§ —%®&— diff-uncoded
4 ———e— diff-r1/2¢c7
1072E 1 —e—  ditt-ri/4ac7
: E —o— diff-r1/8c7
-3 —®— Theoretical(10]
10 °F 3
10_4 A 1
o] 10 20

Eb/No (dB)

Figure 5.6: Differential detection of spread spectrum in frequency-nonselective
Rayleigh fading.

The effect of pilot symbol-aided detection on a single path channel received by a
single tap receiver is shown in Figure 5.7. The uncoded curve seen here exhibits the
same behaviour as the uncoded curve seen in Figure 5.6. However, pilot symbol-
aided detection with a rate 1/8 convolutional code provides a better performance
compared to any coded case in Figure 5.6.
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Figure 5.7: Pilot symbol-aided detection of
nonselective Rayleigh fading.
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Figure 5.8 shows the use of a conventional spread spectrum MSDD receiver for a
single path channel. The slope of the coded curves are less steep than in Figures
5.6 and 5.7 since the MSDD algorithm used does not allow for the exploitation of
soft decisions by the decoder. From this figure, it can be seen that the rate 1/8

convolutional code provides a slight gain over the other coding schemes at a BER
of 1073, .

100
107 .
—8—— msdd-uncoded
—&— msdd-r1/2c7
1072 -
] —8— msdd-r1/4c7
—9— msdd-r1/8¢c7
1073k ]
10"4 A 1 2
0 10 20
Eb/No (dB)

Figure 5.8: Multiple symbol differential detection of spread spectrum in frequency-
nonselective Rayleigh fading.

To allow for a direct comparison, Figure 5.9 provides the performance curves for
all three detection schemes, uncoded and optimally coded, for the above system
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conditions. When no coding is used, all three detection schemes produce curves
which are almost identical for the values of E,/IV, shown. At higher signal energies,
it is possible to see that uncoded MSDD slightly outperforms uncoded differential
detection. In theory, MSDD should always outperform conventional differential

A detection in a frequency-nonselective fading environment [12,13].
100 ¢
1071k - ‘
3 ] —&— diff-uncoded
i ] ——— diff-r1/8c7
- -—a sa-uncoded
5 1072 3 3 i
“ i —°— opsa-r1/8c7
] —=—  msdd-uncoded
1073 3 q —O— msdd-ri/8c7
1074 . :
0 10 20

Eb/No (dB)

Figure 5.9: Comparison of detection strategies for spread spectrum signals in
frequency-nonsclective Rayleigh fading.

When the signals are coded, pilot symbol-aided coherent detection with a rate 1/8

coustraint length 7 convolutional code provides a BER of 107 for an E,/N, of
about 8.3d1. Differential detection, employing the same code, provides this BER
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when E,/N, is approximately 10.5dB. This indicates that at low values of E,/N.,
uncoded pilot symbol-aided detection outperforms differential detection. MSDD
with rate 1/8 convolutional code with hard decisions requires an Ey/N, of about
12.5dB in order to provide the target BER.

5.3.3 Single Path Channel - 5 Tap RAKE

In Figures 5.10-5.13, a single path channel is received by a 5 tap RAKE. There
are four taps which contain only noise, and it is interesting to see which detection
scheme best suppresses the noisy taps.

In Figure 5.10, differential detection with equal gain combining is used. The
curves are similar to those in Figure 16, but an increase in noise is evident. The
rate 1/8 convolutional code provides the largest coding gain at a BER of 107
This BER is obtained when Ep/N, is about 13.5dB. This translates into a loss of
about 3dB from Figure 5.6.

Figure 5.11 demonstrates the use of pilot symbol-aided detection with maximal
gain ratio combining for a single path channel with a 5 tap RAKE. The rate 1/8
convolutional code provides the best results in this case. The bit error rate of
10~% is obtained when E, /N, is about 10dB. Comparing Figure 5.11 with Figurc
5.7, a loss of 1.7dB is obtained when the four noisy taps are present. This clearly
demonstrates that pilot symbol detection is much better than differential detection
at suppressing noisy taps.

MSDD is seen in Figure 5.12. The rate 1/8 constraint length 7 convolutional code

-reaches the target bit error rate when Ey/N, is about 15.9dB. When this result is

cormpared to the result of Figure 5.8, a loss of about 3.4dB occurs when the four
noisy taps arc present.

The comparison of the different detection types is made in Figure .5.13. It can
be seen that uncoded pilot symbol-aided detection performs slightly better than
uncoded differential detection and uncoded MSDD. Rate 1/8 convolutionally coded
pilot symbol-aided detection is the best detection scheme in this case. About a
4dB advantage is obtained over coded differential detection. In pilot symbol-aided
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Figure 5.10: 1 path channel - 5 tap differential RAKIE receiver.
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Figure 3.11: 1 path channel - 5 tap pilot symbol-aided RAKE receiver
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Figurc 5.12: 1 path channel - 5 tap MSDD RAKE receiver.

66

msdd-uncoded
msdd-r1/2c7
msdd-r1/4¢c7

msdd-r1/8c7




BER

detection, the output of the channel estimator is used to weight the information
on each tap for maximal gain ratio combining. A noise signal would be greatly
attenuated through the narrowband channel estimation filter. The output of this
filter is used to weight the contents of the tap. Therefore noisy taps contribute

little to the final decision.

AL
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Figure 5.13: Comparison of different detection strategies for 1 path channel - 5 tap

RAKI receiver.
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5.3.4 3 Path Channel - 5 Tap RAKE

Figu_reé 5.14 to 5.17 demonstrate the performance of a 3 path frequency-selective
Rayleigh fading channel received by a 5 tap RAKE. This demonstrates the effect
of combining independent paths while noisy taps are present.

Figure 5.14 shows the use of differential detection under this condition. The best
coding scheme is the rate 1/2 constraint length 7 convolutional code. It provides
a coding gain of about 1dB over the rate 1/4 convolutional code. The target bit
error rate is obtained when Ey/N, is about 10.3dB. In the frequency-nonselective
case (Fig. 5.6), the target BER was obtained for an E;/N, of 10.5dB with the usc
of rate 1/8 convolutional code. Using a conventional spread spectrum receiver to
receive this 3 path channel, only 1/3 of the overall received signal energy is used,
and the remaining 2/3 is converted to noise energy. In section 5.1, the increasc
in noise due to multipath interference is given as (1 + Y _ z;/Bc), where z; is to

i

interfering multipath signal energy per bit to noise density ratio. Thus the required
Ey/N, for a bit error rate of 1073 for a conventional spread spectrum receiver can
be obtained from the following equation: '

':li(Eb/NO)

BufNolne = T BN &) -0

where (Ly/No)ns is the energy to noise density required for a bit error rate of 1073 in
the frequency-nonsclective case (10.5dB). Performing this calculation determinces
that a conventional spread spectrum receiver requires that Ey/N, be cqual to
16.1d13. Therefore, about 5.8dB is gained by using a 5 tap RAKE receiver with
~rate 1/2 convolutional coding over conventional spread spectrum reception with
rate 1/8 convolutional coding.

Figure 5.15 presents pilot symbol-aided detection under these system conditions.
Rate 1/8 convolutional code is the best coding scheme. The target BER is obtained
when I, /N, is about 8dB. Using the results of Figure 5.7, a single tap receiver
employing rate 1/8 convolutional code would provide the bit error rate of 1073
when E;,/N, is about 13.9dB. The RAKE receiver provides a gain of about 5.9dB.

The performance of MSDD is shown in Figure 5.16. The best coding scheme is
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Figure 5.14: 3 path channel - 5 tap differential RAKE receiver.
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Figure 5.15: 3 path channel - 5 tap pilot symbol-aided RAKE receiver.
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the rate 1/2 constraint length 7 convolutional code. The bit error rate of 10~
is obtained when Ey/N, is about 12.3dB. From the flat fading results of Figure
5.8, a single tap receiver, employing rate 1/8 convolutional code, would require a
recéived signal energy to noise density ratio of 19.2dB. A gain of 6.9dB is obtained
by employing a 5 tap RAKI receiver.
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Figure 5.16: 3 path channel - 5 tap MSDD RAKE receiver.

Figure 5.17 compares the three detection schemes for the three path channel
reccived by a 5 tap RAKE. Uncoded pilot symbol-aided detection performs slightly
better than uncoded differential detection and uncoded MSDD. Uncoded MSDD
slightly outperforms uncoded differential detection. When coding is used, pilot
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symbol-aided coherent detection with a rate 1/8 convolutional code provides about
a 2.3dB advantage over rate 1/2 convolutionally coded differential detection. Rate
1/2 convolutionally coded MSDD, which employs hard decision decoding, does not
perform as well. :
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Figure 5.17: Comparison of different detection strategies for 3 path channel - 5 tap
RAKL receiver.
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5.3.5 5 Path Frequency Selective Channel - 5 Tap RAKE

F_igur_és 5.18 to 5.21 demonstrate the reception of 5 independent Rayleigh faded
paths by a 5 tap RAKE. These figures demonstrate perfect RAKE reception as no
noisy taps are present.

Differential detection is seen in Figure 5.18. Turin considers the use of differential
detection for RAKE reception in [27] and he simulates perfect RAKE reception
without the use of coding. In his simulations, he considers a spreading factor of 127
chips/bit which is quite close to the spread factor of 128 used in these simulations.
The results obtained from LINKSIM are compared to those given by Turin and
they are virtually identical.

When coding is used, the rate 1/2 constraint length 7 code provides the best
results. By employing this code, the bit error rate of 1073 is obtained when Ey/N,
is about 9.5dB. The use of a conventional spread spectrum receiver, which uses
only 1/5 of the overall signal energy, requires that the received single path have an
Ly/(No - I of 10.5dB (from Figure 16), where I is the spread spectrum multipath
interference, and rate 1/8 convolutional coding is used. Using the same method
of calculation as in the 3 path - 5 tap case, the required Ey/N, can be found to
be 19dB for a conventional spread spectrum receiver. The use of a RAKE receiver
provides a gain of about 9.5dB:

Figure 3.19 depicts the use of pilot symbol-aided coherent detection for this chan-
nel condition. The best coding scheme is the rate 1/8 constraint length 7 convo-
lutional code. The target bit error rate is obtained when E,/N, is about 7.5d1B. A
conventional spread spectrum receiver would require an Ey /N, of 16.3dB (for rate
1/8 coding) under this channel condition. A gain of about 8.8dB can be obtained
by cmploying a RAKI receiver.

Figure 35.20 demonstrates the use of MSDD for these system conditions. The
uncoded curve exhibits the same behaviour as the uncoded differential curve of
Figure 5.18. Due to the use of hard decision decoding, the performance of coded
MSDD is worse than the performance of coded differential and pilot symbol-aided
detection strategics. The target bit error rate is obtained when E,/N, is about
11.2dB. From the single path results, it can be shown that a conventional spread
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Figure 5.18: 3 path channel - 5 tap differential RAKL receiver.
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Figure 5.19: 5 path channel - 5 tap pilot symbol-aided RAKE receiver.
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spectrum receiver would require a received E,/N, of 24dB (with rate 1/8 coding)
for this channel. A gain of 12.8dB is obtained with the use of a RAKE receiver.

100 ¢ 3
1wk .
—&— msdd-uncoded
10-2_ d —— msdd-r1/2¢7
: ] —8—  msdd-r1/4c7
{ —90— msdd-r1/8c7
10 -3 3 >
1074 L
5 10 15

Eb/No (dB)

Figurce 5.20: 3 path channel - 5 tap MSDD RAKE receiver.

The comparison of the three detection schemes is seen in Figure 5.21. The perfor-
mance of uncoded pilot symbol-aided detection is slightly better than differential
detection or MSDD at low values of £, /N,. . However at higher values of E,/N,,
uncoded pilot symbol-aided detection no longer provides the best results. Un-
coded MSDD outperforms the other two detection schemes at these higher valuces
of Iy/N,. Rate 1/8 coded pilot symbol-aided coherent detection provides a 2.8d13
gain over rate 1/2 coded differential detection. Rate 1/2 convolutional coded
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MSDD performs about 1.7dB worse than that of coded differential detection.

109
!
10 "1 -
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-3
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1074
S
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Figure 5.21: Comparison of different detection strategies for 5 path channel - 5 tap
RAKE receiver.

5.3.6 5 Path Channel - Unequal Powers, 5 Tap RAKE

In Figures 5.22 to 5.25, a channel of 5 unequal paths is considered. In this casce,
all successive paths contain 2d1 less energy than the previous path. These paths
arc received by a 5 tap RAKE.
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Differential detection is shown in Figure 5.22. In this case, the best coding scheme
is the rate 1/2 constraint length 7 convolutional code. The target bit error rate of
10~* is obtained when Ey /N, is about 10.1dB. From Figure 5.6, a single tap receiver
would require that the received path have an E,/(N, -+ I) of 10.5dB when rate 1/8
convolutional code is used. If we assume that the strongest path is received, we
find that the receiver makes use of only 41% of the overall received E,/N,. Using
the same calculation methods seen in the previous discussions, the required E,/N,
for the conventional spread spectrum receiver is found to be 15dB. A gain of 4.5d13
is obtained from using a 5 tap RAKE receiver for this channel condition.

4 —— diff-uncoded
—— diff-r1/2c7
-8 diff-r1/4c7

{ —o— diff-r1/8c7

15

Eb/No (dB)

Figure 5.22: 5 paths of unequal power - 5 tap differential RAKE recceiver.
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Figure 5.23 demonstrates the use of pilot symbol-aided detection under these
channel and receiver conditions. Rate 1/8 convolutional code is the best coding
schemc_e“in this case. The bit error rate of 102 occurs when E}/N, is about 7.7dB.
A single tap receiver employing rate 1/8 convolutional code would require that

Ey/N, be 13.5dB. A gain of about 5.8dB is obtained when RAKE reception is
used in this case.

—f—— psa-uncoded

——&—— psa-rl1/2c7

BER

—— psa-r1/4c7

—0— psa-r1/8c7

15

Eb/No (dB)

Figure 5.23: 5 paths of uncqual power - 5 tap pilot symbol-aided RAKE rcceiver.
Figure 5.24 depicts the use of MSDD under these conditions. The target bit

error rate is obtained when /N, is about 11.6dB. A single tap receiver with rarc
1/8 convolutional code would require that Ey/N, be about 17.7dB (provided the
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strongest path is received by the single tap receiver). A gain of about 6.1dB is

obtained when RAKE reception is used.

100
[ ]
107TE 3
4 2
w 10 < F 3
@ : i — =
: ]
1073 E
10"4 Iy 1 . "
[ ' 10 15

Eb/No (dB)

Figure 5.24: 5 paths of unequal power - 5 tap MSDD RAKE receiver.

msdd-uncoded
msdd-r1/2¢c7
msdd-r1/4c7

msdd-r1/8c7

The comparison of the different detection types for this system condition is shown

in Figure 5.25. Uncoded pilot symbol-aided coherent detection outperfory

ns the

two other uncoded detection types. Uncoded MSDD slightly outperforms uncoded

differential detection as well. Rate 1/8 convolutionally coded pilot symbol

—aided

detection provides a 2.5dB gain over rate 1/2 convolutionally coded differential
detection. Coded MSDD is 1.5dB behind differential detection due to losses from

the use of hard decision decoding.
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Figure 5.25: Comparison of different detection strategies for 5 paths of uncqual

power - 5 tap RAKIS receiver.
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Channel/Receiver | DD-r1/2 | DD-r1/8 | PSA-rl1/2 | PSA-r1/8 | MSDD-r1/2 | MSDD-r1/8
1 path 1 tap 11.1 10.5 11.7 8.3 14.7 12.8
1 path 5 taps 14.6 13.7 13.6 10 17.3 15.9
3 paths 1 tap 16.8 16.1 18 13.9 22.2 19.1
3 paths 5 taps 10.3 11.7 9.7 8 12.3 13.1
5 paths 1 tap 20.3 19 22 16.3 32.8 23.7
5 paths 5 taps 9.5 111 8.8 7.5 11.2 12.6
5 uneq. paths 1 tap 15.6 15 16.1 13.5 20.3 17.7
5 uneq. paths 5 taps 10.2 11.6 8.9 7.7 11.6 12.7

Table 5.2: Eb/No required for BER of 10~2 for a CDMA system with a processing
gain of 128.

5.3.7 Summary

Table 5.2 shows the values of E,/N, required to obtain the target bit error rate for
all detection schemes with rate 1/2 and 1/8 convolutional codes. For each channcl
condition, the best results are highlighted. '

In the case when frequency-selective Rayleigh fading channels are received by single
tap receivers, the results can be obtained by observing the single path single tap
cases. Knowing how much energy is required for the target bit error rate for the
single path, an estimate of the received signal energy of a frequency selective signal
can be made.

The reception of frequency-selective signals with a RAKE receiver is shown to
provide large gains over the use of a single tap receiver. These gains can be
" translated into larger capacities in & CDMA system.

If we assume that cach user transmits a signal such that the receiver obtains a
single user 5, /N, of 20dB, cquation (2.13) can be used to determine the maximim
number of simultaneous users. This is shown in Table 5.3.

[t can be scen from Table 5.2 that with the exception of frequency-nonselective

channels, the use of RAKE reception greatly increases capacity. The values given
in Table 5.2 are based on the assumption of perfect power control.
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Channel/Receiver | DD-r1/2 | DD-r1/8 | PSA-r1/2 | PSA-r1/8 | MSDD-r1/2 | MSDD-r1/8

I path 1 tap 9 11 8 18 4 . 6

1 path 5 taps 4 5 ) 12 2 3

3 paths 1 tap 2 2 1 4 0 1

3 paths 5 taps 10 8 13 20 7 )

5 paths 1 tap 0 1 0 2 0 0

5 paths 5 taps 14 9 16 22 9 6

5 uneq. paths 1 tap 3 3 2 5 0 1
5 uneq. paths 5 taps 11 8 16 . 21 8 6

Table 5.3: Maximum number of simultaneous users for.a CDMA system with a
processing gain of 128 for a single user E,/N, of 20dB.
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Chapter 6

Conclusions

The use of RAKE reception in land mobile communications has been considercd
for some time. The receiver has one tap for each chip in the PN sequence, and
thus the RAKE receiver in this study would employ. 128 taps. If the bit rate is
10 kbps, a chip time would be about 0.8 microseconds. The typical delay spread
of a land mobile channel is about 5 microseconds. All received information from
the channel would therefore be received on' 1 to 10 adjacent taps. An algorithm
could be implemented which determines which group of taps contains the highest
average cnergy. The receiver may then choose the 5 most likely taps to contributc
to the final decision.

From the performance curves given in Section 5.3, the following conclusions can
be drawn:

(i) Diversity rcception of frequency-selective Rayleigh faded signals with RAKT
receivers provides large gains over the reception of a single path. These gains can
then be translated into larger capacities in CDMA systems.

(ii) Lower rate codes perform better than higher rate codes when coherent detection

is used in both AWGN and Rayleigh fading channels. This is generally not truc
when differential detection is used.
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(iii) In all cases, rate 1/8 convolutionally encoded pilot symbol-aided coherent
detection provides the target bit error rate at the lowest signal energy, and thus
provides the largest channel capacity for the conditions described in this thesis.

(iv) Pilot symbol-aided coherent detection can suppress the effects of noisy taps
much better than differential detection and thus this technique requires a less
complex noisy tap elimination algorithm.

(v) Uncoded MSDD, with a detection window of 3 symbols, performs better than
uncoded differential detection in all cases.

(vi) In the frequency-selective cases, rate 1/2 constraint length 7 convolutional
code is the best coding scheme for the two different differential detection schemes,

while rate 1/8 constraint length 7 code is best in all cases for pilot symbol-aided
coherent detection.

In all frequency-selective cases where RAKE reception is used, pilot symbol-aided
coherent detection with rate 1/8 constraint length 7 convolutional code provided
the best performance. Therefore, in a land mobile communications channel, which
is subjected to frequency-selective Rayleigh fading, the choice of pilot symbol-aided
detection with rate 1/8 constraint length 7 convolutional code appears to be a good
receiver implementation under the conditions presented in this thesis.

6.1 Recommendations for Further Study

The performance of uncoded MSDID compared to that of uncoded differential de-
" tection demonstrated that MSDD is quite adaptable to a RAKE receiver environ-
ment. However, the implementation of the MSDD receiver required that a decision
be made by the detector, making soft decision decoding impossible. By modifying
the receiver in order to allow soft decision decoding, the performance of the MSDID
RAKE receiver might improve. Larger detection windows could also be considered.
However, this method results in an increase in receiver complexity.

Low rate codes performed well for coherent detection in all cases discussed. Lower
rate codes such as rate 1/16 or low rate concatenated coding schemes may improve
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performance even more. However, one must take-into account the interleaving
delay and complexity when employing lower rate codes.

The results show that the higher rate codes perform better when multiple paths
are received and combined with both types of differential detection. Perhaps even
higher rate codes such as rate 2/3 would provide more gain at a bit error rate of
10~2 for these detection schemes.

The effect of path delays when the delay is not a multiple of the chip time should
also be investigated. When a fraction of the path’s energy is received on adjacent
taps, loss will occur when the path is recombined. It should be determined which
detection scheme recombines the divided path with the least loss. Since it was
noted that pilot symbol-aided coherent detection best suppressed noisy taps, it

would scem likely that this detection scheme would recombine the divided paths
with the least loss.
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