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ABSTRACT

Multiuser Detection of DS-CDMA Signals using Parallel

Interference Cancellation in Wireless Commuincations

Mohsen Ghotbi

In a limited network resource, techniques are needed to share the channel
among different users as efficiently and as fairly as possible. Among multiple access
techniques. Code Division Multiple Access (CDMA) has the exclusive advantage of

allowing all active users share the same channel concurrently.

When CDMA technique is used, Multi User Detection (MUD) is needed to reject or
reduce the Multiple Access Interference (MAI) affecting each active user.

In this thesis. it is shown that multiuser detection using Parallel Interference Cancel-
lation (PIC) technique provides a good compromise among the complexity, latency,
and performance. This technique is suitable for Digital Video Broadcasting - Return
Channel via Satellite (DV'B-RSC) as well as Base Station (BS) in cellular commuin-
cation systems. We offer a new scheme that is a combination of soft and hard PIC
detectors whose performance is superior to that of the other famous sub-optimal

detectors.

For most MUD schemes, a perfect knowledge of users’ parameters is required. In

this thesis, we apply a very simple method to estimate the parameters.

iii



PIC detectors are usually studied in equal-power case. i.e., a perfect power con-
trol scheme is assumed. We, study PIC detector in near-far condition as well, where
users arrive at receiver with different power levels. It is shown that our proposed
scheme has some advantages over other schemes. First, it is much less complex than
optimal and linear detectors. Second, it is much faster than sequential detector.

Third, it has better performance than that of linear detectors.

iv
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Chapter 1

Introduction

Today. more than ever, not only tangible goods. but also, knowledge is a valuable
commodity. The wealth of nations is not merely measured by their capacity to
produce agricultural and industrial goods, but also. by their capability to generate,
process. and transfer information. This is the driving force behind the information

and telecommunication industries.

1.1 Contemporary History of Wireless Communica-

tions

The first generation personal mobile communication systems dealt with analog sig-
nals. Such systems offer a simple circuit to transmit and receive information. How-
ever, the signals used in this method are less tolerant of channel impairments due
to their analog characteristics and they are less efficient in the sense of transmission
power [32].

The problem of power efficiency was resolved by exploiting second genera-
tion systems that used digital communication techniques. Some examples of these

svstems are Global Svstem for Mobile communications (GSM) and IS-95. With



mushrooming growth of demand for access to telecommunication networks. the sec-
ond generation will fail to meet all new needs. Therefore, third generation systems
with the provision of higher data rates specially for video and web services are to
be sought.

Third generation mobile communication systems are referred as the Universai
Mobile Telecommunication Systems (UMTS). For such an environment, the major
air interface would be the Wideband Code Division Multiple Access (WCDMA).
This svstem within the International Telecommunications Union (ITU) is called
International Mobile Telephony 2000 (IMT-2000). Third generation systems seem
to be more deploving than their second generation counterparts in the not-so-distant

future because of the following unique properties [2]. [31}:

Higher carrier spacing which means higher data rate and or higher spectral

efficiency

Higher chip rate giving rise to better multipath diversity

e Faster power control resulting in less Multiple Access Interference (MAI)

Multi User Detection (MUD) and antenna diversity features.

1.2 Multiple Access Schemes

The main goal of using multiple access schemes is to share a limited network resource
among different users as efficiently as possible. There are three major multiple access
techniques each of which will be explained as follows (Figure 1.1):

The first type of multi-access techniques emploved by the first generation mo-
bile communication systems is Frequency Division Multiple Access (FDMA). In
this method, the available spectrum is divided among the users and they are sup-
posed to transmit their data simultaneously. Hence. the whole bandwidth consists

of non-overlapping slots of frequency and each slot is assigned to one user.

(8]
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The second type of multiple access techniques used in the second genera-
tion mobile communication systems, is called the Time Division Multiple Access
(TDMA). In this approach, users are aligned in time slots rather than frequency
slots. These time slots are non-overlapping to each other to provide no interference
from one user on another.

The main drawback of both FDMA and TDMA is that they have hard capacity
limit. It means that after the number of users equal to the number of frequency or
time slots. adding one more user is not possible, since all the available frequency or
time slots have already been allocated to the existing users. To this end, another
kind of multiple access scheme called Code Division Multiple Access (CDMA) was
proposed.

The CDMA system as a candidate for providing soft capacity limit is not a
new technique. It was widely used in military applications, and recently, it has been
become popular in telecommunications industry due to its exceptional properties
that will be mentioned in Chapter 2 [10].

In CDMA. a unique code (which is also called a Signature Sequence or a Signa-
ture Waveform) is assigned to each user. Such signature sequences have a bandwidth
well bevond what is required for the transmission of information. Therefore. coding
the data with them results in Spread Spectrum (SS) communication. The number
of signature sequence pulses (chips) in one bit duration is called the processing gain,
N.

Signature sequences are usually Pseudo-random or Pseudo-Noise (PN) codes
with the duration of each chip (7.) much less than the bit duration. These PN
codes are usually generated by a feedback shift register with linear feedback and are
called Maximal-Length sequences. The PN codes generated in this manner, have

some special characteristics such as [32}:

e The number of Is is one more than the number of 0s in each period (Balance

property).



e One-half of the runs of each kind of 7s and 0s are of length one, one-fourth
of length two, one-eighth of length three, ... as far as it is applicable (Run
property). The total number of runs is (:V +1)/2 and N = 2™ — 1 where m

is the number of shift register bits.
e The normalized auto-correlation of the generated codes is either 1 or —1/N.

1.3 Recent Research in Multi User Detection

Among the spread-spectrum techniques that will be discussed in Chapter 2, the most
popular one is the Direct-Sequence CDMA (DS-CDMA) where each active user’s
data is modulated (multiplied) by a unique code. When the signature waveforms
assigned to different users are not orthogonal, each user suffers from the Multiple
Access Interference (MAT) emanating from the other active users.

In order to combat such an undesired matter, efforts have been made to mit-
igate MAI with the aim of reducing the Bit Error Rate (BER). Perhaps. the most
prominent work has been done by Verdu [33]. His devised receiver is an optimal one
as it is based on the Maximum Likelihood (ML) detection principle. This kind of
detector sounds perfect as far as only a few users attempt to share the channel. Oth-
erwise, the computational complexity grows exponentially with the number of users
making this approach impractical to implement. Therefore, the goal of suppressing
MAI has been compromised to find schemes that sacrifice optimality for easier-to-
implement circuits while maintaining a satisfactory level of performance. As a result
of such endeavors, some suboptimal multiuser detectors have been introduced.

The first class of receivers with performance relaxation via simpler structures
are Linear Multi-User Detectors (LMUD) in which a linear mapping is applied to
the outputs of the Matched Filters (MF). The most familiar ones under this class are
the Decorrelator and Minimum Mean-Squared Error (MMSE) detectors (1. Such
receivers have less complexity than that of the optimal ML receiver, however, they

suffer from a main drawback of inverse cross-correlation matrix calculation. Such



a computation must be done in real time which takes a large amount of memory
when the number of users is high. Moreover, the necessity to guarantee the existence
of inverse of the cross-correlation matrix makes the case more problematic. Thus,
another class of multiuser detectors with still a better structure in the sense of
complexity were proposed.

The second suboptimal class of detectors are subtractive or interference can-
cellation based multiuser detectors. In this case, the interference of each user on the
others is estimated, re-spread, and cancelled from the received signal. This process is
usually done through a multitude of stages giving these schemes the name multistage
detectors. Successive Interference Cancellation (SIC) and Parallel Interference Can-
cellation (PIC) detectors are well-known examples of this class of detectors. In the
case of SIC. interferences are cancelled sequentially, while, in PIC the interferences
of all other users on each one are removed at once. which makes this scheme more
attractive due to its higher speed. Recently, another kind of PIC called Partial Par-
allel Interference Cancellation (PPIC) has been proposed by Divsalar et al {3, [4].
In this scheme, instead of complete cancellation of the interferences. the cancellation
is done partially by introducing a partial cancellation coefficient A that is always less
than unity. It has been proven that the performance of PPIC is drastically better
than that of the pure PIC.

It is worth noting that although all kinds of subtractive multiuser detectors
offer less complex structures compared to LMUDs, their efficiency is inferior to that
of the Linear Multi-User Detectors (LMUD). Consequently, the latter receivers and
specially the Decorrelator Detector (DD), serves as a reference to quantify the per-
formance degradation of any newlyv-proposed receiver. Henceforth. any step which is
taken to raise the performance of SIC, PIC, and PPIC in each stage without adding
any remarkable complexity, merit special attention. As a result, such a performance
enhancement results in less stages of iteration which makes interference-cancellation-

based detectors more promising for the third generation wireless receivers.



1.4 Objective

The objective of this thesis is to devise a new scheme for Multi User Detection

(MUD) that results in less performance degradation with a reasonable complexity.

1.5 Research Contributions
Some of the main contributions to this thesis are as follows:

e Derived a closed form equation, analvzed. and simulated the outputs of a

multistage Soft Partial Parallel Interference Cancellation (PPIC).

e Analvzed and simulated multistage Hard Partial Parallel Interference Cancel-

lation (PPIC).
e Amplitude and phase estimation for all active users.

e Proposed a new MUD scheme based on the combination of multistage Soft and
Hard PPIC with parameter estimation: simulated and compared the proposed
scheme with the case where perfect knowledge of the parameters is assumed,

Decorrelator. SIC, and single user cases.

e Simulated the near-far problem by splitting users into groups with each group

having a different power level.

e Applied the proposed scheme to UMTS (BPSK and QPSK modulations. PN

codes).

e Compared the complexity issue of the proposed method with some other known

detectors.



1.6 Organization of the Thesis

This thesis is continued as follows

Chapter 2 presents the spread spectrum techniques that have been proposed so
far. The spread spectrum technique is discussed under two major groups of pure and
hybrid CDMA. Under pure CDMA group, Frequency-Hopping, Time-Hopping, and
Direct-Sequence CDMA are introduced. For those under hybrid CDMA group, some
combinations of pure CDMA as well as some combinations with other techniques
such as TDMA are presented.

Chapter 3 addresses some MUD techniques. Optimum and sub-optimum de-
tectors with their benefits and drawbacks are discussed. Under sub-optimum group
of multiuser detectors, two major groups of linear and subtractive detectors are
introduced.

Chapter 4 covers the new method that we have proposed for MUD. In this new
method, a combination of Soft and Hard PPIC detectors with parameter estimation
is introduced. Through simulation, it is shown that our proposed scheme surpasses
the performance of the linear detectors.

Chapter 5 contains some trends in MUD that are of special interest. These
trends are studied in two distinct sections of near-far problem and application of
our proposed method to some newly-proposed standards for the third generation
systems.

Finally, Chapter 6 concludes this thesis and some suggestions for future work

are included.



Chapter 2

Spread Spectrum Techniques

Some well-known CDMA techniques are introduced in this chapter. In addition to
the general capabilities of CDMA, there are some exclusive properties attributed
to each of these techniques. which will be reviewed briefly. The most well-known
available CDMA technique can be divided into two groups of pure and hybrid
CDMA [2], [10]. Under pure CDMA group. Direct-Sequence (DS), Frequency-
Hopping (FH), and Time-Hopping (TH) techniques will be discussed. For those
under hyvbrid CDMA group, some combinations of pure techniques as well as a com-
bination of CDMA and TDMA (CTDAMA) and Multi-Code CDMA (MC-CDMA)

will be presented.

2.1 Direct-Sequence CDMA

This technique is the most popular technique. In this technique, the information
symbols are directly modulated (multiplied) by the signature sequences (codes).
Figure 2.1 shows a simple block diagram of a transmitter and a receiver used for
such a technique. As it is seen, before carrier modulation, the users’ information
data are spread with the codes assigned exclusively to each user.

Figure 2.2 shows a binary antipodal signal which is spread by a signature
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Figure 2.1: Transmitter and receiver of a DS-CDMA system [2].

T V2T
- (a)

|

(o)

Y-

1 anen O
gy U Uy Ul

(c)

|

it
SR RS

Figure 2.2: Spreading a binary data using DS-CDMA technique. (a) Orig-
inal data, (b) Signature sequence with \ = 13, and (c) Spread data.
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waveform.

The spreading codes used to spread the information data can be in the form of
either short or long codes. In the former case. the period of the signature sequence
is equal to the symbol period. whereas in the latter case, more than one symbol
cccur in one period of the signature waveform. Both of these codes have their own
benefits and drawbacks. For example. when short codes are used. the circuitry will
be simpler. while giving a fixed interference to each user. Therefore. some users
suffer from a larger amount of interference than the others. For the long code case,

the interference on each user is more randome-like. although the complexity will be

higher.

2.1.1 General Capabilities

Due to its simplicity. DS-CDMA is suitable as an air interface in satellite and cellular
communication svstems. In what follows. some of the main attributes of such a
technique will be explained briefly [2]. [13].

Multiple access: Since each user is assigned a specific code. as far as the
cross-correlation between the codes is good (low) enough, each user’s data can be
recovered with high reliability. Therefore. multiaccess requirement is met.

Multipath diversity: Since in a mobile environment, there are more than one
path for signals to travel, if the signals received from different paths are combined,
we may have constructive and destructive combination. When DS-CDMA is used,
all the signals arrived at the receiver with the time difference of more than one chip
duration can be treated as different users provided that the autocorrelation of codes
is good (high) enough and. thev can be combined through a Rake receiver [31].
Therefore. multipath diversity is possible.

Narrowband interference rejection: While DS-CDMA signal is considered
as a wideband signal. it will not be contaminated by a narrowband noise. interference.

This is because when the arrived signal at the receiver is decoded (despread). the
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useful wideband signal will turn out as a narrowband signal: while the narrowband

disturbance would be in the form of a wideband signal with low power density.
Low probability of interception: Due to their wideband nature, CDMA

signals have low power density. This desirable feature prevents their signal to be

heard by the other listeners.

2.1.2 Specific Properties

There are some advantages and disadvantages exclusively contributed to the DS-

CD)MIA technique which are mentioned in what follows.

Advantages

e DS-CDMA technique is usually called a soft-interference-limited technique. It
means that the more the number of active users, the lower is the link perfor-
mance, but the whole information is seldom lost. This is against FDMA and
TDMA where in the addition of an extra user leads to destroy the information

originating from the aliased users.

e The spreading operation is easy because it is a simple multiplication (modu-
lation). Since the signals are digital. this multiplication can be done through
logical additions (Exclusive OR circuits) that makes it much easier to imple-

ment.

e The system is based on a single carrier.
Disadvantages

e Each user suffers from the Multiple Access Interference (MAI) emanating from
other users that attempt to share the channel concurrently. Ideally, when all

codes assigned to different users are orthogonal to each other, there would be
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no MAIL However, since the number of orthogonal codes is low, the capacity
will be reduced. In addition, even the codes are assumed to be orthogonal.
such an orthogonality can not be guaranteed in an asynchronous condition.
Therefore, although it can be mitigated by choosing the signature sequences
with good (low) cross-correlations, MAI will be an inevitable part of DS-

CDMA technique.

e VWhen the mobile users are at different distances to hub or base staticn, the
MAT coming from the closer user will exacerbate the situation of the weak
users’ data which are more distant. This issue is called the Near-Far problem.
To avoid this issue, power control should be applied on all transmitters in
order to receive all signals at almost the same power level. It is noteworthy

that perfect power control is hard to achieve in practice.

e The svnchronization between signature sequences is difficult, because the syn-

chronization error is needed to be kept within a fraction of a chip duration.

2.2 Frequency-Hopping CDMA

In this technique. the data will be modulated with a carrier whose frequency changes
according to the signature sequence. The basic diagram of such a technique is shown
in Figure 2.3.

The main difference between the FH-CDMA and DS-CDMA techniques is that
in the former case in each time interval, only a portion of the bandwidth is used with
higher power, while in the latter case, the whole bandwidth is used simultaneously.
Figure 2.4 shows this difference.

There are two types of frequency hopping technique. If the hope rate is greater
than the symbol rate, then it is called Fast Hopping where a symbol is transmitted

through different carriers. On the other hand, if numerous symbols are sent with
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Figure 2.3: Transmitter and receiver of an FH-CDMA system.
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Figure 2.4: Comparison of the FH-CDMA with DS-CDMA system (.\ =
10).

the same carrier, the technique is called Slow Hopping.

2.2.1 General Capabilities

The general capabilities can be expressed in the same way as it was done for the
DS-CDMA technique.

Multiple access: While one user occupies a portion of the bandwidth. other
users can use the remaining bandwidth simultaneously.

Multipath diversity: Since in each time interval. each user is transmitted
through a distinct carrier frequency, the received signal will experience different

fadings. Therefore, if it is averaged over different paths, multipath fading will be
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resolved, although it is not as efficient as DS-CDMA.

Narrowband interference rejection: In this case, narrowband interference
will occur in one or some of the transmitting bands, while the others will be clear
of such a disturbance.

Low probability of interception: If the frequency of the signal that is going
to be transmitted is unknown, it will be hard to detect the information by other

listeners.

2.2.2 Specific Properties

Advantages

e Svnchronization is easier, because it needs to be done in a fraction of hopping

interval (Instead of chip interval in the case of DS-CDMA).

e The near-far problem is less serious since the probability that two or more

users sharing the same bandwidth is less.
Disadvantages

e The system is based on a multicarrier technique. Therefore. the complexity is

higher than the single-carrier case.

e Switching between the carriers occurs very frequently. Therefore, it needs

more bandwidth than in the DS-CDMA case.

2.3 Time-Hopping CDMA

The last technique in pure CDMA class to be discussed is Time-Hopping CDMA
(TH-CDMA) in which, each user transmits its data in a short time at the intervals
that are defined by each user’s code. Figures 2.5 and 2.6 show the block diagram

and the time-frequency sharing of such a scheme, respectively. As it is seen, in a
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short burst, the information of each user is transmitted using the whole available
spectrum. This is against the FH-CDMA technique where, in each time slot only a

portion of the available bandwidth is occupied by each user.

2.3.1 General Capabilities

Moultiple access: Since a unique signature sequence (code) is assigned to each
user, each user shares the channel with the others in time division format where the
time intervals are determined by the signature waveforms. These time intervals are
random-like. Therefore, the probability of time aliasing would be low.

Narrowband interference rejection: Since the signal is transmitted in
short bursts, it is only contaminated by a narrowband interference in those short
intervals.

Low probability of interception: \When the time intervals in which the
signals are transmitted are unknown. it will be hard for a third party to realize and

detect any information pertaining to users.

2.3.2 Specific Properties
Advantages
e It is simpler than the FH-CDMA because it has a single carrier.

e It is good for near-far cases, because, in most intervals, users do not have any
overlap. Therefore, even weak users can be detected since there is no interfer-

ence coming from strong users.
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Figure 2.5: Transmitter and receiver of a TH-CDMA based system.
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Figure 2.6: Time-frequency sharing between the TH-CDMA users.
Disadvantages

e This technique is more vulnerable to multipath fading problem. since the signal

is transmitted in a short time while emploving the whole available spectrum.
e Svnchronization is difficult, because it has to be achieved in a short time.

e When overlapping occurs, like in TDMA, all concurrent data will be lost.

2.4 Hybrid Techniques

The objective of using hybrid techniques is to combine the advantages carried by
each technique individually. Obviously, a possible disadvantage can be the complex-
ity increase. The most well-known combinations of CDMA techniques are Direct-

Sequence Frequency-Hopping (DS FH), Direct-Sequence. Time-Hopping (DS TH),
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CDMA TDMA (CTDMA), and Multi-Code CDMA (MC-CDMA). In what follows.

a brief explanation of each technique is given.

2.4.1 Direct-Sequence/Frequency-Hopping CDMA

In this technique, first of all, the data stream is spread by the signature sequence.
After this stage, the spread data is modulated with different carriers whose frequen-
cies are defined by a different code generator. Figure 2.7 shows the block diagram
of DS FH-CDMA transmitter. The resultant system has the advantages of soft
interference limit from DS-CDMA and near-far resilience from the FH-CDMA tech-

niques.

2.4.2 Direct-Sequence/Time-Hopping CDMA

In this technique, the spread data will be transmitted in random-like intervals defined

by another code generator (Figure 2.8).

2.4.3 CDMA/TDMA

This hybrid technique is a combination of CDMA and TDMA. After spreading users’
data, their information will be transmitted in fixed time intervals (Figure 2.9). This
hyvbrid technique is considered as an evolutionary system. since present-day satellite

communications are based on TDMA technique.

2.4.4 MC-CDMA

In this scheme, instead of a unique code assignment to each user. a variety of codes
spread the data belonging to each user. These codes have different processing gains
but are orthogonal to each other. The most famous codes used for this purpose
are Walsh-Hadamard codes|[10]. This technique is suitable when variable bit rate

services are required.
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Figure 2.7: DS/FH-CDMA transmitter.
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Figure 2.10: MC-CDMA transmitter for one user.
2.5 Spread Spectrum and Multi User Detection

As it was mentioned earlier, DS-CDMA is the most popular among the spread
spectrum techniques for multiple access applications. Therefore, in the remainder of
this chapter, a system model based on DS-CDM A scheme will be discussed in more

detail.

2.5.1 System Model

Assuming that A’ users share a channel and the modulation is BPSK, the baseband

model of the received signal at the receiver can be written as

K
r(t) = D Selt—m)+n(t)
k=1

p
Z V Eoxdic(t — mc)ck(t — Ti)e?™* + n(t)
k=1

where, Ep, di(t — 7%), ce(t — 7). and ¢ are bit energy, information bit, signature
waveform. and the carrier shift of kth user, respectively. The 7%’s are the time

delays of users at the receiver end. Under synchronous condition, we have 7 =

1

5 = ...7x = 0. The noise n(t) is a complex Additive White Gaussian Noise

(AWGN) with zero mean and two-sided Power Spectral Density (PSD) of \,/2
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W /Hz for each real and imaginary component. The di and ¢, € {+1, -1} with the
duration of T, (bit duration) and T, (chip duration), respectively, are assumed to be
independent identically distributed (i.i.d.) random variables. The processing gain
is V. Therefore, N = T,/T.. A simple representation of such a received signal is
depicted in Figure 2.11. At the receiver end, the arrived signal is passed through a
group of correlators in order to recover the information stream transmitted by each
user. Hence, the output of the Ath correlator under synchronous condition would
be (Figure 2.12)

0 1 [T
4 = —f r(t)ce(t)dt
Tb o

I

K

1 [P .
= 7/ [Z v Esiedigci (1)ed7¢ + n(t)]ci(t)dt
b Jo k=1

=1
i

= E V Epperdio prr k€ 7% + ny
k=1

where

1

T A’
K 1
Pkt = Prrk = -7—_;/; ci(t).ck(t)dt = —\? E Ckty.Ciy

=1

1 [P
Ne = -I?b/a n(t).ck(t)dt

[t is easy to see that ny is a complex Gaussian random variable with zero mean
and variance of .\V,/2 W.Hz. For the sake of simplicity in notation. hereafter. we

will consider the first user as the one of interest. and also, all notations are based on



Figure 2.11: DS-CDMIA channel and receiver model.

one bit duration (7). Hence, the soft output of the first correlator will turn out as

Fo - 1 L.
L= r(t)e;(t)dt

Ty
1 (P&
= ?/ {z V Eskdici(t)ed 7 = n(t)]ey(t)dt
b Jo k=1
X
= Z V Ewkdipxe?” +n,
k=1
K
= Vv Ebldlej';l - Z ‘/Ebkdkp:kej:;k +n
k=2

where the first. second, and the third terms denote the useful information, the MAI,
and the noise component, respectively.

Now. if the signal pertaining to each user is detected without any regard of
other users’, the procedure is called Single User Detection (SUD). The quality of
the output of such a detector depends strongly on the cross-correlation between the

codes of different users.
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Figure 2.12: Soft and hard outputs of correlators at the receiver.
In order to mitigate the effect of MAIL some suggestions have been made in [1]:

emploving codes whose cross-correlation is good (low) enough in order to re-

cover each user’s information with a good accuracy.

applyving power control on each transmitter such that all users are received at

almost the same power level.

use of antenna diversity where the data of each user is transmitted and or

received through a multitude of antenna arrays. and

use Multi User Detection (MUD), i.e., take advantage of the information

of all users when recovering the data transmitted by each user.



2.6 Summary

In this chapter, a brief introduction of different types of spread spectrum technique
was presented. The most popular one for multiuser detection purposes is the DS-

CDMA technique. In Chapter 3, we discuss different kinds of DS-CDMA based

multiuser detectors that have been proposed recently.



Chapter 3

Multi User Detection Technology

Some well-known multiuser detectors will be introduced in this chapter. As it was
mentioned in Chapter 2. the spread spectrum technique widely used, is DS-CDMA.
In general, any type of multiuser detector is either optimum or sub-optimum. Un-
der sub-optimum group, two classes of Linear and interference-cancellation-based

detectors are addressed.

3.1 Optimum Multiuser Detector

The optimum multiuser detector is based on the Maximum-Likelihood (ML) detec-

tion. As it is known from Chapter 2, the received signal (synchronous case) is

«
rt) = Y Sk(t) +n(t)
k=1

K
Z v Eoxdi(t)ci(t)e?™ + n(t)
k=1

where. n(t) is an AWGN. In each bit interval. optimal detector. selects the bit
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sequences d,, d», d3, ... , dy such that the
1
exp <—'7_a'5/ |:r(t S‘Sk(t ] ) (3.1)
2 0

In order to maximize (3.1), the squared Euclidean distance of for" Ir(t) —

is maximum [33].

S~ Sk(t)]*dt needs to be minimized.

The Euclidean distance is defined as [4]

Ty K 2
D = /0 r(t) — ;Sk(t)
Ty K
= /o. r(t) - Z V Epxdi(t)ci(t)el 7
" k=1
= [ irora
0
Ty K
—2Re {/ T‘(t) Z \/ Ebkdk(t)Ck(t)C_]":"} dt
0
K
/ {Z V Evedx(t)ci(t e’"} [Z V Endi(t)ei(t)e” M} dt  (3.2)
=1

Discarding the common term, i.e., the first term in (3.2), the minimization is

dt

2

dt

equivalent to maximizing,

Ty K
0 = Re{/ r(t)z\/Ebkdk(t)ck(t)e'”*}dt

. K
"3/ [Z v Ebkdk(t Ck(t 6‘7'&} I:Z \/ Eb d((t C[ 8 J”[} dt
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Q
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This kind of multiuser detector provides the most reliable outputs and rejects
the effect of MAIL Therefore, its performance is superior to all other detectors. In
spite of its great performance, the complexity of ML detector is subject to an expo-
nential growth in the number of users, since it is based on a full search, performed,
e.g., using the Viterbi algorithm [1]. Hence, when the number of active users is
large, this approach turns out to be too complex to implement. As a result, some
sub-optimum multiuser detectors that are less complex while causing a reasonable
performance degradation have been proposed.

Sub-optimum detectors are divided into two major groups of Linear and in-
terference cancellation based detectors [1| which will be discussed in the remainder

of this chapter.

3.2 Linear Multiuser Detectors

In any detector under this group. a linear mapping is applied to the outputs of
the Matched Filters (MF) [1]. Some well-known examples of such detectors are

Decorrelator Detector (DD) and Minimum Mean-Squared Error (MMSE) detector.

3.2.1 Decorrelator Detector

As a linear mapping, this type of detector applies the inverse of the cross-correlation
matrix to the outputs of MFs. Figure 3.1 shows the block diagram of such a detector.

If matrix notation is used. we get
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=1
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Figure 3.1: Decorrelator multiuser detector.

dpp = dyr.R™
= AD+NR (3.3)

where, the symbols are defined as follows

r : Received signal
S : Total transmitted signal

n : Addiditve White Gaussian Noise (AWGN)

A User's amplitudes matrix

D Users’ information data

C Signature waveforms vector

d : Outputs of Matched Filters (MF)

R : Cross-correlation matrix

N :  Noise component of Matched Filters (MF) outputs

dpp : Outputs of Decorrelator Detector (DD)

Advantages

e It does not require any knowledge about the amplitude of users. Therefore. it

is near-far resistant.



e The computational complexity is much less than that of ML detector.

e Eliminates the effect of MAI completely.
Disadvantages

e As it is seen from (3.5), this type of detector enhances the background noise.

e The computation of the inverse cross-correlation matrix (R™!) has to be done

in real-time specially in an asynchronous environment.

e In some special cases, R™! does not exist.

In spite of these disadvantages. this type of detector provides a good performance
which in most cases is used as a reference to gauge other kinds of detectors which
will be explained later in this chapter. It is noted that Decorrelator Detector will
correspond to the optimum detector if either the amplitudes of users are unknown

or users are time independent.

3.2.2 MMSE Detector

This kind of detector, tries to minimize the mean-squared error between the trans-
mitted data and MF output. This kind of detector is same as the DD type except
the linear mapping used here takes the effect of noise into consideration. Using

matrix notation, we get [1]

r = ADC-+n
d = ADR=+N

d.\!.\ISE = d.\!F-L.\!.‘.ISE

where

Lywse = [R+(N,/2) A7F
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Figure 3.2: MMSE multiuser detector.

A simple block diagram for this case is shown through Figure 3.2

Advantage

e It provides a better performance than the DD since it takes into account the

effect of noise.
Disadvantage

e It requires the knowledge of users’ parameters (amplitude, phase, delay).

Therefore, it is less resistant to the near-far issue.

3.3 Subtractive Multiuser Detectors

In these kinds of detectors which are also called the interference-cancellation-based
detectors. the MAI affecting each user is estimated, re-spread, and cancelled from
that user. This process is usually done through a number of stages giving rise to mul-
tistage detectors. Under this group, the most cited types are Successive Interference

Cancellation (SIC) and Parallel Interference Cancellation (PIC) detectors.

3.3.1 Successive (Serial) Interference Cancellation

By applving this approach. users are detected one after the other. At the re-

ceiver end. users are ranked according to their received power in order to detect
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the strongest user first, since this user can be detected most reliably. Soon after
the detection of the strongest user, the second strongest user will be detected. This
procedure is continued until all users’ data become ready.

If the soft decision of each user’s data is used to estimate the interferences,
the detector is called Soft SIC detector, and if hard decision is used the approach
would be a Hard SIC detector. Each of the soft and hard SIC detectors have their
own benefits and drawbacks. Soft SIC detector is simple because it does not require
any estimate of the amplitude and the phase of each user. However, because it
enhances the noise, does not provide high performance. On the other hand, hard
SIC detector will offer better performance given that a good approximation of the
users’ parameters is available. This means that this kind of SIC detector requires a
more complex circuitry. Figure 3.3 shows the block diagram of such a detector for
the first user as the desired user.

Advantages

e It offers a simple circuitry in comparison to all other types of multiuser detec-

tors.

e Since users are detected according to their receiving power, it is more resilient

to the near-far problem.
Disadvantages

e There is a delay of about one bit duration to detect each user which makes

this scheme less efficient for the cases of high-load systems.

e The detection of all other users depends strongly on the quality of the detection
of the strong users such that any erroneous decision will be propagated through

the decision of all other users.

e When the users are changed, a process is needed to reorder users according to

their receiving power.
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3.3.2 Parallel Interference Cancellation

This tvpe of detector takes a parallel approach to cancel the MAI affecting each
user. In other words, the MAI originating from other users is estimated, re-spread,
and cancelled from the received signal at once. Again, same as the SIC scheme, PIC
process can be done in a multistage architecture. Figure 3.4 shows a block diagram
for a single stage PIC detector.

Advantages

e It is fast since the output for all users would be ready in parallel format which

takes around one bit duration per stage.

e [t is much simpler than the ML and DD detectors.
Disadvantages

e [t provides more complex circuitry than the SIC detector.

e It is more vulnerable to near-far issue compared to SIC detector. because

strong and weak users are detected at the same time.

3.3.2.1 PIC Detector Analysis

As it was discussed in Chapter 2, the soft output of MF (correlator) for the first

user is

K
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and
3110) = sgn {Re [Jlo)e"’(*")]}

where 6'1110) denotes the hard decision output of the conventional (MF) detector for

the first user.

Now, by taking one step further to remove all the interference contaminating

the first user we get

K
d—'(ll) = d\LO) _ ZT;\CO)

k=2

K K
= VEud, &7 + Z\/E:dk prL &7 + 1, — Z\/E_M(Tko) ppr €97
k=2
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MO / . / 0 TRV -1
d\l )e JFr = Ebldl'f'z Ebk [dk—(’i}.)i pkle”' l)-r-T‘I.LE J
k=2 i
where
C?‘:” = sgn {Re [(7‘1”6'1""‘J }
The probability of error for the first user will turn out as [

Pe) = éP{Re [(JL”e-M) > o] Id, = —1} - %P{Re [(Jg”eﬂ*) < o] I d = 1}
1

= P{Re[@”e—m) >0] | d, =—1}

It has been proven in [4] that the average probability of error for an equal
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power case is in the form of
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and

ik = (dk - 2(’:0)) Px1 €OS (x — 1)

Q(I) — ﬁlfx e-—t'—‘/‘ldt

Figure 3.5 compares the degradation factor of conventional receiver where
there is no interference cancellation with soft and hard PIC detectors for different
numbers of active users. The degradation factor is defined as the difference of the
Ey/N, in dB needed to meet a specific level of BER to that of single user case.

Figure 3.6 shows the performance of a soft and hard PIC detectors against
that of conventional detector for upto three stages. As it is seen, these two figures
show that the performance of hard PIC is better than that of soft PIC detector,

where a perfect knowledge of users’ parameters is assumed.

3.3.3 Improved Parallel Interference Cancellation Detector

As it is seen from Figure 3.6, for a large number of users, when multistage PIC
scheme is used, performance improves very slowly as the number of stages goes
higher. Specifically, when users’ parameters are not available and soft PIC detector
would be the only alternative to apply. In this case, even the performance gets worse
for high system load. Divsalar et a! [3] showed that the cancellation of the entire
interferences from each user is not necessarily the best approach. Instead. partial
removal of interference enhances the performance drastically. This kind of detector
was named Partial Parallel Interference Cancellation (PPIC) detector where a small
portion of the interference is cancelled in early stages since the decisions are not
that reliable. Consequently, as the number of stages increases. the amount of the
partial cancellation is increased since it is assumed that more stages result in better

quality of data in the sense of BER. In PPIC detector, the output of the mth stage

36



Degracabon ke kn, 81

Number of acive wsers

Figure 3.5: A comparison of degradation factor of a conventional receiver
with soft and hard PIC detectors(.\' = 100, P, = 1073, 0 < < < 27, and
equal power) [3, 4].

o= Conventonu mcener
$= 1-s2qe PIC. 3ot cecson
= -s29e PIC g0t cecson
b @ 1-s3ge PIC dard tecson
~dr 3-ste PIC Yarg cecocn

30 8 vene Plaaber

Figure 3.6: Performance comparison of multistage soft and hard PIC
detectors with conventional receiver (N = 100.E,/\, = 8dB, and equal
power) [3].



is based on a weighted sum of the output of the (m — 1)th stage ((171'""”) and the
interference canceled version of Matched Filter (MF) output at the (m — 1)th stage
(io) — 1Y), The idea to use weighted sum originates from the joint observation

of &” and &{™ [3]. Therefore, the output of the mth stage of a PPIC detector is

m It “tn—1)] , m—
& =\, [dio’—[{ M= A dnY

where \,,, ‘;(10), fim), and d”g’"'” are the partial cancellation coefficient. MF output,

interference affecting the first user, and the output of the soft (m — 1)th stage of
a PPIC detector, respectively. It is noted that in this equation the hard estimates
of interferences (f';m’) are used, since it is assumed that a perfect knowledge of the
users’ parameters is available. Whenever this is not the case, a soft estimate of
interference (f{'")) should be replaced by its hard counterpart which results in lower
quality of performance. Figure 3.7 shows the block diagram of the soft and hard
PPIC detectors. respectively.

Figures 3.8 and 3.9 compare the degradation factors of soft and hard multistage
PPIC detectors with conventional and PIC detectors.

Figures 3.10 and 3.11 compare the performances of soft and hard multistage
PPIC detectors with conventional and PIC detectors.

[t is easily seen from these four figures that in both cases of soft and hard
cancellation, the PPIC detector is superior to the PIC detector: especially, when the

number of active users is high.

3.3.4 Hybrid Interference Cancellation

In order to combine the advantages of SIC and PIC detectors, a combination of
them is of special interest. The new scheme is called Hyvbrid Interference Cancel-
lation (HIC) detector. Two kinds of such detectors have been introduced in [12].
Obviously, the new scheme is more resilient than PIC scheme in near-far conditions

and faster than SIC scheme. Figure 3.12 shows the block diagram of such a detector.
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with conventional and soft PIC detectors (V' = 100, P, = 1072, and equal

power. One-stage PPIC with \; = 0.4, and two-stage PPIC with \; = 0.3,
/\2 = 0.8) [3’ 4].
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Figure 3.9: A comparison of the degradation factor of hard PPIC detector
with conventional and hard PIC detectors (N =100, P, = 1072, and equal
power. One-stage PPIC with A\, = 0.7, two-stage PPIC with \, = 0.6,
A2 = 0.8, and three-stage PPIC with A\, =0.3, A, =0.7, A3 =0.9) [3. 4].
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Figure 3.12: One stage of HIC detector (R =k, + k2 +... + k).

First of all, users will be split into different groups of almost equal power. Inside
each group, interference cancellation is done in parallel, while between the groups.
it is done sequentially. As it will be seen later in Chapter 3, we will apply this ap-
proach in our proposed scheme in order to make our proposed scheme more resistant
to near-far problem. Furthermore, other combinations of multiuser detectors such
as a combination of Decorrelator and PIC (DD PIC) and MMSE/PIC have been

proposed recently and more details can be found in [12].



3.4 Summary

Some well-known MUD techniques were reviewed in this chapter. It is seen that,
among these schemes, the PPIC detector is the most promising scheme due to its
fastness and of course, its low complexity; to compare to ML and Linear detectors.
Therefore, this scheme was chosen for further study. In Chapter 4, a new combina-
tion of PPIC detector is presented whose performance surpasses the performance of

Decorrelator detector.
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Chapter 4

Combined Partial Parallel
Interference Cancellation with

Amplitude and phase Estimation

A combination of Soft and Hard Partial Para.ilel Interference Cancellations (SHP-
PIC) for iterative multistage detector with amplitude and phase estimation is in-
troduced in this chaprer. The outputs of the first stages are more deteriorated byv
Multiple Access Interference (MAI) than by the thermal noise. This makes ampli-
tude and phase estimation impractical in the first stages. Therefore. soft Interfer-
ence Cancellation (IC) is used in the earlier stages since soft IC does not require the
knowledge of the channel parameters. Once the performance of the soft multistage
multiuser detector achieves the same performance as that of the Decorrelator Detec-
tor, the amplitude and phase of each user are estimated. Having these parameters
estimated, the subsequent stages would be in the form of hard IC. The complexity

of such a detector is linearly increased with the number of users.
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4.1 Multistage Soft Partial Parallel Interference Can-
cellation Detector

As mentioned earlier, this type of detector does not need the knowledge of the
parameters (e.g. amplitude and phase) of the users. According to Figure 4.1, the
output of the mth stage of such a detector for the first user (as the one of interest)

is

K

B Tb it )
d‘;"’m:rl/ /\,n[r(t—me >SN eut)de + &V - T
bJo

k=1

where,
§Lm—-1) — ka—l‘)ck(t)

Since the signals ofc?rl’")(t), r(t—mT,), 5};’"“"“). and c?}'"””(t—Tb) are sampled
at t = mT,, the time shifts may be omitted from all signals in order to obtain a

simpler notation. Therefore,

xm) 1 (m-1) . Tim=1)
4 _A,n-,[_—b/[ ZS J t)dt + d\

k_v
K
= And” + (1 = Ap)d™ Y ,\,n JL’"“’ (1.1)
For a single stage detector (i.e. m = 1), we have
4" =4 - ,\chzk Dk (1.2)

k=2
where,
K

& = VEpdie?* + 3 \/Epdipa €7 + 1y (4.3)

Rl

=2

45



Using (4.3) in (4.2) yields

6?10 - A (Cﬂo)ﬂn + 50)031 + ...+ CF;?-)PM)
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-+ Z \V/ Ebkdk (pkl - ’\l Z DOk’ k pk’l) el Fx

k=2 k=2

A
-+ (Tll — /\1 Z nkpkl) (44)
k=2

where the first, second, and the third components of (-1.4) are useful informa-
tion, residual interference, and the noise. respectively. For a two-stage detector, we

have

4P = 0d? + (1 - A)d = A, Z W o (4.3)

k=2

Substituting (4.2) into (4.3) vields

le) — ) + (AN + As — ,\1,\ Zd}cmpkl ; /\1/\)2 Zd\l Pk kPk1 (46)

k=2 k=2 k'=2
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Again, applying (4.3) in (4.6). we get
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(4.8)

In general, for an A -stage soft PPIC detector, the output for the first user

(assumed to be the desired user) can be expressed as
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where, Z‘"H')\m is defined as the sum of all products of { of \,s where m =

1,2 ), and

Ly e e s

\ 1 f(!=1land1<j<M)or(j=1land 1 <i <))
‘l]=

.'1(,_1)__] -+ .'l",(J._L) otherwise
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Proof. The proof is by induction. It is seen easily that for M = 1, we have

4%
e! o 0]
& =d” -\ dY pu
k=2

Now, if we assume that (4.9) holds for the case of A/, we will show that it

remains true for the case of (M + 1) as well. i.e
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According to (4.1). we have
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Substitution in (4.10) from (4.9) vields
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Applying the relationship between the coefficients, we get
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Similarly. Dy, and Dy, are obtained as follows

Dy = (1= Ays1)Byr + Ay Bary

M+1 M M+1
= -1(_\1).12 H’\m = Adune H'\m
m=1

Dysy = Ay+ By

M=+1
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Therefore, (1.9) is proven.

As an example. for a three-stage detector. the output will be as follows
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It is seen that for a large number of interference cancellation stages, the ex-
pression for the corresponding output in terms of the output of the matched filter
(c?}co)) becomes very complicated. Therefore. instead of analyvtical study of multi-
stage detector we will take advantage of computer simulations. Figure 1.2 shows the
output of the soft PPIC detector for up to ten soft interference cancellation stages.
In this figure, N = 63. E,/.N, = 10dB, and 0 < 2 < 27, and the number of active
users (A) is assumed to be 40. In order to achieve a good confidence level which
will be calculated later in this chapter. 100 packets of 10000 bits will be run for each

simulation. Otherwise. it will be explicitly specified for different packets. It is seer.
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Figure 1.2: Output of the multistage soft PPIC detector. N = 63, Ey/N, =
10(18, K= -10, and 0 < 7 & 27, /\1 = 03, /\'_1_ = 0.‘1, /\3 = 05, /\,; = 06. z\', = OT,
/\6 = 0.8’ /\T = 1\8 = /\9 = /\10 = 0.9.

that after some stages. improving the performance is not possible. In fact. the per-
formance saturates in the vicinity of Decorrelator Detector output. Note that when
<% is in [0, 27]. the interference affecting each user is less than the case where we
assign the same phase shift to all users (i.e. ;¢ = 0). Figure 4.3 depicts the number
of active users versus BER. It is easily discernible that these two figures support
each other: as the steps taken to further stages. the performance improvement is
less bevond certain number of stages.

Figure 4.4 compares a seven-stage PPIC detector with the case of BPSK single
user. Note that the knowledge of users’ amplitudes and phases have not been taken

into consideration vet.
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Figure 4.4: Comparison of the performance of the multistage soft PPIC
detector with BPSK single user. N =63, A" =40, 0 < 2 < 2=, and equal
power. ,\1 = 03, /\2 = 04, /\3 = 05, 4\4 = 06, /\5 = 07, ’\6 = 08, /\',' =0.9.



4.2  Multistage Hard Partial Parallel Interference
Cancellation Detector

As it is known from Chapter 3, when a hard cancellation detector is used, the
knowledge of the amplitude and phase of each user has a key role in obtaining a
good performance. The less accurate the knowledge of parameters is, the more is
the resulting interference, and it turns out that having no cancellation is better than
the wrong cancellation. According to Figure 4.3, the output of the mth stage for

the first user is

- T K -
&M () = l/ ,\,n[r(z—mr,,)—Zs;;"“”(t) o (t)dt

Tb 0 k=1

+ (1= A) & = Ty) = A VEnd™ "V (t = Ty)el

where

SiMU() = VEwd™ P eg(t)el

- . _
and d""" and &\ are the soft and hard estimates of the (m-1)-stage detector
output for the first user, respectively.

Similar to soft cancellation case. time shifts of delayed signals can be dropped.

Therefore,
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Figure 4.5: The mth stage of a hard PPIC detector.

One thing that ought to be noted here is that, since in the hard cancellation
case, the knowledge of parameters is used. the performance of such a detector is
better than its soft cancellation counterpart assuming that the reliability of the
used parameters is high enough. Numerical simulation validates our claim and in less
stages, the output of detector gets its highest possible performance. Figure 4.6 shows
the output of the hard PPIC detector when N =63, E,/Ny = 7db, 0 < ¢ < 2=, and
K = 40. Figure 4.7 shows the performance of different stages of hard IC detector for
different amounts of system load. Eventually, the probability of error for different
levels of SNR has been depicted through Figure 4.8. It is noted that a perfect
estimation is assumed for these figures.

As pointed out at the beginning of this section, having a good knowledge of
the amplitude and phase of each user has a profound impact on the performance of
the hard PPIC detector. Hence, when the estimation of such parameters with good
accuracy is practical, the performance could be superior to that of the soft PPIC
detector where no knowledge of parameters is assumed. Consequently. seeking an
approach to estimate the parameters with good accuracy and, of course. offering an

easy to use method, merit special attention.
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Figure 4.6: Output of the multistage hard PPIC detector. N =63. E,/\, =
dB, 0 < s < 27,and R =40. A\, =0.3, \a=04, \3=0.5, \;, =0.6, \s=0.7,
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Figure 1.7 Output of the multistage hard PPIC detector for different

stages and system loads. N =63, E,/N,=7dB, and 0 < ¢, < 27. A, =0.3,
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Figure 1.8: Comparison of the performance of multistage hard PPIC de-
tector with BPSK single user. N =63, A'=10, and 0 < & < 27. \, =0.3,
/\-3:0.-1, /\3=0.5’ /\.;=0.6’ /\5=O.T, /\620.8, /\,'=O.9.

4.3 Amplitude and Phase Estimation

As we know. the outputs of matched filters are more contaminated by MAI than
by the thermal noise. Therefore, as far as there exists a large amount of such an
interference affecting each user, the estimation of amplitude and phase pertaining to
each user is not feasible. Hence, we primarily try to lower the interference through
multistage soft PPIC detector since this type of detector does not require anyv
information about the parameters. This approach is continued until obtaining better
performance is not achievable. At this point. the estimation of users’ parameters
with good accuracy is feasible provided that the SNR is high enough. and it is
assumed that users are mostly corrupted by the enhanced thermal noise rather than

the MAL Therefore, the {th bit of the kth user’s signal can be shown as

di(l) ~ /Ee(1)di(1)e?"D + (1) (4.11)



where [6] var [ng(l)] < V,. If both sides of (4.11) are multiplied by di(l), we get

de(1)di(l) = /Eoe(D)di(Dde(D)e??® + ny(1)di(l) (4.12)

Now, if (4.12) is averaged over a block of data which need not to be very long,

the effect of noise will be eliminated effectively.

E[Jk(l)dk(l)] = E[ E,,k(z)em(”]+E[nk(z)dk(z)]

g \/Ebke”*"‘ (413)

where the exact equality holds in the absence of noise. In order to do (4.13), di(l)
is unknown and is needed to be estimated in somehow. The approach which is
followed for the estimation purpose is same as what is proposed in [6]. Tt is assumed
that the phase shifts of users (i) lie in [=7/2. 7/2]. Whenever the risk of phase
ambiguity exists (i.e.—7 < 2 < 7), differential coding can be used in order to
avoid this matter. It is useful to split the interval of [~7/2. 7/2] into two intervals
of {[~=7/4. 7/4]} and {{—=/2. —==/4] or [z/4. =/2]} such that in the first interval.
Re{Jk(_Z)] is greater than Im[d,(!)], while in the second interval. we experience greater
Im{di(1)] than Re{di(l)].

Case I : —7/4< ¢ < w/4

In order to do (4.13), first of all. we need to suppress the effect of di(l). Hence, if

we could estimate dg(l), multiply it by d~k(l). and then taking the average vields

L
¥, = 2 3 dl)d()

=1

since in this interval Re[c?k(l)] > [m{c?k(l)], we have

sgn {Re [Jk(l)

} =~ di(()

-

then



L
= 230 D)
=1
L
. di(1) | VEse(D)de(1)e@7 + ne(l) (4.14)
L =1

where dk(”dk(l) = 1, dk(l)nk(l) = —;nk(l).
Simplification of 1.14, vields

R

L L

. 1 . 1

Uy T E v Esi(De?7e) = T E ng(l)
=1 =1

= Ebke');& + Tl

Finally. the estimation of amplitude and phase will be as

Tk = arctan [[m (\Il;) / Re (‘P;)

]
|
|

Case Il : —=/2 < g < —a/dor. m/4 < s < 7/2

vk =

Since in this interval Im[di(l)] > Reldi(()], then we define

T = % XL: sgn {[m [Jk(z)] } d(l)

3
-

and
son{Im [d(0)]} = syn{VEwdu(l)sin4(0)]}
= sgn {d()sin[ze(D)]}
= Zdi(l)
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then

12

L
" 1 -

v, = 7 ; (=d(1)] [\/Ebk(l)dk(l)e“”‘“) + nk(l)]
= = Ebkejvk = ﬁk

Now, in order to derive a closed form same as case I, we define

\Ilk = sgn {Re [\Il',;] } \Il',;
1 e . —

~ {sgn [i\/ Evkcos( k) } {i Epel ™ = nk}

= {1} {i\/ﬁkem iﬁk}
= VEwuel"t + g

Again, similar to case I. we get

\/ Ebk = %‘plll

Zx = arctan [[m (\I/k) /Re (\Il,c)j

If there is not enough information to guess the range of 2, primarily. then W,

and ¥, need to be calculated. and the one with larger norm is selected. i.e..

[ ez
\ —
k= e .

P, otherwise

4.4 Combined Soft and Hard Multistage Detector

So far, we have introduced soft PPIC detector, parameter estimation, and hard PPIC
detector. As a novel approach, one may employ a combination of aforementioned
methods. We will call this new scheme as Soft and Hard Partial Parallel Inter-
ference Cancellation (SHPPIC) detector. Such a scheme, takes three steps in

order to generate a final output. Figure 4.9 shows the block diagram of the proposed
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Figure 1.9: Combined Soft and Hard Partial Parallel Interference Cancel-
lation (SHPPIC) detector.



method where. n,os and np.ry denote the number of required soft and hard stages.
respectively.

As a first step, some stages of soft cancellation are in place until obtaining
better performance is not possible. Through numerical simulations (Figure 4.10), it
is shown that the performance of this first step is same as that of the Decorrelator
Detector which is usually considered as a good reference to compare. At this point,
parameter estimation will be done, and eventually a few stages of hard cancellation
will complete the procedure. It is claimed that the performance of the detector
obtained in this manner, surpasses the performance of the Decorrealtor Detector as
the numerical simulations justifv this.

Figure 1.10 compares the performance of our proposed method with SIC and
Decorrelator detectors. It is notable that in both cases of either perfect or proposed
estimation method, the efficiency is better than or equal to the SIC method which
has been proposed in [6].

In Figure 4.11 a performance comparison is demonstrated for different system
loads. One may raise this question that when the system load is not high. the
performance of SHPPIC detector seems inferior to SIC method. Indeed. when the
number of simultaneous users is low, we do not have to proceed through as many
stages as in the case of high system load. This is because there is less interference
affecting each user, and taking further steps through stages results in more useful
data cancellation rather than interference cancellation. As a result, if we adjust
our detector to make the number of stages proportional to system load (less stages
for low system load and vice versa), the performance of our proposed method will
always be better than that of the other detectors.

In Figure 4.12 a performance comparison between a ten-stage (seven soft and

three hard stages) SHPPIC and BPSK single user detectors is shown.
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Figure 4.10: Performance comparison of SHPPIC with SIC [6] and Decor-
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Figure 1.11: Performance comparison of SHPPIC with Matched Filter [6],
Decorrelator Detector [6], SIC [6] and single user case. N =31, E,/\, =
7dB, £ = 0, and equal power. A\, = A3 =0.3, \o =)\ =0.4, \3 =\, =0.3,
A3=0.6, \5=0.7, \6=0.8, \:=0.9.
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Figure 4.12: Comparison of the performance of the multistage SHPPIC
detector with BPSK single user. N =31, =20, -+ = 0, and equal power.
/\L=/\s =03, 1\2=/\9 =0.4, /\3=/\10=0.5’ /\4:——0.6, /\5=0.T’ /\6=0.8, and /\','=0.9.

At this point. we have a brief discussion about the confidence interval of the
simulation results. As an example, let us choose the point of E,/N, = 9dB in

Figure 4.12 for SHPPIC detector. The cost function D(!) is defined as

1 if error
D(i) =

0 if no-error

The confidence interval for the probability of 0.9 is defined as [33]

~ g ~ gp -
P (Pe - Za/zTDE < p. S Ppe+ Zo/‘l_\/'—ﬁ) =1-a (1.135)

where

l—a=09 = Zo2=1645

o} = E [D?] — E*[D] (4.16)



As it was mentioned earlier, simulation is run for 100 packets of 10000 bit sequences.

Therefore
n =100 x 10000 = 10°

From Figure 4.12

10°

> " D(i) =0.00112

t=1

In order to calculate op from (4.16), we need to find E{D?] and E{D]

o1
Pe = 108

E[D* =0*x (1-p.) +1* x (B.) = P.
E[D]=0"(1-p.) +1x(p.)=D.

substituting in (4.16), vields
op = P.— P

= p.(l—p.)

= 0.00112(1 — 0.00112)

= 1.1187 x 107?
Finally, using (4.13), we get

_0Op _0Op
P{0. 2~-1645—= < p. <0.00112+1.645— | =0.
(OOOII 160V/r_l_pe__0001 63\/71) 0.9

P(1.06 x107° < p. <1.17x 107%) = 0.9
Similarly, for the confidence level of %99, we have

1-a=099 = Za»=23567

P(1.03x 107 < p, < 1.20 x 107%) = 0.99

Finally, in order to get some points with higher SNRs, the simulation of our
proposed method is run for 100 packets of 100000 bits. Other conditions remain the
same as in Figure 4.12. The resulting outputs are 2.16000e¢ — 04 and 8.46000e — 05

for E,/Ng = 11dB and 12dB, respectively.
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4.5 Complexity Issue

For the sake of comparison, in what follows, the computational complexity of some
well-known schemes is studied. First of all, the complexity of the optimal (ML)
multiuser detector is subject to exponential growth as the number of users increases
(O(2%)/bit). Such a receiver, as mentioned before, suits the situations where the
number of users is small. Otherwise, it turns out to be too complicated to imple-
ment. Another receiver is Decorrlator Detector which is classified under the linear
group. [t has a complexity proportional to the square of the number of interfer-
ing users (O(K™)/bit). Hence, this approach is attractive for the case where the
svstem load is low to moderate. Gauss-Seidel (SIC) Soft. Hard detector proposed
in [6] belongs to the class of Interference Cancellation detectors and takes advan-
tage of a simple structure whose complexity grows linearly with the number of users
(O(K)/bit/stage). Therefore, this sort of structure seems more promising when the
svstem load is moderate to high. However. since this method employs the Successive
Interference Cancellation (SIC), it is compulsory to detect users one by one. The
drawback in this situation is the latency, which makes such a scheme too slow for
a large number of users. Finally, in what was proposed in this chapter. although
the complexity of each stage is higher than SIC approach. it still grows linearly
(O(K)/bit/stage), and since there is no need to wait for updated data as in SIC
scheme, our proposed method is much faster. In addition, when the partial can-
cellation coefficients (\,,) are chosen properly, the number of stages will be less.

Obviously, this results in more saving in terms of latency as well as the complexity.



4.6 Summary

A multiuser detection scheme consisting of a combination of iterative soft and hard
Partial Parallel Interference Cancellation (SHPPIC) detectors with parameter es-
timation was addressed in this chapter. The efficiency of our method was gauged
through comparison with other known schemes such as Decorrelator Detector and
Successive Interference Cancellation detector. Our proposed approach can be consid-
ered as a satisfactory alternative considering complexity and latency aspects, since

it is less complex than the Decorrelator Detector and faster than the SIC receiver.
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Chapter 5

Trends in Multi User Detection

Paralle! Interference Cancellation (PIC) detectors are usually discussed under the
conditions where the users’ data arrive at the receiver with almost the same power
level (or power control is in place). In this chapter, a modified version of PPIC
detector is introduced that is more resilient to the near-far problem. Also some
applications of SHPPIC method (which was proposed in Chapter ) to some newly-

proposed standards will be studied

5.1 Near-Far Problem

As pointed out in Chapter 1, one of the main issues contributed to CDMA in gen-
eral, and to PIC or PPIC detectors. in particular, is the near-far issue where the
interference originating from the strong users worsen the situation of information
transmitted by the weak users. Among multiuser detection techniques. PIC and
PPIC detectors are vulnerable to this matter. Since these detectors are attractive
due to their simple structure, any effort to make them more resistant against the
near-far problem, is of great interest. One method that has been proposed recertly
is to split the users into groups with (ideally) the same power [12]. Figure 3.1 shows

the block diagram of such an approach. As it is seen, interference cancellation is
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done in PIC form inside the groups, while between the groups cancellation will be
in the form of SIC. This scheme is called Hybrid Interference Cancellation (HIC)
detector. In this approach, the positive aspects of SIC and PIC are combined such
that the resulting scheme is less complex and more tolerant to the situations where
the user signals arrive with different power at the receiver.

It is noted that in the HIC scheme, before any cancellation, groups of equal
power users are sorted according to their received power. The first group to detect
is the one with the strongest power. As soon as the outputs pertaining to this
group are available, they will be exploited to detect the second strongest group of
users. This procedure is continued until the last group of users with the weakest
received power level is detected, and same as in PPIC case, in order to obtain a
better performance, this procedure can be done through a multitude of stages. This
will be called multistage HIC detector.

Figure 5.2 shows the performance of an HIC detector. In this figure, it is
assumed that there are two groups each of which includes five users with the SNRs
of 5.5 and 10 dB. This situation is compared with the equal power cases where in
the first case there are 10 users with the SNRs of 5.5 dB, and in the second case,
there are 10 users with the SNRs of 11 dB. As it is expected. the performance for
the strong users in near-far case is better than the the performance of equal-power
case since in the former, there are less numbers of strong active users. On the other
hand, the performance of the weak users approaches the performance of equal power
case, although these weak users experience a large amount of interferences coming
from the strong users.

We will end this section with a brief discussion about the complexity issue.
The method used for HIC is less complex than PIC, since it splits the total number
of users into several groups whose outputs get ready one after the other. However,

since SIC method is applied between groups of users, such a system has more latency

than PIC or PPIC scheme.
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Figure 5.1: Block diagram of the multistage HIC detector.
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5.2 Application to UMTS Satellite

As stated in Chapter 1, the third generation of communication systems are supposed
to provide a higher rate and more flexible services in order to serve more simulta-
neous users while keeping link performance at a high level. In order to achieve this
goal, satellite communication systems play an important role. The SHPPIC detector
which was proposed in Chapter 4 is suitable for Digital Video Broadcasting- Return
Channel via Satellite (DVB-RCS). Our proposed scheme can be applied to the evolu-
tionary satellite communication system where a combination of TDMA and CDMA
(CTDMA) is used. As an example [17], a 2048 kbit s data stream can be divided
into 128 slots of 16 kbit /s data rate. Now, in each of these TDMA slots, CDMA and
Multi User Detection (MUD) techniques can be exploited. In satellite communica-
tions, the spreading codes are usually constructed with a Walsh-Hadamard (WH)
code as an inner spreading sequence which is concatenated with an outer PN codes.

This configuration will be repeated with different PN codes for different spotbeams.

=1
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Therefore, in the case of long PN codes, the inter-beam interference will be random-

like. At the receiver section of the satellite, despreading and MUD operations will

be occured before any decoding part of the on-board processing satellite.
WCDMA with new parameters has been introduced as a promising air inter-

face 2], [9], [31]. Some of the main parameters attributed to WCDMA are

e In order to establish a flexible user-to-user connection (up to 2Mbps), a variable
processing gain with different types of codes (pure random, PN, and Gold
codes) and modulation schemes (BPSK. QPSK, 8PSK, and 16 QAM) have

been proposed.

e Higher chip rate of 3.84Mcps. carrier spacing of 5MHz, and frame duration of
10ms have been proposed. Therefore, a combination of Time-Frequency-Code
Division Multiple Access (TFCDMA) is feasible. This means that in each time
frame, the available spectrum is divided among some carriers each of which

carry simultaneous spread spectrum signals [17], [31].

In order to ensure the applicability of our proposed method to the third generation
communication standards (e.g. UMTS and IMT-2000). some recently-defined pa-
rameters for WCDMA need to be emploved by our proposed scheme. So far. what
we have used as the parameters were pure random codes with BPSK modulation in
order to make a more fair comparison with other known multiuser detectors. Now
that we have justified the advantages of our proposed method, steps will be taken
further to change the modulation scheme from BPSK to QPSK and instead of using
pure random codes, PN codes will be employed with processing gains of 31 and 63.

Figure 5.3 and 3.4 show the feedback shift registers to generate PN codes of
31 and 63, respectively [32].

Figures 5.5 and 5.6 compare the performance of our proposed method (SHP-

PIC) when two types of pure random and Pseudo-noise (PN) codes are employed.



Output
1 2 3 4 = 5 >
) [ ) [
CLK
Figure 5.3: PN code generator with N=31.
+ —
Output
> 1 2 > 3 - 4 = 5 6 >
[ ) )
CLK
Figure 5.4: PN code generator with N=63.
Figures 5.7 and 3.8 show the same comparison when the modulation scheme
is QPSI.

These figures may raise this question that by applyving PN codes. the interfer-
ence corrupting each user is eliminated completely. In fact. this is true as far as the
svstem is ideally synchronous and there is no multiple path for signal to travel: and
even sometimes without any interference cancellation, the performance is still better
than that of the case where random codes are used. However, if the asynchronous
and multipath issues are taken into consideration, this great performance will be
diminished. In these situations, even better signature waveforms such as Gold codes
are needed. In addition, since the same codes are used in neighboring beams (cells in
cellular communications), the inter-beam (inter-cell) interferences should be added

to the basic intra-beam (intra-cell) interference.
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5.3 Summary

The Hyvbrid Interference Cancellation (HIC) detector was discussed for near-far con-
ditions. Through numerical simulations, it was shown that the overall performance
would be better when users arrive at the receiver with different levels of power, since
the strong users are detected more reliably and weak users will obtain almost the
same performance as that in the case of equal power. In addition, we studied our
proposed method by applying some parameters of recent standards of communica-

tion systems.



Chapter 6

Conclusions and Suggestions for

further research

6.1 Conclusions

A new scheme for Multi User Detection (MUD) using a combination of Soft and Hard
Partial Parallel Interference Cancellation (SHPPIC) with parameter estimation was
presented in this thesis. This scheme is appropriate for Digital Video Broadcasting-
Return Channel via Satellite (DV'B-RCS) communication systems. Our proposed
method can also be applied to the evolutionary satellite communication systems that
use a combination of TDMA and CDMA (Slotted CDMA in [17]). The placement
of our detector at payload’s receiver section would be after bandpass filtering of the
received signal and before channel decoding. It is noted that in satellite commu-
nications, intra-beam users are encoded by Walsh-Hadamard codes, whereas, the
inter-beam users are encoded by PN codes. Some advantages of this novel method

are

e The computational complexity of our proposed method is much less than that

of the ML and linear multiuser detectors.



e The first part of our proposed method applies multistage soft PPIC detector.
This type of detector does not require any knowledge of users’ parameters.

The resulting performance is almost equal to that of the Decorrelator Detector

(DD).

e Parallel Interference Cancellation (PIC) detectors are usually studied under
circumstances that perfect knowledge of users’ parameters (e.g. amplitude and

phase) is available. We applied a simple method to estimate the parameters

whose accuracy is good if the SNR is high enough.

e Using multistage hard PPIC detector, the overall performance of our proposed
method is much better than that of DD which is usually used to gauge the

performance of sub-optimum detectors.

Simulation results demonstrated the excellence of our proposed method and that it
can be considered as a suitable alternative considering the complexity and latency
aspects.

We introduced a multistage Hybrid Interference Cancellation (HIC) method
which has better performance than that of pure PIC and PPIC under near-far con-
ditions when the signals arrive at the receiver with different levels of power. In
addition, this new scheme is less complex than PIC aud PPIC detectors.

From simulations, it was perceived that the strong users are detected with
better quality than that of equal-power case, and weak users are detected with
almost the same quality as that of the equal-power condition.

Finally, we considered the application of our proposed system for some new
standards of the third generation systems (e.g. UMTS and IMT-2000) as an alter-

native to other schemes.



6.2 Direction for Further Research

In what was proposed in this thesis, efforts have been made to define a scheme that
gives better performance than that of the schemes already proposed in synchronous

and single-path environments. Some topics for further study are

e to analyze and simulate SHPPIC detector in asynchronous and multi-path

fading channels,

e to analvze and simulate SHPPIC for coded DS-CDMA signals by applying

different coding methods, and

e applving other modulation schemes (16QAM) on DS-CDMA signals.
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