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ABSTRACT 

In this thesis a new parallel co-channel interference cancellation technique which 

utilizes 011hogonal convolutional codes is proposed and investigated. 

In a spread spectrum multiple access environment, co-channel interference (CCI) 

limits the performance of the communication link. To remove this inteiierence, several 

CCI cancellation techniques have been proposed, including those techniques which do not 

require the receiver to have knowledge of the cross-correlation between user sequences. 

These methods leave residual interference after the cancellation caused by errors on the 

initial decisions. 

To improve the initial decisions and reduce the residual interference, the proposed 

scheme utilizes the error correcting capability of the orthogonal convolutional code. It is 

shown that the proposed CCI canceller offers an improvement in capacity by a factor of 1.5 

~ 3 as compared with a conventional canceller on A WGN channel and multipath Rayleigh 

fading channel. The proposed canceller works in the presence of residual interference due 

to imperfect cancellation. The proposed canceller also has a capacity improvement with the 

use of soft handoff in a multicell configuration. 
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Chapter 1: Introduction 

1.1 Background 

The research described in this thesis is a part of a project to determined efficient 

methods for high rate packet transmission of integrated traffic over wireless cellular code 

division multiple access (CDMA) systems[!]. The integrated traffic compromises voice, 

video, and data traffic typical for multi-media services. 

As the required bit error rate (BER) for multi-media communication was very low, 

present CDMA systems cannot support enough users. Therefore, a new co-channel 

interference cancellation technique is proposed in this thesis to increase a capacity of the 

CDMA system. The proposed cancellation technique utilizes the error correcting capability 

of orthogonal convolutional codes to accommodate more users than a conventional 

cancellation technique. 

In this chapter, introduction of thesis, general concepts of a cellular CDMA system 

and multiuser detection are described. 

1.2 General Concepts of Code Division Multiple Access 

Recently direct sequence spread spectrum (SS/DS) systems have received a large 

amount of attention in wireless and cellular communication applications. One of the primary 

reasons is that SS/DS systems can provide the reliable communications with privacy and 

security even in multipath fading and a hostile jamming environment[2, Vol. 1]. 

Figure 1.1 shows the block diagram of a basic SS/DS system. The spreading circuit 

spreads the spectrum by modulating (multiplying) the digital data bits with a pseudo noise 

(PN) sequence of very high chip rate. Due to the high rate of the sequence, the bandwidth 

after the modulation is much wider than the bandwidth of the original information. The PN 
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sequence used in the SS/DS modulation is a unique code like white-noise which is assigned 

to each user in advance. At the receiver, multiplication of the received signal by the 

receiver's local PN sequence replica removes the spreading PN sequence multiplied at the 

transmitter, and thereby the original narrowband encoded data signal is demodulated. 

The other reason for the popularity of DS/SS systems is the possibility of achieving 

a greater capacity per unit bandwidth (frequency utilization efficiency) with CDMA than 

with frequency division multiple access (FDMA) or time division multiple access (TDMA). 

A typical CDMA system is shown in Figure 1.2. In the CDMA system, a group of 

individual signals can be multiplexed onto a communication medium via a set of PN 

sequences. Each of PN sequences identifies a user. For example, suppose user 1 has the 

PN 1 and the user 2 through K have the PN 2 to PN K. If the receiver wants to listen to 

user 1, the receiver can despread only user l's signal though it receives signals transmitted 

by all of the users. The receiver sees all the energy of user 1 and will experience 

interference from other users. This interference owing to other users is called co-channel 

interference (CCI). Unlike FDMA and TDMA capacities which are primarily bandwidth 

limited, CDMA capacity is CCI Iimited[3]. 

1.3 Cellular CDMA System 

The original proposal for a cellular system was made by AT&T in 1968 in a 

submission to the FCC which resulted in Docket 18262 [4]. The basic objectives of the 

cellular system were to provide mobile telephone service nationally and to accommodate a 

large number of subscribers. 

A .single radio cell and the factors that dictate coverage are illustrated in Figure 1.3. 

The base station with which radio connection takes place is usually in a clear commanding 

position, and has an appropriate power, and a sensitive receiver with a low noise figure, 

minimal site noise, and usual antenna gain. The mobile station which denotes the radio 
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telephone, has limited transmitter power, especially in the portable mode, and an 

elementary antenna. 

Basic elements of the cellular concept are cell splitting and frequency reuse. 

Regarding the cell splitting, the regular hexagonal shape is usually adopted for the 

economical reason. Suppose the worst case point is the point farthest from the nearest base 

station. If an equilateral triangle, a square, and a regular hexagon all have the same center­

to-vertex distance, the hexagon has a substantially larger area. Consequently, to serve 

mobile stations in a given total coverage area, a hexagonal layout requires fewer cells, 
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hence fewer base stations. A system based on hexagonal cells therefore costs less than one 

with triangular or square cells, all other factors being equal. 

Frequency reuse refers to the use of radio channels on the same carrier frequency to 

cover different areas which are separated from one another so that co-channel interference 

is not objectionable. The number of cells per cluster which uses different frequencies is 

called the frequency reuse factor. As an example, in the case of analog cellular system, the 

frequency reuse factor is 7. 

In terms of the radio frequency usage, the CDMA system can be seen as a one-cell 

system since the same frequency is reused by all cells, and so the frequency reuse factor 

appears to be 1. When a service area consists of many cells, the channel capacity per 

CDMA cell decreases as a result of the excessive interference from other cells. However, 

CDMA cellular system can still achieve greater capacity than other digital cellular systems 

[5]. 

1.4 Multiuser Detection 

To increase CDMA capacity, a detection scheme which utilizes received signals of 

multiple users has been developed for more than ten years. This detection scheme is called 

multiuser detection[6]. The optimum detector (minimum error probability detector) was 

proposed by Verdu[7], which consists of a matched filter front-end followed by a Viterbi 

algorithms. Although notable performance gains are obtained, the detector requires the 

signature waveforms and the received signal amplitudes of all users and its complexity 

grows exponentially with the number of users. 

Suboptimum multiuser detectors whose complexities are less than the optimal 

multiuser detector have also been considered. In [8], sequential decoding is applied instead 

of the Viterbi algorithm as used in the optimal detector. In [9], [10], [11], and [12], the 

decorrelating detector, which multiplies the inverse cross-correlation matrix with the 
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matched filter outputs, has been investigated. In [13], the decorrelator is combined with a 

decision-feedback detector. Although these multiuser detectors show performance close to 

the optimum detector with reasonable computation, these detectors must calculate the 

inverse cross-correlation matrix. In [14], the minimum mean-square error (MMSE) detector 

was proposed, which calculates the inverse matrix adaptively. This detector outperforms 

the decorrelating detector when the background noise dominates the performance. 

However, it requires a training sequence. The requirement of training sequences in the 

multiuser detectors is really cumbersome. In [15][16], tentative-decision based multiuser 

detectors have been investigated. In a multistage structure, the first stage consists of a bank 

of conventional detectors. The second and third stages assume that the previous decisions 

are correct, calculate the co-channel interference (CCI) caused by undesired users' signals, 

and remove them from the correlator output of the desired user's signal. 

1.5 IS~95 and CCI Cancellation 

The multiuser detectors mentioned in Section 1.4 require the receiver to have , a 

prior or through training, the knowledge of the sequences' cross-correlation. 

Unfortunately, they are not useful if long PN sequences are used as signature sequences to 

separate the users' channels since the cross-correlation varies with different phases of the 

signature sequence. If the receiver has to calculate the cross-correlation for each symbol, 

the computational complexity grows exponentially with the number of users. 

One example of a CDMA system which employs long PN sequences is specified in 

IS-95 (North American Digital Cellular Standard)[l 7]. Figure 1.4 is the structure of the 

reverse link (mobile to base station) transmitter. The data is encoded by the rate 1/3 

orthogonal convolutional code of the constraint length 9 [18]. The coded symbols are 

interleaved and then 6 symbols are assigned to one ·orthogonal code. Then the orthogonal 
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sequence is multiplied by the part of I, Q long PN sequences and modulated using Offset-

QPSK (OQPSK). 

If a multiuser detector is implemented in the base station, it should not require the 

knowledge of the sequences' cross-correlation. Multiuser detection methods which do not 

use the knowledge of the sequences' cross-correlation and whose complexity grows only 

linearly with the number of users, have also been proposed [19], [20]. In [20], users are 

detected all at once while in [19] they are detected successively. In these methods the 

receiver reconstructs other users' transmitted signals by using initial decisions about other 

users' signals. These receivers then use the estimates (reconstructed signals) to remove 

CCI from the composite received signal. These methods do not require the knowledge of 

the cross-correlation between the spreading codes. However, there is residual interference 

due to symbol errors in the initial decision [21], [22]. The performance of the canceller 

depends on the performance of the initial decision. Therefore, it is desirable to improve the 

accuracy,.of the initial decision. 

In this thesis, a parallel CCI cancellation technique which utilizes orthogonal 

convolutional codes is proposed. In this method, received signals are both demodulated 

and decoded. Then the resulting bit streams are re-encoded and re-spread to be subtracted 

from the composite received signals. On account of the error correcting capability of 

orthogonal convolutional codes, the residual interference is decreased. In other words, the 

proposed canceller makes one initial decision over several symbols. Thus, the BER 

performance can be improved. Since decoding of the orthogonal convolutional codes 

increases the processing delay, this system is primarily for data communications. 

It is at least theoretically interesting to note that a scheme proposed in 1990 by 

Viterbi [23] combining the succ_essive CCI cancellation with an orthogonal convolutional 

code has been shown to be able to achieve the Shannon capacity. The implementation 

complexity of this scheme for successively decoding signals of all users remains to be a 
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concern, especially at high data rate. In addition, it requires very accurate power control to 

make all the users have equitable performance. 

1.6 Thesis Outline 

This thesis consists of five chapters. This chapter, Chapter 1, has presented the 

general concepts of CDMA and multiuser detection. In Chapter 2, the concepts of the 

conventional and the proposed CCI cancellers are described. Chapter 2 also introduces the 

structure of orthogonal convolutional codes, which is an important element of the proposed 

canceller. In Chapter 3, performance of both cancellers on an additive white Gaussian noise 

(A WGN) channel is derived. Simulation results and theoretical performance results are 

shown. Chapter 4, shows the performances of the cancellers on a multipath Rayleigh 

fading channel. Finally, conclusions are presented in Chapter 5. 
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Chapter 2: Co-Channel Interference Cancellation 
Techniques 

2.1 Orthogonal Convolutional Codes 

2.1.1 Encoder 

The orthogonal convolutional code, which is used in the CDMA system specified 

by IS-95 and is the key element of the proposed cancellation technique, was first 

introduced by Trumpis[18] for an M-ary channel. Instead of employing M-ary channels, 

M-ary orthogonal codes are applied for the CDMA system. These rate 1 M-ary 

convolutional codes are analogous to rate l/log2M binary convolutional codes. 

The encoder shown in Figure 2.1 is a linear finite-state machine consisting of a nk 

stage binary shift resister and log2M modulo-2 adders connected to the shift register stages. 

.. nA stages 

1 bit/time 

• • • 

log
2
M bits/time 

Figure 2.1 The General Rate 1, Constraint Length 131., 
M-ary Convolutional Encoder. 
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The binary input data is shifted through the register one bit at a time. After each shift the 

contents of the register stages are combined as determined by the connections to form a 

binary (log2M)-tuple. The encoding equations in matrix form are given by 

v=uG (2.1) 

where u is the information sequence, v is the output sequence, and G is the generator 

matrix given by 

Go G1 G2 

G= (2.2) 

where each Gt is a (log2M) by i submatrix whose entries are 

G l = [ g?) gf > • • • g}log2 M)] (2.3) 

where g~il is 1 if there is a tap from i -th register to the R.-th modulo-2 adder, and is O other 

wise. 

The (log2M)-tuple corresponds to one of the M-ary orthogonal codewords 
' 

generated by the Walsh function (8-ary orthogonal codewords are shown in Table 

2.1)(17]. 

0 1 2 3 4 5 6 7 

0 0 0 0 0 0 0 0 0 

1 0 1 0 1 0 1 0 1 

2 0 0 1 1 0 0 1 1 

3 0 1 1 0 0 1 1 0 

4 0 0 0 0 1 1 1 1 

5 0 1 0 1 1 0 1 0 

6 0 0 1 1 1 1 0 0 

7 0 1 1 0 1 0 0 1 

Table 2.1 8-ary Orthogonal Codewords 
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2.1.2 State Diagram and Minimum Distance 

The state of the encoder is defined as the contents of the left-most nA-I stages of the 

shift register, making the total number of states equal to 2n, -I. When encoding, the shift 

register makes transitions from one state to another with every new input bit. These 

transitions are expressed by a state diagram. An example of an encoder and its state 

diagram is shown in Figure 2.2. XO, XJ, X2, X3, and Xo' are assumed to be different 

states of the encoder. Every transition is labeled by the function Nim where i=O or I if the 

input bit is O or 1, and j=O or 1 if the code symbol is zero or nonzero. 

ND 

Xo ND X1 X2 D xd 

Figure 2.2 Example of a 4-ary Encoder and its State Diagram. 

An important concept in coding is the distance between codewords. Define the 

distance between two codewords as the number of M-ary symbol positions in which they 

disagree. The performance of coding depends on the decoder and the distance property of 

the code. Thi, mioimnm distance from the state Xo to the stateXo' is called the code's free 

distance, dfree-

2.1.3 Transfer Function and Performance Bound 

The distance properties and the error rate performance of a convolutional code can 

be obtained from its state diagram. The state diagram shown in Figure 2.2 will be used to 
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demonstrate the method for obtaining the distance properties of an orthogonal convolutional 

code. From Figure 2.2,, the four state equations are obtained; 

XJ=NDXo+NX2 (2.4) 

X2=DXJ+DX3 (2.5) 

X3=NDXJ+NDX3 (2.6) 

' X0=DX2 (2.7) 

The transfer function for the code is defined as T(D,N)=Xo!Xo. By solving the 

state equation given above, the transfer function is 
ND3 

T(D,N) I-2ND 

The series form is then 

T(D,N) = ND3 +2N2D4 +4N3D5+ ... +2d-3 Nd-ZDd+ ... 

Now define the general form of the transfer function by 
= 

T(D,N) = L,Ad(N)Dd 
d=dfru 

where Ad(N) is a polynomial in N of the form 

2 e Ad(N)=ad1N+ad2N + ... +adtdN d 

(2.8) 

(2.9) 

(2.10) 

(2.11) 

The general term in (2.10) has the following interpretation. For the given code there are 

aded codewords (called paths) that leave the Xo state via an input I and retnm to xo' for 

the first time at some later point; these codewords have distance d and are produced by 

input sequence with R,d l's. The total number of paths which have distance d is 

Ad= Ad(N)IN=I · This function is used to calculate the upper bound of the error 

probability. Suppose that the maximum likelihood decoder (Viterbi decoder) is used and 

that Pd is the probability of choosing an incorrect path. Then, the probability of bit error is 

bounded by[18] 

Pb< f PdcJAiN)I 
d=d"" aN N=I 

(2.12) 
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2.2 Co-Channel Interference Cancellation Techniques 

2.2.1 Conventional Cancellation Technique 

The conventional CCI cancellation technique mentioned in this thesis was proposed 

by Kohno for a power line CDMA LAN[20]. Its characteristics were investigated by 

Tachikawa on the AWGN channel[21][22]. 

Figure 2.3 shows a model of a receiver using the conventional parallel CCI 

canceller with user 1 as the reference user. Here, perfect chip synchronization for every 

user is assumed. It is also assumed that the information data is encoded by an orthogonal 

convolutional code. In this method, as shown in Figure 2.3, every user's received signals 

are first despread and decorrelated with a bank of correlators. Then the most probable 

orthogonal sequence is selected for each user. Utilizing these initial decisions, the selected 

. sequences for each user are then re-spread with delay, attenuation , and phase shift. The re­

modulated signals are removed from the composite received signal. After that, user 1 's 

signal is despread, decorrelated, de-interleaved and decoded based on the orthogonal 

convolutional code employed. 

When an error in the initial decision arises, the CCI cancellation process actually 

doubles the interference power since the canceller adds another interference signal instead 

of canceling one. Thus, the performance of the canceller depends on the performance of the 

initial decision. 
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Figure 2.3 Model of a Receiver using the Conventional CCI Canceller. 
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2.2.2 Proposed Cancellation Technique 

Now a new parallel CCI canceller using an orthogonal convolutional code is 

presented. As mentioned above, the performance of the CCI canceller depends on the initial 

decision. To reduce the error probability of the initial decision, the proposed system utilizes 

the error correcting capability of orthogonal convolutional codes. 

Figure 2.4 is a model of a receiver using the proposed canceller. After the 

maximum likelihood decision on the sequence, the proposed canceller de-interleaves coded 

symbols and then decodes the orthogonal convolutional code using a Viterbi decoder. The 

decoded data is then re-encoded, assigned to one orthogonal sequence, interleaved, and re­

spread by the long PN sequence. During the process, on the other hand, the received signal 

is put in the memory. The memory size equals the interleaving size. After the re-spreading, 

in the same manner as the conventional canceller, signals of user 2 to K are removed from 

the composite received signal extracted from the memory. After the other users are removed 

from the composite signal, user J 's signal is despread, decorrelated, de-interleaved, and 

decoded. 

It is noted that Viterbi decoders needed in the proposed scheme are already in the 

conventional CCI cancellation scheme where each user has a Viterbi decoder. If the 

required processing delay is not acceptable with the reuse of the same Viterbi decoder after 

CCI cancellation, one can solve the problem by employing two Viterbi decoders per user (if 

transmissions of packets are considered, which may tolerate a relatively long delay, and 

quite often, the receiver may not be busy for receiving consecutive packets). Later it will be 

shown that, for the same performance, the complexity of each decoder may be reduced by 

more than a factor of four so that the overall complexity is still reduced. 
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2.3 Summary 

In this chapter, the conventional and the new parallel CCI cancellation techniques 

were presented. First, the orthogonal convolutional codes employed in the CDMA system 

specified by IS-95 were depicted. The upper bound of the error performance was obtained 

from the transfer function of the code. Next, the model of the receiver using the 

conventional CCI canceller was described. It was pointed out that the performance of the 

cancellers depended on the performance of the initial decision. The new CCI canceller 

using the orthogonal convolutional code was then proposed. 
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Chapter 3: Performances on an A WGN Channel 

3.1 System Model 

In this chapter, the performances of both the conventional and the proposed CCI 

cancellers on an AWGN channel are derived. For simplicity, we focus on a base-band 

asynchronous CDMA system. 

SERI 

SER2 

• 
• 
• 

SERK1----1 

Noise 

Multiuser 
Detector 

Figure 3.1 Model of an Asynchronous CDMA System. 

Figure 3.1 shows a model of an asynchronous CDMA system with K transmitting : ! 

users and a multiuser detector. Each user encodes its data using an orthogonal 

convolutional code. Assume that the code rate is Jim (M = 2m) and the constraint length is 

nA. Depending on the output of the convolutional code, one of M orthogonal sequences is 

chosen by the orthogonal convolutional encoder as shown in Figure 3.2. The resulting 
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orthogonal sequences are then interleaved and combined with a part of the long PN 

sequence which is unique for each user and separates one user from another in the direct 

sequence spreading. The processing gain Gp = T5 I Tc where Ts is the symbol duration 

and Tc is the chip duration of the PN sequence. The received signal of the k-th user is 

Sk(t) = ..Jl\Wr (t- -rk)Ck(t- -rk) +n(t) (3.1) 

where W' (t) is one of the orthogonal sequences referred to as the r-th symbol, r =1, ... ,M, 

Ck(t) is the long PN sequence for the k-th user whose period is much larger than Gp[17], 

Pk is the signal power for the k-th user (for simplicity, it is subsequently assumed that 

Pk= P for all k ), -rk is the time delay for the k-th user (0:::; -rk:::; Ts) and n(t) is the 

AWGN with power spectral density N
0 

/ 2(W/Hz) 

Data 
input 

Orthogonal 
--~ Convolutional I-_..,~ 

Encoder 

Transmit 

Interleaver 

Figure 3.2 

Long PN Sequence 

Transmitter Structure. 

3.2 Performance Analysis 

3.2.1 Conventional CCI Canceller 

To analyze the performance of the conventional CCI canceller shown in Figure 2.3, 

it is assumed that all the users' sequences are independent and randomly distributed, and 

that the chip pulse shape is rectangnlar. 

The signal-to-noise ratio SNR,;1 after correlation with user 1 's sequence at the 

receiver is given by 

SNR,;1 
1 

I K N 
3G 3 ~rik+ 2l 

p 1=2 s 

(3.2) 



22 

where r1k is the average interference parameter between the user J and user k and 

Es= PTs is the energy per symbol[24]. When the sequences are assumed as random 

sequences, the average of r1k becomes the constant value 2Gp2 [21][22]. Therefore, the 

SNR after the correlation is 
1 

SNi\:1 2(K -1) No 
---+--

3Gp 2Es 

(3.3) 

The denominator of Equation (3.3) corresponds to approximation of the CCI as A WGN. 

The validity of this approximation will be shown later through simulation. The error 

probability of the initial decision is the probability that the r-th sequence correlator output 

U, is smaller than any of the other sequences' outputs U; (i=l, ... ,M, i;t:r) and is given 

by[21][22][25] 
~ 

Pee= 1- J P(U1 < U,, U2 < U,, .. , UM< U,IU,)p(U,)dU, 

(3.4) 

where 
Q(t): standard Gaussian upper cumulative distribution function 

1 ~ ( 2J Q(t)= -ffii[exp -; dx . (3.5) 

When an error in the initial decision arises, the CCI cancellation process actually doubles 

the interference power since the canceller adds the another interference signal instead of 

canceling it. Figure 3.3 shows the residual interference caused by the k-th user. It is 

assumed that errors occur independently with the probability Pee on two adjacent symbols 

of k-th user. The average interference to symbol n of user I caused by symbol n-1 of user 

k is 

2Pe (i__J_2_ 
e Ts 3Gp 

(3.6) 
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Symbol n 

Figure 3.3 Residual Interference caused by the User k. 
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• • • 

where T is shown in Figure 3.3. Similarly, the average interference caused by symbol n 

of user k is 

2Pec(T, -T )-2__ . 
. T, 3Gp 

(3.7) 

From Equations (3.6) and (3.7), the average total interference to symbol n of user 1 caused 

by symbol n-1 and n of user k is 

2P ( 
T T, - T ) 2 _ ZP 2 e -+~-- --- e --

c T, T, 3Gp c 3Gp 
(3.8) 

There are K-1 interfering users. Thus, the signal-to-noise ratio after the CCI cancellation is 
1 , 

SNR,,2 = · Z(K - l) N (3.9) 
2Pec---+-0 

3Gp ZE, 

From Equation (3.9), it is clear that the SNR after the cancellation is dependent on the error 

probability of the initial decision. 

Here, it is assumed that the receiver can estimate an accurate value of the received 

signal power P. The upper bound on the bit error probability using a soft decision Viterbi 

decoder can be obtained as[18][26][27] 



where 

~ 

Pbe < L,Bd · Pde 
d=dfru 

Pde: probability of selecting the incorrect path[18], 

pd =Q( ✓d-S~~2) 
Bd: total number of nonzero information bits on all weight d paths[26]; 
d free: minimum free distance. 
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(3.10) 

(3.11) 

If the weight spectra Bd is known from d free to infinity in Equation (3 .10), the upper 

bound can be calculated. However, the bound becomes looser as the BER becomes worse. 

Quite often, the first few terms in Equation (3.10) are used to get a performance 

approximation of the canceller. The first four terms are used as the approximation for both 

the conventional and the new CCI cancellation schemes in order to make a fair comparison. 

3.2.2 Proposed CCI Canceller 

All assumptions are the same as for the conventional canceller presented in Section 

3.2.1. The number of symbol errors caused by choosing a wrong path after re-encoding is 

the distance between the coded sequence arising from the wrong path in the state diagram 

and the coded sequence along the correct path (For example, the number of symbol errors 

is four in Figure 3.4.). There are Ad paths which cause d symbol errors after the re-

encoding and the probability with which the Viterbi decoder chooses a wrong path with the 

distance d is 

Pdnl = Q( ✓d-S~Rni) (3.12) 

where 

SNRn1 
1 

2(K-l) + N0 

(3.13) 

3Gp 2Es 
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Figure 3.4 Symbol Errors caused by a Wrong Path, 
Code Rate=l/3, Constraint Length=4. 

Then the average symbol error probability caused by one user after the re-encoding is 
dfr<,+3 

Pen= L,d·Ad·Pdn1 (3.14) 
d=dfr<, 

Therefore, the signal-to-noise ratio after the cancellation is 
1 

SNR,,2 = Z(K - l) N (3.15) 
2Pe ~---'-+-0 

n 3Gp 2Es 

From SNRn2, the approximate error probability after cancellation is 
dfr<,+3 

Pbn = L,Bd · Pdn2 
d=dfr<, 

where Pdn2 is obtained from SNRn2 , 

Pdn2 = Q( ✓d-S~R,,2 J 

(3.16) 

(3.17) 
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3.2.3 Performance Improvement 

From Equations (3.10) and (3.16), the performance improvement of the proposed 

canceller over the conventional canceller comes from the difference between SNf\:2 and 

SNR,,2 • This difference is due to the error correction capability of the orthogonal 

convolutional codes. 

where 

From Equations (3.9) and (3.15), the SNR difference after the cancellation is 
1 I 

SNRn2 - SNf\:2 = 2P 2(K -1) No 2P 2(K -1) No 
en-'---'-+- e --'---'-+-

3Gp 2Es e 3Gp 2Es 

2(K-1) a = --'-----'-
3Gp 

/3= No 
2Es 

= 2a(Pee - Pen) 

(2aPen + /3)(2aPee + /3) 

From Equations (3.4) and (3.14), 

where 

df,ee+3 

Pee -Pen= (M-I)· Q(✓sNR)- L,d •,\f • Pdn1 
d=dt,,, 

d,,,,+
3 (✓d SNR) = (M-l)·Q(✓sNR)-d~, d •,\f ·Q . 

2 

1 
SNR=--. 

a+/3 

If the SNR is large, the first term of Equation (3.14) dominates Pen. Therefore, 

( r=) (✓dfree · SNRJ Pe -Pe =(M-1)-Q -ySNR -dfi ·Ad ·Q 
e n - ~ 2 

(3.18) 

(3.19) 

(3.20) 

(3.21) 

(3.22) 

(3.23) 

When Pee -Pen;;,: 0, the proposed canceller shows· better performance than the 

conventional canceller. This means 
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M-1 > Q(~J 
dfr ·Ad - Q(✓SNR) ee free 

(3.24) 

As the constraint length of the orthogonal convolutional code increases and dfr,e 

increases, the numerator of the right side of Equation (3.24) decreases exponentially. Thus, 

the proposed canceller shows performance improvement in lower SNR with the orthogonal 

convolutional code of larger constraint length. The performance improvement of the 

proposed canceller can also be shown through Equation (3 .18) where the numerator 

increases and the denominator decreases with the constraint length of the orthogonal 

convolutional code. 

3.3 Results 

Suppose that each time delay 'r; (i=l,2, ... ,K) can be known perfectly[21][22]. It is 

also ass~med that the processing gain Gp is 128 and coding rate is 1/3 (8-ary orthogonal 

convolutional code) with optimum generator polynomials given in Table 3.1 [17][18]. 

Figure 3.5 shows the BER performance of the orthogonal convolutional code on 

the A WGN channel. In the figure, the points are the simulation results and the lines are the 

theoretical performance calculated from the Gaussian approximation with the first four 

terms of Equation (3.10). In Figure 3.5, the results for constraint length nA of 4, 7, and 9 

are shown. As the simulated points are close to the theoretical values with d= d1r,,~d1r,,+3 

, it is concluded that the approximation is appropriate. 

Figures 3.6 and 3.7 also compare the simulation results with the theoretical 

performance for three schemes: with no CCI canceller, with the conventional canceller, and 

. with the proposed canceller. The points are the simulation results and the lines are the 

theoretical performance calculated with the assumptions described in Section 3.2.1. 



Constraint 
Length 

3 

4 

5 

6 

7· 

9 

Polynomials (Octal) 

4 
5 
6 

4-ary 8-ary 

12 1 1 
15 1 3 

15 

23 
33 
26 

45 
67 
56 

114 
156 
13 3 

557 
663 
7 11 

16-ary 

11, 13 
14, 15 

Ex. Constraint Length 4 
8-ary Optimum Code 

Data 
input 

Table 3.1 Generator Polynomials of an Orthogonal Convolutional Code. 
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The simulation assumes asynchronous CDMA and 8 samples per chip so that Tk = iTc IS 

(i=O,l, ... , 7 ). The interleaver whose size is 12 symbols x 14 symbols is employed to 

assure symbol errors are independent. The performance without a canceller is calculated by 

Equations (3.10) and (3.11) with SNR,;1 replacing SNR,;2 • Since the simulated points are 

close to the theoretical values, it is once again confirmed that the approximations in Section 

3.2.1 are acceptable. 

In Figures 3.8 to 3.15, the performances without a canceller, with the conventional 

canceller and with the proposed canceller are presented. Figure 3.8 shows the system SNR 

vs. Es I N0 with a constraint length of 7. The number of users which transmit the signal at 

the same time is K. The system SNR is the SNRjust before the final maximum likelihood 

decision (after the cancellation), which is SNR,;2 or SNR,,2• Thus, the difference between 

these two SNR as shown in Figure 3.9 is the CCI which cannot be removed by the 

canceller. From Figure 3.9, it is clear that the proposed canceller cancels more CCI and · 

provides, better SNR than the conventional canceller when the Es I N0 is not too low. 

Especially when K=20, the proposed canceller removes most of the CCI and provides a 

nearly interference free signal for the final maximum likelihood decision. However, if K is 

60 and Es I N
0 

is less than 5 dB, then the re-encoding process produces too much 

interference. Thus, in this case, the proposed canceller is inferior to the conventional 

canceller. 

Figures 3.10, 3.11, and 3.12 show the BER vs. Es I N0 with a constraint length of 

4, 7, and 9. When K=20 (the number of users which transmit a signal at the same time), 

the pe,rformance of the proposed canceller is very close to the performance with K= 1 and 

superior to the conventional canceller by I dB at BER= 10-3 and 2 dB at BER= 10~5 . If 

K=60, the difference between the BER of the two methods is much larger than the K=20 

case in favor of the proposed canceller. For example, using a constraint length nine code, 

the difference is more than 6 dB for K=60 at BER= 10-5 • The performance difference 
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increases as the constraint length becomes longer. This result is due to the fact that a 

convolutional code with a longer constraint length has more powerful error correcting 

capability which makes the initial decision more accurate. Therefore the canceller should 

use a orthogonal convolutional code which has a large constraint length . 

Figures 3.13, 3.14, and 3.15 show the BER vs. number of users. It is shown that 

the number of simultaneous users at BER= I 0-3 improves by a factor of two to three when 

E, I N0 is 5 dB, and one and a half to two when E, I N
0 

is 10 dB as compared to the 

conventional canceller. It has also been shown that up to about 40 users, the proposed CCI 

canceller has a performance which is near to the performance without interference. As can 

be seen from these figures, as the constraint length is longer, the performance improves. 

Figure 3.16 shows BER versus constraint length of the orthogonal convolutional 

codes. From this figure, it is clear that even though the conventional canceller does not 

work well when K=60, the proposed canceller works quite effectively. Also if the receiver 

uses a longer constraint length code, the performance improvement of the proposed , 

canceller is larger, especially when K is large. 

The proposed cancellation scheme can also be viewed as an effective way of 

reducing the system implementation complexity. For example, for K =20 and required 

BER<I0-
3

, from Figure 3.16, the conventional canceller requires the code constraint 

length equal to 6, while the proposed canceller requires the constraint length equal to 4. 

This represents a factor of four reduction in the complexity of the Viterbi decoder for doing 

add-compare-select (ACS) operation. The complexity of the ACS operation is basically 

proportional to the number of states in the state diagram which is equal to 2n• -I [26, pp. 

337] (In this case, the complexity for the ACS circuit reduces from 25 to 23). Also the size 

of the path memory is reduced as the required decoding depth is reduced[27]. Recall that 

the number of Viterbi decoders could be doubled in order to shorten the delay. The overall 
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complexity is still reduced by a factor of two when an additional Viterbi decoder is 

included. 

Figure 3.17 shows the BER versus code rate with a constraint length of 4. The 

generator polynomials of the codes with the rate 1/2, 1/3, and 1/4 are given in Table 3.1. 

The performance with the proposed canceller improves as the code rate reduces since it 

takes full advantage of the better distance structnre of a lower rate code. For the 

conventional canceller, it is interesting to note the existence of the optimum code rate at 1/3. 

This is because, from Equation (3.4), the error probability of the initial decision increases 

with the same SNR per symbol as M increases while the conventional canceller itself does 

not perform error correction. Therefore, even though a code with larger M has a better 

distance structure, the conventional canceller makes more symbol errors and the 

performance becomes worse when the code rate is less than 1/3. The performance with the 

proposed canceller improves because the error probability of the initial decision is lowered 

with bettl'r codes. 
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3.5. Summary 

In this chapter, the performance of the proposed CCI canceller on an A WGN 

channel was shown. The performance of the proposed canceller was computed and 

compared with the conventional canceller. It was shown that the proposed canceller offered 

one and a half to three times higher user capacity than the conventional canceller. Up to 

about 40 users, the proposed CCI canceller canceled nearly all multiuser interference. It 

was also shown that the canceller could significantly benefit from the use of a code with a 

large constraint length. For the same performance, the proposed canceller could effectively 

reduce the decoding complexity. Employing low rate codes, the performance of the 

proposed canceller improves while the performance with the conventional canceller might 

not. 
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Chapter 4: Performance on a Multipath Rayleigh 
Fading Channel 

4.1 System Model 

In this chapter, the performances of both the conventional and the proposed CCI 

cancellers on a multipath Rayleigh fading channel are derived. The transmitter structure is 

the same as the one specified by IS-95. We also consider a multicell environment in this 

chapter. 

The system model is based on [28] and extended to a multipath Rayleigh fading 

channel. There are K active users in a cell. Each user encodes their data using the 

orthogonal convolutional code as shown in Figure 4.1. 

Data 
Input 

Orthogonal 
Convolutional 
Encoder 

t 
I-channel 
PN Sequence 

LongPN 
Sequenc·,J--.C Td 

t 
cos ( me t) Multipath 

Fading 
Channel 

Q-channel sin(mc t) 
PN Sequence 

Figure 4.1 Transmitter Structure. 

As in Chapter 3, the code rate and the constraint length are defined as Jim ( M = 2m) and 

nA, respectively. Depending on the output of the convolutional code, one of M orthogonal 
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sequences is chosen. Then the resulting orthogonal sequence is combined with long PN 

sequences which separate the users' channels and modulated using Offset-QPSK 

(OQPSK). The transmitted OQPSK signal of the i-th user during one symbol interval T
8 

is 

s;(t) = {-/PW'(t)c;(t)p1(t) 
( 4.1) 

where c;(t) is the long PN sequence for the i-th user, p1(t), PQ(t) are the PN sequences 

for the I and Q channels, Td is the time offset which is equal to Tc 12, and Tc is the chip 

interval. The processing gain Gp = T8 I Tc where T
8 

is the symbol duration. 

For wireless communications, there may be many propagation paths between a 

transmitter and a receiver due to the radio waves reflections from surrounding obstacles. If 

the signal written in Equation ( 4.1) is transmitted over a multipath channel, the resulting 

signal y(t) at the receiver is the sum of delayed, phase-shifted, and attenuated versions of 

· the input signal. The received signal for the i-th user can be written as 

[
L. ] , * -

Y;(t)=Re °I,g;/t--ru)s;(t--rii) 
, J=I 

(4.2) 

where 4 is the number of paths for the i-th user's channel, 't';j and gij(t) are the delay and 

complex gain coefficients, respectively, for the j-th path for the i-th user, and the asterisk 

denotes complex conjugation. The complex gain coefficients are defined as 

(4.3) 

where Y;/t) and </>ij account for the attenuation and phase shift, respectively. Y;/t) is. 

Rayleigh distributed[29] and </>ii is an uniform random variable in [0,2n). 

In a single cell CDMA cellular system with K users, the signal arriving at the base 

(4.4) 
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where n(t) is additive white Gaussian noise with zero mean and spectral density N
0 

12. At 

the output of the receiver bandpass filter with a bandwidth of B ("' 1 / Tc), n( t) becomes a 

narrowband noise that can be represented by 

n(t) = nc(t)cos met+ n8 (t)sin met (4.5) 

where nc(t) and n8 (t) are independent lowpass Gaussian processes with zero mean and 

variance N0 B. 

Figure 4.2 shows the rece.iver structure. 

Multipath 
Fading 
Channel 

Correlator 

LPF I-channel + Long PN 
PN Sequence Sequence 

Correlator 

Q-channel + Long PN 
PN Sequence Sequence 

Correlator 

d 

Q-channel + Long PN 
PN Sequence Sequence 'I--( ""2-, 

sin(coc t) 

I-channel + Long PN 
PN Sequence Sequence 

Figure 4.2 Receiver Structure. 

Combining 
& 

Maximum 
Likelihood 
Decision 



At the output of the lowpass filter (LPF) of the upper path (I-channel), 

d1(t) = LPF[r(t)cosmct] 

K L; cos0 .. 
=l,l,Y;/t-rij){#Wr(t-rij)c;(t-rij)P1(t-rij) 

2 
'1 

i=l j=l 

rn r sin0ij n (t) 
+-vrW (t-Td - '<ij)c;(t-Td - r;j)PQ(t-Td - '<ij)-

2
-}+~ 

where 0ij = 1/Jij - me rij. Also for the lower path (Q-channel), 

dQ(t) = LPF[r(t)sinmct] 

K4 ~0-
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(4.6) 

= l,l, Y;/t- rij){-#W'(t- rij)c;(t-rij)pJ(t- rij)T 
~~! ~~ 

rn cos 0ij n (t) 
+-vrWr(t-Td -rij)c;(t-Td - '<ij)PQ(t-Td-rij) z }+~ 

For the I-channel, the output of them-th correlator for the real (I) part of the A-th path of 

(4.8) 

path interference, interference due to the other paths, interference due to the other users and 

thermal noise due to the real (I) part of the path, respectively. Due to the quadrature nature 

of the PN sequences, the self path interference are small compared to the other interference 

(Appendix A). In this case, the I-channel correlator output becomes 

lr- 'E cos 01(). +NI().+ IK:).,,g + IK:).,ij m = r 
zl().(m)= K:)."V"'s 2 [,I /,I /,/ 
tl • • . • .. 

NK:"' + JK:'-,K:J + IK:"','1 m ;e r 
/,I /,/ /,/ 

(4.9) 
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where y .. ,. is the average attenuation of y .. ,. (t) over the symbol period. Similarly, the 

output of the m-th correlator for the imaginary (Q) part of the ?., -th path of the IC-th user 

d .. ,. is 
l,Q 

l ~sin0 , ,_ ,_ · ,. ·· 
r- E .. ,,, + NIC + [IC ,1(] + [IC ,IJ 

zl(A (m) = l(A s 2 I,Q I,Q J,Q 
I,Q A A . A·· 

NIC + [IC ,1(] + [IC ,IJ 
I,Q I,Q I,Q 

m=r 
(4.10) 

where Il~-KJ, I{JJ'ij, and Nf,~ are the interference due to the other paths, interference due 

to the other users, and thermal noise due to the imaginary (Q) part of the path, respectively. 

Also the output of the Q-channel correlator becomes 

l 
sin 0 ., ,. ,. · cl .. -r- 'E .. ,,, + NIC + IIC ,1(] + I .,, 

zl(A,(m)= cl-V"'s 2 Q,I Q,I Q,I 
Q,I ., ,_ . ., .. 

NI("' + [IC ,1(] + [1("-,IJ 
Q,I Q,I Q,I 

m=r 
(4.11) 

m * r 

where iQ}KJ, IQ~,ij, and NQ~ are the interference due to the other paths, interference due 

to the other users, and thermal noise due to the real (I) part of the path, respectively, and 

I ~
cos0 ., ., ., . ., .. 

r- E K• + NK• + r•-"1 + r·••J m = r zd (m) = Kl. s 2 Q,Q Q,Q Q,Q (4.12) 
Q,Q ., , . ., .. 
' NK• + r•·"J + r•·Y m * r Q,Q Q.Q Q,Q 

where IQ}!.Kj, IQ}/, and NQ~Q are the interference due to the other paths, interference due 

to the other users, and thermal noise due to the imaginary (Q) part of the path, respectively. 

Due to the square-law combining, the decision variable for the IC-th user is 
L, . 

S .. (m) = L,{[Zt(m) + z3_Q(m)J2 + [Z}?Q(m)- z3_1(m)f) 
j=I 

(4.13) 

From [28] [30] [31] and Appendix A, the average SNR for the J.. -th path of the IC­

th user after the correlation is, 

SNR., a 2[!!r,;::~:tlE,: 
~~-----~+No 

3Gp 

(4.14) 

For simplicity, 4 is set to L for all i . It is also assumed all fading paths have equal mean 

strength, i.e., Yij is 1 for all i and j . With these assumptions, the SNR per path becomes 
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(4.15) 

To emphasize the performance difference of the conventional and the proposed 

canceller, a simple case is considered. To analyze the performance of the conventional CCI 

canceller, it is assumed that the interference from the other users is Gaussian distributed, 

the chip pulse shape is rectangular, the chip synchronization is perfect, and that the 

canceller can estimate the phase shift, the attenuation, and the delay perfectly. If the 

parameters are not accurately estimated, the performance of all cancellers will 

degrade[16][32] and this is shown in Section 4.2.3. 

The error probability of the initial decision on the orthogonal sequence is given 

by[25, pp. 745] 

(4.16) 

where SNR,;1 is the signal-to-noise ratio after the first correlation given in Equation (4.15) 

and is given by 

SNR,;1 2(K·L-l)E 
--'------'--"-s + N 

3Gp 0 

(4.17) 

When errors in the initial decisions arise, the CCI canceller doubles the interference 

power[21][22]. Similar to Equation (3.9), the signal-to-noise ratio after the CCI 

cancellation is 

2Pe 2(K -1)· LEs + 2(L- l)Es + N 
C 3Gp 3Gp 0 

(4.18) 
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Here, it is assumed that the receiver can estimate received signal power accurately. Then the 

upper bound on the bit error rate using a soft decision Viterbi decoder can be obtained 

as[25] 

where 

d1,u+3 

Pbc2 z 2.,BdPdc(d,L) (4.19) 
d=dfree 

Pde ( d, L): probability of selecting an incorrect path(Appendix B) 

dL-l(dL-l+h) 
Pdc(d,L) = p/L L, (1- Pc)h (4.20) 

h=O h 
Pc : probability of error for square-law combining between orthogonal sequences 

1 
Pc= 2 +SNR,,z (4.21) 

Bd: total number of nonzero information bits on all weight d paths[l8][26]; 
d free : minimum free distance. 

4.2.2 Proposed CCI Canceller 

All of the assumptions are the same as those for the conventional canceller, which 

were presented in Section 4.2.1. Suppose there are Ad paths which cause d symbol errors 

after the re-encoding and the probability with which the Viterbi decoder chooses the wrong 

path with the distance dis 

where 

dL-l(dL-1 +h) 
Pdnl (d,L) = Pn!dL f:o h (I- Pntl 

1 
Pnt = 2+SNR 

nl 

SNR,,1 
Es 

2(K·L-l)E ~--~~s+N 
3-Gp 0 

Then the average symbol error probability after the re-encoding caused by one user is 
d,.,,+3 

(4.22). 

(4.23) 

(4.24) 

Penz 2.,d·Ad·Pdn1(d,L) (4.25) 
d=d1,ee 
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The signal-to-noise ratio after the cancellation is 

SNRn2= 2(K-l)LEEs 2(L-l)E 
2Pe s + s +N 

n 3Gp 3Gp 0 

(4.26) 

From SNRn2, the approximate error rate after the cancellation can be obtained by an 

equation similar to Equation (4.19), that is 
dfru+3 

Pbnz = 2,.BdPdnz(d,L) 
d=dfrtt 

(4.27) 

where Pdnz(d,L) is obtained by substituting SNRnz into Equations (4.20) and (4.21) 

instead of SNR,;2 

dL-l(dL-1 +hJ 
Pdnz(d,L)=pn/L 2,. h (1-pnz)h 

h=O 
(4.28) 

1 
Pnz 2+SNR,,2 

(4.29) 

4.2.3 Imperfect Cancellation 

fu Sections 4.2.1 and 4.2.2, it is assumed that the canceller can estimate the phase 

shift, the attenuation, and the delay perfectly. However, there are always estimation errors 

on these parameters due to the noise or the co-channel interference. Therefore, even though 

the canceller reconstructs correct signals after the initial decisions, it might not remove the 

co-channel interference completely. There is residual interference caused by imperfect 

cancellation. 

Suppose a fraction /3 of canceled CCI power is left in the composite signal. For the 

conventional canceller, the average number of canceled users is (K -1)(1- Pee), so the 

SNR after the cancellation is 

SNR,;z (/3) = Es 
2P 

2(K - l)LEs 2/3(K -1)(1- Pec)LEs 2(L- l)Es N e ~-~----"- + -'---'--~-~~~ + + 
C 3Gp 3Gp 3Gp 0 

(4.30) 

For the proposed canceller, the average number of canceled users is given by 

(K -1)(1- Pen), so the SNR after the cancellation is 
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SNR,,2 (/3) = Es 
2P 2(K - l)LEs 2/3(K -1)(1- Pen )LEs 2(L- l)Es N 

en~-~~+ + + 0 

3Gp 3Gp 3Gp 

(4.31) 

Substituting SNR,,2(/3) and SNRn2(/3) into Equations (4.19) and (4.27), the approximate 

error rate after the cancellation can be obtained. 

4.2.4 Intercell Interference and Soft Handoff 

In previous sections, a single cell configuration is assumed. In this section, I now 

consider a multicell configuration, consisting of a cluster of seven cells as presented in Fig 

4.3. Each cell is divided into three sectors. Due to the sectorization, the interference at the 

base station comes from only two adjacent cells. Based on the assumptions of perfect 

power control, wave propagation with path loss proportional to the 4th power of the 

distance, and K uniformly distributed users in a sector, the intercell interference energy 

from one of the adjacent cells is[33] 

l (d R) = 2E . 3K · [2. d 2 In( dm 2 )- 4. dm 4 - 6. dm 2 + 1] 
mu! m . ts m dm2 - l 2(dm 2 -1)2 (4.32) 

where dmR is the distance between the base stations (in this case dm =2), and E,s is the 

total symbol energy defined as LEs. Therefore, in Equation (4.15), the SNR per path 

becomes 

SNR= Es 
2(K·L-l)Es 

2 
2Imu1(2R) N ---'----'---"- + . --'"""--'---'- + 

3-Gp 3-Gp 0 

(4.33) 

If soft handoff is employed, mobiles close to cell boundaries might transmit to two base 

stations. Suppose the handoff probability is P0.ff[34], the period of the soft handoff is 

short, and the mobiles which are in the soft handoff process transmit their signals with 

energy Ers to the base stations, the number of users using the soft handoff can be 

considered as 

K' = l (1 + Poff )K J (4.34) 
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where L X J is the nearest integer less than or equal to X. Also, the intercell interference 

decreases to 

l~u1(2R) = lmul(2R)- EtslP0.ffK j (4.35) 

The performance of the CCI cancellers can be calculated by adding the intercell interference 

term and replacing K with K'. Therefore the path SNR after the cancellation for the 

conventional canceller is 
, E 

SN!\:2 = ' s , 

2P 
, 2(K -l)LEs 2(L-I)Es 

2 
2lmu1(2R) N 

ec +---~+ · + o 
3Gp 3Gp 3Gp 

(4.36) 

where Pe~ is calculated by Equations (4.16) and (4.17) with SNR,,1 replacing SNR given 

by Equation (4.33). Also, for the proposed canceller the path SNR after the cancellation is 
, E 

SNR,,2 = , s , (4.39) 

2P 
, 2(K -1) · LEs 2(L- I)Es 

2 
2lmul(2R) N 

en-'---'---"-+---~ + · + o 
3Gp 3Gp 3Gp 

' wherePen is calculated by Equations (4.22), (4.23), (4.24), and (4.25) with SNR,,1 

replacing SNR given by Equation (4.33) . 

• 
\ 

I 

• 

Figure4.3 Multicell Configuration. 
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4.3 Results 

The following results assume ideal interleaving. The processing gain Gp is set to 

128 and the coding rate is 1/3 (8-ary orthogonal convolutional code) with optimum 

generator polynomials given in Table 3.1. 

Figure 4.4 and 4.5 show the BER performance of the convolutional orthogonal 

code on the multipath Rayleigh fading channel. In these figures, the points are the 

simulation results and the line is the theoretical performance calculated from the 

approximation with the first four terms of Equation ( 4.19). The results for the number of 

paths equal to 1 and 3 are shown in Figure~ 4.4 and 4.5, respectively. As the simulated 

points are close to the theoretical values with w= dfn, to dfr,, +3 , the approximation is 

appropriate. 

In Figures 4.6 to 4.18, the performances without a canceller, with the conventional 

canceller and with the proposed canceller are presented for different conditions. The 

performiµice without a canceller is calculated by Equations (4.19), (4.20), and (4.21) with 

SN!\,1 replacing SN!\,2. Figures 4.6 and 4.7 show the system SNR vs. SNR/symbol with 

the number of paths equal to 1 and 3, respectively. The number of users which transmit at 

_the same time is denoted by K. The system SNR is the SNRjust before the final maximum 

likelihood decision ( after the cancellatiop.), defined as L · SNR,,2 or L · SNR,,2 • The SNR per 

symbol is the SNR without the CCI, which is defined as E,, I N
0 
= LE, I N

0
• Thus the 

difference between these two SNR's as shown in Figures 4.8 and 4.9 is the CCI which 

cannot be removed by the canceller. From Figures 4.8 and 4.9, it is clear that the proposed 

canceller cancels more CCI and provides a better SNR than the conventional canceller when 

the SNR per symbol is not too low. Especially when K=20, the proposed canceller 

removes most of the CCI and provides a nearly interference free signal for the final 

maximum likelihood decision. Also the proposed canceller works very well when there are 

multiple paths on the channel which cause more CCI. In Figure 4.9, when K=20, the 
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system SNR of the conventional canceller does not improve in the high SNR per symbol 

area since the CCI dominates the accuracy of the initial decisions. On the other hand, the 

proposed canceller improves the system SNR as the SNR per symbol becomes larger. 

However, if K is 40, there are 3 paths, and the SNR per symbol is less than 12 dB, then 

the re-encoding process produces too much interference. Thus, in this case, the proposed 

canceller is inferior to the conventional canceller. 

Figures 4.10 and 4.11 show the BER vs. SNR per symbol with the number of 

paths equal to 1 and 3, respectively. When K=20, the performance of the proposed 

canceller is very close to the performance with K=l and superior to the conventional 

canceller by 2 dB with 1 path and by 1 dB with 3 paths at BER=l0-3 
• If K=40, the 

difference between the BER of the two methods is much larger than the K=20 case. For 

example, for constraint length 9, with 1 path, and at BER=l0-3
, the difference is more 

than 6 dB as seen in Figure 4.10. 

Figures 4.12 and 4.13 show the BER vs. the number of users for 1 and 3 paths, 

respectively. It is shown that the number of simultaneous users at BER= 10-3 increases by 

a factor of one and a half to three with the new canceller as compared with the conventional 

canceller. It is also clear that up to about 20 users the proposed canceller removes almost all 

of the CCI when the SNR per symbol equals 10 dB as the error floor due to thermal noise 

is observed. 

Figures 4.14 and 4.15 show the BER vs. the constraint length of the convolutional 

code for 1 and 3 paths, respectively. From the results, a significant performance 

improvement can be obtained by using a longer constraint length, especially when K is 

large. As the constraint length becomes longer, the BER decreases linearly. Therefore the 

canceller should use a orthogonal convolutional code which has a large constraint length. 

As discussed in Chapter 3, the proposed cancellation scheme can also be viewed as 

an effective way of reducing the system implementation complexity even on the multipath 
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Rayleigh fading channel. For example, for K=20 and required BER<l0-3
, from Figure 

4.14, the conventional canceller requires the code constraint length equal to 5, while the 

proposed canceller requires the constraint length equal to 3. This represents more than a 

factor of four reduction in Viterbi decoding complexity. Even if the number of Viterbi 

decoders is doubled as mentioned in Section 2.2.2, the overall complexity is reduced by 

more than a factor of two. 

Figure 4.16 shows the BER vs. number of paths which are available for the square­

law combining. When K is 20, the BER of both cancellers improves as the number of · 

paths increases from I to 2. However, if the number of paths further increases, the 

performance deteriorates, and the proposed canceller is affected more than the conventional 

canceller when the number of paths is more than 5. When K is 40, as the number of paths 

increases, the BER becomes worse, as there is too much interference due to too many 

paths, and the low SNR produces more symbol errors in the decoding process. 

F,igures 4.17 and 4.18 show the BER performance in the presence of imperfect 

cancellation for I and. 3 paths. The estimation error f3 is the fraction of canceled signal 

power which is left in the composite signal. There is almost no influence of the estimation 

error on both the conventional and the proposed cancellers when f3 < 10-2 and both 

cancellers work well until f3 = 10-1
• From these results, it is concluded that CCI cancellers 

are useful even with the estimation error. 

Figures 4.19 and 4.20 show the BER vs. the number of users with the estimation 

error for I and 3 paths, respectively. It is clear that the number of simultaneous users with 

estimation error f3 = 10-1 is almost the same as the no estimation error for both the 

conventional canceller and the proposed canceller. Therefore, the proposed canceller is 

effective and better than the conventional canceller in the presence of the interference caused 

by imperfect cancellation. 
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Figures 4.21 and 4.22 show the BER performance for the multicell situation and 

the effects of the cancellation with the soft handoff and 1 and 3 paths per channel. The 

number of users per sector is the number of users which transmit in one sector at the same 

time. Though the handoff probability P
0
ff depends on many parameters, P

0
ff is set to 

0.087 following reference [34] as an example. It is shown that the combination of the soft 

handoff and the proposed canceller improves the capacity while the conventional canceller 

does not make any substantial difference in the capacity. The reason is that if the number of 

users per sector is small, very few users utilize the soft handoff. Therefore the effect of the 

canceller is not significant as it does not cancel signals from adjacent cell mobiles which are 

not in soft handoff to the reference cell. On the other hand, if there are a large number of 

users per sector, the conventional canceller does not work well. In this case, even though 

some mobiles outside the cell transmit to the base station during soft handoff, the 

conventional canceller might not cancel the interference from them. Since the proposed 

canceller. still works with a large number of users in the low BER region, it shows the 

capacity improvement with the use of the soft handoff. 
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4.4. Summary 

In this chapter, the performances of the proposed co-channel interference 

cancellation technique on a multipath Rayleigh fading channel were investigated. It was 

shown that the proposed canceller offered one and a half to three times higher user capacity 

than the conventional canceller. It was also shown that the canceller significantly benefited 

from the use of the orthogonal convolutional code with a large constraint length. For the 

same performance as the conventional CCI canceller, the proposed canceller could 

effectively reduce the decoding complexity. The proposed canceller worked even in the 

presence of the interference due to imperfect cancellation. In the multicell configuration, the 

proposed canceller was shown to improve capacity by employing soft handoff. 
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Chapter 5: Conclusions and Future Research 

5.1 Summary of the Thesis 

In this thesis, a new parallel co-channel interference cancellation technique has been . 

proposed. The proposed canceller improves the accuracy of the initial decision by utilizing 

the error correction capability of orthogonal convolutional codes. The performance of the 

proposed canceller has been investigated by theoretical analysis and computer simulation, 

and compared with the conventional canceller. 

On both an A WGN channel and a multipath Rayleigh Fading channel, the proposed 

canceller offers 1.5 to 3 times higher user capacity than the conventional canceller. For up 

to about 40 users on the A WGN channel and about 20 users on the fading channel, the 

proposed CCI canceller cancels nearly all multiuser interference. It has also been shown 

that the canceller can significantly benefit from the use of a code with a large constraint 

length. For the same performance, the proposed canceller can effectively reduce the 

decoding complexity. 

Moreover, the performance of the proposed canceller has been calculated in the 

presence of interference due to imperfect cancellation. Both the conventional and the 

proposed canceller work even if 10% of the CCI is left in the channel. Furthermore, the 

proposed canceller has been applied for the multicell system. In the multicell configuration, 

the proposed canceller has been shown to improve capacity improvement by employing 

soft handoff. 

Since decoding of the orthogonal convolutional codes increases the processing 

delay, this system is primarily intended for data communications like the power line LAN 

system or wireless packet communications. 
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5.2 Suggestions for Future Work 

In this thesis, only ideal interleaving has been assumed for simplicity of the 

analysis. However, non-ideal interleaving is more realistic on the fading channel. 

Therefore, analysis of the proposed canceller with non-ideal interleaving on the fading 

channel should be investigated. 

' Also, there are many kinds of coding schemes for CDMA systems. The 

performances of the proposed canceller with various coding schemes should be considered. 

Finally, the proposed canceller is basically designed for the reverse link. To 

improve the overall capacity, it is also desirable to increase the bandwidth efficiency of the 

forward link. Although it is not practical to apply the proposed canceller directly to the 

mobile because of the complexity requirement, a simplified version of the proposed 

canceller might be employed. 
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Appendix 
A. Interference 

The self interference on the output of the I-channel's m-th correlator is 

I'f;·cl = IE}r,1.(t--r,;.)W'(t-T,i--r,1.)Wm(t--r,1.) 
-v T, 0 

The interference due to the other paths of the same user is 
LK T, 

1;~,Kj = I,f rl<j(t--rl<j)[W'(t--rl<j)Wm(t--r,;.) 
J=l 0 
j-:t-A. 

cos0Ki 
· c,(t- -r<i)c,(t - '<,;.)p/t - -r<i )p/t - '<,;.) 

2 

+ W' (t- ½ - -rl<j) wm(t- '<,;.)c,(t- ½ - -rl<j)cK(t - '<,;.) 

sin0Ki 
· PQ(t-J;i --r<i)p/t--r,;.)-

2
-]dt 

The interference due to the other users is 
K UT, 

f;:/ = LLf yij(t--rij)[W'(t--rij)Wm(t--r,;.) 
i=l j=I O 
;,p.,r 

cos0 .. 
• C;(t - '<ij)c,(t ~ '<,;.)p/t - '<ij )p/t - '<,;.)--'1 

2 

+ W'(t-T,i--rij)Wm(t- '<,1.)C;(t-J;i--rij)c,(t--r,;.) 

· sin0 .. 
. PQ(t-T,i--rij)p/t--r,;.)T]dt 

The thermal noise is 

N cl l Tf, nc(t) ( ) ( . )Wm( )d 
1,1 = f'r --c,c t-'<11:J.. P1 t-'<11:J.. t- '<11:J.. t 

'\/ Ts o 2 
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(Al) 

(A2) 

(A3) 

(A4) 

Next the statistics of the interference are considered. It is assumed that the PN 

sequences are independent and identically distributed binary sequences and the chip pulse 

shape is rectangular. 
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From [28][30][31], the variance of the interference due to the other paths is (the 

. f IK:J..,,cj I"J.., 19 d IK:J.., 19 th h f I"J.., 19 ) vanances o I,Q , Q,I , an Q,Q are e same as t at o /,/ . 

· L, 2 E L,_ E 
Var{lf}•XJ)= LY19 -·-s = LY19 -s (AS) 

' j=l 3 4Gp j=I 6Gp 
j;,.J.. j;,.J.. 

where Yij is the average attenuation for the j-th path of the i-th user's channel. Also the 

variance of the interference due to the other users is (the variances of lf.~·ij, IQ~,ij, and 

I"J..,ij are the same as that of I"J..,ij.) Q,Q I,/ 

. KL, E 
Var{lf,}•XJ) = LLYij_s 

i=l j=l 6Gp 
i-:#K 

(A6) 

Due to the quadrature modulation, the variance of the self interference is half of the other 

interference in terms of the same attenuation "/ij· Therefore (the variances of [~•"J.., 

1cl,1rJ.., and IK:J..,K:J.. are the same as that of 11rJ..,1rJ...) 
Q,I Q,Q /,I 

Var{IK:J..,ir:J..) = y- _E,_ (A7) 
I,! K:J.. 12Gp 

Since the self interference is small compared to the other interference, it is assumed as in 

[28] that they are negligible. 

The variance of the thermal noise is (the variances of. NQt; N~, and NQ) are the 

same as that of N f.} . ) 
Var{N,rJ..) = No /,/ 4 (AS) 

Then assuming the thermal noise terms and the interference terms are uncorrelated, 

N,rJ.. + N"J.. + I"J..,,g + IK:J..,ij + IK:J..,,g + I"J..,ij is Gaussian distributed with zero mean and I,/ Q,Q /,/ I,/ Q,Q Q,Q 

(A9) 

Similarly N"J.. - N"J.. + IK:J..,,cj + IK:J..,ij - I"J..,,cj - I"J..,ij is Gaussian distributed with zero mean I,Q Q,I I,Q I,Q Q,I Q,I 

and variance 
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(AlO) 

B. Probability of Selecting the Incorrect Path 

From Equation ( 4.13), the decision variable for the K-th user on the m-th correlator 

is 
L, 

SIC (m) = I, {[Z1i,(m) + z3,Q(m)]2 + [Zi';Q(m)- Z3,[(m)]2) 
j=I 

(Bl) 

Thus SIC (m) has a chi-square probability distribution with 2L1C degrees of freedom. 

Assuming there· are L1C = L paths and dis the distance of the coded sequence along the 

wrong path in the state diagram from the coded sequence along the correct path, the 

decision variable between paths has a chi-square probability distribution with 2dL degrees 

of freedom 
dL . 2dL 

I, {[Z1i,(m)+ z3,Q(m)J2 + [Zi';Q(m)- z3,1(m)J2) = I, !riJ2 (B2) 
~ M 

Therefore, the probability of choosing a wrong path is 

[

2dL 2dL ] 
Pd(d,L) = P ; {r1}

2 >; {r1}
2 

(B3) 

where r1 is the output of a matched filter corresponding to the correct path while r; 
corresponds to the wrong path. Therefore {r1} and {r;} are statistically independent zero-

mean Gaussian random variables with variance 

{ }
2_E[yE,]+N0 +Ic0 cr2 

r1 - 2 (B4) 

{ '}2 _ No + /co _ _.2 
r1 - 2 = u (BS) 

where N0 is the noise and /co is the co-channel interference. The density function of a chi-

square distribution with 2dL degrees of freedom is[35, pp. 542] 
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( 
2 JdL-1 ( 2 J 

p(a)= (dL~l)! :2 2:2 exp - 2:2 (B6) 

, l /J ( /J2 JdL-1 ( /J2 J 
P (/3) = (dL-1)! a'2 2a'2 exp - 2a'2 (B7) 

The probability of selecting the wrong path is 
= = 

Pd(d,L) = f p(a)da f p'(/J)d/3 (B8) 

Carrying out the integrations of Equation (B8) by parts, first 

=s '(/J)d/3 = ex (-LJ[1 + a2 / 2a'2 + ( a2 / 2a'2)2 
p p 2a'2 1! 2! 

a (B9) 

The error probability depends on the average received signal energy E, = E[ yE,] through 

the parameters 

and 

a'2 1 

p= -'2 +~2 2 E l(N I ) U V + S O+ CO 

(j2 

1- P = -a~,2~+-a~2 

Therefore, 

dL-l(dL-1 +h) 
Pd(d,L) = pdL L h (1- p)h 

h=O 

(B11) 

(B12) 

(B13) 
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