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Analysis of a Simple Successive Interference
Cancellation Scheme in a DS/CDMA System

Pulin Patel and Jack Holtzman

Abstract— Compensating for near/far effects is critical for
satisfactory performance of DS/CDMA systems. So far, practical
systems have used power control to overcome fading and near/far
effects. Another approach, which has a fundamental potential
in not only eliminating near/far effects but also in substantially
raising the capacity, is multiuser detection and interference can-
cellation. Various optimal and suboptimal schemes have been
investigated. Most of these schemes, however, get too complex
even for relatively simple systems and rely on good channel
estimates. For interference cancellation, estimation of channel
parameters (viz. received amplitude and phase) is important. We
analyze a simple successive interference cancellation scheme for
coherent BPSK modulation, where the parameter estimation is
done using the output of a linear correlator. We then extend
the analysis for a noncoherent modulation scheme, namely M-
ary orthogonal modulation. For the noncoherent case, the needed
information on both the amplitude and phase is obtained from
the correlator output. Performance of the IC scheme along with
multipath diversity combining is studied.

I. INTRODUCTION

ECENTLY, there has been considerable interest in ap-

plication of DS/CDMA (Direct Sequence Code Division
Multiple Access) in cellular and personal communications. The
choice of CDMA is attractive because of its potential capacity
increases and other technical factors such as antimultipath
fading capabilities.

Compensating for the near/far effect is critical for satisfac-
tory performance of DS/CDMA systems. Commercial digital
cellular system based on CDMA uses stringent power control,
described in [1], to combat near/far effects and fading. Another
approach, still in the research stage, is multiuser detection. In
addition to mitigating the near/far effect, multiuser detection
has the more fundamental potential of significantly raising
capacity by cancelling multiple access interference. Valuable
fundamental investigations (e.g., [2], [3]) have demonstrated
huge potential capacity and performance improvements and
have also shown the complexity of optimal structures. This
has motivated the search for practical schemes achieving part
of this potential. More information on multiuser detectors and
interference cancellers can be found in a number of references,
e.g., [4]-[8].
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In general, a major problem with multiuser detectors and
interference cancellers is the maintenance of simplicity. Even
the suboptimal linear detectors have considerably complex
processing, especially in an asynchronous channel. Certain
schemes, where the users’ signals are detected collectively,
turn out to have a complex parallel structure. An alternative
to parallel cancellation is to perform successive cancellation.
The serial (successive) structure is not only more simple
(requires less hardware), but is also more robust in doing
the cancellations (see [7]). Comparison of the performance
of the parallel and successive IC schemes is done in [9].
Successive cancellation was discussed in [10]. In [11] and [12],
the CDMA-IC scheme involves successive cancellation and for
this it relies on a gain list of users with nonincreasing strength.
Our approach also successively cancels strongest users but
assumes no knowledge of the users’ powers. It uses the outputs
of conventional correlation receiver to rank the users instead of
separate channel estimates as in [11], [12]'. Our approach [13],
[9] is closer to that of [6], which uses the despread signals to
select the strongest one for cancellation (but we cancel more
than just the strongest). The approach in [14] also uses the
information in the despread signal for cancellation.

We analyze the IC scheme operating by successively can-
celling user interferences, ranked in order of received powers
with the ranking obtained from correlations of the received
signal with each user’s chip sequence. In [5], the bit decisions
are successively fed back in order of decreasing signal strength
to improve performance. This occurs after matched filters and
a decorrelating filter (matrix inversion). We do not use a
decorrelator but rather successively feed back chip sequences
based on decreasing signal strengths.

To perform interference cancellation, estimation of various
parameter (viz. amplitude and phase) of the signals is im-
portant. For the coherent case, we shall assume the perfect
knowledge of the phase is available at the receiver; however,
amplitude estimation is required, which is accomplished by
using the output of the linear correlator. In the noncoherent
case, the phase knowledge is not required for the demodula-
tion, but interference cancellation requires the knowledge of
both the random phase and the amplitude. This knowledge of
the amplitude and phase is also extracted from the output of
the linear correlator.

The paper is organized as follows: Analysis of the IC
scheme for BPSK modulation is done in Section II, followed
by some results in Section III. In Section III, we also analyze

! The cancellation in [11], [12] is actually done in the spectral domain.
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the performance of the IC scheme, under flat Rayleigh fading,
using order statistics and the effect of averaging the correla-
tions on the performance of the IC scheme. In Section IV,
we extend the analysis of the IC scheme to a more robust
modulation scheme, namely, M-ary orthogonal modulation
along with multipath combining. Concluding comments are
presented in Section V.

II. SUCCESSIVE IC SCHEME FOR
COHERENT BPSK MODULATION

We consider here a simple system to obtain basic results,
where the received signal is

K
r(t) = > Ak-ar(t—7k)-br(t—7k)-cos(wet+dx) +n(t) (1)
k=1
r(t) = received signal
K = total number of active users
Ag amplitude of k*" user
bi(t) = bit sequence of k*" user at bit-rate R,
ax(t) = spreading chip sequence of k"' user at chip-rate R,
n(t) = additive white Gaussian noise
(two sided power spectral density = Ny/2)
N  =T/T. where T = bit period and T, = chip period

7k and ¢y are the time delay and phase of the &*" user,
which are assumed to be known, i.e., tracked accurately.

The bits and chips are rectangular. Their values are all
i.i.d. random values with probability 0.5 of £1. The 7; and
¢y are i.id. uniform random variables in [0, T and [0, 27],
respectively, for the asynchronous case.

We assume knowledge of the spread sequences of all the
users, but no knowledge of the energies of the individual users
is needed. As shown in the block diagram in Fig. 1, the basic
idea is decoding the strongest users (whichever they may be),
and then cancelling effects from the received signal. Here,
the strongest user is not known beforehand, but is detected
from the strength of the correlations of each of the users’
chip sequence with the received signal. The correlation values
(obtained from the conventional bank of correlators) are passed
on to a selector which determines the strongest correlation
value and selects the corresponding user for decoding and
cancellation. These correlation values (as opposed to separate
power estimates) form the basis for not only estimating the
amplitude but also for maintaining the order of cancellation?.
The process is repeated until the weakest user is decoded®. The
flow chart of the process is shown in Fig. 2. Detailed analysis
of the IC scheme for coherent BPSK system (after lowpass
filtering) can be found in [13]. The results of the analysis are
as follows.

After j cancellations, the decision variable for the (j + 1)
user is given by

- 1 1
Zix1 = 5Aj11bin + 5Cm @
2Using the output of the correlator also helps in obtaining the knowledge
of the phase during noncoherent demodulation (discussed later in Section [V),
3An aliernative is to limit the number of cancellations. The impact of
limiting the number of cancellations on the performance of the IC scheme
is demonstrated in Section IV.
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Fig. 1. Successive IC scheme with coherent BPSK modulation.
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Fig. 2. Flow diagram of interference cancellation schemes,

and Cj4; is given by

K
Ciy1 = Z Aeli i1 (Thjr1. Ok 1) + (n§+1 + an+1)
k=j+2
7
- Zcili,i+l(7'i,i+l7 biiv1) (3)
i=1

In the above expression, the first term is the multiple access
interference of the uncancelled users, the second term is due to
the Gaussian noise, and the third term is the cumulative noise
due to imperfect cancellation. The cross correlation term is
given by

G
I (i, dxi) = T / ag(t — Tr) - ai(t)dt
0

x cos(dr — &) 4)

The variance of C,; conditioned on Ay as follows

nj+1 = Var[Cjy | Ax]
K
= > AL Var[lp i1 (7k 1, brj41)]
k=j+2

+ Var[(nJ[-+1 + 7L?+1)]

J
+ Z ;- Varll; ;11(7i 541, Giit1)] (5)
i=1
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Fig. 3. Comparison of BER performance under ideal power control (syn-
chronous case).

Further analysis yields
M+t ,
3 {% Y2 AL+ + 4 Xl m ; for Synchronous
= = !
i Sheis2 AL+ % + 5 2ty mis for Asynchronous

©)
The signal-to-noise ratio, conditioned on Ay, is then given by
142 2
145 _ Afn

V41 = 1 = K N ] g
N+ 3 Thejre AR+ P ag Dl
for Asynchronous Case @)

To calculate the bit error rate, we shall use the Gaussian
approximation [15], [16], i.e., we shall assume that the noise
Cjq1 is Gaussian with zero mean and variance 7;41. The
probability of bit error after the 41 cancellation, conditioned
on the amplitudes Ay, is then given by

Pt = P{Zzl < Olbj1 = +1} = P{Cj+1 < —4;11}

Aj+1
o( 2L ) = et

Remark: Throughout the paper, approximations will be
validated with simulations. The analysis assumes the users
are cancelled in order of powers. The actual algorithm, using
sample correlations to order the powers, may actually have
this order changed. As will be seen, however, comparisons
with simulation show good accuracy.

()]

III. RESULTS FOR COHERENT BPSK

A. Performance of the IC Scheme Under ldeal Power Control

In Fig. 3, we compare the analysis and simulation results
for users under ideal power control. The P.’s from analysis
obtained using the Gaussian approximation agree well with
the simulation. It is clear that the cancellation scheme works
better than the conventional scheme even under ideal power
control. Also, note that for similar P, performance (0.01), six
users in the conventional scheme can be increased to 11 users
with cancellation, giving a substantial increase in capacity.

n bits

= Iess than 1 bit

Fig. 4. Successive decoding in asynchronous channel.
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Fig. 5. BER versus Ep/N, under ideal power control (asynchronous case),

Note on Asynchronous Channel: Introduction of asynchro-
nism does not change the cancellation algorithm where the
decoding and cancellation is done in decreasing order of the
received signal strength. The only requirements (for coherent
BPSK) of the cancellation algorithm are the timing and the
phase knowledge (which are the same requirements for the
conventional receiver). For asynchronous systems however,
we must define what bits are compared with what other bits,
and we propose the following. Group n bits of each user into a
cancellation frame, where the maximum time between the first
bit start and the last bit end is (n + 1) bit times; see Fig. 4.
After an entire frame is received, the correlations of the n
bits of each user are averaged and the ranking of the users is
obtained from these averages of correlations over 7 bits. This
is what we used in our asynchronous simulations.# Issues in
practical implementation are discussed in Section IV.

Fig. 5 is the BER versus the bit energy to noise ratio plots
for the asynchronous case and under ideal power control. Total
of 10 active users are present and the processing gain is 31.

Analysis of the cancellation scheme under fading is done
next, where the order of cancellation changes as fast as the
power level of the users change. More information on mul-
tiuser detectors in fading channels can be found in [171-[19].

4For the results presented in this section, the ranking was obtained from
averaging but the amplitude of the bit was estimated using correlation over
a single bit. This was done for the purpose of controlling the simulation run
times. In the sequel, we shall realize the improvement in performance by using
the average of correlations over n bits for estimating the amplitude.
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Fig. 6. Average BER versus number of users under Rayleigh fading.

B. Performance Analysis of the IC Scheme under Fading

Analysis Using Order Statistics: Analysis of the BER per-
formance of the IC scheme under fading was done using order
statistics [20]. Equations (6)-(8) are the expressions of the
noise, signal-to-noise ratio, and the error probability resulting
after j cancellations. These expressions are conditioned on
Ay, which are the ordered set of amplitudes of K users. The
amplitudes are assumed to be Rayleigh distributed with unit
mean square value, i.e., its pdf is given by

f(z) = 2z ©)

and its cdf (cumulative density function) is given by:

2

Flz)y=1-¢" (10)

The pdf’s of the ordered A (where A; is the strongest and
Ag is the weakest) is denoted by f4, (z) and is obtained as
follows

K!
— ___—__FK—k 1—-F k—1
(11
The expected values of the ordered A; are then obtained
as E[A}] = [;"z2fa,(z)dz. The denominator of (7) is

approximated as Gaussian because the dominating terms for
both small and large j are sums of random variables (all
approximations will be validated by simulation). We have
that (12) below. The error probability expression after the ;"
cancellation (8) is then unconditioned using the pdf of the
J + 10 strongest amplitude as follows:

};éj;lz/mQ _ A fa;n(@)dz (13)
Y EAk[TI]'-H}

The average probability of error is then obtained as the average
of the BER resulting from all stages of cancellation and is
plotted in Fig. 6.
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Fig. 7. Average BER versus E,/N, under Rayleigh fading.

Comparison with Simulation Results: Monte-Carlo  type
simulations were run for the asynchronous case. The
agreement of the actual computer simulation results with
the analysis using order statistics is evident from Fig. 6.

From Fig. 6, it can also be seen that the performance of the
successive IC scheme is much better compared to the conven-
tional receiver under Rayleigh fading. Note that no coding is
taken into consideration. So, the BER could be further lowered
by using efficient coding. It should also be noted that Rayleigh
fading is a worst case for two reasons. First of all, wideband
CDMA transmission mitigates the Rayleigh fading effect [21].
Second, with CDMA, a Rake receiver can resolve the multi-
paths and improve performance. Interference cancellation with
multipath resolution is analyzed later. The performance of the
successive IC scheme under Rayleigh fading is comparable to
that of the conventional receiver under ideal power control.
This makes the successive IC scheme fading resistant.

Fig. 7 is the plot of the BER versus the bit energy to
Gaussian noise (not including multiple access interference)
ratio. Though the successive IC is much better than the
conventional receiver under fading, its performance is not
comparable to the single user detector (optimal detector).
Further improvement in the IC scheme (by using averaging,
described next) would, however, make it possible to achieve
the single user bound.

C. Performance as a Function of Power Unbalance

The question as to the performance of the IC scheme as a
function of power unbalance actually addresses two questions:
1) How does the IC scheme perform as the power unbal-
ance increases?
2) How does the IC improvement over the conventional
receiver change as the power unbalance increases?
Both of these questions are addressed in Fig. 8°. Since the
IC scheme is a nonlinear scheme, it is difficult to draw a gen-
5 Although Fig. 8 could be obtained from order statistic analysis like that

of Section III, it was actually generated from a simulation. This explains the
lack of smoothness.

E 4, [nj+1] = {

K .
% Zk}:{j+2 E[A7] + %Q + 71\7 Zf:; 75
g D kejt2 E[A2]+ % + & 57 i for Asynchronous

for Synchronous (12)
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Fig. 8. Average BER versus coefficient of powers.

eral statement about its performance under fading with varying
degrees. So to observe the effect of power unbalance on the
BER performance of the IC scheme, we consider cases where
the power levels of users vary with different coefficient of
variations (CV). From Fig. 8, it is seen that with perfect power
control (CV = 0), there is an improvement in going from
conventional to IC but not as big an improvement as when CV
is bigger (around 0.4). As variations increase, the performance
of the IC scheme improves initially, and then starts degrading,
whereas the performance of the conventional receiver starts
degrading as soon as power unbalance is introduced.

D. Effect of Averaging over n Bits on the
Performance of IC Scheme

As described before, average correlations over n bits was
used to rank the users but the estimated averaging did not
use averaging. In this section, we shall study the perfor-
mance improvement achieved by using average correlations
to estimate the amplitude. As a matter of fact, by using the
average correlations over n bits, the variance of the noise in
the estimate of the amplitude decreases by a factor of 1 /n
(assuming that the correlations are independent from bit to
bit). Using (6) and the above fact, we obtain the variance of
the noise in the decision variable after jth cancellation as (14),
see below. where 7 is the number of bits used for averaging.
We shall now study the effect of averaging over n bits on the
performance of IC Scheme under Rayleigh fading.

Fig. 9 is the plot of the average BER versus the number
of active users. As the estimation of the amplitude of the
bit is improved by averaging over several bits, the BER
performance improves significantly in a fading environment.
The improvement in the average BER (and hence the capacity)
is evident from Fig. 9 as 6-bit or 10-bit averaging is used
instead of no averaging. It is also clear from Fig. 10 that as
the estimate of the amplitude of the user being cancelled is

Avg. BER

0.0001
CHin
nF%PSK'
i No AWGN
1e-055 5 i6 : 20 23 30

#of Aclllgc Users

Fig. 9. Average BER versus number of active users, with no averaging,
6-bit averaging, and 10-bit averaging.

Bit Elnoergy to U%Enown (Ggl(l)ssian) No41(s)e Eb/Nan dB 6

Fig. 10. Average BER versus Ep/N,.

improved (by increasing the number of bits being averaged),
the single user bound can be approached in a fading channel.
This, however, assumes that the amplitude is fixed over the
averaging interval which does not account for fast Rayleigh
fading®.

Note on Using Power Estimates Instead of Correlations An
alternative to using correlation values to determine the order
of cancellation and to perform cancellation is to use separate
channel estimates. First-order analysis of the IC scheme using
power estimates instead was done in [13], which was also
verified by simulations. It was noted that for comparable BER
performance the power estimate must be accurate within 3
dB of the actual power value, if correlation of just one bit is
used. However, if correlations over 10 bits are averaged, the
required accuracy of the power estimate becomes more strict
(around 1 dB).

6 For example, the Rayleigh fading amplitude correlation between a received
symbol and the tenth succeeding symbol is around 0.94 for frequency of 1.8
GHz and symbol rate of 30 k symbols/s and 100 km/h velocity.

Eautniod] = {

N Zg:j-{-Z E[AY)+ %o + 2;1 n;;  for Synchronous
IV Dokejt2 E[A2] + %o + 337 Yi-; mis  for Asynchronous

(14)
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Until now, we derived a method for analyzing a successive
interference cancellation scheme in a DS/CDMA system using
coherent BPSK miodulation. The analysis was verified through
simulations. Significant performance improvement over the
conventional receiver was demonstrated, for both under ideal
power control and under fading. This translates to increased
capacity and fading resistance. It was also shown that av-
eraging significantly improves the performance of the IC
scheme and that the single-user bound can be achieved. In
the next section, we shall extend our analysis to a more
robust modulation scheme for mobile radio, namely M-ary
orthogonal modulation. Here, the IC scheme is applied to
the noncoherent receiver, and its performance with multipath
diversity combining is studied.

IV. IC SCHEME WITH M-ARY ORTHOGONAL MODULATION

A. System Model

A CDMA system is under implementation as a next genera-
tion digital cellular system. In this system [22], a combination
of orthogonal signalling and code division multiple access is
used on the reverse link (mobile to base) to overcome the
unavailability of a pilot signal providing coherent reference.
This scheme is efficient in providing non coherent detection
of CDMA signals. On the reverse link, 64 Walsh functions are
used to obtain 64-ary orthogonal modulation. Fig. 11 shows
the block diagram of the modulation scheme. The received
version of the transmitted Offset-QPSK (OQPSK) signals from
all the mobiles in a single cell during one symbol interval T,
is given by

K

r(t) =Y Skt — )+ n(t)

k=1

(15)

Assuming that there are N multipaths per user that are arriving
at the base station, the received signal is explicitly given by

K N
r(t) =) lekvVPe- Wit = 7) - ax((t - 7i)

k=1 i=1
x pr(t — 74) cos(wet + ¢)
+ai /P Wit —Ty—1}) ar(t — Ty —78)
X po(t — Ty — 74) sin(wet + ¢L)] + n(t)  (16)

r(t)  =received signal

K = total number of active users

P = power of each chip of k" user

al = varying amplitude of the i*» multipath of the

_ kth user
Wi(t) = j** M-ary symbol of k** user (j = 1,..., M)
{(Walsh symbol)

ax(t) = spreading chip sequence of k*" user
pI(t) =1 channel short PN sequence
po(t) = @ channel short PN sequence
n(t) = additive white Gaussian noise (two-

sided power spectral density = Ny /2)

I-Channel
PN Code

VRcos(wt)

Transmit

Convolutianall
4| Coding and
Interleaving | s

Q-Channel
PN Code

Py sinfwt)

Fig. 11. DS/CDMA transmitter.

N = total number of multipaths
74 and ¢, are the time delay and phase
of the 5*" multipath of the &' user.
T are assumed to be known, i.e., tracked accurately.
T = chip interval
Ty = offset time (7/2)

The 7§ and ¢} are i.i.d. uniform random variables in [0, T
and [0, 2], respectively, for the asynchronous case. No
knowledge of ¢ is assumed.

For simplicity of notation, we shall denote the product of
the M-ary symbol, the user PN code, and the I or ) channel
PN code as follows

a’i,j(t) =W (t) - ax(t) - pr(t)
af’j(t) =Wi(t —Ty) - ar(t — Ta) - po(t — Ta)
17

Rewriting the received signal, we get

r(t) =

M=
M=

[0 VPy - af ;(t — 73) - cos(wet + ¢)

x~
I

1i=1
+ ob/Py - aﬁj(t - 7). sin(wet + ¢})] + n(t)
(18)

We assume knowledge of the spread sequences of all
the users, but no knowledge of the powers and phases of
the individual users is needed. As shown in Fig. 12, the
receiver correlates the received signal with the respective
I & Q channel PN code and with the respective user’s
spreading code and with all possible 64-ary symbols for
all the tractable multipaths. Each multipath that is tracked
generates 64 coefficients representing the 64 possible Walsh
symbols. These 64 coefficients from all the multipaths are
then combined to produce a single set of 64 coefficients. A
decision on the symbol is then made by selecting the largest
of these 64 coefficients. This is the conventional CDMA
receiver for noncoherent reception. Analysis of this receiver
in the AWGN channel was done in [23]. Analysis of M-ary
modulation in multipath channel was done in [24] for Rayleigh
distributed multipaths and for general multipaths in [25]. We
shall follow the analysis of [25] with multipath combining and
apply Interference Cancellation to it. Note again that we are
not considering convolutional coding and interleaving here. At
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the output of the lowpass filter (LPF) of the I channel, we get
df(t) = LPF{r(t) cos(w.t)}

L ; .. cos(i)
=§:z{ o Pk.ai,ju—r;)-——zk]
k=1 1i=1
, _ sin(¢t ot
b o/ oty - D |y o0
(19

where n.(t) is the in-phase component of the Gaussian noise
(n(t) after lowpass filtering can be represented by ne(t) +
- ne(t)). Similarly, d2(t) is obtained. As seen in Fig. 12,
the decision variable obtained from the [*" multipath of the
kth is given by Sgm(l); m = 1,...M. Combining all L
multipaths, we obtain S, = 211;1 Sk,m(l) and the decision
on the symbol of the kth user is then obtained as ™m =
X [Sk,ml;m = 1,... M. For a particular user (say user 1,
we have the following

(2110 + 2330) + (430 - 2250)
(20)

Sim(l) =

where Z{ (1), Z{%(l),ZSTIn(l) and Zlme(l) are the respec-
tive correlators outputs for the m™ symbol of the 15¢ user
from the [*® multipath and are given by (22)-(24), see below.
Similarly, we get Here, I'7,I79(1),IZ9(1), and I?'(1)
are the respective interferences due to all multipaths of
other (K-1) users. IT5(1), 1(1), 122 (1), and I (1) are
the sclf-interferences due to a user’s own multipaths.
NIT(1), NI9(1), N29(1), and NOI(1) are the respective
thermal noises which are considered to be uncorrelated
Gaussian random variables. In the next subsection, we shall
apply the IC scheme.

B. Interference Cancellation

The IC scheme is a simple successive scheme (as described
before), where the strongest user (hence the most reliable one)
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Fig. 12.

Noncoherent DS/CDMA receiver.

is decoded first and cancelled from the composite signal. The
process is repeated until all the users are decoded. Fig. 13
is the schematic of the DS/CDMA receiver with interference
cancellation and Rake receiver for multipath diversity com-
bining, where for the strongest user each multipath that is
being tracked by the rake is cancelled from the received signal
(at baseband) by using the appropriate correlator outputs.
The maximum decision variable output is selected as the
strongest user. Say user 1 was the strongest user (selected
as maxy Sk,j). After decoding the 4% symbol (picked as
maxm (Sim);m = 1,...M of user 1, its signal (all the
multipaths of user 1) is regenerated and cancelled from the
respective 1&Q components at the baseband level. After
making the decision on its symbol, all the L multipaths of
user 1 are cancelled from the received signal (at baseband)
as follows

L
HOREAOEDBEAORERI G
=1

L
—Zz{fj?(l).af{j(t—T{) (25)
=1

Note that, out of the N multipaths that are reaching the base
station, only L multipaths which are being tracked by the Rake
receivers are being cancelled.

ZII

1 [T
()=~ / d(t)al o (t -
3 Tw 0 3

T})dt

COSs ! . .
{awﬁ cosl0) 4 [ () + I{T() + N{T(1) s if m = j o

Ly + I ) + NTT(1) 5 else

VARAQ)

Z22(3)

{
{

bl VP2 1+ 1I9(1) + I{O(1) + N{O() s if m = j
I{ﬁz(l) + IIIQ(I) + N{Q(l) ; else

ol PIEE) 4 122(1) + IP9(1) + NEO(D) s if m = j
122 + 179 () + NEC(1) ; else

—ad P 4 121 + IR () + NY(D) s if m=
Iff(l) + IlQI(l) + Nf”(l) ; else

(22)

(23)

(24)
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Cance! ail
L multipathy

Fig. 13. Noncoherent DS/CDMA receiver with interference cancellation and
multipath combining.

Simplifying this expression, we get

K N nc(t)
= Z E Sk,j,l(t - Tk) + 2

k=2 I=1
+ noise due to cancellation (26)

where sy j (¢ — 7x) is the signal from {*" multipath of the k"
user which is not yet decoded and cancelled.

Explicitly,
K N nel(t)
dl(t = Zzsk’j‘l(t - T,i) + (:2
k=21=1
N
+ Z s1,51(t
I=L+1

~Cfdl ;(t—Tf) - CQa”( -m) @

In this expression, the first term is the signals from all the
multipaths of all other remaining K — 1 users, the second term
is the in-phase component of Gaussian noise, the third term is
the contribution of the uncancelled multipaths of user # 1, and
the last two terms are the noise due to imperfect cancellation,
where Cf and CIQ are as follows:

Z{I () + N0}

and
CQ Z {IIQ

Similarly, d?(t) is obtained.

Now for the next strongest user, there are only K — 2
interferers (since we effectively cancelled out the strongest
user, though not perfectly). The correlations for the next strong
user (user #2) are given by

+ %) + N2} (28)

Ir 1 [T Iy I 1
70 = = f T dl(0ah (e - )t
obv/P; —Lg"* +CW); ifm=j (5
Cs (1); else

where C(1) is as follows
Ciy =150+ ' (1) + N3T - ClI
-C%1,,+ R+ R? (30)

where R{/ < is the noise due to the uncancelled multipaths of
user 1 and are given by

_cos
RI/® = Z ol VP T o (¢1 31
I=L+1
I, o is defined as follows
T1+Tw
11 2 = —/ I/Q '7'1) az/Q(t - Tz)dt (32)

Similarly, Z;%,(1), Z&% (1), and ZZ3(l) are obtained. The
decision variable for the second user is then obtained as

L
Som =Y Som(l) (33)

where

Sam(l) = (Z4L.()+222()°

Now the second cancellation is given by

)= %) t= )

=1

L
Z Z;3(1) - i) (35)

+(ZI2m-z2L 1)® 3%

t

dy(t) = di(t)

Hence, following the same procedure, where for the hth
cancellation we have

L
dl( Z h,] l) a’h] t_Th)
=1
L
= Zua(®) - ai i (t =) (36)
=1

Simplifying, we get

K N nelt
Z Zsk,j,l(t_ﬂlc) + <
k= h+1l 1
+ZZskJY t—'r,c Z{C’f f]t—'r)
k=11=L+1
+C2a2,(t - 1)) 37
where C/ = Y.L, CI(l) and C2 = [, C2(1). Similarly,

d9(t) is obtained.
Hence, after h cancellations only K — k users are remaining.
The correlations for the h 4+ 15 user are obtained as follows:

1
Zh+1 m(l) = T—

w

"rlz+1+Tw I I .
/1 dh(t)ahﬂ,m (t - Th_H)dt
Tht1
_ {ah_l_l\/Ph.{.lM + C’,{H(l) ifm=jy
Cl 1) 5 else
(38)
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where C} (1) is as follows
Cla (1) = Iy pn (O + T (D + Nty

h h
- 2[0511,2 + C?Il,z] + Z [R{ + R?]
=1 =1

(39)

In this expression, the first term is the self-interference of
the h + 1°¢ user (which is negligible), the second term is the
multiple access interference from the remaining K—h~—1 users,
the third term is the thermal (Gaussian) noise, and the last
two terms are the noise due to imperfect cancellations in the
previous stages.

Further analysis of the terms in (39) yields the following (a
detailed analysis can be found in the Appendix). Denoting the
variance of the noise in the correlator output as follows, we get

77111+1(1) = VaI[Zlﬁl.m(l)]

N 1 N 2
=T, T en. 21 P"“(ah‘)
=

n()!
K N h
b S Y Bad)? + gy S Lenl()
¢ k=h+2n=1 ¢ =1
h N
1
+WE > Pef)? (40)
¢ k=1n=L+1

where N, is the chips/symbol.
Zim® +Z25 00

random variable with variance np41, given by

Conditioned on of,

is approximated as a Gaussian

M1 = My (D) + 77;?+1(l) = 2054, (1)

N ;N 2
= T, + 3N, Z Ppy (UZH)
n=1
n#l
KX 4 &
P, n\2 s .
+ 3N, Z Z k(ok)” + 3N, Zlﬂh
k=h+2n=1 i=1
LI
n\2
+ 3N > Pi(a}) 1)
k=1n=L+1
Similarly, (Z;{%,m(l) - Z}?_'{Lm(l)> is also a Gaussian ran-

dom variable with variance n,1. Hence, Shi1,m(l) becomes
a Chi-square distributed random variable with two degrees of
freedom. Assuming that the of are ii.d. random variables,
then the variance 7, + 1 is independent of I (i.e., same for
all multipaths). Therefore, the decision variable of the h + 1%
user becomes a Chi-square distributed random variable with
2L degrees of freedom. The recovered power of the h + 1t
user by tracking L multipaths is given by

L
i1 = Z Pri (C‘i&l)z “2)
1=1

Avg. BER

0 s

1} gf Active Us%?s

Fig. 14. Average bit error rate versus number of active users under ideal
power control.

The probability of correct decision of the h+ 15t user is given
by [26], [25]

- -1 z M-1
Pch+1/ 1 - e—'«’nh-n Z __81_1_ P
0 — (2nn42)'1! (2nm+1)
L—1
s 5 _”Einﬁsl \/ ¢t 1181
. . h . —_—
i e 1 - Ip g .dsy
h+1 TIh+1

43)

where I1,(.) is the modified Bessel function of the L** order.
The bit error probability, conditioned on c 41 is then given by
2d—1

Pt = = —(1- Pt

M_1 (44)

where d = log, M.

C. Performance with Multipath Combining

Fig. 14 is obtained by numerically evaluating (43), (44)
for ideal power control (i.e., ¢? are equal for all users). As
seen in the figure, the performance of both the conventional
receiver and the IC scheme improves as the number of mul-
tipaths tracked (L) increases. Also note that the performance
improvement of the IC scheme over the conventional receiver
also increases as the number of multipaths tracked increases.

Note that the expression for bit error, after the A cancella-
tions, is conditioned on the ordered set of c?. We shall use
order statistics (as described before) to obtain the average
bit error rate under fading. As ¢?’s are the combined mean
squares of the amplitudes of all multipaths that are being
tracked, its distribution depends on the distribution of the
ax’s. Assuming aj’s to be lognormal, we can make the
approximation that ¢2 (which is a sum of lognormal r.v’s) is
also lognormal (this was justified in [27]). We, thus, consider

¢2 to be lognormally distributed with mean 1 and variance o°.

The pdf and cdf of ¢? is, hence, f(x) = \/le&e_@%:}gL

and F(z) = @(I-Oiz):ﬁ), respectively. ¢ and £ are the mean
and standard deviation of the normal distribution from which
the lognormal distribution is obtained. The pdf of ordered
c,%, fci (), is then obtained as described earlier [using (11)].
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Fig. 15. Average bit error rate versus number of active users under fading.

Denoting the mean and standard deviation of the k*" strongest
¢? as py and o, we can obtain the average BER at the kth

cancellation stage, using the following approximation
=~ 2 1
Pf =~ §Pbk(ﬂ'k) + EPg‘ (ux + V30%)

+ %Pf(uk — V30%) @5)
This approximation has shown good accuracy in other ap-
plications (see [28]) and, more importantly, for a closely
related problem with lognormal random variables [25]. For
simplifying the analysis, we shall assume that there are three
resolvable multipaths and all three paths are being tracked. The

combined energy ¢? is assumed to be lognormally distributed

with the coefficient of variation (cv = (%)) equal to 0.3. In

Fig. 15, we have plotted the average BER versus the number of
active users. The performance improvement of the IC scheme
over the conventional scheme is evident.

D. Issues in Practical Implementations

There are two different ways of implementing the successive
IC scheme, as seen in Fig. 16. One way is to successively
regenerate the strong user’s signal using the output of the
correlator and its chip sequence, and to cancel it from the
received signal and proceed likewise. An alternative way to
perform this cancellation is to obtain the cross correlation (by
using separate integrators which are correlating only the chip
sequences of the respective users at their respective timings)
and then update the output of the correlator by using the
cross correlation information. Thus, this method operates at the
bit level. Both these methods are equivalent analytically. The
number of operations required by both methods are the same.
The difference is that, in the former method, the received signal
itself is being updated (as signals are being cancelled) while
in the latter method the output of the correlators are being
updated. The latter method has the flexibility of performing
the added integrations (cross correlations) separately, whereas
the former method performs the additional integrations as the
users’ are decoded and cancelled successively. The advantages
and disadvantages of each method are being studied.

We shall assume for now that the received signal is being
successively updated as the strongest user is being cancelled.
We shall consider that each Rake receiver has correlators

Cancelling 1 out of 3 users
2

(a)

Alternate way of cancelling 1 out of 3 users

X—{ian}-2-um)

O Bsffer o i k
~1ms

Llati 6_) g ing the signal
multipliers)

Fig. 17. Interference cancellation and multipath combining.

in parallel for tracking each multipath. A complex Walsh-
Hadamard Transform (WHT) generates 64 coefficients for
each multipath, corresponding to the 64 possible symbols. As
can be seen from Fig. 17, for each user, each multipath that
is being tracked has a Walsh decoder. The output from the
WHT’s from each multipath are then combined coherently,
resulting in a single set of 64 coefficients. The maximum
of these 64 coefficients determines the symbol sent by that
particular user. Until this point, the receiver is the conventional
DS/CDMA receiver.

The signal of the strongest user is then decoded and regen-
erated for cancellation. Note that the process of regenerating
the signal and cancellation requires simple multipliers and
adders. The processing delay is mainly limited by the speed
of performing one Walsh-Hadamard Transform (WHT). Since
successive cancellation is involved, the possible number of
cancellations is limited by the speed of performing one WHT.
In order to ensure a regular flow of symbols at the symbol
rate R,, the speed of the WHT must be at least K - R, (where
K is the possible number of cancellations). For example, in
order to have at least 100 cancellations, the speed of the
WHT must be at least 0.16 MHz (assuming a bit rate of 9.6
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Fig. 18.  Average bit error rate versus number of active users under fading.

kb/s), i.e., each WHT should take less than 6.25 us. Thus,
the processing speed of the hardware may limit the number
of possible cancellations. The impact of limiting the number
of cancellation on the BER performance of the IC scheme is
depicted in Fig. 18. As the number of cancellations increases,
the average BER decreases. Hence, there is a tradeoff of
complexity versus performance. Faster processing implies a
higher number of allowable cancellations which implies better
BER performance.

V. CONCLUSION

Through this work, we have shown that by using a simple
successive IC scheme, one can effectively estimate and cancel
a CDMA signal and thus substantially reduce near/far effects
from a CDMA system and increase the system capacity.
The performance of the IC scheme with multipath diversity
combining was also studied. Further work needs to be done
in analyzing the processing delay involved and the practi-
cal implementation of the interference canceller as well as
sensitivities to errors (such as delay tracking and quantization).

APPENDIX

A. Noise Analysis

In (39), the thermal noise N/1,(l) is expressed as follows

where N, = . It can be shown that N1, (1) is a Gaussian
random vanable with zero mean and variance ﬁ*’— Simi-

larly, N,{fl(l) N,?fl( ), and N,?_{l(l) are also uncorrelated

Gaussian random variables with zero mean and variance %ﬁ—.
w

B. Interference Analysis

In (39), the first term is the self-interference due to a user’s
own multipaths. The second term in (39) is the multiple access
interference after h cancellations and is expressed as

-y 3 Ve

k=h+1n=1
Tt Thns I 1 I n
X / {[ah41,m (t = Thar) ok, ;(t — 77) cos(¢7)]

+ [ohrm (t = Thor)a, (= i) sin(gp)] pat. @)

The integral is the asynchronous cross correlation of random
binary sequences which can be characterized as Gaussian
random variable with zero mean and variance z3-. Therefore,
conditioned on the af, this multiple access mterference is
approximated as Gaussian random variable with zero mean
and variance

Ih+1

K
P 2 1
Var [I5,(0le}] = Y Z k(ak) [szv 3N]
k= h+2n"
- S 3 e 48)
k=h+1n=1

The self-interference [first term in (39)] is given by (49), see
below. Following similar steps, we get

N
n Poyi(of )P 1 1
[Ih+l h+1(l)|ah+1] = z —Alﬁl‘* N 3N
o
1 N
= N ; Pryi(apy)? (50)
n#l

The term I 5, as defined in (32), is also a random variable
with zero mean and variance

1 Tw+‘r12
T 47541 Var(I; 3] = Var ——/ ab .t =7)al (t —hHdt
NiLL () = / T O )t o)y T ’
h+1 2
1 N.— /(u+1)Tf+Th+1 (t) (t . )dt = 3_]VC (51)
= — n.(t)a -
2Ty = uTe+r?, ) AL ol The fourth term in (39) is
Ne=1  (ut1)To+72 h h L
1 h41
==Y / tne(t)dt (46) (Cf+CP) s =) > (CIW)+CPW) L, (52)
2Tw 0 uTC+T}%+1 =1 =1 I=1
,/Ph“ah Tu+7i
h+1 h+1 Z T /2 {[a’IIH—l,m (t - Till+1)a£+1,j(t - Tf?+1) COS(¢Z+1)]
n# Th+1
+ [a£+1,m (t - TIIL+1)Q§+1,]‘ (t—Thy1) Sin(¢2+1)] }dt (49)
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Denoting 7/ (I) = Var[C/(l)|a}], and since each multipath
that is being tracked is independent of each other, C/ (1) and
C2(1) are i.i.d random variables with zero mean and variance
0! (1). Therefore,

h

4 &
Var Z(CJ+CI-Q)I1,2 = 3—]7021-’:7){(1) (53)

=1

The last term in (39), which is the uncancelled multipath of
the users already decoded, is given by

h h N COS(d)lv)
Z(R{+RiQ) = Z Z {\/ﬁaéh,z—z—’
=1 i=1Il=L+1

M 1
+\/Ea511,2%} (54)

This term is also a random variable with zero mean and
variance

h

N
Var [Z(RHR?)] =611V S5 Pad)® 59

=1 i=11=L+1
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