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Abstract—In this paper, we obtain closed-form expressions for
the bit error rate (BER) of conventional linear parallel inter-
ference canceller (LPIC), where the interference from all other
users are estimated and cancelled on Rayleigh fading and di-
versity channels. We also propose an improved LPIC scheme
which cancels the interference from only those users whose in-
stantaneous SNRs exceed a certain threshold on Rayleigh fad-
ing channels. We obtain the optimum threshold by optimizing
an approximate expression for the SIR at the canceller output.
We show that the proposed threshold-based LPIC scheme per-
forms better than the matched filter (MF) detector as well as the
conventional LPIC scheme.

Keywords — Parallel interference cancellation, linear PIC, fading chan-

nels.

I. INTRODUCTION

Parallel interference cancellation (PIC) is a multiuser detec-
tion scheme where a desired user’s decision statistic is ob-
tained by subtracting an estimate of the multiple access inter-
ference (MAI) from the received signal [1],[2]. PIC lends it-
self to a multistage implementation where the decision statis-
tics of the users from the previous stage are used to estimate
and cancel the MAI in the current stage, and a final decision
statistic is obtained at the last stage of the PIC. When an esti-
mate of the MAI is obtained from the hard bit decisions from
the previous stage, it is called non-linear PIC, which is also
termed as ‘Hard-decision PIC’ (HPIC). The multistage PIC
scheme originally proposed by Varanasi and Aazhang in [3]
and several other schemes considered in the literature (e.g.,
[4]) are of this type. On the other hand, MAI estimates can be
obtained using the soft values of the decision statistics from
the previous stage, in which case the PIC is termed as linear
PIC (LPIC) [5],[6]. A comparison between the performance
of HPIC and LPIC is presented in [5], where, based on a com-
parison between the mean-square error (MSE) of the MAI
estimators, it has been shown that HPIC provides a superior
MALI estimator than LPIC. However, there is significant inter-
est in LPIC due to its simplicity in implementation, analytical
tractability, and good performance under certain conditions

[5]-[71.

It has been also shown that when the accuracy of the MAI es-
timates is poor (e.g., due to poor channel/SIR conditions), the
performance of PIC can become worse than the matched filter
(MF) detector where MAI cancellation is not performed [5].
In [7], a multistage weighted cancellation scheme has been
proposed for both linear as well as non-linear PIC. In [8], the
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performance of the non-linear PIC scheme in [7] has been an-
alyzed on fading channels using Gaussian approximation of
the interference. In this paper, we are concerned with linear
PIC schemes on fading channels.

Our contributions in this paper are two-fold; first we obtain
closed-form expressions for the bit error rate (BER) of con-
ventional linear PIC, where the interference from all other
users are estimated and cancelled on flat Rayleigh fading as
well as diversity channels, and second we propose an im-
proved linear PIC scheme which cancels the interference from
only those users whose instantaneous SNRs exceed a certain
threshold on Rayleigh fading channels. We obtain the opti-
mum threshold by optimizing an approximate expression for
the SIR at the canceller output. We show that the proposed
threshold-based LPIC scheme performs better than the MF
detector as well as the conventional LPIC scheme.

The rest of the paper is organized as follows. Section II
presents the system model. Section III presents the BER anal-
ysis for the conventional LPIC scheme on fading and diver-
sity channels. Section IV presents the proposed threshold-
based LPIC scheme and the optimum thresholds. Section V
presents the performance results and discussions. Conclu-
sions are given in Section VI.

II. SYSTEM MODEL

Consider a K -user synchronous CDMA system where the re-
ceived signal is given by

K
y(t) = ZAkhkkak(t) + Tl(t),

k=1

tel0,7], (@)

where by, € {+1,—1} is the bit transmitted by the kth user,
T is one bit duration, Ay, is the transmit amplitude of the kth
user’s signal, hj is the complex channel fade coefficient cor-
responding to the kth user, sy (¢) is the unit energy spreading
waveform of the kth user defined in the interval [0, 7], i.e.,
fOT s3(t)dt = 1, and n(t) is the white Gaussian noise with
zero mean and variance o2. The fade coefficients hj’s are
assumed to be i.i.d complex Gaussian r.v’s (i.e., fade ampli-
tudes are Rayleigh distributed) with zero mean and E[h?] =
E[h?Q] = 1, where hy; and hyq are the real and imaginary
parts of hj. The channel fade is assumed to remain constant
over one bit interval.

We consider a two-stage LPIC at the receiver. The first stage
is a conventional MF detector, which is a bank of K correla-
tors, each matched to a different user’s spreading waveform.



The received vector y(1) at the output of the MF stage (the
superscript (1) in y(!) denotes the first stage) is given by

y(l) = |:y§1)7 yél)7 e 7yg):| ) (2)
where y,(cl) is the kth user MF output, given by
K
y]gl) = Aphib + Z pjkAjhjbj + ng, 3)
J=1,j#k

where p;i, is the cross-correlation between the jth and kth
users’ spreading waveforms, given by p;;, = fOT s (t)sk(t)dt,
and ny,’s are complex Gaussian with zero mean and E[n;nj| =
20% when j = k and E[n;jn}] = 202p;; when j # k. The
received vector y(!) (without hard decision) is used for MAI
estimation and cancellation in the second stage.

In the second stage, we consider two different cancellation
schemes. The first scheme is the conventional LPIC, where
the interference from all the users is estimated and cancelled.
The second scheme is our proposed threshold-based LPIC,
where only those users whose instantaneous SNRs exceed a
certain threshold are cancelled.

III. BER OF CONVENTIONAL LPIC

In the conventional LPIC, the interference from all other users
are estimated and cancelled, i.e., the MAI estimate for the kth
user is obtained by multiplying y]m with p;, forall j # k and

summing them up, i.e., Zj;ék pjky§1) is the MAI estimate for
user k. Accordingly, the bit decision for the kth user after
interference cancellation in the second stage is given by

K

b = sgn|Re (hz (yz(:) - > ijyy(‘l))> (4)
J=1j#k

The interference cancelled output of the second stage for the

(2)

kth user, ,”, can be written as

K
2 1 1
o= = Y
J=1,j#k
K
= Aphgby | 1— Z p?k — Iy + No, (5)
j=1,j#k
where
K K
L = Y oy piAshibi, (6)
j=1,j#k =1
i#j, k
K
Ny = ng— Z Pk (N
j=1,j#k

The terms I and N> in (5) represent the interference and
noise terms introduced due to the imperfect cancellation that

results in using the soft output values from the MF stage for
MALI estimation. It is noted that both Ny and I are linear
combinations of Gaussian r.v’s with zero mean. The variance
of I, 07, is given by

K K K
of, = Z Z Z A7 pikpukpispits (3)
i=1 j=1 I=1

itk j#ik 1#ik

and the variance of N, (712\,2, is given by

K K K
oRy = 1=+ DY pwppii |- 9
j=1 i=1 j=1

i#k itk j;k,i
The average SIR for the kth user at the output of the second
stage, ST R,(f), is then given by

72

A3 (1 -k p? )2
k j=1,j#k Fjk
STRY - =137k "] .

2 2
o7, + 0oy,

(10)

The probability of bit error for the kth user at the output of
the second stage, P,52), can be obtained as

Y

Suppose we consider diversity with L i.i.d receive antenna
paths. The cancellation is done on each path and the resulting
outputs are coherently combined. Accordingly, the bit deci-
sion for the kth user at the output of the second stage is given
by

L
b = sen (Re(Z(hL)*yf”)), (12)

=1

where R}, denotes the kth user’s complex channel coefficient

on the [th receive antenna path, and y,(f)l denotes the kth
user’s interference cancelled output of the second stage on
the [th receive antenna path, given by

K
1
Z ijyj(» x,

J=1,j7#k

gt o=y (13)

On each receive antenna path, the expressions for the vari-
ances due to interference, 0%2, and due to noise, 012\,2, remain
the same as those for the flat fading case given before. The
probability of bit error for the kth user with L-path receive
diversity can be obtained as [1]

——=(2) L-1
1 1 | SIR 12.---.2n -1
P;£2)=5*5 ——— 1+Z—(—(2))” » (14)
o i ni2n(1+STR,)

where SIR,(CQ) is defined as (10).



IV. THRESHOLD-BASED LPIC

The conventional LPIC analyzed above performs worse than
the MF detector when the reliability of the MAI estimates
is poor (as we will see in Sec. V). Here, we propose that
by doing selective cancellation, i.e., cancel only those users
whose instantaneous received SNRs exceed a certain thresh-
old on fading channels, the performance of the PIC can be
improved. This threshold-based cancellation is applicable to
both LPIC as well as HPIC. In the following, we consider
threshold-based cancellation for LPIC. A key question in this
system is how to choose the optimum threshold. We pro-
pose two methods for choosing the threshold. For the case of
equi-correlated users, we obtain the threshold by optimizing
an approximate expression for the SIR at the canceller output.
For the case of non-equi-correlated users, we optimize an ap-
proximate expression for the mean square error of the MAI
estimator.

Consider the equi-correlated case where p;, = p, Vj, k, j #
k. For this case, we first derive an expression for the average
number of users, n,, whose received SNRs exceed a certain
threshold, v. We then use n, to write an approximate SIR
expression which we optimize to obtain the optimum thresh-
old. Let the transmit amplitudes of all the users be the same,
ie., A; = Ay = --- Ag = A. Let the instantaneous SNR of
the jth user be denoted by 3;, given by §; = A‘—hl The
probability that the first n out of K —1 users’ (i.e. users other
than the desired user k) received SNRs cross the threshold v
is given by

p = Pr(Br>v,--,0n >“Y Brt1 <7y, Br <)
:HPr Bi >7)- HPr (Bi <), (15)
i i
since the r.v’s hy,ho, -+, hg_1,hk+1, -+, hx are indepen-
dent. Also, since |h1|?,- -+, |hr_1|? |hrs1l?, -, |hi|? are

i.i.d chi-square distributed, the above can be written as

o2 n o K—1-n
<e w) <1e zAz) . (16)

o2
Letb = ¢ 2a2. Considering all possible combinations of
K — 1 users, the probability that n out of K — 1 users’ SNRs

cross the threshold -y is
K -1
( . )b”(l R ¢ )

The average number of users crossing the threshold is then
given by

p:

pm; K —1) =

K—-1
ananl
n=0

—1)b. (18)

Bl

Now considering n, equi-correlated users being cancelled
at the second stage, the cancelled output is given by yi —

K =50, p=0.05, SNR = 10.4dB|

Average SIR (dB)

L L
[} 50 100 150

Threshold, y

Fig. 1. Average SIR at the canceller output as a function of the threshold ~.
K =50, p =0.05, SNR = 10.4 dB.

pZi‘(:l y;, where S denotes the set of the n, users can-
JjES

celled. The interference variance 67, of the cancelled out-

put is approximately 67, = A?p*(n, — 1)?n, + A%(p —
p2na)2(K - 1 - na) and the noise variance 63, is given
by 6%, = — p*nq0? + p2o*ng(ng, — 1). An approxi-
mate expression for the average SIR at the canceller output
can then be written as

2 22

SIR = M (19)
o7, + 0%,

The average SIR as a function of the threshold v for K =
50, p = 0.05, and SNR = 2 = 10.4 dB is shown in Fig.
1. Differentiating (19) wrto n, and equating to zero, the
optimum value of n,, n n°Pt, can be obtained as

a

U(K,p,o0)
opt — ! 2
" T Koo o

where Uy (K, p,0) = A% — 0%(1 — p) + 2pA%(K — 1) —
p?A%2(2K —1),and Us(K, p,0) = p* A2 —2p3 A2(K — 1) +
p?A2(2K —7) +4pA? — 02 (p® + p? — 2p). Substituting the
value of n%" in (18), the optimum value of ~ can be found
for the given channel conditions.

It is noted that both the MF detector as well as the conven-
tional LPIC can be viewed as special cases of the proposed
scheme corresponding to v = oo (none of the users get can-
celled) and v = 0 (all users get cancelled), respectively. Also,
by substituting n, = K — 1, (19) reduces to the SIR expres-
sion in (10) corresponding to the conventional LPIC, and by
substituting n, = 0 it reduces to the SIR expression corre-
sponding to the MF detector in [1].

Next consider the non-equi-correlated case. Let the kth user
be the desired user. We are interested in writing an optimiz-
ing function for the interfering user j to obtain the threshold
value «y; for the user j. For this, we take the mean square
error (MSE) expression for the jth user in a conventional
LPIC scheme [5] and modify it as follows. Let X; denote

AZlny
the event ——

< v, (ie., user j is not cancelled with



2 2
probability p(X;)), and X denote the event |—7| > v,

(i.e., user j is cancelled with probability P(X; )) Note that
vj02

P(X;)=e

. Now, consider the function Z; given by

K
Z; = P( ’ij > Aihibipi +ijnj‘2 ‘73
orep
+ POG)E[ A2 0% | X, @1

where the first term accounts for the MSE of the jth user’s
MALI estimator when user j is cancelled, and the second term
accounts for the interference introduced by the jth user when
he is not cancelled. The first conditional expectation in the
above can be found by averaging |h;|? using the conditional
distribution f(|h;|?| X;). The second expectation can be
found by noting that the terms involved are independent of
the event X;. The Z; can then be written as

K
P D 24707 + 2p30°

i=1
i#k,j

Zj = P(X;)

- 7,0*P(X})). 22

which can be optimized to obtain the threshold ~y;. Alter-
nately, we can optimize the following function Z which in-
cludes additional cross-terms that make the sum of Z;’s when
7y; is zero close to the conventional LPIC 1nterference vari-
ance

Z; = P(X;) | pi Z 247 p7%; + 2p%0°
1?5’61
K K
+ 2pj P(X;) Z Z A? puepijpi
ik g

+ A2, (2 2P(X;) - 7,0°P(X))). 23)
For the case of diversity channels, the above optimization can
be carried out on the individual fading paths.

V. PERFORMANCE RESULTS

In Fig. 2, we plot the bit error rate as a function of the num-
ber of users, K, for a) the MF detector, b) the conventional
LPIC, and c) the proposed threshold-based LPIC, for the case
of equi-correlated users with p = 0.05 at an SNR of 10.4
dB on flat Rayleigh fading channels (L = 1). While the
performance curves for the conventional LPIC and the MF
detector are obtained from analytical expressions (Eqn. (11)
for the conventional LPIC and Eqn. (3.135) in [1] for the
MF detector) , the performance curve for the threshold-based
LPIC is obtained through simulations. We have also verified
the analytical plots for the conventional LPIC and the MF
detector with simulation results and found the analysis and
simulation results to agree very well (since the BER expres-
sions are exact and no approximation is involved). The ~ that

SNR=104dB,L=1,p=005
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2
4
o
g
4 ) 7
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Fig. 2. Comparison of the BER performance of the threshold-based LPIC

scheme with that of the MF detector and the conventional LPIC on flat
Rayleigh fading (L = 1). Equi-correlated users with p = 0.05. SNR =
10.4 dB.

maximizes the output SIR in (19) is chosen as the optimum
threshold for the proposed scheme.

As mentioned earlier, from Fig. 1 we observe that the conven-
tional LPIC performs worse than the MF detector when K is
large (i.e., inaccurate MAI estimates due to poor SIR condi-
tion), whereas it performs better than the MF detector when
K is small. It is also observed that the proposed threshold-
based LPIC performs better than both the MF detector as well
as the conventional LPIC. This is because users with possibly
very inaccurate MAI estimates (such users identified by their
instantaneous SNRs falling below the optimum threshold) are
not cancelled in the proposed scheme. As pointed out earlier,
the MF detector and the conventional LPIC can be viewed
as special cases corresponding to v = oo and 7 = 0, re-
spectively, whereas the proposed scheme uses the optimum
~ which maximizes the output SIR and hence performs bet-
ter than both the MF and the conventional LPIC. Figure 3
shows a similar performance comparison on diversity chan-
nels with two independent fading paths (L = 2). Figure 4
shows the BER versus SNR performance comparison of the
three schemes for 8 equi-correlated users with p = 0.125. We
observe that the proposed LPIC scheme performs better than
the MF detector and the conventional LPIC.

Figures 5 and 6 illustrate performance of the proposed scheme
for the non-equi-correlated users case on flat fading (L = 1)
and diversity channels (L = 2), respectively, at an SNR of
10.4 dB. Random spreading sequences of processing gain of
32 are used. The optimum threshold for each user is ob-
tained by optimizing (23). In the simulations, a near-far sce-
nario is considered with users 2, 4, and 5 transmitting with 10
times more amplitude than the desired user 1 (i.e., A2/A; =
Ay/A; = As/A; = 10) and the remaining users transmit
with the same amplitude as the desired user. It is observed
that in the presence of near-far effect, the MF detector per-
forms worse than the conventional LPIC in the range of num-
ber of users considered. However, the proposed threshold-
based LPIC scheme clearly outperforms both the MF detector
as well as the conventional LPIC.
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Fig. 3. Comparison of the BER performance of the threshold-based LPIC

scheme with that of the MF detector and conventional LPIC on diversity
channels (L = 2). Equi-correlated users with p = 0.05. SNR = 10.4 dB.
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Fig. 4. BER versus SNR performance of the threshold-based LPIC, the
conventional LPIC, and the MF detector on diversity channels (L = 2). 8
equi-correlated users with p = 0.125.
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Fig. 5. Comparison of the BER performance of the threshold-based LPIC
scheme with that of the MF detector and conventional LPIC on flat fading
channels (L = 1). Non-equi-correlated users. SNR = 10.4 dB. Processing
gain = 32. Random spreading sequences. Users 2, 4, 5 transmit with 10 times
more amplitude than the other users.

—&- Threshold-based LPIC
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Fig. 6. Comparison of the BER performance of the threshold-based LPIC
scheme with that of the MF detector and conventional LPIC on diversity
channels (L = 2). Non-equi-correlated users. SNR = 10.4 dB. Processing
gain = 32. Random spreading sequences. Users 2, 4, 5 transmit with 10 times
more amplitude than the other users.

VI. CONCLUSION

The contributions in this paper were twofold; first, we ob-
tained closed-form expressions for the BER of conventional
LPIC, where the interference from all other users are esti-
mated and cancelled on Rayleigh fading and diversity chan-
nels, and second, we also proposed an improved LPIC scheme
which cancels the interference from only those users whose
instantaneous SNRs exceed a certain threshold on Rayleigh
fading channels. The optimum threshold was obtained by
optimizing an approximate SIR expression at the canceller
output. We showed that the proposed threshold-based LPIC
scheme performs better than the matched filter detector as
well as the conventional LPIC scheme.
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