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Abstract— In this paper, we consider the design and bit error
performance analysis of linear parallel interference cancellers
(LPIC) for multicarrier (MC) DS-CDMA systems. We propose
an LPIC scheme where we estimate (and cancel) the multiple
access interference (MAI) based on the soft decision outputs on
individual subcarriers, and the interference cancelled outputs
on different subcarriers are combined to form the final decision
statistic. We scale the MAI estimate on individual subcarriers
by a weight before cancellation. In order to choose these weights
optimally, we derive exact closed-form expressions for the bit
error rate (BER) at the output of different stages of the LPIC,
which we minimize to obtain the optimum weights for the differ-
ent stages. We show that the proposed BER-optimized weighted
LPIC scheme performs better than the MF detector and the
conventional LPIC scheme (where the weights are taken to be
unity), and close to the decorrelating detector.
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I. INTRODUCTION

Multicarrier approach in CDMA offers several advantages in-
cluding robustness in fading/interference, operation at lower
chip rates, etc. Because of their potential to remove multi-
ple access interference (MAI) and increase system capacity,
interference cancellation techniques applied to multicarrier
direct-sequence CDMA (MC DS-CDMA) are of interest [1]-
[4]. Multistage successive/parallel interference cancellers are
attractive owing to their implementation simplicity and good
performance [5]. The MAI estimates for these cancellers
can be obtained using the soft values of the decision statis-
tics from the previous stages, in which case the cancellers are
termed as linear cancellers [4]-[9]. Linear cancellers have the
advantages of implementation simplicity, analytical tractabil-
ity, and good performance. Here, we focus on linear parallel
interference cancellers (LPIC) for MC DS-CDMA systems.

The conventional way to realize LPIC schemes is to use un-
scaled values of the soft outputs from different users for MAI
estimation. A known problem with this conventional LPIC
(CLPIC) approach is that it can perform even worse than
the matched filter (MF) detector (where cancellation is not
done), particularly at low SNRs [6],[9]. This is because the
MALI estimates obtained using unscaled values of soft outputs
can become quite inaccurate under poor channel conditions
(e.g., low SNRs) to such an extent that it may be better not
to do cancellation. This problem can be alleviated by prop-
erly weighing (scaling) the MAI estimates before cancellation
[61,[9]. A key question in this regard is how to choose these
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weights (scaling factors) for different stages of the LPIC. For
the case of single carrier CDMA, the issue of the choice of
the weights in LPIC has been addressed in [10] for AWGN,
and in [9] for Rayleigh fading and diversity channels.

Here, we propose a weighted LPIC (WLPIC) scheme for a
MC DS-CDMA system, where we scale the MAI estimate on
individual subcarriers by a weight before cancellation. One
way to optimally choose the weights is to derive analytical
expressions for the average SIR at the output of the IC stages
as a function of the weights, and maximize these SIR expres-
sions to obtain the optimum weights for different stages, as
done in [9] for single carrier CDMA. However, for the MC
DS-CDMA scheme we consider in this paper, the instanta-
neous SIR expression at the combined output from multiple
carriers in the system is such that the unconditioning on the
fade variables to obtain the average SIR in closed-form is dif-
ficult. An alternate approach to obtain the optimum weights
can be to derive expressions for the average BER at the out-
put of each IC stage of the MC DS-CDMA system in terms of
the weights, and choose those weights that minimize this av-
erage BER. A new contribution in this paper, in this context,
is that we are able to derive exact closed-form expressions for
the average BER for different stages of the LPIC scheme for
MC DS-CDMA, which we minimize and obtain the optimum
weights for different stages. We point out that the BER analy-
sis does not resort to Gaussian approximation of the interfer-
ence. We show that the proposed BER-optimized weighted
LPIC scheme for MC DS-CDMA performs better than the
MF detector and the conventional LPIC scheme (where the
weights are unity) and close to the decorrelating detector.

II. SYSTEM MODEL

We consider a K-user synchronous multicarrier DS-CDMA
system (an asynchronous system can be considered likewise).
Figure 1 shows the transmitter of the kth user [1]. M is the
number of subcarriers, and ¢y, ;(t) is the spreading waveform
of the kth user on the ith subcarrier. The number of chips
per bit on each subcarrier is /N. The channel coefficients h,(j),
1 =1,2,---, M, are assumed to be i.i.d. complex Gaussian
r.v’s (i.e., fade amplitudes are Rayleigh distributed) with zero

mean and E[(hg})? = E[(h,%)ﬂ = 1, where hSI and

hggg are the real and imaginary parts of hg). It is assumed that
the channel is frequency non-selective on each subband and
fades are independent from one subband to the other. The
MC DS-CDMA receiver with the proposed weighted LPIC
scheme is shown in Fig. 2.
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Fig. 1. Multicarrier DS-CDMA transmitter of kth user

Lety® = ( (Z) ( ), ,y( )) where 7" denotes the trans-
pose operator, denote the K -length received signal vector on

the ¢th subcarrier; i.e., y() is the output of the kth user’s
matched filter on the ith subcarrier. Assuming that the inter-
carrier interference is negligible, the K -length received signal
vector on the ith subcarrier y(¥) can be written in the form

y® = COH®Dp 4+ n®, (1)

where C is the K x K cross-correlation matrix on the ith
subcarrier, given by

() (4)
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K2 3
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where p( ) is the correlation coefficient between the signature
waveforms of the [th and the jth users on the ith subcarrier.
HO represents the K x K channel coefficient matrix,

HO — dzag{h") hg”,~.-,h§?}. 3)
The K-length data vector b is given by
T
= [ A1by  Asb, Arbi |, 4

where Ay, denotes the transmit amplitude and b, € {+1, -1}
denotes the data bit of the kth user, and [-]7 denotes the trans-
pose operator. The K-length noise vector n(*) is given by

n® = [ (ng”))* (ng’))* (ny())* } ,

where n,(f) denotes the additive noise component of the kth
user on the ith subcarrier, which is assumed to be complex
Gaussian with zero mean with E[n,(;) (ngl))*] = 20?2 when
j = kand 202p (l) when j # k. Here, [-]* denotes the Her-
mitian operator and (+)* denotes the complex conjugate.

III. WEIGHTED LPIC SCHEME FOR MC DS-CDMA

In the proposed weighted LPIC scheme, we cancel weighted
estimates of the MAI on individual subcarriers, and the in-
terference cancelled outputs from all the subcarriers are com-
bined to form the combined decision statistic. The interfer-
ence cancellation performed on the th subcarrier in the mth
stage is explained as follows.
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Fig. 2. Multicarrier DS-CDMA receiver with weighted LPIC

A. Interference Cancellation on ith Subcarrier in Stage-m

The estimate of the MAI from the jth interfering user to the
desired user £ on the ¢th subcarrier in the mth cancellation
stage is scaled by a factor wj(l) (™) before cancellation. Specif-
ically, the estimate of the MAI from the jth interfering user
to the desired user k on the ith subcarrier in stage-m, m > 1,
is obtained by multiplying y(l) (m=1) with p( Y for all j #

k and summing them up, where y](-i) (m=1) i the jth inter-

fering user’s soft output at the (m — 1)th stage. That is,
> itk w( 0, (m)pgk)y(l) (m=1) i the weighted MAI estimate
on the zth subcarrier in stage-m for the desired user k. Ac-
cordingly, the mth stage interference cancelled output on the

ith subcarrier for the desired user k&, y( D:(m) i3 given by

y;(f)’(m) (1 (1) _

Z w(;) ,(m) () (1) (m— 1) (6)
j=1,j#k

Note that both the conventional LPIC as well as the MF de-
tector become special cases of the above weighted LPIC for
w(.g’(m) = 1,V4,5,m and w;z)’(m) = 0,V4i,j, m, respec-
tively. All the subcarrier outputs of the desired use(r a)re then

coherently combined to get the combined output, y,.

M

i=1

The bit decision at the m-th stage output is then obtained as

I;,(Cm) = sgn( ( (m))). ()

For this weighted LPIC scheme, choice of the weights w](l) (m)

can be made based on maximizing the average SIR at the
combined output or minimizing the average BER of each stage.
For the MC DS-CDMA system considered in the above, the
instantaneous SIR expression at the combined output from the
multiple carriers in the system is such that the uncondition-
ing on the fade variables to obtain the average SIR in closed-
form is difficult. However, we could derive exact closed-form
expressions for the average BER of the system which when
minimized can give optimum weights.

B. Derivation of BER Expressions

Here, we derive the average BER expressions for the 2nd and
3rd stage outputs of the weighted LPIC described above.
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1) 2nd stage output statistics and BER: From (6) and (7), the
weighted interference cancelled output of the second stage
(i.e., m = 2) for the desired user k can be written as

K
(1= D WO ()) N, ©

M

y;(f) = Agbyg Z

i=1 j=1,j#k
where
M « K
o= Y (h](:)) { > (1 —w§2’(2))Ajbjh§.i)p§.2
i=1 j=1,j#k
Z w2l meA b h(z)} (10)
j=1,j#k z;e] k

_(Q*(z)pgﬁgn;”} .ooan

M « K
Ny — Z (hl(:)) [ng) _ Z w

i=1 j=1,j#k

An

The terms I and N> in (9) represent the interference and
noise terms introduced in the 2nd stage output due to imper-
fect cancellation in using the soft output values from the first
(i.e., MF) stage. Conditioned on the desired user’s channel
coefficients, it can be seen that I and N, are independent
Gaussian r.v’s, each with mean zero. The conditional vari-
ances of I, are N5 are denoted by 0%2 and 012\,2, respectively.

Since N5 in (11) is a Gaussian r.v. with zero mean, 0]2\,2 is

M
R = E[NaN; [0, 0] = 3T P ()
1=1
where
K
2
2 _ x] _ 9.2 (4),(2) [ (%)
O’N(ig) = E[AnAn] = 20 (12ijk (pjk)
j#k

" szm @) (0 Zwm )50 ;)) (13)

L¢k J;uc
where we have used E[n,(;) (ngz))*] = 202péj), forj # k
and 202 forj = k. To derive 0%2, note that /5 in (10) can be

rearranged in the form I, = Zf\il (hg)) * 3, where

K
ﬂZAlbm;w((l_w;Q«m) () Zwm 2,06 >),<14>

1=1, l#k —
# /#kl

Since hl(i) ’s are independent complex Gaussian with zero mean
and b;’s do not affect the statistics of I, 0%2 is given by

M

1) (M) | _ (4)

Ry ey } = ZV% |2U?(,,-,12) 15
i=1

where U%(“) =F [6ﬂ*] , which can be obtained as

of, = E [12 I

(),(2) (&) (%)
Pik P

K
2 _ 2
T2 = Z 24,

I=1, I#k

K

i),(2 i
(-2 @)oi2 -3
j=1
I%k,1

(16)
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Now, the bit error analysis of the decision rule in (8) can be
carried out by conditioning with respect to the transmitted
bits and the channel coefficients. The binary coefficients cor-
responding to the transmitted other user bits can be dropped
since they do not affect the distribution of the decision vari-
able. Accordingly, the probability of error conditioned on the
channel fade coefficients of the desired user £ at the 2nd stage
output is given by

P = Pr(sgn (Re( <2))) <0 ‘ by = 1,h,§1>,...,h§€”’>). an

The above equation simplifies to

PR =QW), (18)
where Y is of the form
M
ap.¢
Y = ZA_I , (19)
ZZ 1 ;X

where, from the first term in (9) it can be seen that

K
(- 5 wee). @

J=1,j#k

i = Ak|h§j)

and that X;’s are exponential r.v’s with mean X;, given by
(since E[|h,(;)|2] =2)

K
X, = 24, (1 - Z w;Q’Q) (p;.Q)Q) , @
J=1,i#k

and ¢;’s are given by

U%um + 012\’(1,2»
X; )

Now, unconditioning (18) over X;’s the average bit error prob-

ability for user k at the 2nd stage output is

g = (22)

P = BlQ(Y)], 23)
which can be derived by using the relation [5]
1 e 2

EQY)=— [ Fy(ye ¥/ ?dy, 24

Q== [ AW o

where Fy (y) is the CDF of Y defined in (19). Hence we need

the CDF of Y in order to derive an expression for Pe(Q). We
have derived the CDF of Y to be (derivation is given in [11]):

M M
0) -X vq;
Fy (y) Z@-Za7 { |:1— Xp( _— >:|
j=1 1—1 CJ(l) Xj
X; ¢
- | ——>——= | 71 (y,q;,G,B R 25
( C;_)(l) ) 1 (ZJ qj ) } (25)
where
1 1 1
G = —, B= — —— | 26
€10) GX; 460 20
M PR—
44X,
& = — 27
i:g# 4 X — X
" X; if i=j
Gi) = XiXi(a=a) ¢ iy (28)
Qj?j—qz?i if 4 7& D
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where Erfi(x) = erf(jz)/j, j = vV/—1 and erf(z) is the stan-
dard error function defined for the real-valued .

Substituting the CDF expression (25) into (24) and carrying

out the integration, we get the expression for PP
form, as (derivation is given in [11])

M M J— —
P =% &Gy a0y |50\ =—
; ]; ! GO \2 2V X;+2g

I ESERSION Y (RS Y S R
( G ) (2 2V[Xi+2% 2%(0)},6U

where Vj(() is given by

, in closed-

V() = 1 LIJC](Z) +C2(l) 2(1;) B Cz B =0,
L+ 2t
(32)
Vi(l) = Lh- L S !
4B XJ +2q] C](l) QBCj(l)ZS 2
(m) +1
- ! )} if B # 0. 33)
(215’<j(l)z3)2 +1
where Z =, /1 — 2322(1).
J

2) 3rd stage output statistics and BER: Following similar
steps carried out for deriving the 2nd stage output statistics
and BER in the above we have derived the expressions for
X, 0'%(1,‘ . and UN( " corresponding to the the third stage

outputs. These expressions for X;, 07 and 0%, for the
3rd stage output are given in [11]. Usihg these e){pressions
the BER at the 3rd stage output can be derived similar to the
2nd stage BER derivation given before.

3) Optimum weights for 2nd and 3rd stages: As can be seen,
(31) gives the bit error rate as a function of the weights used
in the cancellation. The optimum weights for the 2nd and 3rd
stages can be obtained by numerically minimizing their cor-
responding BER expressions. For a given stage, instead of
obtaining different weights for different subcarriers and for
different users which requires considerable complexity in the
numerical optimization, we can consider the simplified case
of using the same weight for all subcarriers and for all users
G.e., w(l) (m) wk ™) /i, j), the optimization of which re-
quires rnuch less complex1ty. As we will see in the next sec-
tion, even this simplified scheme which uses the optimized

weights w,(cm) gives better performance than other detectors.
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Fig. 3. BER at the 2nd and 3rd stage outputs as a function of the weights in
the weighted LPIC scheme. M = 2, K = 10, N = 128, average SNR = 14
dB. Near-far effect: Aa/A1 = As/A1 = As /A1 = 10.

In Fig. 3, we illustrate the variation of the BER performance
at the 2nd and 3rd stage outputs as a function of the weights,

(m) for m = 2,3, for the simplified scheme for M = 2,
K 10, N = 128, SNR=14 dB, and with near-far effect
where users 2, 4, and 5 transmit with 10 times more amplitude
than the desired user 1. From Fig. 3, it can be observed that

gz)t is about 0.9 for m = 2 and about 1.15 for m = 3.
Further it can be observed that the minimum achievable BER
(corresponding to the optimum weights) is significantly better
than that of the conventional LPIC (for which w,(Cm) = 1)and

the MF detector (for which w{™ = 0).
IV. RESULTS AND DISCUSSIONS

In this section, we present numerical results of the BER per-
formance of the proposed weighted LPIC for MC DS-CDMA.
We computed the analytical BER performance for the 2nd
and 3rd stages of the weighted LPIC for different number of
subcarriers, M, and number of users K. We used random
binary sequences of length NV as the spreading sequences on
each subcarrier. In all the performance plots, N M is taken to
be 256 (i.e., the number of chips per bit on each subcarrier is
chosen such that the total system bandwidth is fixed regard-
less of the number of subcarriers used). We take the number
of subcarriers M to be 1,2, and 4. We also keep the total
transmit power to be the same irrespective of the number of
subcarriers used. BER performance is computed in near-far
scenarios where some users transmit with higher powers than
the desired user. We take user 1 as the desired user.

In Fig. 4, we present the BER performance of the desired
user at the 2nd stage output of the weighted LPIC schemes
as a function of average SNR (given by A% /0?), for M =
2, K = 5, N = 128 with near-far effect such that Ay/A; =
15, Ag/Al = 10,A4/A1 = 207A5/A1 = 25. We show
three plots for the weighted LPIC schemes, viz., 1) WLPIC-I,
which corresponds to optimizing the same weight for all users
and for all subcarriers (i.e., w,(ctﬁt), 11) WLPIC-II, which cor-
responds to optimizing the same weight for all users but dif-
ferent weights for different subcarriers, (i.e., w,(;’l’;?q)), and
194) WLPIC-III, which corresponds to optimizing different
weights for different users but same weights for all subcarri-

ers (i.e., wj( & opt) For the purpose of comparison, we also plot
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Fig. 4. BER vs average SNR performance at the 2nd stage output of the
weighted LPIC schemes-LILIII. M = 2, K =5, N = 128.

the BER performance of other detectors including the MF de-
tector, conventional LPIC and decorrelating detector.It can be
noted that in terms of optimization complexity WLPIC-III is
most complex and WLPIC-I is least complex, and in terms
of BER performance WLPIC-III is expected to perform best.
As expected, from Fig. 4, it can be observed that the WLPIC-
IIT scheme performs better than the WLPIC-II and WLPIC-I
schemes, and the performance of the WLPIC-I and WLPIC-
II schemes are very close. Even the WLPIC-I scheme, which
has the least optimization complexity among all, clearly per-
forms better than the MF detector as well as the conventional
LPIC. This is expected since in MF detector there is no can-
cellation, whereas, in conventional LPIC there is cancellation
but the weights are not optimum.

In Fig. 5, we plot the BER performance of the WLPIC-I
scheme at the 2nd and 3rd stage outputs for M = 2, K =
16, N = 128 with near-far effect such that A /4, = A4/A; =
As/A; = 10. It can be seen that the performance at the 3rd
stage output of the WLPIC-I scheme is quite close to that of
the decorrelating detector. We have also evaluated the BER
performance through simulations and compared with the ana-
lytical results. The analytical and simulation results matched
as there are no approximations involved in the analysis. Fig-
ure 6 shows the performance of the WLPIC-I scheme and
the decorrelating detector for different number of subcarriers,
M =1,2,4 for NM = 256, average SNR=10 dB with near-
far effect. The performance of M = 4 is better than M = 2
and M = 1 because of frequency diversity effect. Again, the
performance of the WLPIC-I scheme is close to that of the
decorrelating detector.

V. CONCLUSIONS

We presented the design and BER analysis of a weighted
LPIC scheme for multicarrier DS-CDMA systems. In the
proposed scheme, partial multiuser interference is cancelled
at each stage, which is controlled by a weight that is opti-
mized based on minimizing the bit error rate per stage. The
bit error rate at each stage is computed based on an exact
closed-form formula, which has relatively low complexity.
We showed that the proposed BER-optimized wighted LPIC
scheme performs significantly better than the MF detector
and quite close to the decorrelating detector.
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