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Abstract—In this paper, we present and analyze the perfor-
mance of a parallel interference cancellation (PIC) scheme for
multicarrier (MC) direct-sequence code-division multiple-access
(DS-CDMA) systems. At each cancellation stage in the proposed
PIC scheme, on each subcarrier, a weighted sum of the soft
outputs of the other users in the current stage is cancelled from
the soft output of the desired user (rather than making hard
bit decisions of the other users and regenerating and canceling
the interfering signals) to form the input to the next stage.
At the last stage, the interference cancelled outputs from all
the subcarriers are maximal ratio combined (MRC) to form
the decision statistic. The scheme has the advantage of not
requiring the amplitude estimates of the other users. We derive
analytical expressions for the bit error rate (BER) at different
stages in the proposed PIC scheme on Rayleigh fading channels.
Analytical results are found to agree well with the simulation
results. The results show that the proposed PIC scheme offers
better interference suppression capability than the conventional
matched filter receiver. We also obtain bounds on the coded
BER of the proposed PIC scheme for a convolutionally coded
multicarrier DS-CDMA system where the PIC-MRC output
feeds a soft decision Viterbi decoder.

Keywords — Parallel interference cancellation, multicarrier DS-CDMA,
fading channels.

I. INTRODUCTION

Multicarrier (MC) approach offers several advantages in-
cluding robustness in fading and interference, operation at
lower chip rates and non-contiguous bandwidth operation.
Several studies have analyzed the performance of multicar-
rier DS-CDMA systems [1]-[2]. In this paper, we consider
parallel interference cancellation (PIC) for multicarrier DS-
CDMA. PIC schemes for multicarrier DS-CDMA have been
studied in [4]-[5]. These studies consider hard decision PIC
receivers, where hard bit decisions are made on the output of
the matched filters (MF), which are then is used to regenerate
and cancel the multiple access interference (MAI) in parallel.
Our contribution in this paper is that we propose and analyze
a PIC scheme which directly uses the soft output of the MFs
(rather than the hard bit decisions) for cancellation and does
not require the estimation of the amplitudes of the users.

In the proposed PIC scheme, at each cancellation stage,
on each subcarrier, a weighted sum of the soft outputs of
the other users in the current stage is subtracted from the
soft output of the desired user (rather than making hard bit
decisions of the other users and regenerating and canceling
the MAI) to form the input to the next stage. At the last stage,
the interference cancelled outputs from all the subcarriers
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are maximal ratio combined (MRC) to form the decision
statistic. We derive analytical expressions for the bit error
rate (BER) for the first and second stages in the proposed PIC
scheme on Rayleigh fading channels. Analytical results are
found to agree well with the simulation results. The proposed
PIC scheme is shown to offer better performance than the
conventional MF receiver. We also obtain bounds on the
coded BER of the proposed PIC scheme for a convolutionally
coded multicarrier DS-CDMA system where the PIC-MRC
output feeds a soft decision Viterbi decoder.

II. SYSTEM MODEL

We consider a K-user synchronous DS-CDMA system.
Each user employs a multicarrier modulator, where the
transmit data sequence multiplied by a spreading sequence
modulates M subcarriers, as shown in Fig. 1. The transmitted
signal for the kth user is given by

00 M

sp(t) = /2Eqk Z biag(t —iT) Z cos(wmt + Ok m),
3 m=1

ey

where E., is the transmitted energy-per-chip for the kth user
(assumed to be same for all users), b}:c is the transmitted bit
of the kth user, T is one bit duration, M is the number of
subcatriers, w, is the mth subcarrier frequency, 0, is the
phase of the mth subcarrier of the kth user which is uniformly
distributed over [0, 27), and ay(t) is the signature waveform
of user k, given by

1=—00

N—-1
ap(t) = > eV h(t - nMTy), @)
n=0

where c,(cn) is the spreading sequence of the kth user, NV

is the processing gain, h(t) is the impulse response of the
chip wave shaping filter assumed to satisfy the constraint
S |H(f)|?df =1, and T = NMT, where T, is one chip
duration in a single carrier (M = 1) system. The channel in
each subband is assumed to be slow-varying, flat Rayleigh
channel with transfer function Cx.m = kmexp(jlk.m)s
where {ag,.,} are iid Rayleigh random variables with
unit second moment, and {3 ,,} are ii.d uniform random
variables over [0, 27), for both user & and subcarrier m. The
received signal is given by
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k=1

T 3)
where Qkym = Opm + Brm and n,(f) is white Gaussian
noise with psd of 1g/2.

A. PIC Receiver Structure

The proposed L-stage PIC receiver for multicarrier DS-
CDMA is shown in Figs. 2, 3. Fig. 2 shows the multiuser
multistage PIC demodulator on the mth subcarrier (there are
M such demodulators, one on each subcarrier), and Fig.
3 shows the maximal ratio combining (of outputs from all
subcarriers of the kth user) and bit decision for the kth user.

III. PERFORMANCE ANALYSIS

In this section, we derive analytical expressions for the
BER at the output of the 2nd- and 3rd-stages of the PIC
receiver. The lowpass filter output of the mth subcarrier for
the kth user, Ly ., (t) = LPF{r/ (t)v/2cos(wnt + a;wn)}’ is
given by

’
O m)9gr (E=iT)+n] ()

K oo
. ’
L m (t) = E \/ Ecp E b;,ak/,mcos(ek,‘m—

k/=1 i=—o00

“4)
where

t — nMT,), 5)

N-1
awt) = Y la
n=0

(t) = LPF{nl,,, (6)V2e0s(@nt +6)}, (6)

x(t) = F7YH(f)|?, and r},(t) and n!,,,(t) are respec-
tively, () and n,,(t) after passing through the mth bandpass
filter. The power spectral density of ngym(t) is 1o /2.

Without any loss of generality, in the following we analyze
the system decision for the ith bit of the kth user. Let Z ,(CJ T)n(z)
denote the soft output of the ith bit of the kth user (kK =
1,2,---,K) on the mth subcarrier (m = 1,2,---, M) of
the jth stage (j = 1,2,---, L) of the PIC receiver. The soft
output of the ith bit of the kth user on the mth subcarrier of
the 1st stage, Z,?T)n(z), is given by

N—
1 77.
Z\) () = NE A" L (iT +nMT,).  (7)

The output Z ( ) consists of the desired signal component,
MATI and noise components, and can be written as

zN (i) =

)
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where

Sk:;m (Z> = vV Eck b’]Lg Ak.om (9)
, 1 . .
Iem(i) = 5 D Vekm() oy +nm(i)  (10)
k' #k
Vikm(1) = Sprm(3) cos(G;,)m —Opm) (11)
On = ch)Zc z((n —n')YMT,)(12)
n=0 n'=
1 N—
nem()) = Z WGT +nMT.),  (13)
n=0

and the variance of ny, ,,,(4) is 19/2N.

A. 2nd Stage Output Statistics of the m-th Subcarrier

The soft outputs from the Ist stage, Z,(len (¢), are fed as
input to the 2nd stage where cancellation is performed. The
objective of the interference cancellation is to estimate the
MALI of the kth user in parallel and cancel the estimate from
the kth user’s total signal. It is noted that, from (10), we
can compute the MAI as long as we have the knowledge of
Viekeom(2) and py,.. Given the knowledge of the spreading
sequences of all the users, p,;, can be determined. Thus
the problem to estimate the MAI of the kth user is to find
an accurate enough estimate of Vk/kym(i). An estimate of
Vierke,m (7), though imperfect, may be obtained by multiplying
Z,(C})m(z) by a factor Gg,?m, ie

ek (i) = 20, () G, (14)
where chl,?m is given by
1 / ’
G,(C%?m =5 c08(01s 1 = O m) PR/ k- (15)

Using the approximate estimate of Vi (i) in (14), the
interference cancelled output of the 2nd stage, Z ](c 7)n( ), can

be obtained as
K
Z Vk’k,m(i)~
k=1, k'+k

72

D@ = 2z 6) - (16)

Note that in the cancellation process, the kth user signal
component remains unaltered whereas the interference com-
ponent is altered. The statistics of the interference and noise
terms at the 2nd stage output is of interest. Eqn. (16) can be
written as

22 (i) = /B, b, agom + W2 (i), (17)
where
1 K
W@ = nem(@) =5 D €080 m = Oin) purielim (0):
k'=1,k'#k

(18)
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For large K, Ij (i) can be approximated as a Gaussian
r.v. with zero mean and variance

) Eey, 1o
Varilm(@) = 3 5 gt + 12
K £k

19)

Therefore, the variance of the interference and noise at the
2nd stage output for the kth user, 77,227)71, can be obtained as

K
2 o 1 )
Tom=on t 2 gyl Varllem@) Q)

k'=1,k'£k

B. 3rd Stage Output Statistics of the m-th Subcarrier

In the 3rd stage, we essentially try to cancel the interference
caused by the ’imperfect’ cancellation in the 2nd stage. As
we did in the 2nd stage cancellation, here also we obtain
an imperfect estimate of the interference term and use it
in the cancellation. Further, in the 3rd stage cancellation
this estimate must be added (not subtracted) to the previous
stage output in order to the cancel the negative imperfect
cancellation term introduced in the 2nd stage cancellation.
Accordingly, the interference cancelled output of the kth user
at the 3rd stage, Z 1237)71(1) can be written as

+—j£: z7 (i)

k'=1

= VEu b am + W) (i),

z3 @) = zZ2) G2 @) @D

The variance of the interference and noise at the 3rd
stage output for the kth user, 7723

) s oi by n®  —

m’ given by nk,m -
Var{W(3 i)} = E{W ) )}2 and can be obtained using
the Gauss1an approx1mat10n

C. Maximal Ratio Combining and BER

The last stage (stage-L) outputs of the M subcarrier
demodulators of the kth user are maximal ratio combined and
a hard bit decision is made on the combined output a shown
in Fig. 3. If we assume perfect knowledge of the channel
fading gain of the kth user, the output of the PIC followed
by the MRC is given by

M
Zy = Z Ik,m Z;E,L%,
m=1

where, in order to maximize the signal-to-noise ratio [3], we

(22)

/0 QW) iy () 24)

a closed-form solution of which can be obtained as [3]

M-1

1 M M—-1+k m
po= [30-m] z_jo( . ) [5a+m]" 09
where p = % and 7 is the average SNR per subcarrier.

D. Coded PIC Scheme

Now, we extend the proposed PIC scheme to a convo-
lutionally coded multicarrier DS-CDMA system and study
its performance. We consider a convolutionally coded mul-
ticarrier DS-CDMA system, where the user data bits are
input to a rate-1/R convolutional encoder which generates
R coded symbols for each data bit. The output code symbols
are interleaved and serial-to-parallel converted such that the
R parallel code symbols may be transmitted simultaneously.
Then, each of the R code symbols multiplied by the user-
specific spreading sequence modulates M subcarriers, which
results in RM subcarriers.

The PIC receiver for the above coded multicarrier system
employs a bank of RM PIC demodulators Note that in the
symbol demapper, a total of RM subcarriers are remapped
into R subcarrier groups, and each group consists of M
subcarriers which carries the same code symbol. In the
demapper, the outputs from subcarriers which carry the same
code symbol are combined. The output of the demapper
is parallel-to-serial converted, and deinterleaved. The output
of the deinterleaver is then fed to the soft decision Viterbi
decoder.

The cancellation process in the L-stage PIC demodulator
is the same as that for the uncoded system shown in Figs.
2(a),(b), except that code symbols are considered here instead
of uncoded data bits. Also, the MRC and hard bit decision
as shown in Fig. 2(c) are not performed here. Instead, the
RM soft outputs corresponding to the RM subcarriers at
the last cancellation stage is fed to the demapper, where the
outputs from subcarriers which carry the same code symbol
are combined as follows:

S w200,

me{A,}

(26)

where Z}'(i), n =1,---,
sponding to the nth convolutionally coded symbol, {A,,} =

R, is the demapper output corre-

set gim to be {n,n+R,...,n+(M—1)R} represents the set of subcarriers
E{Z ,gL721|ak7m} which carry the nth coded symbol.
Gleym = Var { ZIEL%‘O"WTL} ) (23) Let the data block length be P bits. The soft outputs
’ from the demapper/deinterleaver, Z(i), n = 1,---,R, i =
The average bit-error probability is then given by 1,---, P are fed as input to the soft decision Viterbi decoder.
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Suppose the decoder chooses that path which has the maxi-
mum path metric, where the branch metrics, ul(-r), and path
metrics of the rth path, U, respectively, are defined as

R
W= 70

n=1

P
and UO =340 @)
1=1

where dSi represents the nth coded symbol of the rth trellis
path at time index i, then, with sufficient interleaving of
the coded symbols, an upper bound on the coded BER
performance can be obtained using the transfer function of
the convolutional code used, as [2]

_ dT(Dy,... Das, B)
dB

P, (28)

B=L.Dn=]1,c(a,) TF70

_ A (L) .
where 5, = E;/2n, ", and T(D1, Da, ..., Dy, B) is the
transfer function of the convolutional code used.

IV. PERFORMANCE RESULTS

In this section, we present the numerical results of the
bit error rate performance of the proposed PIC receiver for
multicarrier DS-CDMA, both for the uncoded as well as
coded schemes. We have assumed perfect channel estimation
at the receiver. We compare the BER performance at various
stages of the PIC (i.e., L = 1,2, 3). Fig. 4 shows the BER
performance of the PIC receiver as a function of the number
of users (K), at various stages of the PIC (L = 1, 2, 3) for the
uncoded system. The figure shows the plots corresponding
to both the analytical results evaluated through Eqn. (295),
as well as the results obtained through bit error simulations.
In the simulations, random binary sequences are used for
spreading. From Fig. 4, we observe that the proposed PIC
receiver with 2 stages (L = 2) gives significant improvement
in the BER performance compared to the conventional MF-
MRC receiver (i.e., L = 1). This improvement is further
enhanced when one more additional stage of cancellation
(L = 3) is used.

Fig. 5 compares the BER performance of the uncoded
system for different values of the number of subcarriers (M)
and processing gains (N), at the 2nd (L = 2) and 3rd
(L = 3) stages of the PIC. As expected, for a given number
of PIC stages, the performance improves as the number of
subcarriers is increased, because of the frequency diversity
benefit offered by the multicarrier approach.

The BER performance of the PIC for the convolutionally
coded system is shown in Figs. 6 and 7. In Fig. 6, upper
bounds on the coded BER evaluated from Eqn. (28) are
plotted for rate 1/2,1/4, and 1/8 convolutional codes (i.e.,
R = 2,4,8) and different number of subcarriers (M =
2,4,8) . Three different systems all having same system
bandwidth with a total number of 8 subcarriers (i.e, RM =
8), but with different combinations of R and M, namely
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(R=2M =4, R =4M = 2)and (R = 8§ M =
1), are considered. For all these three systems, the BER
performance at various stages of the PIC (L = 1,2,3) are
also shown. It is observed that for all the three coded systems,
the proposed PIC receiver provides significantly improved
BER performance compared to the conventional MF-MRC
(L = 1) receiver. Also, for a given number of PIC stages,
the performance of the (R = 2, M = 4), (R =4, M = 2)
and (R = 8, M = 1) systems are similar, with the lowest rate
code (R = 8, M = 1) system performing slightly better. A
larger M implies a smaller R to keep the system bandwidth
constant, where the frequency diversity benefit is more (due
to large M) but the time diversity benefit due to a high
rate code (i.e., small R) is less. On the other hand, a low
rate code (large R) implies more time diversity benefit and
less frequency gain (due to small M). Thus, to achieve a
desired performance in a given system bandwidth, Fig. 6
points to a possible complexity tradeoff between systems
having different values of R and M.

In Fig. 7, the theoretical upper bounds on coded BER are
compared with simulation BER results for various stages of
cancellation for R =2, M =1, N = 32, and E;/ny = 15
dB. The analytical results are found to reasonably agree with
the simulation results. Thus, the proposed PIC receiver effec-
tively cancels the MAI and improves the BER performance
both in uncoded and coded systems.

V. CONCLUSION

We presented and analyzed the performance of a parallel
interference cancellation (PIC) scheme for multicarrier DS-
CDMA systems. The scheme has the advantage of not requir-
ing the amplitude estimates of the other users. We derived
analytical expressions for the bit error rate (BER) at different
stages in the proposed PIC scheme on Rayleigh fading
channels, both for uncoded as well as convolutionally coded
systems. Analytical results were shown to agree well with the
simulation results. The proposed PIC receiver was shown to
effectively cancel the MAI and significantly improve the BER
performance compared to conventional MF-MRC receiver,
both for uncoded as well as coded systems.
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