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Abstract—1In order to reduce the complexity of the mobile
receiver, we propose a prefilter model using a linear FIR pre-
filter for minimizing the Probability of Error (MPOE) in Multi-
user transmission scenario. We consider downlink transmission
and assume complete knowledge of the channel at the base
station. In order to fully utilise the knowledge available at the
transmitter, the filter weights are computed conditioned on the
transmitted bit vector sequence. This makes the computation
of the optimal coefficients linear in the number of users as
opposed to the exponential complexity otherwise. Weights of
FIR prefilter are computed by minimizing the conditional
Probability of Error (MPOE) and the Mean Square Error
(MMSE). To improve the performance further in multipath
fading environment, we consider Maximum Ratio Transmission
(MRT) beamforming at the base station. Simulation results are
provided to illustrate the performance of the proposed system
model.

1. INTRODUCTION

DS-CDMA suffers from Multiple Access Interference
(MAI) which is caused by interference among the users’
signals in multipath propagation. MAI mitigation has been
a challenging research area since the very beginning of
studies on CDMA. Yet, the frequently considered approach
of performing multi-user detection at the mobile receiver
is quite unattractive for the downlink, because it entails an
increase of complexity and power consumption at the mobile
terminals. The solution lies in transferring the work load to
the base station transmitter in the form of prefiltering. In this
paper, we explore a prefiltering scheme at the transmitter [1].
The standard single user receiver (conventional matched fil-
ter detector) is used in our model. It is evident that prefilter-
ing will be useful only if the channel variation timescales
are relatively slower than the time taken for the channel to
be estimated at the transmitter. The downlink channel can
be estimated at the transmitter by using some feedback from
the receiver [2]. Alternately, for Time Division Duplexing
(TDD) based systems estimates of the uplink channel can
also be used as the channel parameters for the downlink
channel. Since the prefiltering is done jointly for all users,
the performance of MPOE (or MMSE) based prefiltering
will not be as desired [3]. Hence in the second part of the
paper, we consider an antenna array strategy for improving
the bit error rate performance of the prefilter. The strategy to
adopt weights essentially depends on the knowledge about
the propagation channel that is available for prefiltering at
the base station. The contributions of this paper are follows:
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Fig. 1. DS-CDMA channel model for an asynchronous multipath channel
with joint transmitter prefiltering

o We improve the performance of MPOE prefilter using
MRT beamforming

A. MPOE based prefiltering

In digital communication systems the optimum prefilter
is the one which minimizes probability of symbol error at
the receiver. Moreover it is shown that MPOE based opti-
mization gives better BER performance than MMSE based
optimization [4]. In MPOE based prefiltering, the conditional
probability of error conditioned on the transmitted bit is
formulated. Conditional probability of error is formulated
since the transmitter knows the input bit and processing is
done at the transmitter. Moreover, by conditioning the filter
weights on the transmitted bits, one can design a prefilter
with linear complexity with respect to the number of users
[4]. The joint conditional probability of error of all users is
minimized at the transmitter to find the prefilter coefficients.

B. Maximum Ratio Transmission

Since the full channel knowledge is assumed at the base
station for prefiltering, we can take further advantage of this
information to enhance the performance of the receiver at
the mobile units. MRT gives a simple method of providing
full transmit antenna diversity when the channel information
is available at the transmitter [5]. Since the mobile receiver
is simple we consider only a single receiver antenna. We
found that MPOE prefilter outperforms MMSE prefilter
considerably at all SNRs and hence due to space limitations
we discuss MRT beamforming only for MPOE prefilters.

II. SIGNAL MODEL

Consider a DS-CDMA system with K number of users
as shown in Fig 1. The k' user transmits by (i) bit with
Ay, amplitude in i*" interval and the length of the signaling
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interval for each user is 7. The user k is assigned a
spreading waveform c(.) which is supported in [0, 7] and
is normalised to 1. Let s = [Sk1, Ska.....Skn| denote the
corresponding spreading sequence then,

N
1

cL(t) = — Spnrectit — (n— 1)1,

where, rect(t) is a rectangular waveform with unit amplitude

in [0, T] and N is the processing gain of the system. The

baseband signal of the k*" user in the i bit interval can

now be expressed as

( ) Akbk( )Ck(t—’LT) T <t< (’i—l— 1)T

Let z(t) denote the signal transmitted in *

ZAb

Assume that :v( ) is sampled (z[n]) at the chip period (T)
to process the signal in the preﬁlter as shown in Fig. 1,

\ﬁZAb uln]

where 8, [n] = ..;Su0s SulseosSuN—15 Su0s. We assume that
the prefilter for a particular bit period ¢ is an FIR filter
(z].][7]) of length L. The idea is to compute these filter
coefficients using MPOE and MMSE criterion. The channel
is modeled as an FIR filter of length L;, and the channel
for ut" user at 7*" bit interval is denoted as h,,[.][4].

For a narrowband flat-fading channel, a general entry of
the channel FIR filter is denoted by

halllln] = a4 = /a2 + Fe 10 B = hy ][] | 7%
where | hy[l][n] | represents the fading envelope of the
Ith coefficient of narrowband FIR channel at time instant
n between u'" user and the mobile receiver. If both «
and 3 are zero-mean, independent and normally distributed
random variables then h,[!][n] will be a zero-mean, complex,
normally distributed random variable with a fading envelope
| hy[l][n] | following a Rayleigh distribution. For non line
of sight transmission, it is common to assume all the entries
of the channel matrix as complex random variables with
Rayleigh distributed envelopes [6]. The noise (n) is assumed
to be zero mean additive white Gaussian (AWGN). The
received signal is

ru[n] = hu[n][] * x[n] * 2[][n] + nu[n]

where * denotes convolution operation. Converting r,,[n] into
a parallel stream of N samples each for processing, we get

[r[iN],...,r[iN + N —=1]]T

interval, then

ew(t —iTpi), 1T <t < (i+1)T

z[n] = z[nT.] =

ry[n] =

Mobile receiver is a simple matched filter, matched with

user’s PN sequence. The received signal corresponding to
ut? user after matched filtering is
N-1

Z Suk”[iN + k]

k=0

Yult] = sTru

N—-1 L,-1 LY—1
yuli] = [Z Suk Z hulmlli] > 2[l][52).
~ 1=0
.ZAubu[j2]§u[iN+k—m—l]] (1)
+ ) SurnuliN + k]
k=0
where
. iIN+k—m . IN+EkE—m—1
= {NJa J2 = {NJ (2)

> gives the ISI term while ) is the MAI component.
The decision statistics is given by R(y.,) = yZ.

A. Signal Model for MPOE Prefiltering

We will now derive the MPOE prefiltering algorithm. We
compute the conditional probability of error (Pg p;) at the
receiver of the u'" user for the i*" bit. The conditional mean
(pyr|B[q) and variance (05 R B[ i]) of the decision statistics of
the received signal are given as

N—1 Lp—1

=R Z Suk Z hy[m
k=0 m=0
. i z[1][j2) (Z Ayubylja)3u[iN +k —m — z})]

=0 u=1

tyr| B 1] = E(yf|Bli

where BM = b[7]7b[7 - 1]3 ceeys E(nu[]) =0 and J1, Jo are
given in (2).
N—-1 L11,71 Lz—-1
ajmgm[i] :Uur( lz Suk Z hu[m][71] Z z[l][52].
k=0 m=0 =0
K N-1
(Z Aubyljo)SufiN + k —m — l]>+ Z SukNu[tN + k] )
u=1 k=0
2

where for simplicity the variance of the channel noise is
assumed to be constant for all users [7]. Now the conditional
probability of error is

Ppipiili] = Q(WMRB[M>

N/2
The joint conditional probability of error for all users is,
Pgjli] =1

where «;s are decision regions for symbol detection. Since
both the signal vector and noise vector for all users are
independent of each other, the joint probability of error
becomes

Pg;li] =1—

The decision region for BPSK constellation, «,, for any
user u, is given by (0,00) when b,[i] = +1 and (—o0,0)

R R R
— Ply" € a1,93" € az,..., Yk € ak]

P[yf‘ € al]P[yéR € as]. ..P[yﬁ € ak]
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Fig. 2. DS-CDMA channel model for an asynchronous multipath channel
with joint transmitter prefiltering and MRT Beamforming.

when b, [7] = —1. By using the above equations, Pg; can
be written in closed form as

.

The prefilter coefficients (z[.][¢]) of length L, for each bit
interval ¢ is calculated by minimizing the above formulated
probability of error. A stochastic gradient descent approach
can now be used to find the filter coefficients as follows

a1+ 1] = a1 - oo

where £ is an appropriately chosen step-size parameter.

B. Signal model for MMSE based prefilter

At each instant of time 7 we can write the sufficient
statistic of the u!”* user as the real part of y,[i]. Thus, at every
instant of time we get a vector y¥[i] of decision statistics
for all users. Therefore the cost function for MMSE based
algorithm is

I
(]~
=
<
_l’_
o
N
<

<

. ®,

+1-2b,E(yE|B)

where J denotes the joint norm for all the users. We
follow an exactly similar optimisation framework as for the
MPOE algorithm to compute z[.|[¢] by minimizing 53‘ Bl li)-
Simulation results are provided in section IV.

I1I. MRT BEAMFORMING FOR MPOE PREFILTER

We develop an MRT beamforming for MPOE prefilter
in this section. In MRT beamforming each user will have
M antennas and each user data will be sent M times with
different weights as shown in Fig. 2. The particular user data
which is send through M different antennas will essentially
follow M different channels. The method of finding MRT

antenna weights is derived in this section. Let x(¢) denotes
the transmitted signal by the base station in i* interval then,

}:}:Ab

u=1m=1

1)y (t—1T ) wym (t),iT < t < (i+1)T

where Wy (t), v € {1,..., K} and m € {1,..., M} is the
mth MRT weight of the utl user, which is calculated at every
bit interval of time. We can concatenate the total K x M
weights of the transmitter antennas in vector format as

T
wing(t), war (1), ..., wKM(t)}

iT<t<(i+1)T

W(t) = wll(t)a wlZ(t)a ey

Assume the wireless channel between K x M/ MRT antennas
and a mobile receiver antenna is h(t) then,

T
B(t) = [ (8)s (D), s s (8), B (8o hrcns (1)
where hym(t), v € {1,... M} s
the channel coefficient between m!" antenna of u!" user
and receiver antenna, which is assumed to be constant over
one bit interval. We assume that the channel is of single
coefficient (L;, = 1) FIR filter with the coefficient is complex
Gaussian as explained in section II [5].

Let vy be the maximum eigenvector of the matrix hh’ ,
where time index is dropped for notational convenience.
That is, vy is the (unit energy) eigenvector corresponding
to maximum eigen value of hh’. For MRT beamforming,
the beamforming vector (w) which maximizes the SNR at
the receiver will be equal to vy [5, 8]. This can be interpreted
as spreading the energy of one symbol over all transmit
antennas using the maximum eigenvector as a weighting
vector. We can also think of w (=vy) as a steering or
beamforming vector that maximizes the energy transfer to
the receiver antenna. By following the same procedure and
notations as in section II the sampled transmitted signal is
given by

K} and m € {1,..,
th

K M

}:}:Ab

ulml

x[n] = z[nT] )8y [P|wym[n]  (3)

The received signal after matched filtering by using (1) and
(3) is given by

Z ( Z Sukhum .71 i [”[]2}
. Z Aubu{j2]§U[iN +k— l]wkm[jQ]
+ i SunNum[iN + k])
k=0

where ji, jo are given in (2). The conditional mean and



variance of the decision statistics are given by

M L.—1
pyrialil = E@RIBli]) = Z sukhumlin] Y 2[l][5a]-
m=1| k=0 =0
K
> Aubuja)3uliN + k = lwym o]
u=1
M N-1 2
aif\B[ﬂ [i] =var Z Z SukNum[IN + k]| |= N.ME
m=1 k=0

The probability of error at particular instant of time ¢ is

by 5
Pppplil = @ bullieygimiall] ]N’;]\[}/H

By following the same procedure in section II the joint
probability of error, PEJ- can be written in closed form as
MyR\B[i [Z]

HQ 70\/N><M/

Pg; can now be used as cost function in stochastic gradient
search to find the prefilter coefficients.

Pg;i]

IV. RESULTS AND DISCUSSIONS

Extensive simulations were carried out to calculate the
prefilter coefficients and the corresponding Bit Error Rate
(BER) for various SNRs for MPOE, MMSE prefilters and
MPOE prefilter with MRT. BPSK constellation for bits was
assumed with equal probability for bits +1 and -1. The
processing gain N was assumed to be 15 and the number of
users K was taken to be 5. Channel was assumed to be a
complex Gaussian channel as described in Section II (both
real and imaginary parts are IID Gaussian) having o value
as 0.1655 and mean as 0.5. The correlation coefficient (p)
among users’ PN sequence was assumed to be 0.23. BER
was calculated for 10,000 bits of input symbols for each
channel and BERs of 100 such channels were averaged for
each SNR. All the users were assumed to transmit with same
amplitude and SINR (Signal to Interference and Noise Ratio)
was calculated at various SNRs. Results for prefilter length,

= 5 for varying SNRs and SINRs are shown in Fig. 3
and Fig. 4 respectively. The SINRs are negative at low SNRs
since the raw SINR at receiver is less in magnitude. From the
Fig. 3 and Fig. 4 we can infer that MPOE prefilter performs
better than MMSE prefilter. We increased the number of
weights at base station for each user from 1 to 16 and the
corresponding performance plots are also shown in Fig. 3
and Fig. 4. We can also find from Fig. 3 and Fig. 4 that
BER of MPOE prefilter with MRT (even with single antenna
weight per user) is better than MPOE without MRT. The
performance improvements are quite significant at higher
SNRs. We could get better performance by increasing the
number of antenna weights per user but the cost paid is
transmitter complexity. Though we increase the number of
weights at the transmitter for each user, MRT beamforming
will not increase the transmission power at base station since

Fig. 3. BER for various SNRs

Fig. 4. BER for various SINRs

the weights are equal to maximum eigenvector which has
unit energy.
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