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SUMMARY
In this paper, the microstatistic multi-user detection receiver (MSF-MUD) will be introduced. The output of the MSF-
MUD is taken as the sign of the multi-channel non-linear transformation of the output of a bank of matched filters (BMF). In
the case of the MSF-MUD, this transformation is done by multi-channel conventional microstatistic filter (M-CMF). Because
the M-CMF theory has not been available, a method of the time-invariant M-CMF design is developed in this paper, too.
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1. INTRODUCTION

Multi-user detection (MUD) refers to the process
of demodulating one or more user data streams from
a non-orthogonal multiplex [1]. Here, the great work
has been done especially for the development of
receivers using MUD principle (so called MUD
receivers) for the transmission systems based on
code-division multiple access principle (CDMA).
The possibility of the development of optimum
MUD receivers providing maximum likelihood
sequence detection [2] was the motivation for that
work. The key algorithmic structure of the optimum
MUD receivers is that of the BMF followed by the
Viterbi decision algorithm. The performance gains
of the optimum receiver are achieved by centralized
implementation, which involves a high degree of
complexity. For practical systems, implementation
complexity needs to be reduced to a reasonable level
even if the performance is degraded from the
optimum one. Following this idea, a number of
suboptimum receivers have been proposed (e.g. [2,
3]). The most of these replace Viterbi decision
algorithm with a reduced complexity algorithm.
Here, non-linear single-stage MUD receivers (NSS-
MUD) represent an interesting group of the
suboptimum receivers. The NSS-MUD techniques
include e.g. neural network receiver and Volterra
filter receiver [4,5]. The output of the NSS-MUD is
taken as the sign of the non-linear transformation of
the output of the BMF. From the point of view of the
signal  processing  theory, the  non-linear
transformation given by neural network or Volterra
filter can be understood as multi-channel non-linear
filtering. In spite of the fact, that the complexity of
the NSS-MUD is smaller then that of the optimum
receiver, the complexity of the NSS-MUD based on
neural network or Volterra filter is still relatively
high.

With regard to these facts, it should be useful to
propose another multi-channel non-linear filter in
order to replace Viterbi decision algorithm. It
follows from the non-linear filter theory, that a
conventional microstatistic filter (CMF) is a
promising candidate for this application. The CMFs

belong to a group of minimum mean-square non-
linear estimators based on the estimation of a desired
signal by using a linear combination of vector
elements obtained by the threshold or radix-q
decomposition of the input signal of the filter [6-9].
The CMF can be also interpreted as the piece-wise
linear system. It has been shown in [8,9], that CMF
can outperform Wiener or Volterra filters.

The disadvantage of the CMF is the fact, that the
theory of the M-CMF has not been developed. In
order to solve this problem, the basic theory of the
M-CMF will be introduced in our paper. Firstly, the
multi-channel CMF structure based on multi-channel
Wiener filter (M-WF) will be described. Then, the
design of the time-invariant M-CMF will be
presented. By using the M-CMF, a new suboptimum
receiver called the MSF-MUD will be proposed. Its
performance properties will be demonstrated by
using computer experiments. The obtained results
will indicate that the MSF-MUD can be considered
to be a promising suboptimum CDMA receiver.

2. THE M-CMF STRUCTURE

A block scheme of the M-CMF is given in the
Fig. 1. Here, M, y(n) (iel={1,2,....,M}) and
d®(n) (ke I) are the number of the input signals,

the i-th input of the M-CMF and the k -th output
signal of the M-CMF, respectively. It can be seen
from this figure that the M-CMF consists of

M threshold decomposers (TD) and the set of M
multi-channel Wiener filters (M-WF).

The performance of the i -th TD (TD;, i€ I ) can
be described by the expressions

DO =[P (1) Y ()
Y () Y () L )
T ) Y ()]
In (1), DY[] represents the decomposition
operation of the signal y" (1) into a set of the

O =2L signals y“”(n). The connection between
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Y9 (n) and
¥y (n)=D[y"(n)] where D{"[.] denotes the

decomposition operation for the j-the level of the

Y () is  given by

TD;. In the case of the threshold decomposition, the
threshold sample y“/(n) is uniquely determined

from y(n) by

¥ ) = DY ()] =

0 for y(m) <1
() (i) W _ o (i) @)
=3y (m=L5 for LD <y (n) <l
A —l/(.’_)1 for lj(.') < y(’)(n)

J

for Yy (n) =0, I =, iel and
jeJ={12,...,L}. The threshold decomposition

for negative values is given by

3D () = Di’/) DY (n)]=

0 Jor YO (m)>19, 3)
=00 =19, for 19> ()21

li? —l£?+1 for lf’j) >y (n)
for "’ (n) <0, 19 =—0, icl and jeJ.

) ()
The parameters /" and [; (usually constant

terms) are referred as the threshold values of the TD;
[6-9]. The threshold values of the TD; are confined

RO
)

P (n)

_’ D, y(l.—L+1).(n)
)
y(Z,L)(n)
()

0

_:’ TD, YLD ()

: ¥ (n)
: O ()
D ()
¥ (n) :

_> TDy y(M,—L+1)(.n)

Yy ()

as —o=[" <. <1V <1V <. <" =,
The output signals of all TD are fed into the & -th
M-WF (M-WF,) for ke . The k -th output of the

M-CMF d®(n) is then given by the following set
of expressions:

d® () = hy, o (n)+ f d" (n) 4)
A=Y d (n) 3)
3 (m) = 3 HED (m)y (= 1) ©)

The constant term /4, , (n) (expression (4)) is

applied in the M-CMF structure in order to obtain an
unbiased M-CMF output. The output of the M-WF

fed by the outputs of the TD; (signals y"”(n) for
jeS={-L=L+l,...-2,-1,1,2,....L=1,L} are
given by d”’(n) (expression (5)). The sequence
hi1)(n) represents the parameters of a single-
channel Wiener filter fed by the signal y"/(n)
(expression (6)), which is the part of the M-WF,.

h(1,0) (n)

a}(n(n)

h(Z,O) (n)

h(M,O) (n)

Fig. 1 The multi-channel conventional microstatistic filter (M-CMF)
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3. THE OPTIMUM TIME-INVARIANT M-
CMF DESIGN

The description of the M-CMF by (1) — (6)
follows the M-CMF structure (Fig. 1) very clearly.
However, these expressions are not very suitable for
the derivation of the procedure of the optimum time-
invariant M-CMF design. Therefore, we will derive
a modified vector description of the M-CMF. It will
be shown that this approach of the M-CMF
description is very useful for the optimum M-CMF
design.

Let us define the coefficient vector H{’(n)
containing  the

leP={0,1,....,N} and the vector

coefficients  hy)(n)  for
Y(i”f)(n)
containing the input signal samples "/ (n) as

follows

HO () =[G By o B ] @)

(k1) (k,N)

YO () = [ Yy Y (=1 ... Y (- N)]T ®)

By using (7) and (8), the expression (6) can be
obtained in this form

di (n) = H{" ()Y () ©)
Now, let us define the block vector HY(n)

containing the vectors H{"”’(n) and the block vector

Y"”(n) containing the vectors Y/ (n) as follows

HY () =[ B 0. B () HE o). B ()] (10)

YO ) =[ Y (). XY () YO (). YT (n)]T (11)

Then by using (10) and (11), the expression (5)
can be obtained in this form

d’(n == (1" Y (n) (12)

Finally, let us define the vector H,(n) and the
vector Y(n) as follows

H, (1) = hy o) () HYT () HY (). .H;M)T(n)f (13)
Y(m) =[1Y" (n) Y(2>T(n)...Y<M>T(n)]T (14)

Then by using (13) and (14), the k -th output of
the M-CMF d . (n) (expression (4)) is given by

d® (n)=HL (n)Y(n)=Y" (nH, (n) (15)

It can be seen from this expression that the
responses of the M-CMF are still linear functions
with respect to the M-CMF coefficients although the
M-CMF are non-linear filters.

Let us assume that the input signals of the M-
CMF y“”(n) and the desired signals d'(n) are

stationary random processes (i,kel). Now, we

want to find the optimum vectors H,(n) ( kel ) of
the M-CMF minimizing the mean-square error
(MSE) e, (n) =d"® (n)—d™®(n) . Then the optimum
M-CMF vectors are obtained as the solution that
minimizes the cost functions

MSE(H, (n) = E[ ¢} (n) | = E[(d“‘) (n) —a?(k)(n))z} (16)

Here, E[] denotes the expectation operator.

Substituting (15) into (16), the MSE(H, (n)) can be
expressed in the form:

MSE(H, (n)) = E[d”‘)z (n)] —2H! (n)P, () +

(17)
+ H,f (m)R(n)H, (n)
where
P (n)=E[d“(n)Y(n)] for kel (18)
R(n) = E[Y' (m)Y(n)] (19)

P, (n) is the cross-correlation vector consisting of
the samples of the cross-correlation function of the
signals d*(n) and y"” (n) . The correlation matrix
R(n) consists of the samples of the correlation

function of the signals "/’ (n) . It can be shown that

under the condition of the constant threshold levels
of the TDy, MSE(H, (n))has the only extreme

represented by the global minimum. Then, taking
into account that R(n) is positive definite, it can be

found very easily from a7 that
the H' (n) corresponding to the minimum of

MSE(H, (n)) is given by
HY' (n) =R (n)P,(n) for kel (20)
and

MSE(H?" () = E[d“‘f (n)] —H”T ()P, (n) =

. @2y
= E[d" () |- R )Y ()

4. MICROSTATISTIC MULTI-USER
DETECTION RECEIVER

It follows from (20) and [6-9], that the procedure
of the time-invariant M-CMF design is similar to
that of single-channel time-invariant CMF design.
Therefore, it could be expected that the basic
performance properties of these two kinds of filters
will be also similar. The development of a new NSS-
MUD receiver based on M-CMF was our motivation
for the work done in the field of the M-CMF. With
regard to that fact and taking into account the
similarity between single- and multi-channel CMF,
we will not demonstrate the simulation results
concerning the M-CMF performance properties.
Instead of that, our afford will be concentrated into
the introduction of a new NSS-MUD receiver based
on the M-CMF.
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Fig. 2 The microstatistic multi-user detection receiver (MSF-MUD)
An optimum receiver applied in a CDMA the output of the BMF

transmission system can make decisions by selecting
the transmitted sequence to minimize the sequence
error probability. This decision type is called
maximum likelihood sequence detection [2, 3, 10].
The maximum likelihood receiver for CDMA
consists of the BMF (BMF receiver) followed by the
Viterbi decision algorithm [2, 3, 10]. The
performance gains of the optimum receiver are
achieved by its centralized implementation, which
involves a high degree of complexity. For practical
systems, implementation complexity needs to be
reduced to a reasonable level even if the
performance is degraded from the optimum one.
Following this idea, a number of suboptimum
receivers have been proposed. Most of these replace
Viterbi decision algorithm with a reduced
complexity algorithm. Some variations of receivers
of that kind include e.g. decorrelating MUD
receivers (D-MUD), linear minimum mean-square
error MUD receivers (MMSE-MUD), NSS-MUD,
etc. [2, 3, 10].

The theoretical analysis of a decision boundary
in the CDMA receivers has shown that the optimum
decision boundary is non-linear [2]. The optimum
receiver approximates this non-linear boundary
perfectly what is achieved at the expense of its high
computational complexity. On the other hand, the
NSS-MUD can approximate this non-linear
boundary well and outperform linear receiver
structures [4]. It has been our expectation, that the
application of the M-CMF could be a possible
solution for an effective approximation of the non-
linear decision boundary.

The scheme of the MSF-MUD for the M -user
base-band synchronous CDMA transmission system
is given in the Fig. 2. The i -th matched filter (MF-i)
of the BMF is matched to the i-th signature
waveforms based on the i-th Gold sequence. The
parameter 7, given in the Fig. 2 represents the
inverse of the data rate. It can be identified from the
Fig. 2, that the MSF-MUD is obtained from the
optimum receiver by replacing the Viterbi decision
algorithm with the M-CMF. Then, the output of the

MSE-MUD b(n) =[5,(n) b,(n) BM(n)]T is

taken as the sign of the non-linear transformation of

Y(n)=|:y(1)(n) ¥ (n) y(M)(n)JT due to the

M-CMF. Then, taking into account (15), the output
of the MSF-MUD is given by

b(n) = sign(H' (1)Y (n)) (22)
where

H(n) =[H,(n) H,(n) H,, (n)] (23)

and Y(n) and H,(n) are defined by (1)-(3), (7),
(8), (10), (11), (13) and (14).

The M-CMF belongs to the minimum MSE
piece-wise linear estimator. With regard to that fact,
and under consideration of the constant parameters
of the threshold decomposers, the same approaches
for the optimum MMSE-MUD design can be also
applied for the optimum MSF-MUD design.
Besides, it can be concluded that MMSE-MUDs
represent a subset of the MSF-MUD class.

5. COMPUTER EXPERIMENTS

In order to demonstrate some performance
properties of the MSF-MUD, two computer
experiments were done. In these experiments, the
base-band synchronous CDMA transmission system
with two users (M =2) was simulated. Here, we
consider that the k-th user send information bits
b, (n). As the spreading code, the Gold sequence

with the period of seven chips was applied. The
input signal to the receiver is given by the signal
r(t) . It consists of the sum of antipodally modulated

signature waveforms embedded in additive white
Gaussian noise (AWGN). As the performance index
of the simulated transmission system, bit error rate
( BER) vs. information signal energy per bit to noise
power spectral density (£, /N,) was used in our

experiments.

As the receivers, the optimum receiver, BMF
receiver, decorrelating MUD (D-MUD), minimum
mean square error MUD (MMSE-MUD) and MSF-
MUD were used. For the design of the optimum
receiver, D-MUD and MMSE-MUD, the procedures
described in [2, 10] were applied.
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In order to train the receivers for the purpose of
the MSF-MUD design, 3000 information bits were
transmitted through the AWGN channel. In all

experiment, the MSF-MUD with L =3 and
N =0 was used. The threshold values of the TDy
(ke I) were set experimentally in such a way as to
minimize BER for particular values E, /N,. For
the different values of £E,/N, the different

threshold values were chosen. The review of the
threshold values applied in the experiments is given
in the Table 1. In the both experiments, the same
threshold values were used. By using training
sequence, the matrices R(n) and P, (n) for kel

have been estimated. Then, H(n) was computed by
using R(n), P, (n), (20) and (23). In order to obtain
the output of the MSF-MUD, (22) was applied.

Table 1. The review of the threshold values of /",
lf/;) for kel and jeJ

) ) (O) ) 0] (1)
E, /N, ll_<32>’ ll_<22>’ ll_<12>’ lllm’ l;m, l;m’
-3 =2 -1 1 2 3
-10 —o0 | -1.40 | -1.00 | 1.10 [ 1.50 | oo
-8 —o0 | -1.50 | -1.00 | 1.00 [ 1.50 | oo
-6 —o0 | -1.45 | -1.30 | 1.15(1.30| o
-4 —o0 | -1.50 | -1.10 | 1.20 [ 1.50 | oo
-2 —0 | -1.60 | -145 1120[145]| «©
0 —0 | -1.60 | -0.90 | 1.18 [ 1.75| o
2 —o0 | -1.77 | -1.10 | 1.01 [ 1.58 | o
4 —o0 | -1.65 | -1.12 | 1.10[1.62| o
6 —0 | -1.70 | -1.00 ] 1.02 [ 1.63| o
8 —0 | -1.63 | -1.04 |1.02[1.63| o
10 —o0 | -1.70 | -1.02 1 1.02 [ 1.60| oo
12 —o0 | -1.65 | -0.98 | 1.00 [ 1.65]| o
14 —o0 | -1.65 | -0.98 1099 [1.65| o
16 —0 | -1.68 | -1.04 1097 [1.60| oo
18 —0 | -1.66 | -1.04 | 1.10 [ 1.65]| o
20 —0 | -1.59 | -0.96 | 1.10 | 1.64| oo

L T== BmF
107 kz[ == D-MUD

5| = MMSE-MUD
-| = MSF-MUD
7| = Witerhi

# i i i H
-10 -h o a 10 15
Eb/Mo

Fig.3 BER vs. E, /N, for the first user. The

power of the signal at the input of the receiver
produced by all users at the input of the receiver was
the same.

At the first experiment, the power of the signals
at the input of the receiver produced by all users was
the same. The results obtained in this case are given
in the Fig. 3. It can be seen from this figure, that all
receivers applied in our experiments can provide
almost the same results.

In the second experiment, we would like to
demonstrate the receiver performance properties
under the condition the near-far effect. Therefore,
the power of the signal at the input of the receiver
produced by the first user was ten times smaller than
that produced of the second user. The results of this
experiment represented by the above mentioned
performance index are given in the Fig. 4. As we
expected, the optimum receiver has provided the
best results. On the other hand, it can be seen that
the MSF-MUD outperforms clearly the linear MUD
receivers. Therefore, the obtained results indicate
that the MSF-MUD could be a promising
suboptimum CDMA receiver.

________________

| =~ MMSE-MUD
°| =+ MSF-MUD
_| &= Viterbi

------------------------------------

i i H | !
-10 -5 0 a 10 15 20

Fig.4 BER vs. E,/ N, for the first user. The

power of the signal at the input of the receiver
produced by the first user was ten times smaller than
that of the second user.

6. CONCLUSIONS

In this paper, the new structure of the time-
invariant M-CMF was introduced. Then, the
procedure for the design of the optimum time-
invariant M-CMF has been developed. By using the
M-CMF, the MSF-MUD receiver structure has been
proposed. The simple computer simulation has
shown that the MSF-MUD could outperform the
other tested linear MUD receivers. This result was
achieved at the expense of the higher computational
complexity of the MSF-MUD. Generally, the
computational complexity of the MSF-MUD
is M (2L —T1)times higher than that of the linear

receivers. With regard to the computational
complexity of the optimum or some suboptimum
non-linear receivers [2-5] this computational
complexity could be acceptable. Therefore, it can be
concluded that the MSF-MUD could be a promising
suboptimum CDMA receivers.
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