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Multiuser Detection Using a Hopfield Network for
Asynchronous Code-Division Multiple-Access Systems
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SUMMARY In this paper, a multiuser receiver using a Hop-
field network (Hopfield network receiver) for asynchronous code-
division multiple-access systems is proposed. We derive a novel
likelihood function for the optimum demodulation of a data sub-
sequence whose length is far shorter than that of the entire trans-
mitted data sequence. It is shown that a novel Hopfield network
receiver can be derived by exploiting the likelihood function, and
the derived receiver leads to a low complexity receiver. The struc-
ture of the proposed receiver consists of a bank of correlators and
a Hopfield network where the number of units is proportional to
both the number of users and the length of a data sequence de-
modulated at a time. Computer simulation results are presented
to compare the performance of the proposed receiver with those
of the conventional multiuser detectors. It is shown that the pro-
posed receiver significantly outperforms the correlation receiver,
decorrelating detector and multistage detector, and provides sub-
optimum performance.

key words: spread spectrum communications, near-far problem,
multiple access interference, interference cancellation, neural net-
works

1. Introduction

Recently, spread spectrum (SS) communication systems
have been widely studied since their implementation be-
came relatively easy. Especially, the SS communication
systems are expected to be used in consumer communi-
cations whose share will increase[1]. SS systems have
advantages such as anti-multipath fading capability and
anti-jamming capability. Moreover, realization of code-
division multiple-access (CDMA) is one of advantages
of the SS systems.

CDMA has recently received considerable atten-
tion as an alternative to frequency-division multiple-
access (FDMA) in wireless communications. CDMA
is expected to have a larger capacity than FDMA be-
cause of the following two advantages[2]. First, the
bursty nature of a source can be exploited effectively so
that it is essentially suited for statistical multiplex. Sec-
ond, the frequency reuse factor can be one. In direct-
sequence (DS)/CDMA systems employing the correla-
tors (matched filters), the major drawback is the near-
far problem, i.e., performance degradation due to the
multiple-access interference (MAI). Thus, cancellation
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of the MAI is necessary to increase capacity.

Several techniques to cancel the MAI have been
proposed [3]-[19]. The complexity of the optimum
multiuser detection [3],[4] based on the maximum like-
lihood sequence detection grows exponentially with in-
creasing the number of users. Therefore, a suboptimum
receiver which is robust to the near-far problem with
low complexity is required. Two types of the receiver
whose complexity is proportional to the number of users
have been mainly considered. One is the decorrelating
detector [5],[6] and the other is the multistage detec-
tor[7],[8]. The decorrelating detector is a linear system
and it can not provide sufficient performance. Because
it is known that nonlinear structure is needed to per-
form the optimum detection because of the nonlinearity
of the optimum decision boundary[9]. On the other
hand, although the multistage detector is a nonlinear
system, its performance degrades unless received ampli-
tude for each user extremely differs. Other examples of
suboptimum detectors can be found in[10].

In this paper, a multiuser detection employing a
neural network in an asynchronous CDMA channel is
considered. Neural networks provide high computa-
tional rates because a large number of simple nonlin-
ear processing units operate in parallel [20]. Two well-
known neural networks are the multilayer neural net-
work and the recurrent neural network.

Aazhang et al.[9] proposed a multiuser receiver us-
ing the multilayer neural network trained by the back
propagation algorithm and Mitra et al.[11] proposed
a multiuser receiver using a radial basis function net-
work which is a kind of the multilayer neural network.
Although these receivers provide suboptimum perfor-
mance, the number of units needed grows exponentially
with increasing the number of users. Thus, these multi-
layer neural network receivers provide few gain in terms
of simplicity.

The Hopfield network is a kind of the recurrent
neural networks and has a potentiality to solve op-
timization problems[21]. The Hopfield network has
been successfully applied to many optimization prob-
lems in communication systems[22], e.g., decoding of
error correcting codes[23] and maximum-likelihood se-
quence estimation [24].

The optimum multiuser detection for CDMA sys-
tems can also be viewed as an optimization problem,
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since it results in finding the most likely information
bits which maximize a likelihood function. There have
been attempts for the multiuser receiver using Hop-
field networks (referred to as Hopfield network re-
ceiver) [12]-[17]. Early studies have been made on
synchronous CDMA systems [12]-[14]. These exploit
the well-known likelihood function by Lupas et al. [18].
Miyajima et al.[12] and Kechriotis et al.[13] examined
the BPSK signal case independently, and Nagaosa et
al.[14] examined the M-ary signal case.

In most practical CDMA systems, however, the
transmitters send information independently, so that sig-
nals from different users arrive asynchronously at the
receiver. Therefore, it is important to design receivers
suited for the asynchronous CDMA systems. Miyajima
et al.[15] and Kechriotis et al.[16] proposed the Hop-
field network receiver for an asynchronous CDMA Sys-
tem independently. These exploit well-known Verdi’s
likelihood function which is related to the optimum en-
tire sequence demodulation [4], Consequently, the re-
sulting Hopfield network receiver demodulates the en-
tire transmitted data sequence at a time. Its complexity
is proportional to both the number of the users and the
length of a data sequence demodulated at a time. In gen-
eral, however, since the length of the entire transmitted
data sequence becomes long, the Hopfield network re-
ceiver becomes too complex to implement. Thus, the
methodology[12] which exploits a well-known like-
lihood function may not be useful for asynchronous
CDMA systems. An alternative likelihood function to
Verdw’s function is required to design a low complexity
Hopfield network receiver.

The purpose of this paper is to consider a low
complexity Hopfield network receiver for asynchronous
CDMA systems’. As mentioned above, the complex-
ity of Hopfield network receivers is closely related to
the length of a data sequence demodulated at a time.
The main contribution of this paper is to derive a novel
likelihood function for the optimum demodulation of a
data subsequence whose length is far shorter than that
of the entire data sequence. It will be shown that a novel
Hopfield network receiver can be derived by exploiting
the likelihood function, and the derived receiver leads
to a low complexity receiver.

The rest of this paper is organized as follows. An
asynchronous CDMA communication model and the
optimum multiuser detection for a data subsequence are
described in Sect.2. In Sect.3, the Hopfield network
is explained and the receiver employing the Hopfield
network is presented. Section 4 gives computer simu-
lation results to compare its performance with those of
the correlation, optimum, decorrelating and multistage
detector. Finally, in Sect.5, we summarize the main
results.
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2. Communication Model and Optimum Multiuser
Detection

Let us assume that there are X transmitters in the sys-
tem, and each transmitter employs a BPSK DS/SS sig-
nal.

The received signal can be written as

r(t) = S(t) + n(t) (1)

where n(t) is white Gaussian noise with two-sided
power spectral density Ny/2 and

e} K
SH) = > S 6P st — pTy —7) )

pP=—00 k=1

where b") € {—1,1} is the pth transmitted bit of the kth
user, T}, is the bit interval duration and 7, € (0,T}) are
the time delay of the kth user. Without loss of gener-
ality, we suppose that the users are numbered such that
0<m £ <7 < Ty. The signature waveform of the
kth user is time-limited to [0,7}] and given as

St (f) = Apay (t) COS(th -+ Qk) (3)

where Ay, is the kth user’s signal amplitude, w, is the
common carrier frequency, 6, is the phase angle of the
kth user. The signal energy per bit of the kth user is
denoted by Ej. The spreading signal which is a time
limited signal can be written in the form

L-1
ax(t) =Y aFpr, (t —iT.) (4)

=0

where pr, (t) is the unit rectangular pulse of duration
Te, ie, pr.(t) =1 for 0 < ¢t < T, and pr.(t) = 0 oth-
erwise, 1, is the chip duration, and {agk) € {-1,1}} is
the spreading sequence whose length is L = T}, /T..

In the following, the amplitudes and time delays
of all the users are assumed to be known. Moreover,
the channel is assumed to be time invariant. Although,
in general, the received signal is converted to I , @ com-
ponents at baseband, only the I component is used by
assuming the carrier phase be known in this paper.

Consider the optimum multiuser demodulation for
PK bits which include data from the ith bit to the
t+ P — 1st bit of all the K users, where P is the length
of the data sequence demodulated at a time. Note that
we investigate thé optimum multiuser demodulation for
the data subsequence consisting of PK bits, not that
for the entire transmitted data sequence [4],[15],[16].
The reason to consider the optimum data subsequence
demodulation is to derive a corresponding suboptimum
receiver which has low complexity. Its complexity can
be limited by P as described in Sect. 3.

"The first Hopfield network receiver for asynchronous
CDMA systems was proposed by the present authors. The
basic idea of this paper was presented in[17].
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Since the noise is white and Gaussian and all trans-
mitted data sequences are assumed to be equiprobable,
the maximum-likelihood sequence detector selects the

data sequence {/I;(p) = [E@, e ,Eﬁ;;)]T,p =i—1,---,i+
P} that minimizes
(7:+P)Tb+7'K ~ 2
/ [r(t) - S(t)] dt (5)
Ty +T1

where

oo K N

Z Zbép)sk(t—PTb—m)- (6)

p=—o00 k=1

The minimization of (5) is equivalent to the maximiza-
tion of the following likelihood function

L—A(’b 1)'1-'{2 /(2 1) A(’L 1>}
i+P—1
+ > 5T 1oy ® — (O — 281"}
p=i
G+P=1)
—2H(1)b } (7

where y/—1) 4 ®) /(i+F) are the K x 1 correlator out-
put vectors and their kth elements are given as

T
(i—1) Ty +Tk
Y = Sk
- iTy+71

(p+1)To+Tx
() _
Y — Sk
PLy+T1k

(t— (i — 1)Ty — 7)r ()t
(8a)

(t — pr — Tk)T(t)dt, (8b)

1(i+P)
Yk
(i+P)Ty+7x
. / sk(t— (i + P)Ty — mo)r(t)dt,
(i4+P)Tp+7x
(8c)
and H', H(i), H" are the K x K cross-correlation ma-

trices and their (k,[)th elements can be written as

Tk
h;d = / Sk(t-i—Tb —Tk)sl(t+Tb —Tl)dt, (9a)

1

To+Tk
o i) = / st — me)si(t + 4Ty — m)dt, (9b)

)
TK
" _/
kl —
Tk

skt — )8 (t — m)dt (9¢)
since s(t) is the time-limited signal. The relation
among the information bits, correlator outputs of each
user and cross-correlations is illustrated in Fig. 1. In
this figure, the cross-correlations between the first user
and the K'th user are omitted for ease of understanding.
Consequently, the optimum receiver can be implemented
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Fig. 1 Relation among information bits, correlator outputs and
cross-correlations.

by a bank of K correlators followed by the Viterbi algo-
rithm with 251 states. The complexity of the receiver
grows exponentially with increasing the number of users
K, and is thus impractical for a large number of users.

3. Multiuser Detection Using a Hopfield Network
3.1 Hopfield Network
The Hopfield network consists of a number of simple

nonlinear units. The equation of motion describing the
time evolution of the network is

duy; U M

—d_t_:_7+ZTijVj +I; (10)
=1

V; = tanh(Au;) (1D

where u; and V; are the potential and output of the ith
unit respectively, T;; is the connection weight from the
jth unit to ith one, I; is the external input to the ith
unit, M is the number of the units in the network, 7
is the time constant and \ is a gain scaling parameter
which changes the steepness of the sigmoid gain curve.
The vector

V={V, V)" (12)

is regarded as a state of the network. Given an initial
state, the state changes according to (10) and (11).

Hopfield showed [25] that if connection weights are
symmetric, i.e., Tj; = Tj;, the state of the network always
converges to a stable state. When the self-connections
are 0, i.e., Tj; = 0 and the width of the transition region
of the sigmoid gain curve is narrow, corresponding to
high gain, the stable states of the network are the local
minima of the quantity

ZVI ——ZZT”VV (13)

=1 j=1



1966

The function E is called the energy function. In
the high-gain limit network with vanishing self-
connections, the minima occur only at the corners of
an M-dimensional hypercube defined by V; = +1 or
—1.

Hopfield networks can be implemented by a simple
analog electrical circuit [25] or analog LSI[26]. Ana-
log, digital or hybrid VLSI implementation of neural
networks including Hopfield networks can be found in
Chapter 15 of[20].

3.2 Hopfield Network Receiver

Consider a receiver using the Hopfield network where
the output of each unit corresponds to the estimation for
the information bit of each user in each time interval.
It is desirable to demodulate an entire transmitted data
sequence optimally as in the case of the synchronous
CDMA system[12]. However, since each bit overlaps
with several bits for the asynchronous CDMA system,
the likelihood function for an entire data sequence is de-
fined over an entire data sequence [4]. In general, an en-
tire data sequence is over a long period. Consequently,
the corresponding Hopfield network receiver [15],[16]
has high complexity, i.e., a large number of units are
required, so that it is not reallistic to implement the re-
ceiver. Thus, we have considered the optimum demod-
ulation for a data subsequence consisting of PK bits in
Sect. 2. Here, we derive the corresponding Hopfield net-
work receiver whose complexity can be limited by P. It
is noted that the proposed receiver is nearly equal to the
Hopfield network receiver for the entire data sequence
demodulation when P is sufficiently large.

It is clear from (7) that the number of units results
in M = (P + 2)K for the demodulation of PK bits.
The network can be divided into P + 2 subnetworks.
Each subnetwork consists of K units. Then, the kth
unit in the pth subnetwork corresponds to the pth bit
of the kth user. The output of the kth unit in the pth
subnetwork is computed by

duf o EE oo . w

7:——7——*—221—}“ VY 4+ I (14)
q=0 =1

V) = tanh(Au{P) (15)

where u,(f ), Vk(p ) and I ,Ep ) are the potential, output and

external input of the kth unit in the pth subnetwork re-
spectively, and Tk(p ) (f) is the connection weight from the
{th unit in the gth subnetwork to the kth unit in the pth
subnetwork. The energy function of the network using
vector notation is defined by

P+1
E— — Z v ®T p(p)
p=0
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N |

P+1P+1
Z Z v @TE) 9y () (16)
=0 ¢=0

where V) is the K x 1 unit output vector of the pth
subnetwork whose kth element is Vk(p ), 1) is the K x 1
external input vector of the pth subnetwork whose kth
element is I,Ep), and T®@ is the K x K connection
weight matrix from the gth subnetwork to the pth one
whose (k,1)th element is T.*) @

Each parameters of the Hopfield network are de-
termined by comparing the likelihood function (7) and
the energy function (16). The resulting parameters are
given by

2y/(i—1) p = 0
I® = oytr-1) 1<pcp (17)
2y p=p41
-2H' p=q=0
—2H(0) p=gand 1<p<P
@@ _ ) —2H"  p=g=P+1
—2H(1) p=q+1
—2H(-1) p=q-—1
o otherwise

(18)

It is obvious from (9) that hy, = hy,, hy, = A,
and hy(é) = hy(—i), ie., the connection weights are
symmetric. Thus, the energy function always decreases
as the state changes. On the other hand, the diagonal
elements of the cross-correlation matrices are nonzero.
Since the data sequence which maximizes the likelihood
function corresponds to a corner of the hypercube, one
should consider the energy at each corner. The con-
tribution of the self-connections to the energy function

is given by 25;01 IR A Y®) and is constant at
a corner of the hypercube. Therefore the relations be-
tween the energies at all the corners can be maintained
even if the self-connections vanish. Moreover, as men-
tioned above, in the high-gain limit network with van-
ishing self-connections the state of the network always
converges to one of corners of the hypercube and it does
not converge to interior of the hypercube. Thus, setting
the self-connections zero does not affect searching of
the state which minimizes the energy function. Con-
sequently, the Hopfield network whose parameters are
determined by (17), (18) with zero self-connections can
be used to search the data sequence which maximizes
the likelihood function.

It should be noted that the optimum detection can
be achieved only when the state of the network con-
verges to the global minimum of the energy function.
However, it is only ensured that the state converges to
one of minima. If the state converges to a local min-
imum except the global minimum, the performance of
the Hopfield network receiver degrades. However, even
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if the state converges to a local minimum, the local
minimum can be expected to be roughly the same as
the global one as in the case of the traveling salesman
problem [21]. Hence, the decision obtained by the Hop-
field network receiver is expected to be the suboptimum
decision.

Figure 2 shows the structure of the resulting Hop-
field network receiver. There are the K correlators
which is concerned with each user. The correlator out-
puts {y;(z_l),k = 1,-~-,K},{y,(€p),k =1,--,K;p =
iy + P — 1},{yZ(Z+P),k =1,---,K} are stored in
the memory to demodulate PK bits from the ith to
i+ P — 1st bit for all the K users and then these are
input to the Hopfield network. The Hopfield network
changes its state according to (14) and (15) until the
state converges. After the convergence, the estimation
for the bit of each user in each time interval, denoted by

ES“HJ ~1 can be obtained by hard-limiting the output of
each unit.

E,(CHP_U = sgn(Vk(p)). (19)

Connections of the network are illustrated in Fig. 3.
The network consists of P+2 subnetworks which consist
of K units and the units in a subnetwork is connected
to the units in the same subnetwork and the units in the
adjoining subnetworks. This is caused by the fact that
the MAI results from transmitted signals of other users
in the same time interval and the adjoining time inter-
vals. Note that the hardware complexity of the proposed
receiver is proportional to both the number of users, K,
and the length of a data sequence demodulated at a
time, P, since the number of units which are modeled
as amplifiers is (P +2) K.

Although the Hopfield network receiver demodu-
lates (P 4 2)K bits from ¢ — 1st bit to i + Pth bit for

y;((i~1)

y
t

~{1)_ i+P-1)

81

. (+P-1)[ . |Hopfield

1(t) i Yk Network

v (o] I
k

Memory
- j+P-1
el s

SWs are ON when dynamics converges

Fig. 2 Receiver structure.

(:)sub network O unit

Fig. 3 Connections between units.
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all the K users, the decisions for the i — 1st bit and
i+ Pth bit are neglected. Because sufficient statistics for
the 7 — 1st and ¢ + Pth bit can not be obtained.

4. Simulation Results

Performance comparisons among the optimum receiver
described in Sect.2, correlation receiver, decorrelator
by Kohno et al.[5], multistage detector by Varanasi et
al.[8] and proposed Hopfield network receiver were car-
ried out via computer simulation.

As for the Hopfield network receiver, two different
criteria were used to determine when to stop a partic-
ular simulation. The first of these was the convergence
criterion. After each update, the squares of the differ-
ences between the new output values and the old ones
were computed. If no value had changed by more than
108, the network was considered to be converged. The
second was the time limit criterion. The computations
were stopped after the simulation of 107 seconds (10
time constants). The initial values of the unit outputs
are set to zero[27]. The gain scaling parameter in (15)
was set to A = 50 which provided good results for the
traveling salesman problem [21]. Effects of A was dis-
cussed for a synchronous noiseless scenario in[19]. The
number of stages was five for the multistage detector and
the length of the data sequence detected at a time was ten
for the decorrelator. The bit error rates were averaged
over ten random time delays 7. We used a baseband
system to reduce the required computation. Since the
bit error rate for the 1st user was considered, it was as-
sumed that the signals of the users except the Ist user
had equal energy per bit which was denoted by E;.

Firstly, it was assumed that there are five users in a
channel where the spreading codes employed were Gold
sequences of length 7. Now, we consider the length of
the data sequence demodulated at a time P. The bit
error rate versus P is shown in Fig. 4. In this figure, the
energy of the 1st user’s signal to the power spectral den-

T T T T
o-o0ooo——9———o0o—0
107'F E
% o Correlator
o o Optimum
< » Hopfield
L -2
£10 E
\\Q—C\_\ i
-3
1070 5 10 15 20
Plbit]

Fig. 4 Bit error rate versus length of data sequence
demodulated at a time (E1/No = 6dB, E;/E1 = 5dB,
K=5L="1).
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sity of noise ratio F, /Ny is fixed at 6 dB and the signal
energy of the interfering user to that of the Ist user ratio
E;/E; is fixed at 5 dB. The performance of the correlator
remains invariant with the length of the data sequence.
Since the performances of the decorrelator and multi-
stage detector are also invariant with the data sequence
length, these are omitted from the figure. The Hopfield
network receiver can achieve the suboptimum perfor-
mance regardless of the data sequence length. Since
the bit error rate converges to a certain value at larger
than P = 5, we chose P = 10 in the following simu-
lation. In cases of the data sequence length less than
five, the performance of the Hopfield network receiver
degrades. As described in Sect.3, available statistics
to demodulate the edge bits are insufficient. Because of
this edge effect, the performance degrades in cases of the
short length. The edge effect can be mitigated by set-
ting the data sequence length long or overlapping. It is
noted, however, that lengthening the length of the data
sequence demodulated at a time and overlapping sev-
eral bits between adjacent intervals may provide better
results, but grow complexity and lead to long decoding
delay.

Next, we consider the convergence property of the

Convergence Rate
o
©
e
T
i

0.96-

L ! 1 L

T, B— 0 10
E/E,[dB]

Fig. 5 Convergence rate within 10+ versus E;/Ey (B1/No =
6dB, P=10, K =5, L = 7).
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Fig. 6 Time needed to converge versus £, /E1 (B1/No = 6dB,
P=10,K =5L="7).
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Hopfield network receiver. As an example, results for
changing F; /E in the five user channel are shown. F ig-
ure 5 shows the rate of convergence within 107 seconds
as a function of E;/E, where E;/N, = 6dB. One
can observe that most simulations are terminated within
107 seconds. The mean time needed to converge ver-
sus E;/FEy is illustrated in Fig.6 where E{/Ng = 6dB.
These results indicate that 107 seconds is sufficient for
the time limit criteria in the simulation presented here.
Time needed to converge may vary in communication
scenarios. Provided that sufficient long time period is
available, the time limit criteria should be as long as
possible.

Next, the bit error rate performance was considered
in the five user channel. In Fig.7, the bit error rate of
the st user versus E /Ny where E;/F; is fixed at 5 dB is
depicted. The bit error rate performance of the Hopfield
network receiver is better than those of the decorrelator
and multistage detector, and it is nearly equal to that
of the optimum detector over the range of Fy /Ng.

Next, the near-far capability was considered in the
five user channel. Figure 8 depicts the bit error rate of
the 1st user as a function of E;/E; where E; /Ny is fixed
at 6 dB. One can observe that the Hopfield network re-
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Fig. 7 Bit error rate versus F; /No (E;/E1 = 5dB, P = 10,
K=51L=7).
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Fig. 8 Bit error rate versus E;/E1 (E1/No = 6dB, P = 10,
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ceiver outperforms both the decorrelator and multistage
detector over the range of F;/F; and its performance is
suboptimum.

Tt can be seen from Fig.8 that the worst perfor-
mance point is near E;/E; = —5dB. The Hopfield net-
work receiver cancels the MAI by estimating and sub-
tracting it. If F;/F, is sufficiently small, performance
degradation due to the MAI is small. If E;/FE; is suffi-
ciently large, the MAI estimation is relatively easy since
the interference component is large. On the contrary, it
is hard to estimate the MAI at intermediate points, i.e.,
points near —5dB in Fig. 8, since the MAI is buried in
channel noise. It can be considered that the worst point
is determined by both magnitudes of the MAI and chan-
nel noise. Therefore, the parameters which are related
to these magnitudes, such as F;/Np, K and spreading
sequences, may affect the worst performance point, but
sufficiently large P may not.

It is important to consider the situation where no
user exists except the 1st user. In asynchronous commu-
nication systems, in general, the situation where E;/FE;
is very small can be occurred. Since no user exists
except the Ist user, the signature waveforms sy (t) are
zero for k =2, -+, K. Therefore, the cross-correlations
hyi(i), by, and hj, are zero for k + [, and the corre-

@, /(i-1) (i P)
k

lator outputs y;: 7, v, are also zero for

and y

k=2,.--,K. Considering the self connections
are zero, then we get

P
E = __2V1(O)y’l(i—1) _ szl(p)ygi*ﬂ?*l)

p=1
SV, (20)

Since the resulting energy function is linear for each
unit’s output, the network is guaranteed to find the opti-
mum solution. Then the optimum solution corresponds
to the decision of the correlation receiver since the cor-
relation receiver can achieve the optimum demodulation
in the Gaussian channel without MAI.

Consider now the number of available users. The
spreading codes employed were Gold sequences of
length 31 to examine the larger number of users case.
Figure 9 shows the bit error rate versus the number of
users ranging from K = 10 to 30 when F; /Ny is 6 dB
and E;/E; is 0 or 5dB. We chose P = 10 which pro-
vides a good result as shown in Fig.9. In this case, we
could not compute the bit error rate for the optimum re-
ceiver because it requires enormous computational load.
When the number of users increases, the performance
degradation of the Hopfield network receiver is little
in relation to the conventional suboptimum receivers.
Moreover, one can see that the performance of the cor-
relation receiver becomes worse and that of the Hopfield
network receiver becomes better as the signal energies of
interfering users become stronger. '

Lastly, it may be worth mentioning the relation be-
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tween the Hopfield network receiver and multistage de-
tector[8]. The methods of the MAI cancellation for
both the Hopfield network receiver and the multistage
detector are based on estimation and subtraction of the
MALI As pointed out by Kechriotis et al.[19] the Hop-
field network receiver is identical to the multistage de-
tector under certain conditions. In fact, the multistage
detector can be regarded as a classical neural network
used for the associative memory [20]. The reason why
the Hopfield network receiver outperforms the multi-
stage detector can be found in[19].

5. Conclusions

In this paper, we have proposed the multiuser detec-
tor using a Hopfield network in asynchronous code-
division multiple-access communications and compared
its performance with conventional multiuser detectors
via computer simulation. It has been shown that a low
complexity Hopfield network receiver can be designed
by investigating the optimum multiuser detection for a
data subsequence with short length. The number of
units in the Hopfield network is proportional to both
the number of users and the length of a data sequence
demodulated at a time. Simulation results have shown
that the Hopfield network receiver can achieve subop-
timum performance and outperforms the correlation,
decorrelating and multistage detector. The length of
the spreading codes used may be short and the num-
ber of the users may also be small in our simulation.
This is due to reduce the computational load. How-
ever, since the ratio of the number of the users to the
processing gain is high, i.e., 5/7 and 30/31, the results
would provide useful data for designing more practical
systems.

The Hopfield network receiver, like the optimum
receiver, requires knowledge of the signal amplitudes,
spreading sequences, time delays and carrier phases for
all the users. These parameters must be estimated and
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Fig. 9 Bit error rate versus number of users (E1/No = 6dB,
E;/E1=0dB and 5dB, P =10, L = 31).
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updated in time varying channels. A parameter esti-
mation algorithm developed for the conventional re-
ceiver [28] may be available for the Hopfield network
receiver. Further studies for both the parameter estima-
tion and effects of estimation error are necessary.

There have been increasing interests for adaptive re-
ceivers [ 10]. Recently, an adaptive version of the Hop-
field network receiver for a synchronous DS/CDMA
system has been proposed [29]. In contrast to the pro-
posed receiver, the adaptive receiver has no knowledge
about both the signal amplitudes and spreading se-
quences for all the users, but estimates these by RLS
algorithm with the training signal. Although it was
shown that the receiver provides good performance for
a simple example[29], further consideration for more
practical situations is needed. Moreover, the adap-
tive Hopfield network receiver for an asynchronous
DS/CDMA system has to be developed.

Since the performance analysis is very hard ow-
ing to the nonlinearity, the performance of the Hopfield
network receiver has been evaluated by computer sim-
ulation in this paper. Theoretical analysis of the Hop-
field network receiver is our future work. The Hopfield
network receiver may be implemented by employing a
neuro-chip which is being rapidly developed. Hardware
implementation of the receiver is the subject for a future
study.
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