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Abstract: Recently, the code division multiple access (CDMA) technique has become the
most widely communication technique, because of its varity of applications. The well-known
matched filter (MF) is considered as the optimum filter that recovers the CDMA signals.
However; its performance recently becomes unsatisfying. This is due to increasing the
multiple access interference (MAI), in addition to the other channel impairments such as the
fading or the multi path interference (MPI). In this paper, an adaptive minimum mean square
error-maximum likelihood (MMSE-ML) receiver is presented as an alternative solution to
overcome the drawbacks of the MF receiver. This adaptive MMSE-ML receiver uses
adaptive aided tentative coefficients in addition to the basic adaptive coefficients to increase
the tracking ability of the channel impulse response variations. The performance of the
adaptive MMSE-ML receiver is compared with the traditional adaptive MMSE receiver over
a frequency selective fading channel. Moreover, the performances of both the presented and
traditional adaptive receivers are compared with the performance of the MF under the same
condition. It is found that the performance of the adaptive MMSE-ML receiver is much
improved using the proposed technique.
Keywords: code division multiple access (CDMA), minimum mean square error-maximum
likelihood (MMSE-ML), matched filter (MF), multiple access interference (MAI), least mean
square (LMS), single user matched filter (SUMF).

1. Introduction:
The code division multiple access (CDMA) is the technique, that enables more than one user
to access the same channel on the same frequency at the same time. This process is
performed by assigning a specific code to each user. The main problems facing the
demodulation process of the CDMA signals are the increase of the MAI, and other channel
impairments such as noise and fading. To overcome these problems, it is required to have a
perfect synchronization between the received signal and the stored signatures, in addition to
perfect knowledge for the channel impulse response. These requirements are too difficult to
be realized, moreover it will affect on the system performance and the system capacity.
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Many researches are concentrated on other alternative solutions [1]-[8]. A comparison
between different types of receiver structures based on a bank of matched filters has been
derived, analyzed, and compared in [9]. These structures include the MF receiver, CDMA
decorrelator receiver (MF-DEC), MMSE receiver (MF-MMSE), and CDMA decision
feedback receiver (MF-DFE). The comparison includes the signature waveform and the
timing of the desired and interfering users, the received amplitudes, and the training sequence
of the desired user.
The adaptive MMSE-ML receiver provides an alternative solution to the problems facing the
CDMA signals recovery. Its concept of operation based on using adaptive coefficients with
initial values, and a training sequence known to the receiver. The algorithm begins by
transmitting a training sequence through the real channel. The receiver uses the basic
coefficients as the recovered signature. The receiver compares the actual output with ta
version of the training sequence stored in the receiver. The error between the actual output
and the desired output for the duration of each bit is used to adapt the coefficients. The
adaptation process is continuitied until the error between the actual and desired outputs
becomes minimum and constant (error convergence). Then, the coefficients are kept fixed
and are used to recover the real signal. The adaptation process is performed using the least
mean square (LMS) Algorithm.
In this paper, a model of an adaptive MMSE-ML receiver is presented. This adaptive
MMSE-ML receiver uses adaptive aided tentative coefficients in addition to the main
adaptive coefficients. The performance of this receiver is compared with the traditional
adaptive MMSE receiver, which uses only the main adaptive coefficients. Moreover, the
performances of both adaptive receivers are compared to the single user matched filter
(SUMF), which is taken as a performance reference, in addition to the MF performance in
presence of different number of MAI. These comparisons are performed in frequency
selective fading channel. The adaptation process is performed using the LMS algorithm. The
simulation including also the upper and the lower bounds of the adaptive MMSE-ML
receiver. These bounds are derived from the bit error rate (BER) analysis of the adaptive
MMSE-ML receiver. It is shown that, the performance of the adaptive MMSE-ML receiver
is better than the performances of the traditional adaptive MMSE receiver and the MF in all
cases. Moreover, it is shown that the performance of the adaptive MMSE-ML receiver
approaches the performance of the SUMF performance without any need to make any
estimation of the channel parameters.
This paper is organized as follows. Section 2 presents the structure of the adaptive MMSEML receiver, discussing the adaptive solution of the MMSE-ML. The BER analysis of the
adaptive MMSE-ML receiver is presented in section 3. In Section 4, the numerical results are
presented showing the performance of the adaptive MMSE-ML receiver and compared with
the traditional adaptive MMSE, and the MF receiver. Last, Section 5 summarizes our study.

2. Adaptive MMSE-ML Receiver
In this section, the adaptive MMSE-ML receiver is inrtoduced. First, the problem of the MF
in CDMA signal detection is presented. The asynchronous CDMA signal in additive white
Gaussian noise (AWGN) can be expressed as
y (t ) 

K  K1 M 1

 b
k 1 i  0

k

(i ) s k (t  iT   k )  n(t )

(1)
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where K is the number of users in the cell of interest, K1 is number of non negligible
interferers from other cells, s k (t ) is the received signature waveform of the kth user. bk (i ) is
the ith symbol of the kth user,  k is the transmission delay of the kth user, T is the inverse data
rate, and n(t )  w(t ) ,where w(t ) is normalized white Gaussian noise and  is the noise
variance. In the absence of intercellular interference K 1  0 , the optimum MF receiver
passes the signal y (t ) through a bank of matched filters and samples the outputs as

rk (i ) 

( i 1)T  k

 y(t )s

k

(t  iT   )dt ,

0i  M 1

(2)

iT  k

The next step is to find the K sequences of length M from the samples rk (i ) that correspond
to the largest correlation metric [10]
K M 1

K

M 1

 (b ' )  2  bk (i )rk (i )    bk (i )bl (i ). s k (t  iT   k ) s l (t  iT   l )dt
k 1 i  0

(3)

k ,l 1i , j  0

It is clear from (2) that rk (i ) requires a perfect synchronization of s k (t ) and  k of each user. In
other words, equation (2) shows the difficulty of recovering the data from the asynchronous
CDMA system using the MF. This is because it need to have a perfect synchronization and
knowledge about the assigned code and the transmission delay of each user, especially with
the difference between the received user signature sk (t ) , and transmitted used
signature f k (t ) , where the relation between s k (t ) & f k (t ) is the convolution relation which
is s k (t )  f k (t ) *  k (t ) , and  k (t ) is the channel impulse response. In case of frequency
selective fading channel  k (t )  l 0  Kl (t   kl ) where  kl are the path delay, and  Kl
L 1

are the path gain. Therefore, the performance degradation of MF receiver is due to the
estimation errors of  k (t ) .
The adaptive MMSE-ML receiver consists of a bank of K adaptive fractionally spaced
MMSE finite impulse response (FIR) filters along with the ML detector. The number of
intercellular interference K1 is unknown and only K input MMSE filters interferers are used
in the presented receiver. The output of the MMSE filter (actual output) at the nth symbol
interval for the kth user is
a k ( n) 

P

c

m P

k

(m) y (nT  mT f )

(4)

where ck (m) are the adaptive filter coefficients, T f  Tc / p with, p  1 , Tc being the chip

interval. The total number of adaptive filter coefficients is (2 P  1)  pN where N is the
spreading gain. The symbol estimate is obtained as[11]
bˆk (n)  a k (n)  d kH b k
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where d k is a vector of tentative decision aided coefficient sequences, defined as
d k  [d Tk1 , d Tk 2 , d Tk 3 ,........d TkK ]T

(6)

with d Km  [d km (0) ,........d km ( M  1)]T . The elements of d Km represent the aided tentative
weighting coefficients, which multiply the respective known symbols coming from the mth
user. The vector b k that contains known symbols to the receiver is defined as

b k  [b Tk1 , b Tk 2 , b Tk 3 ,........b TkK ]T

(7)

with b Km  [bkm (0) ,........bkm ( M  1)]T . The coefficients d k and {c k } are obtained adaptively
during a training period. After the training period, the coefficients d k and {c k } can be kept
fixed during data detection. Alternatively, in a decision directed mode, these coefficients can
be updated by tentative decisions.
2

The filter coefficients are obtained by minimizing the MSE ( E[ ek (n) ] ), where
ek (n)  bk (n)  bˆk (n) is the error between the desired and actual outputs. There are many
adaptive algorithms that are used to obtain the optimal coefficients d k (n) and c k (n) [11].
These coefficients are evaluated using LMS algorithm according to the following steps

c k (n  1)  c k (n)   1ek* (n)y (n)

(8)
(9)

d k (n  1)  d k (n)   e (n)b D (n)
*
2 k

for n  1, 2 , 3 , ..... and  1 ,  2 are the step size parameters of the algorithm.
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Fig. 1. Block Diagram of the Adaptive MMSE-ML Receiver.

3. Bit Error Rate Analysis of Adaptive MMSE-ML Receiver

Let e denote an error event whose element ek (i ) denotes an error in the ith symbol of the kth
user. For BPSK, ek (i )  {2,0,2} , this error event occurs if the metric Λ represented in (3) is
smaller for the data sequence (b  e) than the correct sequence b . Actually Λ(b  e) has to be
the minimum metric for the data sequence (b  e) to be detected. Therefore, an upper bound
on the probability of the error event e is [12]
P{e}  P{Λ(b  e)  Λ(b)/A(e)}P{ A(e)}

(10)

where A(e) is the event that the transmitted sequence b is compatible with the occurrence of
e . Using (3) with appropriate changes for the MMSE-ML receiver, the inequality
Λ(b  e)  Λ(b) can be expressed after some algebraic manipulations as
K

M 1

K M 1

  ek (i)el ( j )d kl (i, j )    ek (i) k (i)

k ,l 1i , j 0

(11)

k 1 i 0

where  k (i )  2rk (i )  l 1  j  0 bl ( j )d kl (i, j )  d l ,k ( j , i )  . Denoting the left-hand side of
K

M 1

(11) as e H De , where the matrix D contains the decision-aided coefficients {d kl (i, j )} (11)
can be written as
K M 1

e H De    ek (i ) k (i )

(12)

k 1 i  0
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At low SNR, the additive Gaussian noise is dominant in  k (i ) Therefore, assuming { k (i )} to
be Gaussian, the variance of the right-hand side (RHS) of (12) will be


M 1



 k ,l 1i , j 0



K

 2  E    ek (i)el ( j ) k (i ) l ( j ) 

K

M 1

 e

k ,l 1i , j  0

k

(i )el ( j )E  k (i ) l ( j )

(13)

In our numerical results, the decision-aided coefficients d kl (i, j ) for user k , 1  k  K are
only kept limited to d kl (i, i ) , 1  l  K . In other words, quasi-synchronous systems are only
considered where the intersymbol interference is ignored. Hence, to keep the analysis simple,
the time index can be removed. Then, assuming uncorrelated symbols between users, the
correlation E  k (i ) l ( j ) becomes





*
*
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(14)

m

Let d 2 (e)  e H De and assuming the RHS of (12) to be Gaussian, then
 d 2 (e)
1
P{Λ(b  e)  Λ(b)/A(e)}  erfc
2 2
2








(15)

Then an upper bound on BER will be
BER 

 d 2 (e)
1

w
P
A
(e)
{
(e)}erfc

2 2
2 e








(16)

where w(e) denotes the number of bit errors associated with the error event e . Similarly, a
lower bound on the BER will be
 d 2 (e)
BER   P{ A(e)}erfc
2 2
e min








(17)

4. Numerical Results
In this section, the performance of the adaptive MMSE-ML receiver is evaluated and
compared with the performance of the traditional adaptive MMSE receiver. In addition, the
performances of the adaptive receivers are compared with the performance of the matched
filter of a single user (SUMF) in AWGN channel, which is considered as a reference for the
other receivers. Moreover, the performance of the matched filter in presence of different
number of MAI in AWGN and frequency selective fading channel in addition to the upper
and the lower bounds of the adaptive MMSE-ML receiver is presented.
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All the simulations are performed under nearly identical conditions to make the comparison
fair as much as possible. The simulations are performed using 5000 random transmitted
symbol for each user and averaged over 100 independent trials to make the complexity of the
program visible. The Gold code with code length 15 and sampling rate p  2 sample per chip
is used as spreading code. The convergence simulations are taken over 500 iterations for the
LMS algorithm. The coefficients tap chosen to be (2 N ) in case of traditional adaptive
MMSE receiver and ( 2 N  1) in case of adaptive MMSE-ML receiver, where N is the code
length. The step size parameters are adjusted according to the other simulation parameters
(i.e. the MAI, the code length… etc).
Figs (2) and (3) show the mean square error against the number of iterations for the adaptive
MMSE receiver and the adaptive MMSE-ML receiver respectively in presence of 5 MAI. Fig
(2) shows that the MSE decreased to be close to 10 4 at iteration 200, while Fig (3) shows
that the error decreased to be lower than 10 4 at iteration 150. Therefore, we can conclude
that the adaptive MMSE-ML receiver needs less number of iterations to reach a MSE of
10 4 . Moreover, the value of MSE in case of adaptive MMSE-ML reaches to a lower value
than the MSE of the adaptive MMSE receiver.
Fig (4) plots the BER against the SNR. The figure illustrates the performance comparison of
the adaptive MMSE-ML receiver, the traditional adaptive MMSE receiver, the SUMF, MF in
presence of 5 MAI in AWGN channel, and the MF in presence of 5 MAI in frequency
selective fading channel. The upper and lower bounds of the adaptive MMSE-ML receiver
are also included. The reason of including the SUMF is that its performance is considered as
the lower bound (a reference performance) of the performances of the other CDMA
receivers. The figure shows that the performances of the adaptive receivers are much better
than the performance of the MF over the frequency selective fading channel. It is also shown
that the performance of the MF over the frequency selective fading channel is extensively
degraded due to the fading effect. From the figure, we can see that the performance of the
adaptive MMSE-ML receiver has the same performance as the SUMF. This means that the
adaptive MMSE-ML receiver eliminates most of the effect of the MAI and the fading. The
figure also shows that the performance of the adaptive MMSE-ML receiver is better than the
performance of the traditional adaptive MMSE receiver by 2 dB at BER 10 4 .
Figs (5) and (6) show the performance comparison of the receivers when the number of the
MAI increased to 10 and 14 respectively. It is shown that the performance of the MF
receiver over the frequency selective fading channel is completely failed, since the BER
exhibit an error floor of about 10 1 over all the SNR range. Fig (5) shows that the
performance of the adaptive MMSE-ML receiver in presence of 10 MAI over frequency
selective fading is better than the performance of the MF in presence of the same number of
the MAI over the AWGN channel. The figure also shows that the performance of the
adaptive MMSE-ML receiver is much better than the performance of the adaptive MMSE
receiver. This is clear from the gap between the performance of the SUMF and the
performance of the adaptive MMSE-ML receiver, which is equal to 0.5 dB at BER of 10 3 .
This gap is increased to 3 dB in case of the adaptive MMSE receiver at the same BER level.
The performance in the case of full system capacity is illustrated in Fig (6). Full system
capacity means that the max number of MAI in the system is applied. Here, the number of
MAI in case of using Gold 15 is 14 interfering user in addition to the desired user. The figure
shows that the performance of the adaptive MMSE-ML receiver achieves performance gain
of 3 dB over the performance of the adaptive MMSE receiver at BER 10 3 .
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Fig. 2. Convergence of the Traditional Adaptive MMSE Receiver
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Fig. 3. Convergence of the Adaptive MMSE-ML Receiver
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Fig. 4. Performance Comparison of the Adaptive MMSE-ML Receiver, Traditional
Adaptive MMSE Receiver, and MF (5 MAI)
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Fig. 5. Performance Comparison of the Adaptive MMSE-ML Receiver, Traditional
Adaptive MMSE Receiver, and MF (10 MAI)
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Fig. 6. Performance Comparison of the Adaptive MMSE-ML Receiver, Traditional
Adaptive MMSE Receiver, and MF (14 MAI)

5. Conclusions:
An adaptive MMSE-ML receiver for CDMA signals recovery is presented as an alternative
solution to the MF in CDMA signal recovery. The structure of the adaptive MMSE filter
enables joint synchronization and data detection without any priory knowledge of the
signature sequences, transmission delays, or multipath components. It has been shown that
by using adaptive aided tentative coefficients in addition to the basic adaptive coefficients,
the performance of the adaptive receiver will be enhanced. The performance of the adaptive
MMSE-ML receiver is much better than the performance of the traditional adaptive MMSE
and the MF under the same conditions for the same SNR range and for all the same MAI
over frequency selective fading channel.
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