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Abstract— This paper studies the effect of using higher order mod-
ulation formats in the performance of minimum mean-squared error
(MMSE) receiver based direct-sequence (DS) code-division multiple ac-
cess (CDMA) systems in terms of bit error rate (BER) at different loading
levels in additive white Gaussian noise (AWGN) and slow fading channels.
The performance of BPSK, QPSK, and 16QAM modulation formats are
compared and analytical and simulation results are presented in terms of
the symbol error rates for these different modulation formats. A compar-
ison of the rejection of the near-far effects for each modulation scheme is
also presented. Under high loading level, 16QAM outperforms QPSK and
BPSK for identical bandwidth and information rate while at a moderate
loading levels, QPSK represents the best option.

I. INTRODUCTION

Frequently, BPSK is often used as underlying modulation
format with the MMSE receiver . The MMSE receiver, shown
in Figure 1 which has been described in detail in [1], [2], [3],
is a single user receiver which is known for its low complexity
and ease of implementation.

Traditionally, higher level modulation has been used to
achieve higher bandwidth efficiency (# of information bits
transmitted in a given bandwidth). The price for the higher
bandwidth efficiency is paid in terms of the required SINR to
achieve the same error probability. In cellular systems,the main
objective of the system designers is to increase the system ca-
pacity for a given quality of service and limited resources such
as bandwidth.

To understand the advantages of the MMSE receiver, we
need to describe briefly how it works. The received signal
which consists of the desired user’s signal, MAI, and Gaussian
noise is fed at the chip rate into the equalizer until the N-tap
delay line becomes full. After one symbol time, the equalizer
content are correlated with the tap weights, a, and the result of
this correlation is used to make a decision about which sym-
bol was sent. These tap weights are updated every symbol
interval to minimize the mean square error between the out-
put of the filter and the desired output. In practice, the filter
is trained for a reasonable period of time by a known training
sequence to reach a tap weight vector that is close to the opti-
mum weights. After the training period, the receiver switches
to decision feedback mode. It has been shown in [4] that the
decision directed mode proves to be troublesome in a fading
channel. In deep fades, with the MMSE structure shown in Fig-
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ure 1, incorrect decisions being fed back to the receiver cause
the MMSE receiver to lose track of the desired signal. A mod-
ified MMSE receiver structure to overcome this problem was
described in [4] for a BPSK modulation format. In [5], differ-
ent tracking techniques of the desired user fading process and
a general MMSE receiver structure for a fading channel were
presented.

As noted in [1], if BPSK is used, the MMSE receiver be-
comes interference limited when the loading of the system be-
comes high enough and close to the processing gain. This
threshold is reached because of the imperfect cancellation of
the Multiple Access Interference (MAI) due to the lack of di-
mensions in the system.

One potential technique to increase the capacity of the
MMSE receiver based CDMA system is through the use of
higher order modulation schemes. The reasoning behind us-
ing multilevel modulation with the MMSE receiver can be pre-
sented as follows. Suppose an MMSE based CDMA system
is operating using a modulation format such as QPSK. As the
loading of the system increases, at some point, the MMSE re-
ceiver eventually becomes interference limited. This threshold
in the number of users is reached because of imperfect suppres-
sion of the multiple access interference (MAI) due to the fact
that the processing gain does not provide the MMSE receiver
with enough dimensions to suppress all the interfering signals.
Since the receiver now is in the interference-limited region,
SINR can not be improved by simply increasing the transmit-
ter power. This limitation can be overcome by increasing the
processing gain (number of chips per symbols) by going to a
higher order modulation format such as 16QAM. Doing so will
move the MMSE receiver from the interference-limited region
and will allow the receiver to suppress the multiuser interfer-
ence and hence will increase the capacity of the CDMA system.
Since the 16QAM modulation format needs a higher SINR to
operate effectively, one can take advantage of the restored in-
terference suppression capability of the MMSE receiver and
increase the transmitted power to achieve a desirable perfor-
mance.
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Fig. 1. The MMSE receiver structure

II. SYSTEM MODEL

In this section, an MMSE receiver based CDMA system will
be described. There are K active users in the system. Each user
is assumed to have a unique spreading waveform c;(t). It is
assumed that all users transmit asynchronously over the same
channel with carrier frequency w,. The modulated signal of
the jth user can be written as

8j(t) = Re{y/2p;d; (t)c; (t)e’ "}
= Re{g;(t)e"t}

where g;(t) is the complex envelope of 8;(t), p; is the trans-
mitted power, and d;(¢) is a complex baseband signalling for-
mat with symbol interval T,. The waveform ¢;(t) is assumed
to be in the polar form with chip interval T,. Therefore, the
processing gain N is equal to T /T,. The bandpass received
signal at the receiver is given by

ey

K
r(t) = Re{ Z a;(t)e?® B gt — 7;)et} +n(t) (@)
j=1

The variables 7;, a5, 6; are the propagation delay, and the am-
plitude and phase of the fading process for the jth user. The
process n(t) is a real AWGN process with a spectral density of
N, /2. The fading amplitude is Rayleigh-distributed while the
fading phase is uniformly-distributed.

It is assumed that the desired user is user 1 and the receiver
has knowledge of its propagation delay. Without loss of gen-
erality, 71 can be set to zero. After converting the received
signal to complex baseband, the signal is passed through a fil-
ter matched to the chip pulse shape. The matched filter has a
scale factor of v/2p; T, associated with it. Based on these as-
sumptions, The equalizer contents of the MMSE receiver are
given by

r(m) = d;(m)ay (m)ejol (m)ey

K
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where the vector n(m) consists of elements of independent
zero-mean complex Gaussian random variables whose real and
imaginary parts have variances of W%N_J where E; is the av-
erage energy per symbol. In the above equation, 7; = l i Te+0;
where l; is an integer and 0 < §; < T¢. The vectors f; and g;
are defined as follows

%,(,6) = Ticf,-(zv—z— 1)+ (1 - Ti) £(N - 1)

- 0 4
80,5 = pai(V -1 -1+ (1 - 7,—) gV — 1)
where

£0) = () +&)/2
gi(h) = (¢’ -&)/2

W _ T
€5 = (Cj,N~13Cj,N=t+11++,C3,N=1,C5,0, Cj,1; 03 Cj,N=I—1)

&P = (~¢j Nt —CiN—te1s
veiy =Cj,N—1y —=Cj,0y Cj,15 -y Cj,N—l=1)
The variable r(m) can be written in the form
r(m) = di(m)ay (m)e?® (™e; + F(m) @

We define the following terms to be used in the next sec-
tion. The autocorrelation matrix, R, of the equalizer contents
is defined as R = E [r(m)r(m)H], The autocorrelation ma-
trix of the MAI and noise part of the equalizer contents is
given as R = E [F(m)F(m)*] and the correlation between
the desired user response and the received signal is given by
P, = E[d}(m)r(m)].

III. PERFORMANCE ANALYSIS

Despite the great deal of attention which has been given to
the MMSE receiver in recent years, there has been very little
detailed study of its performance with higher order modulation
schemes. In this section, we present symbol error rates for the
MMSE receiver using BPSK, QPSK, and 16QAM modulation
schemes in AWGN and fading channels. For an AWGN chan-
nel let

8 = PHR-P 5)
l_Jmin
i ©

where Jpn,i, is the minimum mean-squared error. A general
form of the average symbol error can be written as

P~ BQ(\/AB) )
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Fig. 2. Channel tracking using pilot symbols and linear prediction for 3 users
using 16QAM modulation.

for BPSK, A =2and B = 1; for QPSK, A = land B = 2.
For 16QAM, the average symbol error is given by

pasqan =39|1- ) ®
where A=t1and B=1.

For a fading channel, we will use the system model and the
MMSE receiver structure presented in [5]. A frequency nonse-
lective slow fading channel model is used. The tracking of the
fading process amplitude and phase is accomplished through
the use of periodically spaced pilot symbols and linear predic-
tion as shown in Figure 2. In this case, channel estimates are
made by feeding a linear prediction of previous channel esti-
mates, some of which are based on pilot symbols. The phase
and the amplitude estimates of the fading process from of the
linear predictor are then used to remove the phase of the desired
user fading from the input of the modified MMSE receiver and
to scale the decisions from the modified MMSE receiver, re-
spectively. To find the average symbol error, let
v = cfR™¢ )
where the vector c; represents the desired user’s spreading se-
quence. A general form of the average symbol error can be

written as
o Y
~Fl1—-,/=——];
P ( VG+7)

For BPSK, F = § and G = 2; for QPSK,F = 1 and G = 4.
For 16QAM, the average symbol error is obtained by substitut-
ing eqn. (10) into eqn. (8) for F = L and G = 20.

For the single user case, it is easy to show that these results
reduce to the well known results shown in the digital commu-
nications literature [7] and {8].

(10)

Eb/No, dB

Fig. 3. The performance of BPSK, QPSK, and 16QAM in a Gaussian channel
with 1 user.

To obtain these results, we have used the Gaussian approxi-
mation for the output of the filter due to interference and noise.
The justification for the Gaussian approximation is based on
the central limit theorem by noting that the output of the filter
is a sum of random variables with different probability density
functions (pdfs). Therefore, the sum of these random variables
at the output of the filter can be considered a Gaussian random
variable. This approximation is widely used in evaluating con-
ventional receivers [9]. Moreover this approximation is more
accurate with the MMSE receiver since we have less interfer-
ence at the output of the filter and more Gaussian noise [3].
Poor and Verdu in [10] have studied the behavior of the output
of the MMSE receiver and found that the output is approxi-
mately Gaussian in many cases.

IV. SIMULATION RESULTS

In order to illustrate the improvements in the performance
of the system in terms of BER and capacity, Figures 3, 4, and
5 show the performance of the MMSE receiver with BPSK,
QPSK, 16QAM in a Gaussian channel for 1-, 20-, and 50- user
CDMA systems. In these simulation results, the LMS algo-
rithm step size used was y = 0.1/TIP where TIP is the total
input power and the received powers have a lognormal distri-
bution with zero mean and 1.5 dB standard deviation. The pro-
cessing gains are 31, 62, 124 for BPSK, QPSK, and 16QAM
respectively. These values of the processing gains are chosen
in order to have the bandwidths and the information rates equal
for the three systems.

For a single user system, the bit error rate is the same for
BPSK and QPSK and lower than that of 16QAM for a given
Eb/No. When the load of the system increases to 20 users, the

QPSK-based CDMA systems outperforms the BPSK-based
system. The rate of improvement is faster for QPSK than for
BPSK as the Eb/No increases. On the other hand, the 16
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Fig. 4. The performance of BPSK, QPSK, and 16QAM in a Gaussian channel
with 20 users.

Fig. 5. The performance of BPSK, QPSK, and 16QAM in a Gaussian channel
with 50 users.

QAM system starts about 1 dB worse than BPSK but at about
Eb/No = 11dB the 16QAM BER becomes lower than that of
BPSK for a given Eb/No. With the load further increased to
50 users, both BPSK and QPSK will reach a point at which the
bit error rate will become invariant to the increase in Eb/No.
That basically means we can increase the load of the system by
increasing the length of the processing gain without increasing
the bandwidth or information rate by simply going to a higher
order modulation.

Figure 6 shows how systems with different modulation for-
mats deal with the near-far problem. In this case, the standard
deviation ¢, (dB) of the interfering signal received power is
varied while Eb/No is fixed at 5 dB for a load of 30 users. It
is clear from the figure that, at this load, The MMSE receiver
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Fig. 6. BER of BPSK, QPSK, and 16QAM as a function of near-far ratio for
30 users.
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Fig. 7. Theoretical (bottom) and adaptive (top) BER of BPSK, QPSK, and
16QAM in a Rayleigh fading channel with 30 users

with the BPSK modulation format is not near-far resistant any-
more. The QPSK and 16QAM based MMSE receiver systems
are operating as a near-far resistant. Clearly, at this level of
loading, one should choose a higher order modulation format
to restore the near-far resistance of the MMSE reviver, If the
system loading increased to a higher level, one should expect,
the QPSK based system to lose its near-far resistant property.
Figure 7 shows the performance of the MMSE receiver
based CDMA system using different modulation formats in
a Rayleigh fading channel. For this environment, the Mobile
speed was 5 mph, the frequency band was 900 MHz, the bit
rate was 9600 bps, and the number of users was 30. In this



figure the top 3 plots represent the adaptive, LMS, implemen-
tation of the MMSE receiver while the bottom 3 plots represent
the theoretical results which were obtained by using eqn. (10).
In the adaptive implementation, the phase and amplitude of the
desired user’s fading process were estimated using pilot sym-
bols and linear prediction. The pilot symbol is sent every 10th
symbol. As can be seen from the figure, with a BPSK modu-
lation, the BER of the system does not improve when Eb/No
increases. Performance of the system can be improved by us-
ing a higher order modulation. In addition, it can be seen that
there is a loss of about one order of magnitude in terms of BER
due to the adaptive implementation of the MMSE receiver.

V. CONCLUSION

In this paper, we have studied the performance of the MMSE
receiver with BPSK, QPSK, and 16QAM modulation formats.
We have shown that if we keep the bandwidth and information
rate the same for BPSK, QPSK, and 16QAM, the 16QAM-
based system outperforms the other modulation formats based
system when the loading of the system is high. This perfor-
mance improvement is made possible by increasing the pro-
cessing gain and hence increasing the ability of the MMSE re-
ceiver to suppress the multiple access interference. Since the
MMSE receiver will be operating in a near-far resistant region,
the SINR can be increased to get acceptable performance of
the 16QAM-based system. As we have seen, for highly loaded
system, the system has an error floor in the case of BPSK and
QPSK that is invariant to the increase of SINR. This perfor-
mance limitation can be overcome by choosing a higher order
modulation.

The performance of the adaptive form of the MMSE in a
fading channel can be further improved if a more accurate es-
timate of the desired user fading process can be achieved.
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