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Abstract— As multimedia applications proliferate, there is a
desire to provide wireless transport to information streams with
inherently different data rates. Direct-sequence code division
multiple access (DS-CDMA) is a natural multiple-access strategy
for multiple data-rate systems. Recent work on multirate DSCDMA receivers has focused on signal-processing techniques,
which detect all users of all rates simultaneously. In the current
work, multirate users have multiple bandwidths. Thus, it is
proposed to exploit bandwidth differences to achieve frequencybased rate separation followed by single-rate detection schemes.
Such a methodology enables a tradeoff between receiver complexity and performance. The performance of the proposed filters
and receivers are derived for both a modified matched filter and
modified decorrelator employing rate separation. Performance
of a multirate CDMA overlay system is evaluated. In addition,
chip pulse shaping for wide-band users is developed to improve
performance for narrow-band users for the overlay system.
Index Terms—Direct signal code division multiple access (DSCDMA), multimedia services, multirate systems, multiuser detection, overlay systems, pulse shaping, variable chipping rate
CDMA, Wiener filters.

I. INTRODUCTION

D

IRECT-SEQUENCE code division multiple access (DSCDMA) is a promising technique for providing multiuser
access in wireless systems. Relative to other multiple-access
schemes, CDMA can increase the number of potential users in
bursty or fading channels making it attractive for applications
such as mobile cellular telephony and personal communication
systems (PCS).
In the last few years, multiuser receiver developments for
CDMA-based communications (see, e.g., [1]–[5]) have primarily focused on single-rate systems where all users transmit
information at the same data rate. With the exploding growth
of cellular communication systems, there has been much interest in advanced PCS. PCS promises to offer wireless transport
for a variety of data sources such as images (facsimiles), video,
data, as well as voice. Different information sources will have
inherently different data rates and bandwidths. Therefore, in
order to have a wireless system that will serve these diverse
sources, it is desirable to develop multiple data-rate systems.
We propose to explore the feasibility of rate-separation via
frequency-based techniques. In this work, we shall develop
multirate multiuser receivers that first perform user separation by rate, followed by single-rate multiuser detection, and
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analyze their performance. Multirate CDMA systems have
been investigated from different perspectives. The appropriate
choice of the chip rate, chip pulse shape, processing gain,
number of codes, and modulation format is considered in
[6]–[10]. Access methodologies and their comparison are
presented in [13] and [14]. Much of the prior work on receiver
design also assumed a constant chipping rate. In the current
work, we will assume a fixed processing gain for each user
but varying chipping rates (also seen in [14] and [28]). In [28],
new methods for updating adaptive minimum-mean squarederror receivers for a multirate overlay system was considered.
Overlay systems will also be considered herein to improve
performance.
Proposed third-generation DS-CDMA standards consider
a variety of methods for accomplishing multiple data rates.
Variable spreading length (constant chip rate), multicode, and
discontinuous transmission schemes are discussed in [12]
and [11] in reference to UMTS/IMT2000 and W-CDMA.
In [11], multiple chip rates are also specified for the radio
link. It is anticipated that future standards will incorporate
hybridized versions of the different multirate access schemes
to tailor the data rate to the application. While there has been
initial emphasis on variable spreading length and multicode
methods for multirate DS-CDMA, there are pragmatic reasons
to investigate multiple chip-rate methods. Having multiple chip
rates enables low-rate users to have only limited hardware
needs. Thus, a low-rate voice user does not need to have the
capability of transmitting at the same chipping rate as a video
user.
Among the receivers proposed for multirate CDMA systems
are the conventional receiver [6], decorrelator-based receivers
[15], [16], the optimum receiver [17], multistage receivers,
and receivers based on successive interference cancellation
[18]. Most of the previously proposed receivers were designed
to directly operate on the complete received signal, which
consists of the multirate signals without any preprocessing.
This causes the receiver structure to be complex, with the
complexity increasing with the total number of virtual users
in the system. Also in some cases, the receiver requires
knowledge of the particular choice of spreading codes of each
of the active users. This motivates us to consider separation
of users of different rates and process them with single-rate
detectors that have low complexity.
The contribution of this paper is to propose a class of
receivers that preprocess the received multirate signal into
several single-rate signals. In this way, a multirate problem
is decomposed into multiple single-rate problems. Due to the
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assumption of different chipping rates for users of different
data rates, the users will have different bandwidths. These
bandwidth differences can be exploited for frequency-based
rate separation. The notion of frequency-based narrow-band
interference suppression of [20] will be extended to multirate
CDMA systems. Three rate-separating preprocessors will be
considered: Wiener filters, high- and low-pass filters, and
some new filters (which we will call -filters) based on
minimizing interference. Once rate separation has been accomplished, previously proposed multiuser receivers for single-rate
communications can be applied (the matched filter and the
decorrelating detector [1] are considered here). Note that we
will incur a loss in performances as we do not model all
the users; this work is, in part, a feasibility study to assess
performance loss versus reduction in receiver complexity.
The probability of error for these different schemes will
be calculated for an asynchronous dual-rate scenario. The
proposed receiver structure is suited to be used both at the
mobile and at the base station. Also, for this receiver, the
rate ratio is not required to be an integer, unlike most of the
previously proposed receiver designs [15] where this property
is necessary. While the focus of the paper is on dual-rate
systems, the receiver can be extended for multirate systems.
As an example, we have also considered a system with
three different rates; performance curves for a selected set of
scenarios are presented.
For efficient utilization of the allotted bandwidth and to
improve the performance of the low-rate users, a multirate
CDMA overlay situation, where different sets of low-rate users
modulated onto different carriers are overlaid on the high-rate
users, will be considered. The performance of the proposed
receiver for such a system will be studied. We will see that
in such an overlay system where the high-rate users have a
raised cosine spectra, certain sets of low-rate users suffer in
performance due to the strong high-rate interference, while the
other sets experience less high-rate interference. Therefore,
to have all sets of low-rate users experience equal amounts
of out-of-rate interference, design of the chip pulse shape of
high-rate users will be investigated.
This paper is organized as follows. Section II describes
the received signal and the dual-rate communication scenario. Section III proposes the receiver structure, which uses a
frequency-based rate-separation technique and gives the design
of a few rate-separating filters. Probabilities of error for lowand high-rate users are derived, and numerical results for
a dual-rate asynchronous system are presented. Section IV
investigates the performance of the proposed receiver in a
CDMA overlay system. It also includes the design of highrate chip pulse shapes and analyzes the improvement in
performance. In Section V, numerical results are provided.
Section VI summarizes and concludes this paper.

II. PRELIMINARIES
We shall consider an asynchronous dual-rate DS-CDMA
low-rate users and
high-rate users. We
system with
present a dual-rate system to maintain notational simplicity,
although the receiver systems proposed herein, and all deriva-
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tions, can easily be extended to multirate systems (numerical
results for a three-rate system are provided in Section V). In
this work, we shall also assume coherent reception. Although
the rate-separation filters proposed in this paper are applicable
to multipath channels, we will assume nonmultipath channels
in our analysis. The system model considered here is for the
uplink where signals from several mobiles arrive at the base
station. In Section III, we propose receiver structures that can
be used at the base station to detect the signals from different
users. To implement the receivers, knowledge of the spreading
waveforms of all users and their delays is required. The spectra
of the users required to design the rate-separation filter can be
obtained from the spreading waveforms. It should be noted that
some of the proposed receivers can also be used at the mobile,
with knowledge of the frequency bands or the spectra of all
users. In order to implement the Wiener filter, the amplitudes
of all users should also be known. To ease this requirement,
a Wiener filter designed on the assumption of unity-received
power for each rate is also considered.
To preview the assumptions made in our study, we shall
consider systems with the following characteristics:
1) dual-rate systems (for clarity);
2) multiple chip rates;
3) binary phase shift keying (BPSK) modulation;
4) Gold sequences;
5) additive white Gaussian noise channels with no multipath.
We next explicitly describe the system model and the impact
of the assumptions above on this model. The subscript will
or high-rate users
refer to low-rate users
The bit duration of a user of type is denoted by
The
is defined as
to be an integer, for ease of
rate ratio
calculation. The reception schemes are not at all dependent on
being an integer; however, it greatly simplifies notation to
is an integer, and so we adopt this convention
presume that
1 bits of the
herein. The received baseband signal over 2
low-rate users can be expressed as

(1)
and
denote the received amplitude and
where
received bit, respectively, during the th bit interval for the th
and
denote the th highlow-rate user. Similarly,
rate user’s received amplitude and received bit during the th
subinterval of the th low-rate bit interval. Assuming BPSK,
are independent and identically
the transmitted data bits
1 1 with equal
distributed (i.i.d.), taking on values from
probability. The signature waveforms are denoted by
and
for the th low- and high-rate users, respectively.
The delay of the th user of group with respect to the base
For simplicity,
station’s symbol timing, is denoted by
we will assume that the delays are within the high-rate bit
It is assumed that the delays of
interval, i.e.,
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all active users are known to the receiver. In this dual-rate
for all users and
system, we use a constant processing gain
is
let the chip rate vary according to the bit rate [14]. If
The
the chip duration of the th rate user, then
signature waveforms can be expressed as

(2)
(a)

1 1 denotes the signature sequence of
where
is the chip pulse shape of length
user of group and
The extreme chips cause intersymbol interference
It should be noted that the interchip
(ISI) of duration
interference introduced by all chips other than the extremes
are absorbed into the signature waveform. We shall assume
is
essentially band-limited chip shapes. In particular,
assumed to have a raised cosine spectral pulse [19] and is
defined by

elsewhere
(3)
is the rolloff factor, which takes values in the
where
1. These pulses are essentially band-limited
range 0
as opposed to rectangular pulses, which have much higher
spectral leakage. The excess bandwidth can be calculated as
100%. For our study, we use
which corresponds
The
to an excess bandwidth of 30%, and we set
is normalized so that
energy of the pulse

(4)
Finally, the additive white Gaussian noise in (1) is denoted
with zero mean and autocorrelation function
by

III. RECEIVER STRUCTURES
In this dual chip-rate system, users with different rates
have different bandwidths, and therefore we can exploit this
difference to separate users of different rates. Simple filters
such as low-pass, high-pass and Wiener filters can achieve
frequency-based rate separation. Thus, the dual-rate problem is
decomposed into two single rate problems to which we can apply existing detection schemes with appropriate modifications.
The proposed receiver system can be described by the block
diagram in Fig. 1(a). We observe that the receiver structure
can easily be extended for a multirate system. We begin by
describing the filter choices and then review the single-rate
multiuser receivers, modified to include other-rate interference
and filter effects. Due to the linearity of the receiver, it is
straightforward to calculate the probability of error. In the
sequel, new filter structures are explored.

(b)
Fig. 1. (a) Receiver bit structure for dual-rate DS-CDMA system. (b)
Receiver for dual rate DS-CDMA system in an overlay situation with two
sets of low-rate users.

A. Filter Choices
Narrow-band interference suppression for direct-sequence
spread-spectrum overlay systems is a well-explored problem
in the literature [20]–[23]. Much of the prior work [20]–[22]
used Wiener-type filters employing tap delay line structures to
first predict and then subtract out the narrow-band interference.
Here, we will consider some interference suppression filters for
a multirate DS-CDMA system, borrowing from the narrowband interference suppression literature. Simple high- and
low-pass filters as well as Wiener filters are considered.
The performance of these filters is numerically evaluated in
Section V.
1) High- and Low-Pass Filters: The difference in the
bandwidth between users of different rates suggests the use
of simple filters, such as high-pass and low-pass filters,
for separating the high-rate and low-rate users. The cutoff
frequencies of the filters are related to the rolloff factor and
the low-rate chip duration
as
The filtering operation introduces intersymbol interference
(ISI), which poses a constraint on the length of the filter. To
limit the ISI to only adjacent bits, the filter length should be
less than the bit duration of the high-rate user.
2) Wiener Filter: It has been shown in [24] that suppression of multiple access interference in a single-rate DS-CDMA
system using Wiener filters gives better performance than a
single stage of parallel cancellation. In this dual-rate system, to
detect users of one rate, Wiener filters can be used to suppress
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the multiple access interference due to the users of the other
rate. If is the desired group of users, then the Wiener equation
to suppress other rate users can be written as

(5)
is the effective amplitude squared of
where
and
Due to
all users in rate
the assumption of independent data bits and independent chips
with unit variance, the power spectral density (PSD) of each
user of rate is given by the magnitude squared of the Fourier
i.e.,
transform of the pulse shape
where
denotes the Fourier transform operator. The raised
cosine frequency characteristics for a pulse of infinite length
is given as
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B. Performance Analysis
We first describe the filtered signal and then consider
denote the signature
two single-rate receivers. Let
waveforms in (2) filtered by the rate-separation filter
The filtered waveform can be written as

(9)
otherwise
where the ISI due to the bits on the left and right are denoted
and
respectively. Here, we assume that the
by
length of the filter is less than one high-rate bit interval
The center portion of the filtered signal is denoted by
and is essentially the modified spreading waveform of the user,
which will be used in the single-rate detector. The signal at
the output of the filter for the th rate over the th low-rate bit
) can be written as
interval (i.e.,

(6)

Let the power spectral density be written in terms of
the Fourier transform of the infinite pulse as
Since
has finite duration
and
is set to zero outside this interval, the Fourier transform of
can be obtained by convolving
with the Fourier
of a rectangular window. Thus,
transform
Note that in this paper, the notation
and
is used to represent conjugate, transpose, and
inverse operations, respectively.
If one wishes to have a Wiener filter that is independent of
the amplitude of the users, the corresponding Wiener equation
is given by
(7)
and
are constants that can be chosen
where
arbitrarily and still yield a fixed Wiener filter. We have chosen
This fixed filter has an advantage over
the Wiener filter in (5) as we do not have to estimate the
amplitudes of the users. Note that this formulation of the filter
represents a mismatch between the actual system parameters
and how the system is modeled to derive the filter. We will
see, however, that robust performance is still offered by this
filter design. We refer to this modified filter design as the
amplitude independent Wiener filter. Technically, this filter is
not a Wiener filter.
The Wiener equation in (5) can be modified for a multirate
different rates as
system with
(8)

where

(10)
is the colored Gaussian noise at the output of
and has power spectral density
Considering the low-rate users, the multiple access interference will
and
for positive values of
be caused by bits
The ISI from the right is caused by
the delays
It should be noted that there will be no ISI due to
,
as we have assumed that the filter length and the delays are
For the high-rate users, the MAI will be caused
less than
and
The ISI
by bits
and
from the left and the right is caused by bits
respectively. Here again we have assumed positive
delays
1) Matched Filter: We first consider the conventional
matched filter. This receiver is simply a filter that correlates
the filtered signal with the modified spreading waveform
of the user of interest. While it is clear that the matched
filter is a suboptimal multiuser receiver [1], determination of
its performance enables the evaluation of the preprocessing
filter’s ability to suppress out-of-rate interference. Without
Then, the
loss of generality, let us assume that
sampled output of the matched filter for the th bit of the th
where
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low-rate user at the symbol rate,

low-rate user can be written as1

is

(20)

(11)

is as defined in (12) without the noise term;
where
and the elements of refer to all the elements in (12). The
summation is over all possible combinations of the transmitted
; however with the desired user’s bit
as 1.
bits
Similarly, the bit decision for the th bit of the th high rate
The probability of error for the
user is
th high-rate user is
(21)
(12)
is the filtered signal at the output of the filter for
where
is the zero mean colored Gaussian noise
group and
instead
at the output of the matched filter. If we use
we can write the variance of the noise
as
of
(13)

is similarly defined from (17).
where
2) Decorrelating Detector: To consider a more sophisticated multiuser receiver, we look to the decorrelating detector
[1]. We shall focus on the one-shot decorrelating detector
[27]. Without loss of generality, let us assume that user 1
of group is the desired user. Effectively, we have a (2
1)-user “synchronous” channel with ISI and multiple access
interference from users of the other group. The th rate
interferers have signature waveforms

is the Fourier transform of
The crosswhere
and
are defined as follows
correlation functions

else

(14)
(15)
Though the cross-correlations depend on the delays, we will
not include the delays in the notation for ease of readability.
Similarly, the sampled output of the matched filter for the
th bit of the th high-rate user
assuming
is given by

else

(22)
(23)

for
A bank of 2
1 filters matched to the above signature
waveforms is formed. The output of the matched filters for all
low-rate users can be written in matrix form as

(16)

(17)
where

n
(24)
¯
is a diagonal matrix whose diagonal elements are
where
1 users at rate (i.e.,
the amplitudes of the effective 2
and
is as
defined before. The cross-correlation matrices are defined as

Note that
for
Here, the cross-correlations are defined as

(25)
(18)
(26)
(19)
(27)

is

The bit decision for the th bit of the th low-rate user
The probability of error for the th

1

p2) expf0(v2 =2)g dv:

Q(x) = sx1 (1=
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The bit decisions for the

where
(28)

th user of group is given by
Thus, the probabilities of the first
low-rate and high-rate users are given as

has zero mean and covariance

(35)

even,
odd,
The Gaussian noise vector
with
matrix

The vector
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is formed as
(36)
(29)

Similarly, the output of the matched filters for the th bit
of the high-rate users is given by

(30)
where

(31)
and all other matrices are defined as before.
In this work, we will consider a single-rate decorrelator that
zero-forces all users of the desired group other than the
desired user, but not out-of-rate users. As a result of this,
the residual MAI from out-of-rate users present after filtering
could be enhanced. Using (24) and (30), the output of the
decorrelating detector is
(32)
The output of the decorrelator for the low-rate and high-rate
users can be expanded as

(33)

(34)

and
are as defined in (33) and
where
(34), respectively.
Bit error probability calculation for the matched filter and
decorrelating detectors is exponentially complex in the number
of active users as it involves averaging the probability of
error over the bits of all the users. A technique that allows
us to rapidly analyze linear multiuser detectors in systems
with larger user populations was proposed in [31]. In [31], the
probability of error was calculated using moment generating
functions and contour integration.
3) Performance Criterion-Based Filters: It will be observed in Section V that the Wiener and high-pass filters work
well for high-rate users, but the introduction of rate-separating
filters worsens the performance for the low-rate users. We
provide the following intuitive explanation. In an effort to
suppress the MAI due to out-of-rate users, the Wiener filter reduces the desired user’s signal energy and increases correlation
among users at the same rate. Furthermore, as noted earlier,
ISI is introduced and the overall noise variance is increased.
Assessment of the causes of poor performance gains for lowrate users shows that there are five objectives to be considered
when designing filters that would achieve higher performance
gains: preserving the desired user’s energy, reducing the
correlation between in-rate users, reducing the correlation
between users of different rates, reducing the ISI, and reducing
the filter output noise variance. We will see that all of the
energies and correlations corresponding to these five objectives
are present in the argument of the function in (20).
In the high signal-to-noise ratio (SNR) region, the
function with
probability of error is dominated by the
the smallest argument. Therefore, considering the high SNR
region, one option is to find a filter that minimizes the
function in order to reduce the probability of
dominant
error for the matched filter. Similar cost functions can be
derived for the decorrelator. The functions to be optimized
in order to find the filter coefficients are given in [25] and
[26]. We call the resulting filter the -filter.
For brevity, in this paper we only discuss the results and
the drawbacks of designing such filters. The filter design
turns out to be a nonlinear maximization problem for which a
closed-form solution is not tractable. Iterative techniques are
considered for seeking the desired filter. Our experience indicates that often the algorithm converges to a local maximum.
While performance gains do result over the Wiener filters, the
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(a)

(b)

(c)
Fig. 2. (a) Normalized spectra of low-rate and high-rate users. (b) Rate-separation filter

gains are not significant and come at some computational cost.
Also, it should be noted that whereas the design of the -filter
requires the knowledge of the spreading waveform, the design
of the Wiener filter does not. Thus the -filter can be used
only at the base station and not at the mobile.
In order to overcome the problem of local maxima, cost
functions that are easier to maximize are considered. One
in Fig. 10) that
option is to have a cost function (
uses the squares of the correlations as opposed to their
in Fig. 10). Lower bit error rates can be
absolute values (
achieved by weighting the five objectives in the cost function
appropriately. For example, reduction of the noise variance
, which performs
can be emphasized by using a function
for low values of SNR (shown
better than that which uses
in Fig. 10).
IV. OVERLAY SYSTEMS
The dual-rate system considered in Section II has signals
with spectrally raised cosine pulse shapes whose spectra are
as shown in Fig. 2. It can be seen that the spectra of the
high-rate and low-rate users are centered around the same
Also,
frequency and have limited power for
since the bandwidth of the low-rate users is small compared
to the high-rate bandwidth, the high-rate users do not have
interference from the low-rate users for a large fraction of
their bandwidth. This results in inefficient utilization of the
frequency band allocated for the CDMA system. Hence, it may

H0 (!). (c) Rate separation filter H1 (!).

be better to overlay the low-rate users on the high-rate users
such that after modulation onto the carrier, they utilize more
of the high-rate frequency band [28]. Also, by modulating
low-rate users onto different carriers, we can improve their
performance.
There has been research on CDMA overlay situations where
a CDMA system is overlaid on an existing set of very narrowband users without adversely affecting either. Typically, these
narrow-band users are not CDMA users but tone jammers or
microwave users, etc. Due to the presence of narrow-band
users, a double-sided Wiener filter at each CDMA receiver is
employed to reject the interference in [22]. The performance of
an adaptive least mean square (LMS) filter in cellular CDMA
overlay situations was studied in [23]. It is shown that the performance of the adaptive LMS filter is not significantly worse
than the performance of a Wiener filter, assuming that the LMS
filter has had sufficient time to converge. Since past research
has shown that the use of suppression filters improves the
performance of the CDMA receiver in such overlay situations,
we will study the performance of such filters in a situation
where sets of narrow-band CDMA users (versus narrow-band
interference) are overlaid on a set of wide-band CDMA users.
A. Analysis
We will analyze the performance of the rate-separation
filters for this system. In the overlay system, the high-rate
sets
users’ signals are the same as in Section III. But
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of low-rate users are modulated using carrier frequencies
Since the signals in our system are real, we
have considered double sideband amplitude modulation. The
sets of lowcarrier frequencies are chosen such that the
rate users are equally spaced over the high-rate bandwidth. If
else
the high-rate users are also modulated, then
The signature waveforms of the low-rate users
are modified as
(37)
and
is defined in (2). The
where
superscripts refer to the th set of low-rate users. Therefore,
the spectra of the low-rate users become

(38)
is defined in Section III-A2. The receiver strucwhere
ture proposed in Section III can be easily extended for this
overlay system, as shown in Fig. 1(b). The receiver will now
rate-separating filters, one for the high-rate users
have
for the
sets of low-rate users. For this system, the
and
high- and low-pass filters can no longer be used as filter
choices but bandpass filters can be used. The Wiener filters
can also be used with appropriate modification. The Wiener
equation in (5) is modified as
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B. Design of High-Rate Chip Pulse
It will be observed in Section V that the performance of
the set of low-rate users having a higher carrier frequency
was close to the single-user bound, while that of the low-rate
users modulated on to a lower carrier frequency was poor. The
difference in performance is due to the PSD of the high-rate
users’ being concentrated at low frequencies. As a result of
this, one set of low-rate users suffer from strong out-of-rate
interference while the other has less out-of-rate interference.
Therefore, we next explore the design of high-rate chip pulse
shape such that both sets of low-rate users experience low
out-of-rate interference. Honig and Roy have considered the
problem of optimizing the transmitter pulse shaping filters for
each user assuming different symbol rates [7]. They assumed
the minimum mean squared error performance criteria and
derived necessary conditions for optimality. However, they
placed no constraints on the resulting ISI. There have been
other papers on design of pulse shape for MSK-type signals
[29] and partial response signalling systems [30]. The design
criteria vary according to the system under consideration.
However, in general, the bandwidth occupied by the pulse,
the pulse duration and the ISI introduced by the pulse are
major concerns. For our system, one option is to find a pulse
shape that minimizes the correlation between the PSD’s of the
high-rate users and the PSD’s of the sets of low-rate users.
In addition to this, we would like the high-rate chip pulse to
be essentially band-limited. In other words, the high-rate chip
is designed such that the following expression is
pulse
minimized:

(39)
(40)

and
The ampliwhere
tudes and the number of low-rate users of set are denoted by
and
respectively. The equations for the amplitudeindependent Wiener filter are given by

(41)
(42)

Since
We have chosen
this system fits in the framework of Section III, no additional
analysis is needed and the results of Section III-B can be used.

(43)
is defined in Section III-A2,
where
The power spectrum and the Fourier transform of the
are denoted by
and
respectively.
pulse
The performance of the proposed receiver structure will be
investigated for this pulse. The Wiener equations are same
replaced by
as in (39)–(42), however with
The performance analysis is similar to Section III-B assuming
that the intersymbol interference is less than a high-rate bit
is
interval. A high-rate chip pulse of length
The spectra are shown in Fig. 14. It
designed using
is clear that the design specification dramatically reduces the
correlation between users of different rates. Furthermore, the
resulting spectrum is reminiscent of multicarrier DS-CDMA
transmission [32], [33]. The narrow-band interference suppression abilities of multicarrier systems have been explored in
[32] and [33]. The resulting spectra indicate that the use of
a multicarrier DS-CDMA system as an implementation for
a multirate CDMA system merits further investigation and
may be the implementation of choice to achieve moderate
complexity.
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V. NUMERICAL RESULTS
In this section, the performance of the single-rate receivers
with filtering will be compared to that without any filtering.
The performance will also be compared to the single-user
bound, which gives the optimal performance. Let us consider
an asynchronous CDMA system, which supports fourteen
and
with rate ratio
The
users where
. The performance
processing gain for all the users is
of the low- and high-rate users is studied for particular sets of
delays of the users, which are chosen randomly. Gold codes
are used as signature sequences.
For our analysis, the signal is sampled at a frequency four
times that of the fundamental frequency of the high-rate users,
Since the rate ratio is four, the sampling
i.e.,
frequency is 16 times that of the fundamental frequency of
The sampled signals have
the low-rate signal
, shown in Fig. 2. The normalized
periodic spectra
Since the analog
frequency of 1 in Fig. 2 corresponds to
signal is essentially band-limited and sampled above the
Nyquist rate, the aliasing errors due to sampling are negligible.
Four scenarios are considered: single-carrier systems, -filter
designs, overlay systems, and overlay systems with high-rate
pulse shaping.

Fig. 3. High-rate user performance as a function of SNR. K0 = 7, K1 = 7;
ak;1 = 1, ak;0 = 4; M = 4.

A. Single-Carrier Systems
High- and low-pass finite impulse response (FIR) digital
The
filters are designed using the Kaiser window with
Wiener filters and the amplitude-independent Wiener filters
are found using (5) and (7), respectively. The Wiener filters
are implemented as linear-phase, FIR filters that are the best
least squares approximation to the desired frequency response
for a given filter length. The discrete-time frequency
responses of the filters used for rate separation are shown in
Fig. 2.
Fig. 3 shows the bit error probability (BEP) for the first
high-rate user as a function of SNR.2 The amplitudes of
the high-rate users are fixed at one and those of the low-rate
users are fixed at four. The performance of the receiver
with the Wiener filter and with a high-pass filter is shown.
The filter lengths have been chosen to be 25.25 , as the
performance did not improve for larger values of filter length.
With the high-pass filter, the performance of the receiver
for various cutoff frequencies was observed, and it was
found that a cutoff of 0.1275 yielded the best result. The
chosen cutoff is also in accordance with the cutoff frequency
given in Section III-A1. This cutoff frequency is specific
for a rate ratio of four. It is clear that the suppression of
interference due to the low-rate users’ using filters improves
the performance for the high-rate user.
It was found that the filters reduce the energy of the desired
user, increase the in-rate correlation and the variance of the
noise, in an effort to suppress the MAI due to other rate
users. Therefore, the overall gain due to filtering is the gain in
reducing the out-of-rate interference over the loss in increasing
the other interference terms, such as ISI, additive noise, and
2 The SNR in dB is calculated as 10 log (1= 2 ) since the amplitude of
10
the desired user is fixed at 1.

Fig. 4. High-rate user performance as a function of near–far ratio.
K1 = 7; SNR = 14 dB; M = 4.

K0 = 7 ,

in-rate interference. It can be observed that the overall gain for
the Wiener filter is less than that of the amplitude-independent
Wiener filter for SNR’s ranging from 0 to 14 dB. A whitening
filter was also analyzed and it was found to have a performance
worse than the Wiener filter.
Fig. 4 shows the BEP of the high-rate user as a function of
the amplitude ratio with the SNR fixed at 14 dB. When the
interference due to the low-rate users is low
the receiver without any filter performs better than those
with amplitude-independent filters. This is due to the fact
that the overall gain due to filtering is less than unity in
this region. Here, we can see that the amplitude-dependent
Wiener filter performs better than the amplitude-independent
as it is able
filters except over a range
to adapt to changes in the near–far ratio. Also, since the
decorrelator zero-forces only the same rate interferers, the
decorrelator is near–far limited.
The performance of the high-rate user is studied as a
with
and
The
function of the rate ratio
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Fig. 5. High-rate user performance as a function of rate ratio.
1 = 2; k;1 = 1, k;0 = 4; SNR = 14 dB.

K

a

a

K0 = 2,

amplitudes are chosen to be one for the high-rate users and
four for the low-rate users. The SNR is 14 dB. As the rate ratio
is increased, the range of frequencies for which the high-rate
and low-rate spectra overlap decreases. This causes the BEP
of both receivers with and without filter to decrease and is
shown in Fig. 5. Looking at the time domain, as the rate ratio
increases, the energy of a low-rate user in a high-rate interval
decreases due to the normalization of the signature waveforms.
This gives an alternate interpretation for the decrease in the
BEP with increase in rate ratio. It can be observed that the BEP
curve of the receiver without filtering is not smooth. This is
due to the variation in the cross-correlation values of the highrate user for different subintervals of a low-rate user, as the
rate ratio is varied. Since the rate-separation filter significantly
reduces the low-rate interference, the BEP curve for receivers
that use Wiener or high-pass filters is smooth. As expected, the
BEP of the high-rate user increased as the number of users in
each rate was increased.
For the high-rate users, the inclusion of a rate-separation
filter at the front end of a matched filter or a decorrelator improves the performance significantly. Therefore, the proposed
receiver can be used at both the base station and the mobile to
improve the performance of detecting high-rate users, however
with a slight increase in complexity.
The performance of the low-rate users is presented in Figs. 6
and 7. The low-rate filter lengths have been chosen to be
25.25 , and the cutoff frequency for the low-pass filter
was chosen as 0.125 It was observed that the performance
of the receiver with this filter is almost the same as that
without any filter, and sometimes even worse. This is due
to the high interference caused by the high-rate users over
the entire band of the low-rate spectrum. Therefore, the filter
is unable to suppress the interference due to other-rate users
while introducing ISI and increasing the variance of the noise.
Moreover, since the high-rate spectrum is almost flat over
the low-rate band, it is close to white noise, in which case
the single-rate decorrelator would perform the best. It can be
observed that the BEP of the low-rate users as a function
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Fig. 6. Low-rate user performance as a function of near–far ratio.
= 4.
1 = 7; SNR = 14 dB;

K

M

Fig. 7. Low-rate user performance as a function of rate ratio.
1 = 2; k;0 = 1, k;1 = 2; SNR = 14 dB.

K

a

a

K0 = 7 ,

K0

= 2,

of rate ratio has pathological behavior. This behavior can
be attributed to the change in the cross-correlation values.
Moreover, the energy of a high-rate user in a low-rate interval
This causes an overall increase in
increases linearly with
BEP as the rate ratio increases.
In order to show that the proposed receiver can be extended
to a multirate system, we will consider a system with three
different rates. The number of users in each rate is chosen
and
to be four, and the rate ratios are fixed as
The spectra of users of different rates
is shown in Fig. 8. The performance of the highest and the
lowest rate users are found to be similar to that of the highand low-rate users of the dual-rate system. The performance
of users of medium rate is shown in Fig. 9. The performance
of the medium-rate user lies in between that of the highest
and the lowest rate users. Also, it can be observed that the
rate-separation filters improve performance in the case of the
medium-rate user. Thus we can conclude that rate-separation
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Fig. 8. Spectra of users for

G

= 3,

M1

= 4, and

M2

= 16:

Fig. 9. Medium rate users’ performance as a function of SNR. K0 = 4,
K1 = 4, K2 = 4; ak;1 = 1, ak;0 = ak;2 = 2; M1 = 4, M2 = 16.

will improve performance of the higher rate users, while the
lower rate users could suffer.
B.

-Filters

The performance of the receiver with a -filter design as
discussed in Section III-B3 is presented for a synchronous
and
with
dual-rate CDMA system with
It is observed that the performance of the
rate ratio
receiver with the -filter is slightly better than that with the
Wiener filter for high values of SNR. The performance of the
-filter for the low-rate users is shown in Fig. 10. As the is designed to reduce the BEP for high values
filter with
of SNR, we can see that its performance is better than other
rate-separation filters for SNR 13 dB. Though the function
is easier to maximize, its performance is worse when
or
but is still better than the
compared to using
Wiener filter. Finally, the weighting of the noise variance in
helps to reduce the BEP for low values of SNR, but the

Fig. 10. Low-rate user performance as a function of SNR. K0 = 2, K1 = 2;
ak;0 = 1, ak;1 = 4; M = 4.

Fig. 11. Spectra of low-rate and high-rate users in a CDMA overlay situation
for M = 5 and L = 2:

BEP is higher than with
for SNR 16 dB. The -filters
thus can provide some improvement for low-rate users, but
this improvement is not always significant.
C. Overlay Systems
We next consider the performance of the receiver for an
asynchronous system with seven users per rate as before,
but now the seven low-rate users are separated into two
sets. Four low-rate users are modulated onto a higher carrier
) such that they have a spectrum
frequency (i.e.,
as shown in Fig. 11. The other three low-rate users
and
are modulated onto a lower carrier frequency
The rate ratio considered for this
have a spectrum
analysis is five. Fig. 12 shows the performance of a high-rate
user as a function of SNR. The performance of the receiver
that uses a rate-separation filter shows that it is better than
using just a single-rate detector. However, since the high-rate

SRINIVASAN et al.: RECEIVER FILTERS FOR MULTIPLE CHIP-RATE DS-CDMA SYSTEMS

Fig. 12.

K

(2)
0

High-rate user performance as a function of SNR.
= 3, 1 = 7; ak;1 = 1, a(1)
= a(2)
= 4 ; M = 5:
k;0
k;0

K

K

(1)
0

=

4,

Fig. 13. Performance of a low-rate user with higher carrier frequency as a
(1)
(2)
(1)
(2)
function of SNR. K0 = 4, K0 = 3, K1 = 7; ak;0 = 1, ak;0 = 2,
ak;1 = 2; M = 5:

users now experience interference from the low-rate users over
their entire bandwidth, the performance of the high-rate users
is worse when compared to that in the original system shown in
Fig. 3. The performance of a low-rate user with higher carrier
frequency is shown in Fig. 13. It can be seen that the BEP
of the low-rate user is closer to the single-user bound when
compared to the original system, as there is less high-rate
interference. The receiver with a Wiener filter performs better
than that without any rate-separation filter. The performance
of a low-rate user with lower carrier frequency is poor due to
the strong out-of-rate interference. It is clear that by reducing
interference, an overlay system can aid in improving the BEP
for low-rate users.
D. Overlay Systems with High-Rate Pulse Shaping
is designed
A high-rate chip pulse of length
Fig. 15 shows the performance of the high-rate
using
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Fig. 14. Spectra of low-rate and high-rate users in a CDMA overlay situation
for M = 5 and L = 2:

Fig. 15. High-rate user performance as a function of SNR.
(2)
K
= 3, K1 = 7; ak;1 = 1, a(1)
= a(2)
= 4; M = 5.
0
k;0
k;0

(1)
0

K

= 4,

users as a function of SNR. The amplitude of the high-rate
users is fixed at one and that of the low-rate users at four. It can
be noted that the receiver with a rate-separation filter followed
by a decorrelating detector performs better than a receiver
with only a decorrelator. The high-rate chip pulse is designed
such that the correlation with out-of-rate users is minimized.
However, this increases the in-rate correlation. It can be seen
that the rate-separation filter followed by a matched filter
performs the worst. The performance of the first low-rate user
of set 1 (shown in Fig. 16) is close to the single-user bound,
as there is negligible interference from the high-rate users.
Since there is negligible out-of-rate interference, there is only
slight improvement in performance by using rate-separation
filters. The amplitude-dependent Wiener filter worsens the
performance by reducing the desired user’s energy. Finally,
the BEP for the first low-rate user of set 2 is shown as a
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Fig. 16. Performance of a low-rate user with higher carrier frequency as a
(1)
4, 0(2) = 3, 1 = 7; a(1)
= 1, a(2)
= 2,
function of SNR. 0
k;0
k;0
ak;1 = 2; M = 5:

K = K

K

proved performance in the detection of high-data-rate users
when compared to single-rate detectors, which are matched
only to the rate of interest. Such single-rate matched filters
or decorrelators ignore the out-of-rate users. However, performance improvement for low-rate users was modest at best
when compared to the single-rate detectors, as separation by
rate does not afford any significant suppression of interference
power.
Performance gain was observed for the low-rate users when
criterion-based filters ( -filters) were employed. However
such filters were of higher complexity to calculate, requiring
nonlinear maximization, and required complete spreading code
information; this limits their practical use at the mobile.
Furthermore, optimization of the designs was difficult due to
convergence to local maxima.
To improve bandwidth efficiency and to potentially improve
performance of the low-rate users, an overlay scenario was
investigated. The performance gains afforded the low-rate
users were not uniform due to the fact that the high-rate
interference power was not uniformly distributed across the
bandwidth of interest. A further system modification was
implemented, using pulse shaping of the high-rate users’ chip
pulses to equalize the performance of the low-rate users.
The feasibility and strong performance of a moderatecomplexity, multirate system employing frequency-based rate
separation, overlay ideas, and pulse shaping has been shown.
Both high- and low-rate users can achieve good probabilities of
error. The rate-separating filters of interest were of Wiener type
and were independent of the exact realizations of spreading
codes; thus these filters can be employed at either the base
station or the mobile. Finally, it should be noted that as the
bandwidth of the users will remain the same in a multipath
channel, the proposed rate-separation technique can be applied
to multipath channels in conjunction with the appropriate
multipath multiuser detector.

ACKNOWLEDGMENT
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VI. CONCLUSION
In this paper, we have considered low-complexity receivers
for multirate, multiuser systems. The proposed receivers use
filters to achieve user separation by rate, followed by singlerate multiuser detection. We have shown that the proposed
receivers for a common carrier multirate system offer im-
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