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Abstract—In this paper, we study and examine the effect of
fading channels on the performance of spread-time/code division
multiple access (ST/CDMA). We consider two different models for
fading channel and obtain the average signal to interference plus
noise ratio (SIR) for ST/CDMA in both cases. We also obtain the
SIR for spread-spectrum/CDMA (SS/CDMA) and compare the
results with that of ST/CDMA. Depending upon the transmitted
chip pulse shape, and in the absence of thermal noise, spread-time
(ST) performance is equal to or greater than spread spectrum
(SS). For example ST/CDMA has 0.62 dB higher SIR value
compared to SS/CDMA with root raised cosine pulse shape with
rolloff factor 0.22 used in W-CDMA. Spread-time technique was
first proposed by Crespo et al. 1991, 1995, and U.S. Patents no.
5177768, 5175744, 5175743, 5173923, and is considered as the
time-frequency dual of spread spectrum technique.
Index Terms—Code division multiple access (CDMA), fading
channel, signal to interference and noise ratio (SIR), spread
spectrum (SS), spread-time (ST).

I. INTRODUCTION

T

HE EVER increasing demand for wideband wireless multimedia services on one hand, and the limited available
radio bandwidth for wireless services on the other hand, have
been the main thrust behind an intense research activities in
designing the most spectrally efficient signal set for the purpose of modulation and multiple access. The first impact of
such activities was the introduction of spread-spectrum direct
sequence/code division multiple access (DS/CDMA) as the preferred and viable solution in wireless and mobile communications systems [4], [5].
Recently an alternative CDMA scheme to direct sequence/spread spectrum (DS/SS) called spread-time (ST) was
presented in [1]–[3], which could prove to be spectrally more
efficient and more resistant to various channel impairments
than DS/CDMA. This technique can be viewed as the time-frequency dual of spread spectrum, and was originally motivated
by a technique introduced for encoding/decoding of coherent
ultrashort light pulses (femtosecond-picosecond) in the context
of Optical CDMA systems [6].
As opposed to SS which spreads the signal energy in frequency domain, ST spreads the energy of the corresponding data
pulses in time domain. In ST, the spectrum of data is modulated
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by a pseudorandom (PN) spectral sequence which is different
for each user. The bandwidth of PN sequence which is equal to
the bandwidth of the original pulse data consists of equal subbands or frequency bins. is called the spread-time spreading
factor which is equivalent to the processing gain of the system.
Depending on the user’s PN sequence, each bin has value 1 or
1. The original pulse spectrum representing one bit of information is multiplied by a PN sequence followed by the inverse
Fourier transform of the resulting frequency response. Since the
resulting pulse is of infinite duration, it must be truncated by a
time window. At the receiver, the desired data is obtained by
sampling the output of a filter matched to the user pulse.
The main advantage of ST is in its ability in matching the
transmitted spectrum with the channel characteristic, such as
when the channel has support on disconnected frequency bands,
which is rather difficult to achieve by chip shaping in SS [3].
As an another advantage of ST, consider a recently proposed
multiaccess technique based on Ultra-WideBand (UWB) [7],
[8] pulse transmission where we need pulses with the high timeresolution. In many applications, transmitting a train of ultrawideband or ultrashort pulses may be undesirable due to their
impulsive noise characteristic that may cause degradation in
systems operating in contiguous frequency band. Hence, reducing the effective instantaneous power of transmitted UWB
pulses may prove to be necessary, and the most viable scheme
to do so is based on spread-time technique. Further, in [9] authors have made a thorough comparison with respect to similarities and dissimilarities of multicarrier CDMA [10], [11] and
spread-time CDMA.
In [3], the performance of ST/CDMA in AWGN (Additive
White Gaussian Noise) channel was analyzed and compared
with that of SS/CDMA. The performance measure was the
signal energy to the interference plus noise ratio (SIR) at the
output samples of the matched filter or correlator. It was shown
that ST has 2.1 dB better performance than SS with rectangular
pulse chip in the absence of thermal noise.
In this paper, we examine the performance of spread-time and
spread spectrum in fading channels. Two different models for
fading channels are considered. We obtain the SIR of ST in both
cases and compare the results. We also compute the SIR of SS
in the second model of fading channel for various pulse shapes
and compare with the SIR of ST. It is shown that the SIR for
ST in the absence of thermal noise is 2.1 dB, 0 dB, and 0.62 dB
greater than that of SS with rectangular and root raised cosine
chip pulse shapes with rolloff factors 0 and 0.22 respectively.
The rest of this paper is organized as follows. In Section II,
a brief description of ST/CDMA is presented. In Section III,
we explain the model of system for both ST/CDMA and
SS/CDMA. Section IV describes the models of two fading
channels widely used in wireless and mobile communication
systems. In Section V, we compute the SIR of ST/CDMA
and SS/CDMA in fading channels and compare the results in

1536-1276/03$17.00 © 2003 IEEE

SHAYESTEH et al.: SPREAD-TIME CDMA RESISTANCE IN FADING CHANNELS

447

An alternative implementation of the structure of the decoder
is to synthesize a filter matched to the transmitted pulse (Fig. 3).
III. SYSTEM MODELS

(a)

Fig. 3 shows a typical baseband model of a system for both
SS and ST. We assume that independent users transmit their
signals asynchronously. The receiver is designed for the first
user which is denoted as the desired user. For SS, the transmitted
signal for user is of the form
(1)

(b)
Fig. 1. (a) Spectrum for a signal corresponding to an uncoded pulse. (b) A
typical spectral code.

is the sequence of independent information
where
, where
bits of the th user,
stands for averaging,
denotes discrete delta function,
is the data rate, and
is the baseband pulse as
(2)

order to highlight the spectral efficiency of ST/CDMA system
for certain practical cases. Finally, Section VI presents the
conclusion.
II. DESCRIPTION OF ST/CDMA
Here, we present a brief description of ST/CDMA. More details are explained in [3]. To encode a pulse we multiply the
by a spectral code conspectrum of the original data pulse
,
sisting of distinct chips, each of bandwidth
is the bandwidth of spread-time baseband signal.
where
Fig. 1 shows a typical spectrum and spectral PN sequence. The
, is a PN
code assigned to a particular user which modulates
sequence that takes on values 1 with equal probability. Referring to Fig. 1, it is observed that the time duration of modulated
pulse is times of the original pulse duration, i.e., spreading is
obtained in time domain while the bandwidth is not changed.
An ST/CDMA encoder is shown in Fig. 2(a). The inputs of
the encoder are modulated ultrawideband pulses with spectrum
. After modulating the spectrum
with a psuedorandom sequence, an inverse Fourier transform is performed.
The resulting pulse is of infinite duration, so it is truncated by
. If
, then the transmitted
the time window
.
power spectrum will be
An alternative way to construct the encoder is to implement
, as
a filter with impulse response of the transmitted pulse,
will be defined in (4). The transmitted signal is the output of this
filter in response to a series of short pulses modulated by the
. These short pulses are spread in time by
data at the rate
the encoder. The resulting transmitted waveform is a noiselike
signal.
The decoder shown in Fig. 2(b) computes the Fourier transform of the windowed received signal. Then demodulation and
integration are performed which is the same process as in the
is the baseband frequency reDS/SS case. In this figure,
sponse of the channel.
If the desired receiver is synchronized with its own code, then
the output is the transmitted data sequence. If the decoder is
matched to a different PN sequence, then the output signal is
additive low amplitude interference.

where (spreading code) is a sequence of independent random
variables for user that takes on values 1 with equal proba, is the code
bility so that
is the chip pulse shape,
is the
length (processing gain),
.
chip duration, and
For ST, with the same processing gain as in SS, the transmitted signal of user is
(3)
is the transmitted pulse in ST. Its Fourier transform
where
is
(see Figs. 1 and 2) for

(4)
is the desired transmitted power spectrum, the
where
second term in the above equation is the spreading code in freis the chip width in the frequency domain,
quency domain,
is the rectangle function defined on the interval
and
( 1/2, 1/2).
As an example of the transmitted pulse in ST, consider
is constant over the frequency interval
the case that
and hence its time duration is less than the data
period. It can be easily found that the transmitted pulse is given
by
(5)
Since we need to guarantee a real-valued time waveform, the
or we can take the real
PN sequence must satisfy
part of the above expression. It is seen that the resulting pulse
is of infinite duration, hence it must be time windowed by some
so that the transmitted pulses do not overlap. For
function
spread-time bandwidth results in
,
is
most of the energy (approximately 90%) in the pulse
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(a)

(b)
Fig. 2.

(a) A typical spread-time encoder. (b) A typical spread-time decoder.

Fig. 3. System model for spread-spectrum and spread-time, P (f ) is Fourier transform of the transmitted pulse for SS and Q (f ) is that of ST. The receiver is
designed for the first user.

contained in the interval
and there is little overlap
between the transmitted pulses. When we choose
then
which is reduced by a factor of 1/2 for the
same processing gain, and most of the energy in each pulse is
, which implies that each
confined to the time interval
pulse significantly overlaps with the two adjacent pulses on either side. However it is shown that the received samples at the
output of the matched filter do not contain intersymbol interference (ISI) when synchronization is perfect. We will consider
in our analysis.
both cases of

. The accuracy of this model depends on the number of freused in the bandwidth
and the shape
quency bins
of the channel frequency response.
B—For the second model, it is assumed that the channel of
each user is frequency selective in general with independent
paths. The impulse and frequency responses of the channel are
[12]

IV. CHANNEL MODEL

(7)

In order to compute the SIR in Rayleigh fading channels, we
consider two models. In both cases we assume that the channel
is slowly Rayleigh fading so that the channel parameters remain
constant during at least one symbol interval and can be estimated
correctly.
A—In the first case, the channel is in general frequency se,
lective in the whole bandwidth, i.e.,
is the channel coherence bandwidth [12]. But if
where
, that is, chip frequency width is less than the
channel coherence bandwidth, we can assume that the channel
response is frequency nonselective in each frequency bin [13].
Thus the frequency response of the channel for user can be
modeled as
(6)
is the complex coefficient of the th
where
is the random amuser channel in the th frequency bin,
plitude that has Rayleigh distribution with power
, and
is the random phase with uniform distribution
. Generally there is a correlation between
and
over

is the Fourier transform of
,
is the ampliwhere
tude of the th path of the th user channel which has Rayleigh
,
and
are analogous
distribution with
phase and delay that have uniform distributions in the intervals
and
, respectively.
V. COMPUTATION OF SIR
In this section, we compute the ratio of the average energy of
the desired user’s signal to interference energy plus noise (SIR)
at the outputs of the corresponding matched filters for ST and
SS in the mentioned fading channels. For simplicity, we neglect
. We compute the
the effect of window in ST, i.e.,
(see Fig. 3).
output of matched filter at times
A. For ST, the output due to the first (desired) user to a seis
quence of impulse train input at

(8)
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is defined in (4). For the channel model of case
(A) [Eq. (6)], we have
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Note that
above term as

. We can rewrite the

(9)

Since the code has modulus one, it can easily be found that

(14)

(10)

,
is the desired signal containing the
where
is ISI which is equal to the sum of the
first two terms and
remaining terms.
Similarly, we can compute the interference due to a single
as
interferer, i.e., user at

Substituting (9) and (10) in (8) gives

(15)
is the relative delay to the first user
with
where
. After replacing, we
uniform distribution in the interval
have
(11)

where

is defined as

(12)
Now, we compute the average energy of the first user.
Squaring (11) and averaging gives

(13)
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and

an integer.

(16)
In Appendix A, we show that the average interference energy
due to an interfering signal is

Then the outputs due to the desired user and its energy using the
above relations are obtained from (11) and (14) as

(17)
(22)

The noise variance at the sampled output of the matched filter
considering (9) and (10) is obtained as;

(23)

(18)

It is seen that there is no ISI in this case. The interference is
obtained as

is the spectral density of white noise
added at
where
the receiver.
The SIR is defined as the ratio of the desired user energy to
interference plus noise and ISI:
(19)
(24)
is the total interference energy. The
where
SIR of ST is obtained as shown in (20) at the bottom of the page.
, we have
A-1 For the case of rectangular

Using (17) and (18), the energy of interference and noise variance are obtained as follows:

elsewhere

(21)

So the SIR considering
at the bottom of the page.

(25)
is equal to (26) shown

(20)

(26)

SHAYESTEH et al.: SPREAD-TIME CDMA RESISTANCE IN FADING CHANNELS

451

As a special case assume that the correlation between the sub,
channels is small so that
then we can conclude that

The variance of thermal noise using the first term of (18) and
considering (10) and
can
be computed as

(27)

(32)

.
B. For the channel model of case (B) [Eq. (7)], the output due
to the first user in ST is

(28)

Therefore the SIR of ST for the channel model of case (B) can
be written as (33) shown at the bottom of the page. The third
term in the denominator is ISI. Since the integral in this term
where
is taken over
or
, it has a duration on the order
or
which is less than
for
,
of
thus we may conclude that the contribution of this integral is
, so ISI can be considered to be
approximately zero for
negligible. Therefore in the absence of thermal noise we have

In Appendix B we obtain the energy of the first user and it is
expressed as follows;

(34)

(29)

It is seen that the SIR is a function of number of paths, number
of users, data rate, bandwidth and pulse shape.
[Eq. (21)], we conclude
B.1 For the rectangular form of
and
that there is no ISI for

In the above equation, the first two terms are the desired user’s
signal ( ) and the third term corresponds to ISI.
The interference term and its corresponding energy (Appendix B) are expressed as

(35)

(30)
(31)

, the
If we compare (27) with (35), we observe that for
SIR of ST for the two channels in the absence of noise is the
same.
C. In this part, we compute the SIR of spread spectrum for
the channel model of case (B). The output of matched filter for

(33)
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the first user is obtained by replacing
(8)
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instead of

in

And the noise variance is obtained as

(36)
It is shown in Appendix C that the first user energy can be obtained as

(41)

(37)

where

The SIR neglecting ISI, which is shown to be approximately
zero, can be written as (42) at the bottom of the page. Since the
two systems have the same processing gain and data rate, a fair
comparison can be made. Considering equations (34) and (42),
the ratio of the SIR’s of ST and SS in the absence of noise is

(38)
and the remaining
In equation (37) the first two terms are
terms contain ISI. Since the above integrals are taken over
where
, thus
and
have
and
duration of approximately , so that
for
, i.e., ISI is approximately zero.
The interference and its energy (Appendix C) are computed
as

(43)
We observe that this ratio depends on the pulse shapes of the two
systems. We compute the above ratio for different chip pulse
shapes to compare the two systems.
C.1 For the case of rectangular chip shape
(44)
if we consider

, then using

(39)
(40)

(45)

(42)
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C.3 Consider the Root Raised Cosine (RRC) [12] pulse shape
, where
is raised cosine spectrum as
(46)
(55)
and from (42) we have
where is the rolloff parameter (
having RRC spectrum is

). The pulse

(47)
which
If we consider equation (35) for the case of
) as for spreadresults in the same bandwidth (
spectrum, and compare it with (47), we obtain
dB

(48)

It can be seen that in the absence of noise, the SIR for ST is
2.1 dB greater than SIR for SS with rectangular pulse chip. The
same result was obtained for AWGN channel [3].
If we consider the ideal transmission case for SS, i.e.,
then

(56)
and the bandwidth is
(57)
which changes from
It is easily verified that

to

when

varies from 0 to 1.

(58)
Therefore the SIR for SS in this case is
(59)
and in the absence of thermal noise, we have

(49)
(50)

In order to compare the ratio of SIR’s of the two systems for
different values of rolloff parameter , the same bandwidth must
be assumed for ST and SS. So for the sake of convenience,
may be set to
, allocating a bandwidth of

(51)

(61)

and we have
dB

which is equal to that of SS [eq. (57)]. Referring to equations
or 1), we obtain
(20) and (21), and ignoring ISI (when
the SIR for the channel model of case (A) as

C.2 For the Sinc pulse chip;
(52)
then we have

(60)

(62)
and for the channel model of case (B) considering (21), (33),
and (34), we have

and

(63)
(53)
It can be easily verified that for

, the SIR’s of the two
Once again it is seen that for
channel models are the same. Comparing the above relation with
(60) gives
(64)

(54)
For the case of
and choosing
obtain the same SIR ratio as (54).

which results in
we will again

Fig. 4 shows the above ratio for different values of . It is observed that by increasing the rolloff parameter from 0 to 1, the
improvement of ST over SS is gradually increased. As an interesting and practical example, consider the case of
which is used in W-CDMA. It is verified that ST has 0.62 dB

454

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 2, NO. 3, MAY 2003

Fig. 4. The ratio of SIR’s of ST and SS for different values of rolloff parameter of root raised cosine chip pulse shape in SS and rectangular spectrum in ST.
= (1 + )=T , W = W = (1 + )(N=2T ).
TABLE I
THE RATIO OF SIRS OF ST AND SS FOR VARIOUS CHIP PULSE SHAPES IN SS AND RECTANGULAR SPECTRUM IN ST

better performance than SS. In the case of
(rectangular
and
spectrum for SS and ST) we have
and the SIR’s of the two systems are the same.
The results obtained in subsections C.1 to C.3 are summarized in Table I. We observe that the SIR of ST is at least equal
to or higher than the SIR of SS for various chip pulse shapes.

to or higher than that of spread spectrum for different chip pulse
shapes. This improvement is 0.62 dB for root raised cosine pulse
shape
used in W-CDMA.
We finally emphasize here that the main advantage of
spread-time over spread spectrum is its flexibility in choosing
the frequency spectrum. An example of interest is when the
channel has support on disjoint frequency bands.

VI. CONCLUSION
In this paper, we examined the performance of spread-time
and spread-spectrum CDMA for two different fading channel
models. For the first case, it was assumed that the channel is
frequency selective in the whole bandwidth but it is frequency
nonselective in each frequency bin. For the second model, we
considered the general case of frequency selective channel with
independent paths. We derived the SIR of spread-time for the
, the SIR’s of ST
above two cases and observed that for
for the two channels in the absence of background noise are the
same.
We also obtained the SIR of spread spectrum for the second
model of channel and compared it with that of spread-time. It
was shown that the SIR is a function of data rate, code length,
number of users, bandwidth and specifically pulse shape for
both ST and SS. Furthermore, our results indicate that in the
absence of background noise, the SIR for spread-time is equal

APPENDIX A
In this Appendix we derive the average energy of interference
for ST [Eq. (17)] for fading channel model of case (A) [Eq. (6)].
Squaring (16) gives

(A.1)
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and using
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APPENDIX B
Here we derive the average energies of first user and interference for ST [Eqs. (29) and (31)] in the case (B) of channel
model [Eq. (7)]. Squaring (28) and then averaging gives

else
we obtain

(B.1)
Using

else,

(A.2)
Taking
formula

inside the above integrals and using Poisson sum

,
and

gives

(B.2)
we obtain

(A.3)
Using the following equation

By taking
sum formula,

(B.3)
inside the second term of integrals, using Poisson

,
,

(A.4)

we conclude that

(A.5)

and rearranging the terms we have
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(B.4)
Now we compute the energy of interference [Eq. (31)]. Squaring
(30) and averaging gives
(B.7)

APPENDIX C
In this Appendix, we derive the average energies of desired
user and interference for SS [Eqs. (37) and (40)] in the case (B)
of fading channel model [Eq. (7)]. Squaring (36) and averaging
gives

(B.5)

(C.1)

Using

Considering the following relations

else;
else
and

else
we obtain

else
we have

(B.6)
Applying the method used in Appendix A (exchanging
, Poisson sum formula) gives

and
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(C.3)

and
. Since these integrals are in the
where
, so the duration
range of
and
should be on the order of
, therefore we
of
and
are zero for
. Thus
can conclude that

We define

(C.2)
(C.4)

Using the same method used in Appendix A for the last three
terms of the above equation, we obtain
, the third term is nonzero for
Noting the duration of
and
, and the fourth term is zero for
. So

(C.5)
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The fourth and fifth terms are nonzero for
, respectively. Noting that
and
and counting the terms in the summations gives

and
are even,

(C.6)
To compute the interference energy, squaring (39), averaging
and using following relations gives
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(C.7)
Using the same method applied in Appendix B, we obtain

(C.8)
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