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Abstract—In this paper, we study the sensitivity of uplink and
downlink MC-DS-CDMA to carrier frequency offsets, assuming
orthogonal spreading sequences. For both uplink and downlink
MC-DS-CDMA, we show that the performance rapidly degrades
for an increasing ratio of maximum frequency offset to carrier
spacing. We point out that the degradation in the uplink is larger
than in the downlink because only the former is affected by
multiuser interference. For a given (small) ratio of maximum
frequency offset to carrier spacing, enlarging the spreading factor
in a fully loaded system does not affect the downlink degradation
but strongly increases the uplink degradation. Finally, we show
that the downlink degradations of MC-DS-CDMA and fully
loaded MC-CDMA are the same, provided that for both systems
the ratio of frequency offset to carrier spacing is the same.

Index Terms—Carrier frequency offset, MC-DS-CDMA, syn-
chronization.

I. INTRODUCTION

DUE TO the enormous growth of wireless services (cellular
telephones, wireless local-area networks, etc.) during the

last decade, the need for a modulation technique that can reliably
transmit high data rates at a high bandwidth efficiency arises.
Multicarrier (MC) systems in particular have received consider-
able attention, as they combine a high bandwidth efficiency with
a robustness against multipath distortion [1]–[8]. These MC sys-
tems include different combinations of multicarrier modulation
and code-division multiple access (CDMA) that have been in-
vestigated in the context of high-rate multiuser communication
over multipath channels [5]–[8].

A major disadvantage of multicarrier systems is their high
sensitivity to frequency offsets between the carrier oscillators
at the transmitter and the receiver, especially when the number
of carriers is large. The effect of carrier frequency offsets on
multicarrier systems has been reported in [9] for orthogonal
frequency-division multiplexing (OFDM) and in [10], [11] for
MC-CDMA (which combines multicarrier modulation with fre-
quency-domain spreading).

In this contribution, we investigate the effect of carrier
frequency offsets on multicarrier direct-sequence CDMA
(MC-DS-CDMA), which combines multicarrier modulation
with time-domain spreading [5], [7]. In Section II, we describe
the uplink and downlink MC-DS-CDMA systems. Analytical
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Fig. 1. MC-DS-CDMA transmitter for a single user.

expressions for the system performance in the presence of
carrier frequency offset are derived in Section III. In Sec-
tion IV, we discuss the performance results for downlink and
uplink transmission. The MC-DS-CDMA and MC-CDMA
performances in the presence of carrier frequency offset are
compared in Section V. Conclusions are drawn in Section VI.
One of the main conclusions is that MC-DS-CDMA is much
more sensitive to frequency offsets in the uplink than in the
downlink, especially when the spreading factor is large.

II. SYSTEM DESCRIPTION

A. Uplink MC-DS-CDMA

The conceptual block diagram of the transmitter of an
MC-DS-CDMA system is shown in Fig. 1 for a single user.
In MC-DS-CDMA, the complex data symbols to be trans-
mitted at a rate are split into symbol sequences, each
having a rate and each modulating a different carrier
of the multicarrier system. The data symbol denotes
the th data symbol transmitted by useron the carrier with
index , with belonging to a set of carrier indexes.
The symbol is multiplied with a spreading sequence

with spreading factor ;
denotes the th chip of the sequence that spreads the

data symbols transmitted by userduring the th symbol
interval. Note that the spreading sequence does not depend
on the carrier index : the same spreading sequence is used
on all carriers. It is assumed that . The
components of the spread data symbol are denoted

, with

(1)

The components are serially transmitted on theth car-
rier of an orthogonal multicarrier system, i.e., the data symbols
are spread in the time domain (see Fig. 2). The modulation of
the spread data symbols on the orthogonal carriers is accom-
plished by means of an -point inverse fast Fourier transform
(IFFT). To avoid having the multipath channel cause interfer-
ence between the data symbols at the receiver, each FFT block
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Fig. 2. Illustration of time-domain spreading in MC-DS-CDMA.

at the inverse FFT output is cyclically extended with a prefix of
samples. This results in the sequence of samples ,

with

(2)

The transmitter feeds the samples at a rate
to a square-root raised-cosine filter

with rolloff and unit-energy impulse response , yielding
the continuous-time transmitted complex baseband signal,
given by

(3)

Because of the normalization factors introduced in (1) and (2),
the transmitted energy per symbol on theth carrier from user
is given by . It is assumed that carriers in-
side the rolloff area of the transmit filter are not modulated, i.e.,
they have zero amplitude. Hence, of the available carriers,
only carriers are actually used . The car-
rier index corresponds to the carrier frequency . As-
suming to be odd, the set of carriers actually used is given
by .
The corresponding carrier spacing and system bandwidth
are given by

(4)

The above approximations are valid for .
When several users are active, each user transmits to the

basestation a similar signal . To separate the different

user signals at the receiver, each user is assigned a unique
spreading sequence , with denoting the user index.
In this paper, we consider orthogonal sequences, consisting
of user-dependent Walsh–Hadamard sequences of length,
multiplied with a complex-valued random scrambling sequence
that is common to all active users. Hence, the maximum
number of users that can be accommodated equals. Without
loss of generality, we focus on the detection of the data symbols
transmitted by the reference user .

The signal transmitted by userreaches the basestation
through a multipath channel with transfer function that
depends on the user index[see Fig. 3(a)]. We assume that the
timing phase of the transmitter and the time delay introduced
by the channel are included in the transfer function .
The output of the channel is affected by a carrier phase error

, where denotes a small carrier
frequency offset . The basestation receives the
sum of the resulting user signals and an additive white Gaussian
noise (AWGN) process . The real and imaginary parts of

are uncorrelated, and each has a power spectral density of
2. The contribution from each user is affected by a different

carrier frequency offset , as each user signal is upconverted
by a different carrier oscillator.

The resulting signal is applied to the receiver filter, which is
matched to the transmit filter, and sampled at a rate 1(see
Fig. 4). The sampling instants and associated sam-
ples of the FFT block that correspond to theth chip of the th
symbol on any carrier are denoted and , respec-
tively, where

(5)

From each FFT block of samples, the receiver removes
the samples that correspond to the cyclic prefix and keeps the
remaining samples for further processing. These samples
are applied to an -point FFT, followed by one-tap equalizers
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Fig. 3. Channel structure for (a) uplink and (b) downlink.

that scale and rotate the FFT outputs. We denote by the
coefficient of the equalizer, operating on the FFT output with
index during the th FFT block of the th symbol interval.
The resulting equalizer outputs are multiplied with the corre-
sponding chip of the reference user’s spreading sequence and
summed over consecutive values to yield the samples
at the input of the decision device.

Assuming that the length of the cyclic prefix is longer than the
maximum duration of the impulse responses of the composite
channels with transfer functions

, no interference between successive FFT
blocks is introduced, as far as the samples outside the cyclic
prefix are concerned (see Fig. 5). In this case, thesamples
kept for further processing are given by

(6)

where

(7)

and mod , where mod is
the modulo- reduction of , yielding a result in the interval
[ 2, 2]. The term denotes the additive noise
contribution, with . We
observe from (6) that the effect of the multipath channel is to
multiply the symbol with the factor , which de-
pends neither on the chip indexnor on the sample index .
The carrier frequency offset is contained in and gives
rise to a rotation (at a speed of 2 rad/sample) of the con-
tribution from user .

Denoting by the th output of the FFT processor op-
erating on , we obtain from (6)

(8)

where

(9)

(10)

(11)

and is the noise contribution, with
. The sequence results from applying a ro-

tation of 2 rad/chip to the chip sequence
. When is nonzero for some , the th

FFT output gets interference from the symbol that has
been transmitted by useron the carrier with index . When

, the contribution from user to the th FFT output
only contains the symbol transmitted on theth carrier.

The detection of the symbol is based upon the decision
variable , which is given by

(12)

where

(13)

The quantity denotes the contribution from the data
symbol to the sample at the input of the decision
device. The sample from (12) contains a useful component
with coefficient . The quantities cor-
respond to intercarrier interference (ICI), i.e., the contribution
from data symbols transmitted by the reference user on other
carriers. For , the quantities correspond to mul-
tiuser interference (MUI), i.e., the contribution from data sym-
bols transmitted by other users. The AWGN contribution is de-
noted .
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Fig. 4. MC-DS-CDMA receiver structure.

Fig. 5. Minimum cyclic prefix length to avoid interference between FFT
blocks.

The equalizer coefficients are selected such that the coeffi-
cients of the useful component equal one, for .
This yields

(14)

From (7), (9), (10), and (14), it follows that the one-tap equal-
izer compensates the scaling and the rotation of at
the th FFT output [assuming that accurate estimates of ,

, and are available]. Substituting (14) into (13)
yields

(15)

where

(16)

is the correlation between the sequences and .
Noting that , it follows from (15) with that

with affects the components of the ICI. The
components of the MUI are affected by with . In
general, the one-tap equalizer cannot eliminate the MUI and the
ICI, i.e., for and for .

It is instructive to consider the case where all frequency off-
sets are zero, i.e., for . In this
case, we observe from (6) that the contribution of userto the
matched filter output samples is proportional to the IFFT
of . Hence, the contribution of userto the th

FFT output is proportional to , which means
that ICI is absent. In addition, as the factor does not depend
on the chip index, the orthogonality between the contributions
from different users to the same FFT output is not affected (i.e.,

for ); hence MUI is absent as well. This indicates
that in the absence of carrier frequency offsets, the only effect
of the multipath channel on the uplink MC-DS-CDMA signal
with cyclic prefix is to multiply the symbols from each user with
a factor that depends on the user index and on the car-
rier index. The presence of this factor affects the signal-to-noise
ratio (SNR) at the input of the decision device but does not give
rise to interference.

B. Downlink MC-DS-CDMA

In downlink MC-DS-CDMA, the basestation broadcasts to all
users the sum of the user signals from (3). As shown
in Fig. 3(b), this broadcast signal reaches the receiver of the ref-
erence user through a multipath channel with transfer function

. The output of the channel is affected by a small carrier
frequency offset : with .
The contributions from all users are affected by the same fre-
quency offset because all user signals are upconverted by the
same carrier oscillator at the basestation. Further, the received
signal is disturbed by an AWGN process , whose real and
imaginary parts are uncorrelated and have the same power spec-
tral density 2.

Similarly as in uplink MC-DS-CDMA, the received signal
is applied to the receiver from Fig. 4 in order to detect the
data symbols transmitted to the reference user . As-
suming that the duration of the impulse response of the com-
posite channel [with transfer function ]
does not exceed the cyclic prefix length, the sample at
the input of the decision device can be represented as in (12).
The quantities are given by (13), with , ,
and substituted by mod ,

, and , respectively. As in the uplink, the samples
are decomposed into a useful component, ICI, MUI, and

noise. The equalizer coefficients, selected such that the coef-
ficients of the useful component equal one, are given
by (14), with , , and substituted by , ,
and . The resulting equalizer not only compensates for the
scaling and rotation of the useful component but also eliminates
the MUI (i.e., for ). However, this equalizer
cannot eliminate the ICI.

The carrier frequency offset does not yield MUI in downlink
MC-DS-CDMA because all users are affected by thesameoffset

. This implies that the equalizer, which compensates the ro-
tation of 2 rad/sample of the reference user signal, auto-
matically compensates the rotation of the other user signals as
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well, hence maintaining orthogonality of the different user sig-
nals. Stated mathematically, in downlink transmission the quan-
tity equals the correlation of the original chip sequences

and , so that orthogonal spreading sequences
yield for [see (13)]. This indicates that,
even in the presence of a carrier frequency offset, the multipath
distortion affecting the downlink MC-DS-CDMA signal with
cyclic prefix does not give rise to multiuser interference.

III. PERFORMANCEANALYSIS

A. Uplink MC-DS-CDMA

The performance of the MC-DS-CDMA system is measured
by the SNR, which is defined as the ratio of the power of the
useful component to the sum of the powers of the inter-
carrier interference , the multiuser interference ,
and the noise at the input of the decision device. Note that
these quantities depend on the indexof the considered carrier.
This yields

SNR (17)

where . In (17), the powers
of the useful component, ICI, MUI, and noise are given by

(18)

with

(19)

In (18), denotes the symbol energy trans-
mitted on carrier by user . The MUI power from (18) rep-
resents an average over all possible assignments of the orthog-
onal spreading sequences to the users. In the absence of car-
rier frequency offsets , the SNR (17) reduces to
SNR . The degra-
dation (in dB), caused by the carrier frequency offset, is defined
as Deg SNR SNR .

To clearly isolate the effect of the carrier frequency offsets,
we assume that the channels are ideal and all users have the
same energy per symbol on each carrier (i.e., and

for , ). In this case, the
degradation is given by

SNR

(20)

where SNR . The summation
over in (20) ranges over the setof modulated carriers. A
simple upper bound on the degradation is obtained by extending
in (20) this summation over all available carriers, i.e.,

. This yields

SNR

(21)

which is independent of the carrier index. This upper bound
is reached when all carriers are modulated ; .
When , the upper bound (21) yields an accurate approxi-
mation for the actual degradation on carriers near the center of
the signal band.

B. Downlink MC-DS-CDMA

As in uplink MC-DS-CDMA, the performance is measured
by the SNR defined in (17). The powers of the useful com-
ponent, the intercarrier interference, the multiuser interference,
and the noise are given by (18), with and substituted
by and , respectively, for . In this
case, it follows from (11) and (19) that . This expresses
that, in contrast with uplink MC-DS-CDMA, MUI is absent in
downlink transmission [see (18)]. The degradation of the SNR
is defined in a similar way as in the uplink (with
and ). For given and , this degradation is
independent of the spreading factor and of the characteris-
tics of the other users.

To clearly isolate the effect of the carrier frequency offset,
we consider the case where the channel is ideal ,

, and the energy per symbol is the same for all carriers
and all users for , . The
resulting degradation is given by

SNR (22)
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with

(23)

As in uplink transmission, an upper bound on the degradation
is obtained by extending the summation overin (22) over all

available carriers, yielding

Deg (24)

which is independent of the carrier index. The upper bound
(24) is only a function of SNR and . This upper bound
is reached when all carriers are modulated ; .
For , the upper bound yields an accurate approximation
for the actual degradation on carriers near the center of the signal
band.

IV. COMPARISON OFDEGRADATIONS IN UPLINK AND

DOWNLINK MC-DS-CDMA

When the frequency offset in downlink transmission is
the same as the frequency offset for the reference user in
uplink transmission, it follows from (18) that the powers of the
useful signal, the ICI, and the noise in downlink transmission are
the same as in uplink transmission. Hence, the degradation in the
uplink is larger than in the downlink, because MUI is absent in
the latter.

Let us assume that all carrier frequency offsets are within the
interval , where is restricted to be smaller
than the carrier spacing, i.e., . For
small , the approximation holds, such that

[see (11)]. Hence, when
, from (19) and from (23) are essentially func-

tions of and , respectively. In uplink trans-
mission, we consider the case where and the frequency
offsets for are uniformly distributed in the interval

; in this case, (21) reduces to

Deg

SNR

(25)

where

(26)

Note that still depends on . In the following, we look
for the values of and that maximize (24) and (25), re-
spectively, and we compare the corresponding maximum degra-
dations.

The bound (24) on downlink degradation is a decreasing func-
tion of . Taking into account (23), the condition

, and the behavior of the function (see Fig. 6), it
follows that the maximum value of (the bound on) the degrada-
tion (24) occurs when assumes its maximum value, i.e.,

Fig. 6. Shape ofjD (x)j,M = 8.

. This maximum degradation is given by (24),
with

(27)

For given , the maximum degradation does not depend
on the spreading factor.

The bound (25) on uplink degradation is decreasing with
but increasing with . A similar reasoning as for

downlink transmission shows that is minimum for
. Moreover, it turns out that is maximum for
. Hence, the maximum uplink degradation is

given by (25), with

(28)

(29)

where the approximation in (29) holds for .
Assuming (maximum load), the maximum

uplink and downlink degradations at SNR dB are
shown in Fig. 7 as a function of

for several values of the
spreading factor .

1) For given SNR(0), the downlink degradation depends
only on the ratio . Hence, for given ,
this degradation increases with the number of
carriers. Stated otherwise, for given , the
degradation increases with the ratio . To obtain
small degradations, the carrier frequency offset must
be kept small as compared to the carrier spacing of
the multicarrier system, i.e., . In this
case, the degradation is essentially proportional to

.
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Fig. 7. Maximum degradation caused by carrier frequency offset.

2) We observe that the maximum degradation is much
larger in the uplink than in the downlink. This indicates
that the uplink degradation is dominated by the MUI.
For , we have [see (29)],
in which case the maximum uplink degradation (25)
depends only on the ratio . In this region,
the curves in Fig. 7 coincide for different values of

; for given or , the corresponding
degradation increases with or , respec-
tively. A small degradation can be obtained only when

. As compared to the downlink, this
condition on is more stringent by a factor of 2 .
For 2 , the degradation is essentially
proportional to

; in this region,
the ratio between uplink and downlink degradation is
proportional to .

V. COMPARISONWITH MC-CDMA

In the case of MC-CDMA, the original data stream at rate
is first multiplied with the spreading sequence and then modu-
lated on the orthogonal carriers. This is accomplished by means
of an -point IFFT, which is cyclically extended with a prefix
of samples. In contrast with MC-DS-CDMA, where the
spreading is done in the time domain, in MC-CDMA the
chips belonging to the same symbol are modulated on different

carriers: the spreading is done in the frequency domain (see
Fig. 8). Here we consider the basic MC-CDMA scheme, where
the number of modulated carriers is the same as the spreading
factor . The corresponding sampling rate is

, and the resulting carrier spacing and the system
bandwidth are given by

(30)

Comparing (30) and (4), we observe that for a given symbol
rate and given spreading factor , MC-DS-CDMA and
MC-CDMA yield essentially the same system bandwidth. How-
ever, the carrier spacing in MC-DS-CDMA is times the
carrier spacing in MC-CDMA.

The considered receiver for MC-CDMA is similar to the
MC-DS-CDMA receiver from Fig. 4. The receiver takes the
FFT of matched filter output samples located outside the
cyclic prefix. Each FFT output is followed by a one-tap equal-
izer that compensates for the effect of the carrier frequency
offset and the multipath channel [10]. The equalizer outputs
are multiplied with the complex conjugate of the chip of the
reference user on the corresponding carrier and summed over
the carriers to form the decision variable on which the
detection of the data symbol is based.

It has been shown in [10] that, in the absence of frequency
offset, the decision variable corresponding to downlink trans-
mission is not affected by interference because the user signals
transmitted by the basestation are synchronized in time and af-
fected by the same multipath channel. In uplink MC-CDMA,
the different user signals are not aligned in time and are sent
over different multipath channels; this gives rise to significant
MUI that cannot be compensated by the one-tap equalizers,
even in the absence of frequency offsets. To combat MUI in
uplink MC-CDMA, a much more complicated receiver struc-
ture is required. As such receivers are beyond the scope of this
paper, we restrict our attention to downlink MC-CDMA with
the “simple” receiver performing one-tap equalization on each
carrier. Note that in uplink MC-DS-CDMA, the problems en-
countered in uplink MC-CDMA do not occur, as the spreading
in MC-DS-CDMA is done in the time domain.

In [10], the effect of a carrier frequency offset on down-
link MC-CDMA has been investigated. Similarly as in
MC-DS-CDMA, a tight upper bound on the degradation has
been derived:

Deg

SNR (31)

where is given by (23) and denotes the number of
users. The upper bound is reached when all carriers are
modulated. For , the upper bound is only a function
of SNR(0), the load , and .

The degradation (24) for MC-DS-CDMA is caused by ICI
from the reference user, and therefore does not depend on the
load, whereas the degradation (31) for MC-CDMA is caused
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Fig. 8. Illustration of frequency-domain spreading in MC-CDMA.

Fig. 9. Downlink degradation for MC-DS-CDMA and MC-CDMA.N =

N andSNR(0) = 10 dB.

by MUI, and therefore increases with the load. For given
, the degradations of MC-DS-CDMA and

MC-CDMA are the same at maximum load .
Now let us compare (24) and (31) at maximum load, for

a given and . It follows from (4) and (30) that the
carrier spacing for MC-DS-CDMA is larger (smaller) than for

MC-CDMA when is larger (smaller) than . Hence, for a
given frequency offset , MC-DS-CDMA yields the smaller
(larger) degradation when is larger (smaller) than . This
is illustrated in Fig. 9, where the bounds (24) and (31) are
shown as a function of for the maximum load and for
various values of .

VI. CONCLUSION

In this paper, we have investigated the effect of carrier
frequency offsets on uplink and downlink performance of
MC-DS-CDMA with orthogonal spreading sequences. Our
conclusions can be summarized as follows.

1) In the uplink, carrier frequency offsets give rise to a re-
duction of the useful signal power and to the occurrence
of ICI and MUI. In the downlink, MUI is absent. Hence,
frequency offsets cause a larger degradation in the uplink
than in the downlink.

2) In both the uplink and the downlink, the degradation
strongly increases with the ratio of maximum
frequency offset to carrier spacing.

3) For given , the degradation in the downlink
does not depend on the spreading factor. Achieving
a small degradation requires , in which
case the degradation is proportional to .

4) For given and assuming a fully loaded system
, the degradation in the uplink increases with

the spreading factor . Achieving a small degradation
requires , a condition that is much
more stringent than in the downlink, especially when the
spreading factor is large. The corresponding degradation
is larger than in the downlink by a factor that is propor-
tional to .

Finally, we have compared the sensitivities of MC-CDMA
and MC-DS-CDMA to carrier frequency offset in the downlink.
MC-CDMA is affected by MUI, and therefore the degradation
increases with the load. For a given spreading factor and symbol
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rate, the MC-CDMA system at maximum load is less (more)
sensitive to carrier frequency offset than MC-DS-CDMA when
the number of modulated carriers in MC-DS-CDMA is smaller
(larger) than in MC-CDMA.
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