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High-Performance MC-CDMA Via Carrier
Interferometry Codes
Balasubramaniam Natarajan, Carl R. Nassar, Steve Shattil, Marco Michelini, and Zhiqiang Wu

Abstract—This paper introduces the principles of interferometry to multicarrier code division multiple access (MC-CDMA).
Specifically, we propose the use of MC-CDMA with novel carrier
interferometry (CI) complex spreading codes. The CI/MC-CDMA
method, applied to mobile wireless communication systems, offers
enhanced performance and flexibility relative to MC-CDMA with
conventional spreading codes. Specifically, assuming a frequency
selective Rayleigh-fading channel, CI/MC-CDMAs performance
matches that of orthogonal MC-CDMA using Hadamard–Walsh
user limit; and, CI/MC-CDMA
codes up to the MC-CDMA
provides the added flexibility of going beyond
users, adding up
to
1 additional users with pseudo orthogonal positioning.
When compared to MC-CDMA schemes capable of supporting
greater than
users, CI/MC-CDMAs performance exceeds that
of MC-CDMA. Additionally, this new system is analyzed in the
presence of phase jitters and frequency offsets and is shown to be
robust to both cases.
Index Terms—Carrier interferometry, complex sequences, frequency diversity, multicarrier code division multiple access (MCCDMA).

I. INTRODUCTION

M

ULTICARRIER code division multiple access (MCCDMA) [1] has emerged as a powerful alternative to
conventional direct sequence CDMA (DS-CDMA) [2] in mobile wireless communications. In MC-CDMA, each user’s data
symbol is transmitted simultaneously over narrow-band subcarriers, with each subcarrier encoded with a 1 or 1 (as determined by an assigned spreading code). Multiple users are assigned unique, orthogonal (or pseudo-orthogonal) codes. That
is, while DS-CDMA spreads in the time domain, MC-CDMA
applies the same spreading sequences in the frequency domain.
When perfectly orthogonal code sequences are transmitted
over slow, flat fading channels with perfect synchronization,
the performance of DS-CDMA and MC-CDMA is equivalent,
as the orthogonal multi-user interference vanishes completely.
However, in reality, wide-band CDMA signals sent over
multipath channels experience more severe channel distortions
and the resulting channel dispersion (i.e., frequency selectivity)
erodes the orthogonality of CDMA signals. In such cases, it
turns out to be far more beneficial to harness the signal energy
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in the frequency domain (as in MC-CDMA) than in the time
domain (as in DS-CDMA) [2].
Specifically, MC-CDMA receivers exploit frequency diversity in the frequency selective channel by separating carriers and
then carefully recombining them, while DS-CDMA RAKE receivers use correlators to resolve multiple paths and create path
diversity. The reasons MC-CDMA receivers outperform their
DS-CDMA counterparts include: 1) in RAKE receivers, large
interference results due to the presence of other users’ signals
from other paths as well as one’s own signal from other paths
and 2) in RAKE receivers, optimal combining of resolvable
(correlated) paths is not a trivial problem; as a result, the typical
(suboptimal) simplification assumes that interference in resolvable paths is independent, explaining the widespread use of (the
suboptimal) maximum ratio combining (MRC) in the RAKE receiver, e.g., [2]. On the other hand, in MC-CDMA, frequency selectivity results in a different attenuation on each subcarrier. Unlike DS-CDMA where paths are correlated, MC-CDMA subcarriers are orthogonal, enabling receivers to perfectly separate the
subcarrier components by performing an FFT operation. Next,
a recombining can be performed using weights corresponding
to MRC [1] or the high-performance Weiner filtering [i.e., minimum mean square error combining (MMSEC)] (or some other
optimal or suboptimal strategy). For these reasons, MC-CDMA
demonstrates performance gains relative to DS-CDMA.
Interferometry [3], a classical method in experimental
physics, refers to the study of interference patterns resulting
from the superpositioning of waves. The presence of distinct
peaks and nulls in the interference patterns has motivated
the widespread use of interferometry. The ideas underlying
interferometry lend themselves naturally to multiple access
applications in telecommunications. For example, in antenna
arrays supporting space division multiple access, electromagnetic (EM) waves are emitted simultaneously from multiple
antenna elements and initial phases are chosen to ensure that
interference patterns create a peak at the desired user location
and nulls at the position of other users.
In this work, we apply the principles of interferometry to
create a novel code set for MC-CDMA based on carrier interferometry. The idea here is that each user simultaneously transmits the carriers of MC-CDMA, with carefully chosen phase
offsets (spreading codes) that ensure a periodic mainlobe in
the time domain (with sidelobe activity at intermediate times).
When the superpositioning of one user’s carriers creates a mainlobe in time, all other users are at the times of sidelobe activity
(and, by careful positioning, can be made strictly orthogonal or
pseudo-orthogonal to the user transmitting a mainlobe).
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Fig. 1. CI/MC-CDMA transmitter for user k .

In this proposed innovation to MC-CDMA, we are replacing
the use of spreading codes identical to those in DS-CDMA with
spreading codes which create interferometry patterns among
carriers. Hence, we call our proposed codes carrier interferometry codes (CI codes) and our proposed scheme carrier interferometry/MC-CDMA (CI/MC-CDMA). Already, there has
been tremendous interest in the development of spreading codes
(e.g., for DS-CDMA, see [4]–[7]; see [8] for an overview of
MC-CDMA codes). In [4], a general set of complex valued
spreading codes for DS-CDMA are proposed that provide a
better compromise between auto and cross correlation properties relative to binary spreading codes. However, codes of length
support a maximum of only
users. In [5] and [6], a
novel spread signature CDMA system is introduced where the
length of the spreading code is far greater than the symbol duration. This technique is best suited to exploit temporal diversity
in fast fading environments. Additionally, in [7], a multivalued
set of orthogonal codes are constructed using wavelet and subband transform theories. In [8], a thorough analysis and comparison of existing MC-CDMA codes is presented; specifically, [8]
examines the use of Hadamard Walsh, Gold, Orthogonal Gold,
and Zadoff Chu sequences, in MC-CDMA systems. However,
the DS-CDMA codes ([4]–[7]) and MC-CDMA codes [8] are
designed to be either orthogonal, supporting users (where
is the processing gain or code length), or pseudo-orthogonal,
supporting greater than users, at the cost of degraded perforor
(
). CI
mance. Furthermore, , is limited to
codes of length introduced in this paper have a unique feature
which allows the CI/MC-CDMA system to: 1) support users
orthogonally and 2) then, as system demand increases, codes
users
can be selected to accommodate up to an additional
pseudo-orthogonally. Additionally, there is no restriction on the
), making it more robust to
length of the CI code (i.e.,
the diverse requirements of wireless environments.
This work demonstrates the flexibility and the performance
improvement achievable through CI/MC-CDMA. In frequency selective Rayleigh-fading channels, CI/MC-CDMAs
performance matches that of orthogonal MC-CDMA using
user
Hadamard–Walsh codes up to the MC-CDMA
limit; and, CI/MC-CDMA provides the added flexibility

of going beyond
users, adding up to
additional
users with pseudo orthogonal positioning. When compared
to MC-CDMA schemes capable of supporting greater than
users, CI/MC-CDMAs performance exceeds that of
MC-CDMA.
Section II discusses the CI/MC-CDMA codes and transmitter; Section III presents the channel and Section IV
introduces the receiver structure. Section V provides performance results of the CI/MC-CDMA system with: a) perfect
synchronization; b) phase jitters; and c) frequency offsets. A
brief discussion of future work and conclusions follows in
Section VI.
II. CI/MC-CDMA SIGNALING AND TRANSMITTER MODEL
The transmitter for the th user in a CI/MC-CDMA system is
shown in Fig. 1. Here, the th user’s spreading code corresponds
). The input data symbol
to (
where denotes the th bit interval and denotes the
is
th user. It is assumed that
takes on values 1 and 1
with equal probability. The transmitted signal corresponding to
the th data bit of the th user is
(1)
and
is defined to be a Nyquist pulse
where
for the bit in the interval 0 to . As with traditional MC-CDMA,
s are selected such that the carrier frequencies
the
are orthogonal to each other, typically
, where
is the bit duration.
The transmitted signal can be expressed as
(2)
corresponds to the superpositioning of
where
spaced carriers, i.e.,

equally

(3)
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Fig. 2. Envelope of a CI/MC-CDMA signal.

This signal corresponds to a cosine waveform with frequency
and envelope

(4)
carriers,
s,
Fig. 2 plots the envelope for
, demonstrating that the signal
is: 1) periand
; 2) each period contains a mainodic with period
with the mainlobe posilobe of duration
tioned at time
; 3) each period contains
sidelobes of du, where the th sidelobe has maximum
ration
amplitude (normalized with respect to mainlobe amplitude) of
.
The cross correlation (CC) between user k’s signature
[created using the spreading sequence
waveform
)] and user j’s signa(
[created via the spreading sequence
ture waveform
)] can be shown to be
(

(5)

(6)
where
demonstrates
•
•

. This CC term
zeros:
equally spaced zeros at
resulting from the
term;
equally spaced zeros at
as a result of the

term.
there
This indicates that for a given signature waveform
orthogonal signature waveforms
. If
is
exist
orthogonal signature waveforms exist beeven,
) is common to the two sets.
cause one of the zeros (

The existence of the first set of
equally spaced zeros in
indicates that a CI/MC-CDMA system can simultaneorthogonal signature waveforms (and, hence,
ously support
orthogonal users). The existence of a second set of zeros,
, indicates
equally spaced by time separation
signature waveforms
that we can place an additional
at highly (but pseudo) orthogonal locations. [The first set of
orthogonal signature waveforms and the second set of
signature waveforms are nearly orthogonal (pseudo-orthogonal)]. Hence, a CI/MC-CDMA system can support orthogonal users and, additionally, if more users are to be accommodated, it can support these users pseudo-orthogonally by aspseudo-orthogonal signature waveforms.
signing up to
This flexibility is not found in the MC-CDMA codes available
to date, where codes are chosen to support orthogonal users
or greater than pseudo-orthogonal users.
It is important to note, as is evident from Fig. 2, that the peak
to average power ratio (PAPR) and the dynamic range of the
multicarrier waveform is high (as is typical of most multicarrier transmission schemes). An increased PAPR can result in
reduced efficiency of the power amplifier, meaning that the average radiated power is reduced in order to avoid a nonlinear
distortion in the transmitted signal. Also, an increased signal dynamic range implies the need for an increased range of linearity
in the power amplifier. For these reasons, schemes to reduce
PAPR/dynamic range have received a great deal of attention in
MC-CDMA literature [9]–[12]. A short-term solution is found
in the use of a predistortion filter that accounts for the nonlinearity of the power amplifier (e.g., [9], [10]). A long term solution is found in the use polyphase coded carriers where phase
offset , unique to the th carrier but fixed for all users, is introduced to reduce PAPR and dynamic range (e.g., [11], [12]).
III. CHANNEL MODEL
In this paper, we assume synchronicity between users, characteristic of the downlink in a mobile communication system.
However, while a lack of synchronicity typically characterizes
uplink channels, recent efforts have focused on the creation of
synchronicity in the uplink, e.g., [13], [14]. For example, in [14],
the China Wireless Telecommunication Standard (CWTS), time
division is introduced to support synchronous CDMA uplinks.
Our analysis is of course valid for this category of uplinks.
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Fig. 3. CI/MC-CDMA receiver for user k .

We address a slowly varying frequency-selective Rayleighfading channel. Frequency selectivity refers to the selectivity
over the entire bandwidth of transmission and not over each subcarrier transmission; that is [15]
(7)
is the coherence bandwidth and
is the total
where
bandwidth of the multicarrier system.
In this work, we examine frequency selectivity resulting in
twofold frequency diversity over the entire bandwidth (as in
,
[2]). With carriers residing over the entire bandwidth,
each carrier undergoes a flat fade, with the correlation between
the th subcarrier fade and the th subcarrier fade characterized
by [16]
(8)

where is a Gaussian random variable with mean 0 and variand exact phase and frequency synchronization has
ance
been assumed in determining (10). Next, a suitable combining
strategy is used to create a decision variable, , which then
. While different
enters a decision device with output
combining methods may be used, minimum mean square
error combining (MMSEC) produces the best performances in
MC-CDMA [2]. Employing MMSEC in CI/MC-CDMA results
in the decision variable (see Appendix A)

(11)

is a known constant for a given
where
corresponds to

Generation of correlated fades has been discussed in [17], [18].

and carrier and

(12)

IV. RECEIVER STRUCTURES
It is important to note that by constructing a receiver that processes the signal in the frequency domain rather than in the time
domain, we circumvent the need for subchip synchronism.

The received signal corresponds to

V. PERFORMANCE RESULTS
(9)
is the gain and
the phase offset in the th carrier
where
is the total number of users utilizing
due to the channel,
represents additive white Gaussian noise
the system and
(AWGN).
The CI/MC-CDMA receiver for user k is shown in
Fig. 3. Here, the received signal is projected onto the orthonormal carriers of the transmitted signal, outputting
where

(10)

A. Perfect Synchronization
Fig. 4 presents the average bit error rate (BER) versus number
carriers,
dB and MMSE comof users for
bining. Results are presented for a frequency selective Rayleigh(supporting twofold difading channel with
versity over the entire bandwidth).
In Fig. 4, two MC-CDMA curves are also provided, the
first assuming orthogonal Hadamard–Walsh (HW) codes of
length 32 (dashed line) and the second assuming Gold codes
(solid line)—here, length 31 Gold codes support 33 users, with
a second set of Gold codes used to support additional users.
Additionally, a flat dotted line is drawn, which represents
the matched filter lower bound (performance of a single user
system exploiting the available diversity through MRC) [19].
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Average BER performance of CI/MC-CDMA, orthogonal MC-CDMA, and pseudo-orthogonal MC-CDMA.

CI/MC-CDMA BERs (dotted line) match those of orthogonal
MC-CDMA up to 32 users. While orthogonal MC-CDMA can
not support additional users, CI/MC-CDMA is shown to accommodate an additional 30 users (up to 62 users). If MC-CDMA
is preselected to support additional users, by use of pseudo-orthogonal Gold codes, it results in significant performance degradation relative to CI/MC-CDMA as shown by the solid line.
In fact, at a BER of 0.0025 the CI/MC-CDMA system supports 32 users, four times the number of users supported by the
pseudo-orthogonal MC-CDMA system.
It is observed that with a total of 48 users (32 orthogonal
and 16 pseudo orthogonal), CI/MC-CDMA systems offer an
average performance comparable to that of MC-CDMA (employing Gold codes with 34 users). Hence, CI/MC-CDMA supports approximately 50% gains in capacity relative to pseudoorthogonal MC-CDMA methods.
Compared with orthogonal MC-CDMA, CI/MC-CDMA
offers the performance of orthogonal MC-CDMA with
the flexibility (in terms of number of users) of nonorthogonal MC-CDMA. Compared to nonorthogonal MC-CDMA
methods, CI/MC-CDMA significantly enhances performance, with 50% capacity gains observed. Furthermore, the
CI/MC-CDMA system is implemented using FFTs and IFFTs
similar to MC-CDMA resulting in comparable complexities.
B. Phase Jitter
The channel introduces a phase offset on the th carrier, ,
which may be tracked and accounted for at the receiver using
a phase locked loop (PLL). Tracking loops are not perfect and,
hence, a degradation in performance may result due to phase
jitter.

If

is the estimate of the phase using a PLL, then
, the carrier phase error, has the Tikhonov probability
density function (pdf) [20]
(13)
Here is a parameter related to the tracking loop SNR and
is the modified bessel function of the first kind. For first-order
tracking loops, is the loop SNR and for second-order loops,
is approximately the loop SNR for sufficiently large values [21].
After demodulating the received signal using phase on the
th carrier, the received signal component [shown in [10] with
perfect synchronization] is now given by

(14)
. As in Section IV, these signal components
where
are then combined across carriers using the MMSEC of equation
(11).
The performance of CI/MC-CDMA with phase jitter is
illustrated in Fig. 5. This figure represents simulation results under conditions identical to those used to achieve
Fig. 4, with the exception of phase jitters corresponding to
and 100 (i.e., rms phase jitters of 18.7 , 10
and 5 respectively). CI/MC-CDMA demonstrates graceful
performance degradation, even as phase jitters grow very
large. This results because the spreading sequence of user
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BER performance of CI/MC-CDMA in the presence of phase jitter.

Fig. 6. BER performance comparison of CI/MC-CDMA, orthogonal MC-CDMA and pseudo-orthogonal MC-CDMA in the presence of phase jitter ( = 10).

is (
)) while user ’s code
)) and, hence, even if
is (
is close to
(e.g.,
), the
the value of
phase spacing between the th spreading sequence elements is
(i.e.,
) which is large for large values of .

Thus, the CI/MC-CDMA system is more robust to phase jitters
than one might expect at initial glance.
Figs. 6 and 7 compare the effect of phase jitters on
CI/MC-CDMA and MC-CDMA with HW and Gold codes.
Fig. 6 shows the performance with phase jitter corresponding
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Fig. 7. BER performance comparison of CI/MC-CDMA, orthogonal MC-CDMA and pseudo-orthogonal MC-CDMA in the presence of phase jitter ( = 30).

to
and Fig. 7 shows
results. It is observed
that relative performance does not change significantly for
high values of . As decreases (i.e., as tracking loop SNR
degrades), the CI/MC-CDMA degrades at a slightly more rapid
rate than its MC-CDMA counterpart, but still offers comparable
benefits to those outlined in Section V-A.

the decision variable for the th user after MMSEC is given by
(analogous to [23], [24])
MAI ICI
ICI
AWGN
(15)
where the five components correspond to
(16)

C. Frequency Offset
Multicarrier transmission schemes are particularly susceptible to performance degradations from carrier frequency offset.
Two major factors are at the root of such carrier frequency offsets: 1) Doppler spread caused by a high-speed mobile and 2)
offsets between the oscillator in the transmitter and that of the
receiver.
Frequency offsets caused by less than perfect synchronicity
between the transmitter and the receiver oscillators are present
in the same degree in all subcarriers. On the other hand, offsets
due to Doppler spreads are different on each carrier depending
on the carrier’s location in the spectrum. However, for mobile
communication systems operating at a typical carrier frequency
of 2 GHz and occupying a characteristic 1-MHz bandwidth, the
maximum difference in Doppler spread among 32 carriers is
in the range of 0–5 Hz, which is negligible when compared to
subcarrier spacings of about 30 KHz [22]. Hence, we treat frequency offsets as a phenomenon identical in all subchannels.
Frequency offsets in an CI/MC-CDMA system results in two
key adverse effects. First is the reduction of desired signal amplitude and second is the loss of carrier orthogonality which
leads to the generation of intercarrier interferences.
If is the normalized frequency offset (defined as the ratio
),
of the actual frequency offset to the subcarrier separation

MAI
(17)
ICI

(18)
ICI

(19)
AWGN

(20)
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Fig. 8. BER performance of CI/MC-CDMA in the presence of frequency offset.

Fig. 9. BER comparison of CI/MC-CDMA and MC-CDMA in the presence of frequency offset (

Here,
MAI ICI ICI denote the desired signal, the
multi-access interference, the intercarrier interference generated from within the th user’s CI code, and the intercarrier interference generated from the CI codes of the
other users.

1 = 0 1).
:

Fig. 8 plots the performance of CI/MC-CDMA in the presence of frequency offsets
and 0.2. It is observed
that CI/MC-CDMA is immune to 10% frequency offset while a
degradation is visible for a 20% offset level. Figs. 9 and 10 compare the impact of frequency offset on CI/MC-CDMA and tradi-
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BER comparison of CI/MC-CDMA and MC-CDMA in the presence of frequency offset (

tional MC-CDMA with HW codes. Both systems are degraded
by a comparable amount, demonstrating that CI/MC-CDMA
is no more susceptible to frequency offsets than its traditional
MC-CDMA counterpart.

1 = 0 2).
:

APPENDIX A
The minimum mean square error combining method estiby the linear sum
mates the transmitted symbol
(21)

VI. CONCLUSION
In this paper, CI/MC-CDMA, an innovation in MC-CDMA,
is introduced. In synchronous frequency selective
Rayleigh-fading channels, CI/MC-CDMAs performance
matches that of orthogonal MC-CDMA using Hadamard–Walsh
user limit; moreover,
codes up to the MC-CDMA
CI/MC-CDMA provides the added flexibility of supporting
(up to
) users by adding users with
pseudo orthogonal signature waveforms. When compared
to MC-CDMA schemes capable of supporting greater than
users, CI/MC-CDMAs performance exceeds that of
MC-CDMA, offering 50% gains in capacity. CI/MC-CDMA
[
also provides added flexibility in the choice of
versus
or
(
)] making it more
robust to the wide range of mobile system applications. The
CI/MC-CDMA system was tested in the presence of phase
jitters and frequency offsets and was found to demonstrate very
graceful degradations in performance at high levels of synchronization errors. Moreover, the effect of phase and frequency
jitters on CI/MC-CDMA was found to be comparable to that of
a standard MC-CDMA systems.
Some topics of future research include: 1) performance analysis of CI/MC-CDMA system in asynchronous uplink channels
and 2) determining optimal phase offsets to be used in polyphase
coded subcarriers to reduce PAPR and dynamic range.

Based on the MMSEC criterion, the estimation error must be
orthogonal to all the baseband components of the received subcarriers [25]. Thus

(22)
The solution to equation (22) as obtained from Weiner filter
theory corresponds to [26]
(23)
and
where
where
denotes the expected value. This operation, when applied to the
in CI/MC-CDMA yields
(24)
(25)
Substituting (24) and (25) in (23) we obtain the weights for
MMSEC
(26)
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and, hence, from (21)
(27)
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