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Abstract— We address an OFDM-based air interface op-
erating in an interference limited environment, which might
be encountered in a cellular mobile communication system.
For enhanced robustness, an OFDM system with spreading,
known as multi-carrier (MC) CDMA, may operate not fully
loaded. On the other hand, a lower code rate also improves
the robustness. In this paper, the trade-off between code rate
and system load constraint to the same spectral efficiency is
analyzed in a cellular downlink scenario. It is demonstrated
through simulations that a fully loaded MC-CDMA system
always outperforms a non-fully loaded system, provided
the code rate is chosen such that the throughput of both
systems is equivalent. Moreover, the MC-CDMA system fails
to outperform a coded OFDM system without spreading,
even in a cellular environment.

I. INTRODUCTION

Multi-carrier modulation, in particular orthogonal fre-
quency division multiplexing (OFDM), has emerged as
an effective transmission technique for highly dispersive
channels, and has been successfully applied to a wide va-
riety of digital communications systems. For MC-CDMA,
spreading in frequency and/or time direction is introduced
in addition to the OFDM modulation [1–3]. MC-CDMA
has been deemed a promising candidate for the downlink
of future mobile communications systems [4, 5], and has
recently been implemented by NTT DoCoMo in an ex-
perimental system [6].

We restrict the discussion to non-adaptive transmission,
so no channel knowledge at the transmitter is assumed. A
low signal to noise ratio (SNR) scenario is considered;
which may occur if the transmission power is to be
minimized, the coverage area is to be extended, or the
interference level is high. The latter case is typically
experienced near the cell edges of a mobile communi-
cations system having a frequency reuse of one. In order
to mitigate the effects of cellular interference, it is often
suggested to run a MC-CDMA system not fully loaded [5,
7]. While the multiple access interference (MAI) and the
interference imposed on adjacent cells is reduced, the
throughput is compromised. This means that robustness
is traded with reduced system throughput.

On the other hand, rate compatible punctured convolu-
tional (RCPC) codes also allow to flexibly adjust the data
rate [8]. Provided sufficient interleaving, a coded multi-
carrier system can efficiently exploit the diversity of a
frequency selective channel.

The major difference between the considered OFDM
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Fig. 1. MC-CDMA transmitter, (a.), and receiver, (b.).

systems with and without spreading is that the former
utilizes Walsh-Hadamard spreading sequences. For MC-
CDMA, a certain data rate can be achieved by different
combinations of system loads and code rates. In an
effort to optimize the performance, the trade-off between
system load and code rate is analyzed. Simulation results
suggest that a fully loaded MC-CDMA system always
outperforms a not-fully loaded system. Moreover, OFDM
without spreading achieves the best performance, as long
as the code rate is equal or less than 1/2. Since the
considered low SNR scenario ultimately requires low code
rates for acceptable performance, it appears reasonable
to scrap the WH spreading operation. While the data
rate can be adjusted more efficiently by RCPC codes;
a cell-specific random subcarrier interleaver is effective
to decorrelate the interference, as well as to exploit the
diversity of the frequency selective channel. This means
that the advantages of MC-CDMA in terms of flexibility
and robustness are still in place, while multiple access
interference as one severe drawback is mitigated

The remainder of this paper is structured as follows:
in section II the system and channel model is introduced;
scenarios and simulation results for the considered OFDM
based downlink are presented in sections III and IV.

II. SYSTEM & CHANNEL MODEL

A. OFDM with spreading
Fig. 1.a shows the block diagram of a MC-CDMA

transmitter serving Nu users. The bit stream for each user
is encoded with a RCPC code with rate r and memory
m. That is, a constituent code with rate rc is punctured
to match the desired code rate r ≥ rc [8]. The encoded
bit stream is subsequently bit interleaved by the outer



interleaver Πout, and fed to the symbol mapper with
cardinality M . The energy per information bit and mapped
symbol are given by Eb and Es = Eb r log2(M).

Subsequently, each data symbol is spread by a Walsh-
Hadamard (WH) sequence with spreading factor L ≥ Nu.
The spreading operation establishes a multiple access
scheme for Nu users. The spreading factor L can be sig-
nificantly smaller than the number of available subcarriers
Nc. In this case each user may transmit Nd =Nc/L data
streams in parallel. The system load of the MC-CDMA
system is defined by ρ = Nu/L and can be adjusted
between 1 and 1/L. This results in the average energy
per spread chip:

Ec = Es · Nu

L = Eb · ρ r log2(M) (1)

The spread chips of OFDM symbol � are then frequency
interleaved by the inner interleaver, Π(µ)

in , over one OFDM
symbol to maximize the diversity gain. The interleaver
produces the sequence, X(µ)

� = [X (µ)

�,1, · · · , X (µ)

�,Nc
]T, of BS

µ, subcarrier i and OFDM symbol �.1 One frame consists
of Nframe OFDM symbols, each having Nc subcarriers.
In order to distinguish signals from different BSs, the
superscript µ was introduced. An inverse DFT (IDFT)
with NDFT≥Nc points is performed on each block to yield
the time domain signal x(µ)

�,n = IDFT{X (µ)

�,i}. Subsequently
a guard interval (GI) having NGI samples is inserted in the
form of a cyclic prefix.

After D/A conversion, the signal x(µ)(t) is transmitted
over a mobile radio channel. At the receiver the signal is
sampled with rate nTspl, and the guard interval is removed.
Assuming perfect synchronization and neglecting cellular
interference for the moment, a NDFT–point DFT on the
received signal, y�,n, is performed, to obtain the output of
the OFDM demodulation [9]

Y�,i = DFT
{
y�,n

}
= X (µ)

�,i H (µ)

�,i + N�,i (2)

where H (µ)

�,i , and N�,i denote the the channel response from
BS µ, and AWGN with zero mean and variance N0.

Data Detection: A block diagram of a MC-CDMA
receiver is depicted in Fig. 1.b. Due to frequency se-
lectivity of the multipath fading channel and the random
interleaving of the spread chips, the orthogonality of the
spreading sequences is lost and multiple access interfer-
ence (MAI) occurs, if Nu > 1. An efficient compromise
between reducing MAI and utilizing the diversity of the
frequency selective channel is the linear minimum mean
squared error (MMSE) detector [10]. Applying the MMSE
criterion to Y�,i with the constraint of a one tap equalizer,
the output for subcarrier i becomes

X̂ (µ)

�,i =
H (µ) ∗

�,i

|H (µ)

�,i |2 + 1
γc

· Y�,i (3)

where γc denotes the average SNR per subcarrier, which
is γc = Nu

L
Es

N0
for the single transmitter scenario.

The equalized signal sequence of OFDM symbol �,
X̂(µ)

� , is subsequently deinterleaved by Π(µ) −1
in and de-

spread. The symbol demapper maps the data symbols

1Variables which can be viewed as values in the frequency domain,
such as X (µ)

�,i , where each entry modulates a certain subcarrier, are
written in capital letters.

into bits, by also calculating the log-likelihood ratio
(LLR) for each bit, which serves as reliability information
for the decoder [11, 12]. The symbol demapper assumes
the MAI to be white Gaussian noise with zero mean
and appropriately scaled variance [13]. The code-bits are
deinterleaved and finally decoded using a soft-in soft-out
channel decoder. We use the Max-Log MAP algorithm for
the channel decoder [14, 15], which is an approximation
of the optimum maximum a posteriori (MAP) symbol-
by-symbol detector [16].

B. OFDM without spreading

OFDM without spreading may be viewed as a special
case of MC-CDMA with spreading factor L=1. To estab-
lish a multi-user system, OFDM is combined with FDMA,
termed OFDMA. Then, the Nc subcarriers are equally
assigned to Nu users, by allocating Nc/Nu subcarriers per
OFDM symbol to each user. Unlike for MC-CDMA, one
subcarrier is exclusively assigned to one user’s symbol, so
multiple access interference is avoided. Thus, the system
load is fixed to ρ = 1, and the energy per subcarrier
in (1) simplifies to Ec = Es = Eb r log2(M). In the
block diagram of Fig. 1 the spreading block is omitted,
all other system components are equivalent to the MC-
CDMA system described previously.

The multi-user OFDMA system may also be viewed
as a form spread spectrum system, in the way that the
subcarrier interleaver Π(µ)

in distributes the data streams as-
sociated with different users, µ, over the whole frequency
band; the induced frequency diversity is picked up by the
channel decoder.

C. Channel Model

The channel transfer function (CTF), H (µ)

�,i , is obtained
by sampling the analog CTF H (µ)(t, f) at time and
frequency instants t = �Tsym and f = i/T , where Tsym =
(NDFT+NGI)Tspl and T =NDFTTspl represents the OFDM
symbol duration with and without the guard interval,
and Tspl is the sample duration. The CTF, H (µ)(t, f), is
the Fourier transform of the channel impulse response
(CIR), h(µ)(t, τ). The frequency selective, Rayleigh fading
channel, is modeled by a tapped delay line with Q0 non-
zero taps [17], described by h(µ)(t, τ) =

∑Q0
q=1 h(µ)

q (t) ·
δ(τ − τ (µ)

q ). Accordingly, the CTF is given by

H (µ)

�,i = H (µ)(�Tsym, i/T ) =
Q0∑
q=1

h(µ)

�,q e−j2π τ (µ)
q i/T (4)

The channel of the qth tap, h(µ)

�,q, impinging with time delay
τ (µ)
q , is a wide sense stationary (WSS), complex Gaussian

random variable with zero mean.

D. Modeling Cellular Interference

Recently, there has been growing interest in apply-
ing an OFDM-based air interface to cellular systems.
We focus on a system which should be robust against
interference, rather than trying to avoid interference, as
this ultimately would require inter-cell synchronization in
time and frequency, which might be difficult to achieve
in practice. This means that inter-cell interference can be
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Fig. 2. Block diagram of the system simulator, comprising the
transmitter chain for the desired as well as for one interfering signal.

significant, especially if the system is to operate with high
frequency reuse factor. The application of the considered
OFDM based system to a cellular downlink scenario was
thoroughly described in [7] and [18], for a 2-cell and
multi-cell environment, respectively.

In order to distinguish signals from different BSs and to
further randomize the transmitted signal, X (µ)

�,i , is scram-
bled by a complex cell specific random sequence, p(µ)

i .
Moreover, for the subcarrier interleaver in Fig. 1, we

choose a cell specific random interleaver for Π(µ)

in , as pro-
posed in [7, 19]. That is, the interleaver patterns for Π(µ)

in
are mutually different for all BSs. The purpose of Π(µ)

in is
twofold: first, by increasing the distance between adjacent
symbols a diversity gain is achieved; second, the inter-cell
interference between adjacent BSs is randomized. It was
demonstrated in [19] that cell specific random interleaving
effectively decorrelates signals from interfering BSs, even
for low spreading factors L, and for channels which
exhibit strong correlation between subcarriers.

At the receiver the cell specific scrambling sequence,
p(µ) ∗

i , and subcarrier deinterleaver, Π(µ) −1
in , are applied. A

block diagram of how the cellular interference is modeled
is shown in Fig. 2. The signal from the desired and
interfering BS is received at the mobile with energy
per symbol of Es and Es/∆E, where ∆E accounts for
the difference in received signal power between the two
interfering BSs.

The frequency domain received signal of the considered
2-cell scenario after OFDM demodulation is given by

Y�,i = H (0)

�,i X (0)

�,i + 1√
∆E

H (I )

�,i X (I )

�,i + N�,i (5)

The first and second term in (5) account for the desired
and the interfering signal, respectively. The above expres-
sion describes the interference of a fully synchronized
system. If adjacent BSs operate asynchronously, such a
simple frequency domain model is no longer possible
[19]. In any case, the system performance of a cellular
OFDM based downlink depends only marginally on a
synchronization offset between BSs [19].

For the MC-CDMA receiver, the carrier to interference
ratio, γc, at the input of the MMSE equalizer from (3)
needs to be adjusted according to

γc =
1

1
∆E + N0

Eb
· 1

ρ r log2(M)

(6)

As for the multiple access interference, the cellular in-
terference of the MMSE equalizer is approximated by
Gaussian noise. Hence, non-Gaussian interference will
result in poorer performance. To this end, the considered

2-cell scenario is the worst case in terms of cellular inter-
ference, since more interfering signals mean the Gaussian
approximation is matched more closely [18].

III. SYSTEM SCENARIOS

For the following discussion it is assumed that all BSs
are using exactly the same system parameters, i.e. the
same system loads ρ, code rates r, etc.

In case the mobile is near the cell/sector boundary, ∆E
in (5) will be close to one, so the carrier to interference
ratio, γc, for a single antenna receiver approaches 0 dB.
In order to maintain a reliable connection it is often
suggested not to operate the system fully loaded, so
Nu <L [5, 7].

A reduction of Nu directly translates to reduced mul-
tiple access interference, since the energy per transmitted
chip (subcarrier after spreading), Ec of (1), decreases with
the system load ρ = Nu/L. Since all BSs run with the
same load, ρ, the cellular interference also decreases by ρ,
which obviously increases the robustness of the cellular
system. This is traded with a ρ times lower spectral
efficiency. The robustness towards cellular interference
is sometimes claimed to be a major advantage for MC-
CDMA over OFDMA [5].

On the other hand, channel coding is considered to be
an essential part of any mobile communication system.
Rate compatible punctured convolutional (RCPC) codes
provide a powerful tool to flexibly adjust the data rate,
giving an additional degree of freedom for the system
design. RCPC codes are implemented by choosing a
constituent code with the lowest rate rc≤r. Then, (almost)
arbitrary code rates are generated through puncturing [8].
According to (1), the energy per subcarrier, Ec, carrying
one coded symbol also decreases with lower r. This will
in turn also reduce the cellular interference, similar to
reducing ρ. Moreover, a lower r provides an increased
coding gain.

Given a certain code rate, r, and system load, ρ, the
spectral efficiency of the considered OFDM-based system
is given by

η = log2(M) · r · ρ in [bit/s/Hz] (7)

where M denotes the modulation cardinality, which is
M = 4 for QPSK. In the above expression the loss due
to the cyclic prefix and guard bands is neglected, since it
is the same for all considered schemes. In the following
the system performance is optimized subject to a given η,
with respect to r and ρ.

IV. SIMULATION RESULTS

The bit error rate (BER) performance of an OFDM-
based system with and without spreading is evaluated
by computer simulations. An MC-CDMA system with
spreading factor L = 8 was implemented to examine the
trade-off between code rate r and system load ρ=Nu/8,
constraint to a constant spectral efficiency, η of (7). In
order to allow a fair comparison between MC-CDMA
and OFDMA, the number of users, Nu, for OFDMA are
set equal to the spreading factor, L, for the compared



TABLE I

MC-CDMA AND OFDMA SYSTEM PARAMETERS

Bandwidth B 101.5 MHz
# subcarriers Nc 768
DFT length NDFT 1024
Guard interval (GI) length NGI 268
Sample duration Tspl 7.4 ns
Frame length Nframe 64
Spreading Factor L {1,8}
Modulation QPSK
Channel coding rate rc 1/4
Channel coding memory m 6

∆P =1dB
∆τ = 16 Tspl

Q0=12

∆P: decay between taps

∆τ: tap spacing
Q0: number of 
      non-zero taps

. . .
time ∆P =3dB

∆τ = 60 Tspl

Q0= 2

Channel A Channel B

Fig. 3. The power delay profi le of the used channel models.

MC-CDMA system. Since for OFDMA the system load
is fixed to ρ=1, the data rate can only be adjusted by the
code rate r. For the RCPC codes a rate r=1/4, memory
m=6 constituent code with puncturing patterns from [8]
was taken. Since we are mainly interested in the low SNR
region, the modulation cardinality will be fixed to M =4
throughout. The system and channel model parameters are
shown in Table I and Fig. 3.

The channel is modeled by a tap delay line model
with Q0 non-zero taps, a tap spacing of ∆τ , with an
exponential decaying power delay profile, as illustrated
in Fig. 3. The independent fading taps are generated
using Jakes’ model [20], each having a maximum Doppler
frequency of νmax = 10−4 · Tsym, with Tsym defined
in (4), corresponding to a mobile velocity of about
3 km/h @5 GHz carrier frequency. Two different channel
models are considered, as indicated in Fig. 3: Chan-
nel A with Q0 = 12; and Channel B with two non-zero
taps. Furthermore, an independent Rayleigh (IR) channel
model has been implemented, such that all subcarriers and
OFDM symbols are mutually uncorrelated.

For the results in Figures 4 and 5 Channel A was used.
Fig. 4 shows the BER against the Eb/N0 for MC-

CDMA (L=8, ρ=Nu/8) in an isolated cell environment,
where no inter-cell interference is encountered. Parts (a.),
(b.) and (c.) of Fig. 4 show parameter sets with a spectral
efficiency of η=1/2 , 2/3, and 1 bit/s/Hz, respectively. In
almost all cases,2 it is seen that the higher the system load,
ρ, the better the performance. If the code rate exceeds
r ≥ 1/2, the degradation of not-fully loaded MC-CDMA
becomes severe. For comparison an equivalent OFDMA
system without spreading (L = 1, ρ = 1, Nu = 8), is
also shown in Fig. 4. It is seen that OFDMA always
outperforms MC-CDMA on the link level. This is an
expected result, due to the low code rates, r≤1/2, which
has already been reported e.g. in [5, 21].

In order to assess the performance of a cellular system,

2Only the not fully loaded and uncoded system outperforms the fully
loaded and coded system at very high interference levels, where the
performance is unacceptable anyhow (see Fig. 4.a and 4.c). This is due
to the well known effect that the performance of a coded system degrades
for low SNR.
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Fig. 4. BER vs Eb/N0 for a MC-CDMA system (L=8) with different
number of system loads ρ = Nu/8 and code rates r for Channel A.
Curves for OFDMA (L=1, ρ=1, Nu =8) are plotted as a reference.
Parameter sets with a spectral effi ciency of η=1/2, 2/3 and 1 bit/s/Hz
are shown in part (a.), (b.) and (c.), respectively.

the performance of a 2-cell scenario, as described in
section II-D has been evaluated. Fig. 5 shows the BER
against the difference in received signal power between
the two interfering BSs, ∆E, for the same system pa-
rameters as in Fig. 4. So, for ∆E = 0 dB the received
signals of the desired and interfering BS have the same
power. The AWGN was set to Eb/N0 =10 dB. Essentially
the same conclusions as for the link level results in
Fig. 4 can be drawn. That is, MC-CDMA with full load
outperforms the half loaded system. Furthermore, even
in a cellular environment OFDMA without spreading has
superior performance than MC-CDMA.

Fig. 6 shows the system performance using a 2-tap
channel (Channel B) and an independent Rayleigh (IR)
channel, for the same 2-cell system as Fig. 5. Clearly, the
performance strongly depends on the available diversity of
the channel. The diversity order is 2 for Channel B and
maximum for the IR channel. Note that the difference
between fully loaded and half loaded system gets larger
as the diversity order of the channel increases.
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Generally, for all considered channel models coded
OFDMA exhibits the best performance. Furthermore,
coded OFDMA with spectral efficiency η=2/3 is always
equal or better than the half loaded MC-CDMA system
with η = 1/2. A lower code rate providing a more
powerful channel code appears superior in exploiting the
available diversity, even in a cellular environment.

V. CONCLUSIONS

Operating a MC-CDMA system not fully loaded was
shown to be inefficient, both for a link level and a cellular
downlink scenario. The difference in system performance
in favour of the fully loaded system is most significant,
if the system load is reduced such that a code rate
of r ≤ 1/2 cannot be maintained. Furthermore, coded
OFDMA without spreading outperforms MC-CDMA for
the considered simulation parameters. RCPC codes allow
to flexibly adjust the data rates, and a random interleaver
on the subcarrier level was shown to be effective to
randomize the interference, as well as to exploit the

diversity of the frequency selective channel. On the other
hand, it appears that little is to be gained by spreading
with Walsh-Hadamard sequences.
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