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Abstract— In this paper, a recursive approach for joint
channel estimation and signal detection is proposed for
the uplink MC-CDMA system over time-varying multipath
fading channels. Compared to the conventional channel
estimation scheme for time-varying channels which generally
requires pilot signals for every symbol, the proposed ap-
proach has the advantage of reducing these overhead bits and
hence increasing the spectral efficiency. Taking advantage
of the powerful processing capability of the base station,
parallel interference cancelation (PIC) technique is exploited
to cancel the multiple access interference (MAI) and enhance
the system performance. Furthermore, a simple but effective
method is proposed to prevent the possible error propagation.
Space diversity (multiple receiver antennas) and time diver-
sity (channel coding) can also be employed to suppress error
propagation and improve system performance. Simulation
results demonstrate that the proposed scheme is robust in
multi-user scenarios for moderate signal to noise ratio (SNR)
levels.

Index Terms— uplink MC-CDMA, joint channel estima-
tion and signal detection, PIC, time-varying channels, error
propagation, receiver diversity.

I. INTRODUCTION

Multicarrier code division multiple access (MC-CDMA)
[1], [2], which amalgamates the advantages of both or-
thogonal frequency division multiplexing (OFDM) and
CDMA techniques, has become a promising candidate
for next generation wireless communications due to its
attractive capability of resolving the frequency selective
fading in multipath channels. The OFDM modulation in
MC-CDMA systems prevents the intersymbol interference
(ISI) caused by multipath fading, and in addition, spread-
ing the information over a number of subcarriers adds to
the redundancy between subcarriers and implies a built-in
frequency diversity.

Although MC-CDMA is effective in combating the
multipath fading, it is guaranteed to provide good perfor-
mance only with accurate channel state information (CSI)
for coherent modulation. Research on channel estimation
of OFDM or MC-CDMA has largely been focused on
time-invariant systems, based on the assumption that the

channel is approximately time-invariant in each frame
or time slot. However, as wireless communication at
higher frequency bands is becoming possible, relative
motion between the mobile and the base station intro-
duces significant frequency dispersions and the channel
can no longer be characterized or approximated by a
time-invariant model. To track the time-varying channels
closely, a commonly used technique [3], [4] is to insert
pilot bits in every OFDM symbol, resulting in a consider-
able amount of overhead bits. Therefore, it remains a big
challenge to improve the spectral efficiency of wireless
communications over time-varying channels.

In this paper, as an effort to reduce the overhead bits,
a recursive channel estimation with joint signal detection
scheme is proposed for the uplink MC-CDMA system
over time-varying channels. Only one pilot symbol is
required at the beginning of each data frame to obtain
an initial channel estimate. The subsequent symbol is
coarsely detected using the CSI obtained from the previous
symbol. The reliability of such a detection is based on the
fact that although the channel may vary fast and become
uncorrelated over some period, the channel coefficients
for the two successive multicarrer (MC) symbols are still
highly correlated. Multiple access interference (MAI) can
then be reconstructed and canceled out from the composite
signal using PIC [5] to get a “clean” desired signal.
With this “clean” signal, the channel coefficients can be
updated accurately and more reliable signal detection can
be performed. The algorithm is applied recursively on the
upcoming symbols till the end of the data frame. Errors
at certain stage can ruin the signal detection and channel
estimation of the subsequent symbols and cause disaster
in the system performance. In this paper, a simple but
very effective method is proposed to prevent possible error
propagations in the recursive algorithm.

The rest of the paper is organized as follows: Section
II describes the MC-CDMA system as well as the time-
varying channel model. Section III introduces the proposed
recursive algorithm for joint channel estimation and sig-
nal detection in the uplink MC-CDMA system. Effective
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Fig. 1. The uplink MC-CDMA transmitter

control of error propagation is also discussed. Simulation
results are presented in Section IV to show the robustness
of the proposed scheme and we conclude in Section V.

II. SYSTEM MODEL

A. Transmitter structure

Consider an uplink MC-CDMA system with K users.
The structure of the MC-CDMA transmitter for user k
is illustrated in Figure 1. The input binary stream is first
serial to parallel converted into blocks of J bits. The ith
block for user k is denoted as dk,i. If channel coding is
exploited, dk,i is fed into the channel encoder and the
encoded M bits are then spread into N = MP chips
using the user’s specific aperiodic pseudo-noise (PN) codes
ck,i(v), v = 0, ...N − 1. Here, P is the spreading factor,
i.e., each bit from the output of the encoder is spread into
P chips. The signal after spreading is denoted as xk,i =
[xk,i(0), · · · , xk,i(N − 1)]T . Before the spread chips are
modulated on different OFDM subcarriers, a P ×M block
interleaver is employed to maximally separate those chips
spread from the same bit and hence reduce the risk that all
these chips suffer severe fades at the same time. At the re-
ceiver a corresponding M×P deinterleaver is employed to
reshape the signals. The interleaver/deinterleaver plays an
important role in improving the system performance, while
for simplicity of notation and without loss of generality
they will be omitted in the subsequent description. In the
simulations, however, their effects are taken into account.
The output signals from the IFFT block are parallel to
serial converted and the cyclic prefix (CP) is appended at
the beginning of the modulated symbol. To prevent ISI,
the length of the CP is assumed to be equal to the channel
length L. Using the notations in [6], the extended OFDM
symbol, which is referred to as an MC symbol, can be
described by a transformation given by

sk,i = TcpFxk,i, (1)

where Tcp = [IT
cp, I

T
N ]T , with Icp representing the last L

rows of an N×N identity matrix IN . F is the IFFT matrix
defined as

F =
1√
N

⎛
⎜⎜⎝

W 00
N · · · W

0(N−1)
N

...
. . .

...

W
(N−1)0
N · · · W

(N−1)(N−1)
N

⎞
⎟⎟⎠ ,

where Wnk
N = ej2π(n/N)k.

B. Channel Model

Following [7] and [8], the baseband equivalent channel
is characterized using the time-varying response

h(t, τ) =
Lp∑
l=1

γl(t)δ(τ − τl), (2)

where Lp is the total number of the multipaths from
discrete scatterers, τl is the delay of the lth path and γl(t)
is the complex amplitude of the lth path at time t. The
channel’s frequency response with respect to τ at time t
is given by

H(t, f) =
Lp∑
l=1

γl(t)e−j2πfτl . (3)

γl(t)’s are usually considered to be wide-sense sta-
tionary (WSS) and independent for different paths.
Hence the time-varying correlation function of H(t, f),
RH(∆t, ∆f ) = E[H(t + ∆t, f + ∆f )H∗(t, f)], can be
decomposed as the product of a time-domain correlation
function Rt(∆t) and a frequency-domain correlation func-
tion Rf (∆f ) [8]:

RH(∆t, ∆f ) = Rt(∆t)Rf (∆f ). (4)

For an MC-CDMA system with symbol duration T and
tone spacing ∆f , the correlation function for different MC
symbols and different tones can be written as [8]

RH(i, n) = Rt(iT )Rf (n∆f ). (5)

In this paper, Jakes’ model [9] is adopted and the time
correlation function can be expressed as

Rt(iT ) = J0(2πfdiT ), (6)

where J0(x) is the zeroth-order Bessel function of the first
kind and fd is the maximum doppler shift caused by the
frequency dispersion.

C. Received signal

Consider an uplink MC-CDMA system with BPSK
modulation. The received composite signal sampled at
t = mT/Ns (chip rate), where Ns = N + L, is given
by

r(m) =
K∑

k=1

rk(m − ∆k) + w(m), (7)

where rk(m − ∆k) is the received signal for user k,
which is the convolution of the transmitted signal and
the corresponding channel coefficient, ∆k denotes the kth
user’s propagation delay and w(m) is the additive white
Gaussian noise (AWGN) with zero mean and double-sided
power spectral density of N0/2. Note that for simplicity,
here we assume the relative delay between users is less
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than one MC symbol and ∆k randomly takes on an integer
number between 0 and Ns.

Throughout the paper, perfect channel synchronization
is assumed, i.e., ∆k is known to the receiver. Then after
CP removal, the ith symbol input to the kth user’s FFT
demodulator is saved in vector zk,i = [r(iNs + L +
∆k), · · · , r((i+1)Ns +∆k − 1)]T . Separating the desired
signal and the MAI components, zk,i can be expressed as

zk,i = z(D)
k,i +

K∑
j=1,j �=k

z(I)
j,i , i = 0, 1, · · · (8)

where z(D)
k,i = [rk(iNs+L), · · · , rk((i+1)Ns−1)]T is the

desired signal for user k and z(I)
j,i = [rj(iNs + L + ∆k −

∆j), · · · , rj((i + 1)Ns + ∆k − ∆j − 1)]T represents the
interference from user j. After FFT, the kth user’s signal
can be written as

yk,i = F†zk,i = Xk,iHk,i +
K∑

j=1,j �=k

Ij,i + vk,i, (9)

where the superscript † denotes complex conjugate trans-
pose, Xk,i = diag(xk,i) is the desired signal, Hk,i =
[Hk,i(0), · · · , Hk,i(N − 1)]T represents the frequency do-
main channel coefficients of the N subcarriers and vk,i

is the noise term. Ij,i = F†z(I)
j,i is the interference from

user j. In the conventional single user detection (SUD),
the second term on the right-hand side of (9) is usually
approximated as a Gaussian noise and absorbed into vk,i,
denoted as v̄k,i.

III. JOINT CHANNEL ESTIMATION AND SIGNAL

DETECTION

In this section, a recursive approach for joint channel es-
timation and signal detection in uplink MC-CDMA system
is presented. Instead of inserting pilot bits for each MC
symbol, only one pilot symbol is needed at the beginning
of each data frame. For each symbol, PIC is exploited
to suppress MAI and improve system performance. The
proposed algorithm is outlined below:

1) At the beginning of each data frame of user k
(k = 1, · · · , K), one pilot symbol xk,0 is transmitted
to obtain an initial channel estimate Ĥk,0;

2) For the ith symbol, using the channel information
estimated from the previous symbol, i.e., Ĥk,i−1, a
rough coherent detection is performed to obtain a
tentative symbol estimate x̃k,i;

3) With the tentative signal x̃k,i and the channel in-
formation Ĥk,i−1, (k = 1, · · · , K), MAI is recon-
structed and canceled out from the composite signal;
a more accurate channel estimate for the ith symbol,
Ĥk,i, is obtained and then utilized in turn to get
more accurate detection of the ith symbol, denoted
as x̂k,i;

4) Step 3 can be performed iteratively to achieve better
performance by feeding x̂k,i back to refine channel
estimation and signal detection;

5) Ĥk,i is used as the channel information for the
next symbol and Step 2 to Step 4 are repeated to
recursively process each symbol in the rest of the
data frame.

More details of the proposed approach, including the
error propagation control, are presented in the following
subsections.

A. Initial Channel Estimation

Equation (9) can be rewritten in a scalar form as

yk,i(n) = xk,i(n)Hk,i(n) + vk,i(n), n = 0, · · · , N − 1.
(10)

If xk,i(n) is known beforehand, the channel can be es-
timated as Ĥk,i(n) = yk,i(n)/xk,i(n). In this paper, the
pilot symbol for user k consists of the kth user’s PN-
code only, i.e., xk,0 = [ck,0(0), · · · , ck,0(N − 1)]T . The
frequency domain channel coefficients can be obtained by
performing

Ĥk,0 = X−1
k,0yk,0 (11)

where Xk,0 = diag(xk,0). If the channel length is
L, the channel estimates in time domain ĥk,0 =
[ĥk,0(0), · · · , ĥk,0(L − 1)]T can be obtained from Ĥk,0

through Fourier transformation [10]. Since the signals of
all users are known at the receiver, MAI can be recon-
structed and more accurate estimation can be obtained by
exploiting the PIC technique.

B. Joint Channel Estimation and Signal Detection

Due to the high correlation between channel coefficients
as shown in (6), we can use Ĥk,i−1 as the coarse CSI
for the detection of the ith symbol. After the tentative
decision d̃k,i is obtained by taking advantage of Ĥk,i−1,
MAI is regenerated and PIC is performed to cancel the
interference. The “cleaner” signal for user k is then given
by

z̃k(m) = r(m) −
K∑

j=1,j �=k

r̂j(m − ∆j), (12)

where the ith symbol is represented by z̃k,i = [z̃k(iNs +
L + ∆k), · · · , z̃k((i + 1)Ns + ∆k − 1)]T . The regenerated
signal for user j, i.e., r̂j(m − ∆j), is the function of
d̃j,i and Ĥj,i−1. Similar to the derivation of (9), after CP
removal and FFT demodulation, the ith symbol for user k
is given by

ỹk,i = Xk,iHk,i +
K∑

j=1,j �=k

Ĩj,i + vk,i. (13)

Equation (13) is similar to (9) in formula. The major
difference is that the second term in (13) is now interpreted
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as the residual interference after MAI cancelation, instead
of the total MAI as in (9). Hence there is less interference
and more accurate channel estimation can be obtained.

The channel estimation can be obtained as in the pilot
based scheme, with the difference that in pilot based chan-
nel estimation, the signal xk,i is known a priori whereas
here xk,i is approximated by x̃k,i which originates from
the tentative decision d̃k,i:

x̃k,i(v) = ck,i(v)d̃k,i(� v

P
�+ 1), v = 0, · · · , N − 1, (14)

where �x� denotes the maximum integer less than or equal
to x and d̃k,i(n) is the nth bit in vector d̃k,i. Note that for
simplicity no channel coding is assumed in (14), therefore
M = J .

With the updated channel coefficients, ĥk,i, more accu-
rate MAI can be regenerated and canceled out. An even
“cleaner” signal can be obtained and only single user
detection (SUD) is required to obtain d̂k,i, which is the
final estimate of the original data dk,i.

The joint channel estimation and signal detection pro-
cess can be repeated for better performance. The number
of iterations depends on the trade-off between the perfor-
mance and the computational cost.

C. Error Propagation Control

The proposed scheme is spectrally efficient in spectra
since it only requires one pilot symbol at the initial stage.
However, inaccurate channel estimation or signal decision
at a certain stage may cause error propagation and severely
degrade the system performance. Here, a simple but very
effective method is proposed to solve the problem.

In the algorithm proposed above, ĥk,i−1 is utilized to
estimate ĥk,i since they are strongly correlated. However,
even if ĥk,i−1 has been estimated accurately enough,
due to the interference or strong burst noise, errors may
still occur in some taps of ĥk,i. The values of these
“false taps” deviate significantly from the values of the
corresponding taps in ĥk,i−1. We identify those taps by
comparing corresponding taps between ĥk,i−1 and ĥk,i.
If the difference between two corresponding taps is larger
than a preset threshold λ, a “false tap” is detected. For
example, if |ĥk,i(l) − ĥk,i−1(l)| > λ, then the lth tap of
ĥk,i is identified as “false” and replaced by the value of
the corresponding tap in ĥk,i−1. The value of the threshold
is related to the rapidity of the channel variation and can
be experimentally obtained in advance.

IV. SIMULATION RESULTS

In this section, the proposed scheme is illustrated by
simulation examples. The time-varying channel is an 8-
path Rayleigh fading channel with exponential power
delay profile and a maximum delay spread of 800ns. A
transmission bandwidth of 10MHz is assumed in the range
of 2GHz. The doppler shift is chosen to be fd = 250Hz,
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Fig. 2. BER comparison between various schemes, assuming 4
asynchronous users

corresponding to a vehicle speed of 135km/hr. The CP
length is assumed to be equal to the channel length L = 8,
so that ISI is avoided and the signal on each subcarrier
undergoes non-selective fading.

Figure 2 corresponds to the scenario of 4 asynchronous
users. The performance is illustrated in terms of bit error
rate (BER) against the SNR. Without channel coding, the
system parameters are chosen as follows: the block size of
the original input binary data is J = 8 and the spreading
factor is set to be P = 16, the number of subcarriers is
N = 128. The dashed line represents the performance of
the matched filter with perfect maximal ratio combining
(MF-perfectMRC), which assumes completely known CSI
at the receiver. From the figure we can see that the
proposed scheme assuming unknown CSI at the receiver
significantly outperforms the MF-perfectMRC with perfect
CSI knowledge, especially for moderate SNRs.

The simulation results for the proposed scheme with
convolutional channel coding are also presented in Figure
2, where the encoder has a coding rate of 1/2 and a
constraint length of 3. Short constraint length is preferred
in the proposed scheme since in this symbol-by-symbol
detection scheme we need to force the trellis to a known
state by padding some known signals with the J trans-
mitted bits. The number of padded bits depends on the
memory of the encoder. Short constraint length leads to
less spectra sacrifice as well as lower complexity. 3-bit
soft-decision Viterbi algorithm is exploited to perform the
decoding at the receiver. In the simulations for the coding
scheme, J = 6 and two zeros are padded to force the
Trellis to the “all-zero” state. Spreading factor is P = 8
and the number of subcarriers is kept unchanged. Figure 2
shows that when SNR is higher than 7dB, the performance
of the proposed scheme with coding for P = 8 is better
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Fig. 3. Comparison of true channel and estimated channel with
SNR=10dB. Amplitude Vs. time for one path of the channels

than that of P = 16 without coding. The reason for poor
performance of the coded system at low SNRs is partially
related to the definition of the SNR in the simulation. Note
that in our simulation, the SNR is defined as the Eb/N0

where Eb is the energy per bit for the signals before the
encoder. Hence the coding rate of 1/2 reduces the energy
of the signals on each subcarrier and lowers the energy
of the coded bits in front of the Viterbi decoder. When
the noise level is high, the convolutional coding may not
be able to compensate for the energy loss. Another reason
is that the reduction of the number of P results in lower
frequency diversity gains that we are taking advantage of.

To obtain more diversity gains and employ the process-
ing capability of the base station to the greatest possible
advantage, we investigate performance of the receiver
with multiple antennas. For simplicity, two antennas are
assumed. As shown in Figure 2, space diversity adds to
the performance gains significantly.

Figure 3 and Figure 4 illustrate the comparison between
the true channel and the estimated channel in terms of
the amplitude vs. time for SNR = 10dB and SNR =
20dB respectively. The channel varies randomly with time,
and without loss of generality, the simulation results for
only one path of the channel are provided. Shown in the
figures, the estimated channel is closely matched to the
true channel, although relatively large deviations occur
when SNR is low (Figure 3). Robustness of the proposed
scheme is obvious for moderate SNRs (Figure 4).

V. CONCLUSIONS

In this paper, as an effort to improve the information
capacity for uplink MC-CDMA systems over time-varying
multipath channels, a recursive approach is proposed for
joint channel estimation and signal detection. Instead of
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Fig. 4. Comparison of true channel and estimated channel with
SNR=20dB. Amplitude Vs. time for one path of the channels

inserting pilots bits in every symbol as in conventional
methods, only one pilot symbol is needed for each data
frame and hence results in higher spectral efficiency. PIC
is exploited to cancel the MAI and guarantee satisfying
system performance in multi-user scenarios. A simple
but effective approach is proposed to prevent possible
error propagation. Channel coding and receiver diversity
techniques are exploited to further improve the system
performance. Simulation results are provided to illustrate
the effectiveness of the proposed scheme.
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