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PAPER

Frequency-Domain Pre-Equalization for MC-CDMA/TDD Uplink
and Its Bit Error Rate Analysis

Satoshi ABE†a), Member, Shinsuke TAKAOKA†, Hiromichi TOMEBA†, Student Members,
and Fumiyuki ADACHI†, Member

SUMMARY In multi-carrier code division multiple access (MC-
CDMA) uplink (mobile-to-base station), since different users’ signals go
through different frequency-selective fading channels, large multi-access
interference (MAI) is produced. The use of frequency-domain equalization
reception can only partially restore the orthogonality among different users’
signals, resulting in a severe degradation in the bit error rate (BER) per-
formance. Hence, frequency-domain pre-equalization transmission, which
equalizes the MC-CDMA signal before transmission, is recently attracting
attention. In this paper, we present a generalized minimum mean square
error (GMMSE) frequency-domain pre-equalization transmission suitable
for MC-CDMA/TDD uplink. The pre-equalization weight is derived based
on the method of Lagrange multipliers. The theoretical analysis of BER
performance using the GMMSE frequency-domain pre-equalization trans-
mission in a frequency-selective Rayleigh fading channel is presented and
the result is confirmed by computer simulation.
key words: MC-CDMA, frequency-domain pre-equalization, frequency-
selective channel

1. Introduction

In next-generation mobile communications systems, high-
speed and high-quality data communications services will
be demanded. However, in high-speed data communica-
tions, the bit error rate (BER) performance significantly de-
grades due to severe inter-symbol interference (ISI) pro-
duced by frequency-selective fading [1]. Recently, multi-
carrier code division multiple access (MC-CDMA) has been
attracting much attention as a promising candidate for multi-
access technique [2], [3]. In MC-CDMA, frequency-domain
spreading is used, where each data symbol to be transmit-
ted is spread over a number of orthogonal subcarriers (on
the other hand, time-domain spreading is used in direct
sequence CDMA (DS-CDMA)). Using frequency-domain
equalization reception, MC-CDMA can exploit the chan-
nel frequency-selectivity to improve the downlink BER per-
formance [2]–[4]. However, in the MC-CDMA uplink,
since different users’ signals go through different frequency-
selective fading channels, the use of frequency-domain
equalization reception can only partially restore the orthog-
onality among different users’ signals and thus, the multi-
access interference (MAI) still remains, resulting in a de-
graded performance [2].

Manuscript received February 14, 2005.
Manuscript revised July 7, 2005.
†The authors are with the Department of Electrical and Com-

munication Engineering, Graduate School of Engineering, Tohoku
University, Sendai-shi, 980-8579 Japan.

a) E-mail: abe@mobile.ecei.tohoku.ac.jp
DOI: 10.1093/ietcom/e89–b.1.162

Multiuser detection can be used to reduce the MAI [5].
However, if the maximum likelihood multiuser detection is
used, the receiver complexity grows exponentially as the
number of users increases. Interference cancellation, which
makes tentative decision on each user’s data and subtracts
them from the received signal, requires the knowledge of all
users’ spreading codes and channels at a base station (BS).
Multi-stage interference canceller can improve the perfor-
mance, but it has a longer processing delay.

MAI is produced due to the orthogonality distor-
tion resulting from the non-flat transfer function of the
channel (i.e., a frequency-selective channel). MAI can
be mitigated if each user’s channel is transformed into a
frequency-nonselective channel by using frequency-domain
pre-equalization that uses pre-equalization weight which is
inversely proportional to the channel transfer function. Such
equalization is called zero forcing (ZF) frequency-domain
pre-equalization. However, if ZF pre-equalization is used,
the transmit power must be significantly increased at sub-
carriers where the channel gain drops. If the total transmit
power is kept the same as before pre-equalization, then a
large power loss in the received signal is produced. This
means that the BER performance achievable with ZF pre-
equalization at a given transmit power degrades signifi-
cantly. Hence, frequency-domain pre-equalization which
suppresses MAI while reducing the power loss is necessary.
Recently, frequency-domain pre-equalization was proposed
for MC-CDMA [6]. In Ref. [6], several pre-equalization
techniques with the total transmit power constraints are
presented. The best BER performance is obtained by
the quasi-minimum mean square error (quasi-MMSE) pre-
equalization (this is shown in Sect. 5.6).

In this paper, we propose a new frequency-domain pre-
equalization, based on a different method from Ref. [6],
for an MC-CDMA/time-division-duplex (TDD) system and
show that almost the same BER performance can be
achieved as using the quasi-MMSE pre-equalization tech-
nique of Ref. [6]. In the proposed pre-equalization method,
the equalization target is introduced and the pre-equalization
weight is determined so that the mean square error (MSE)
between the equivalent channel gain and the prescribed tar-
get value is minimized under the total transmit power con-
straint, thereby restoring the orthogonality property among
users to minimize the MAI. The pre-equalization weight is
computed by using the method of Lagrange multipliers [8].
The proposed pre-equalization method is called a general-
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ized MMSE (GMMSE) frequency-domain pre-equalization
in this paper.

The rest of the paper is organized as follows. In Sect. 2,
MC-CDMA/TDD transmission model is presented. The
principle operation of the GMMSE frequency-domain pre-
equalization is presented in Sect. 3. In Sect. 4, the theoretical
analysis of the conditional BER for the MC-CDMA/TDD
uplink with GMMSE frequency-domain pre-equalization is
presented. In Sect. 5, the theoretical average BER perfor-
mance is numerically evaluated by Monte Carlo numerical
method and is confirmed by computer simulation. The av-
erage BER performance achievable with the GMMSE pre-
equalization is compared with those of various frequency-
domain pre-equalizations presented in Ref. [6]. Finally,
Sect. 6 concludes the paper.

2. MC-CDMA/TDD Transmission Model

TDD is considered as a promising duplex method for
the next-generation high-speed mobile communications [7].
The TDD frame structure is illustrated in Fig. 1, where the
same carrier frequency is used alternately for downlink (DL)
and uplink (UL) transmissions. Since the downlink and up-
link time slots are short enough in high-speed data com-
munications, the channel gains can be assumed to be al-
most constant over at least one frame and therefore, the
pre-equalization weights for the uplink can be computed
by using the downlink channel estimate. However, in this
paper, ideal channel estimation is assumed. It is also as-
sumed that the distance dependant path loss and shadow-
ing loss are completely regulated by ideal slow transmit
power control (TPC). However, even if close-to-frequency-
nonselective channel can be achieved by pre-equalization,
the orthogonality among different users is lost if all users’
signals received at the BS are not time-synchronous. In this

Fig. 1 TDD frame structure.

Fig. 2 Transmitter/receiver structure of the uth user for MC-CDMA/TDD.

paper, the impact of the timing error is discussed in Sect. 5.7.
Transmitter/receiver structure of the uth user for

MC-CDMA/TDD using GMMSE frequency-domain pre-
equalization is illustrated in Fig. 2. We assume an MC-
CDMA using N subcarriers. At the downlink receiver, the
received MC-CDMA downlink signal is decomposed into
N subcarrier components after the removal of guard inter-
val (GI) and then, channel estimation and frequency-domain
equalization are carried out, followed by despreading and
data-demodulation. At the uplink transmitter, a binary trans-
mit data sequence is transformed into data-modulated sym-
bol sequence, which is spread by an orthogonal spreading
sequence and then, multiplied by a scramble sequence com-
mon to all users. After serial-to-parallel (S/P) conversion
to N streams, frequency-interleaving is applied in order to
achieve larger frequency diversity effect even for a small
spreading factor (subcarriers belonging to the same data
symbol are separated enough to experience independent fad-
ing). Then, pre-equalization is carried out (pre-equalization
weight is computed using the downlink channel estimate).
Finally N-point inverse FFT (IFFT) is applied to transform
the spread signal into a pre-equalized MC-CDMA signal,
followed by the GI insertion.

2.1 Transmit Signal

We consider the transmission of N/SF data modulated sym-
bols during one MC-CDMA signaling period, where SF is
the spreading factor. Quadrature phase shift keying (QPSK)
data-modulated symbol sequence {du(i); i = 0 ∼ N/SF − 1}
of the uth user is spread by the orthogonal spreading se-
quence {cu(n′ mod SF); n′ = 0 ∼ N − 1} and multiplied by
the common scramble sequence {cscr(n′); n′ = 0 ∼ N − 1}.
Then, the resultant chip sequence is S/P converted to map
each chip onto a different subcarrier. The n′th subcarrier
component S u(n′) can be expressed as

S u(n′) =
√

2Et

Tc

1
SF · N cu(n′ mod SF)

cscr(n
′)du

(⌊
n′

SF

⌋)
, (1)
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where Et denotes the transmit symbol energy, Tc the IFFT
sampling period, and �x� the largest integer smaller than or
equal to x. Then, frequency-interleaving is applied. In this
paper, an SF × N/SF block interleaver is used. By applying
this interleaving, the n′th subcarrier component is mapped
to the nth subcarrier as

n =
(
n′ mod SF

) × SF +

⌊
n′

SF

⌋
. (2)

Then each subcarrier component is multiplied by the pre-
equalization weight wu(n) (the derivation of wu(n) is pre-
sented in Sect. 3). After applying N-point IFFT and insert-
ing the Ng-sample GI, the pre-equalized MC-CDMA signal
su(t) is transmitted. In this paper, a Tc-spaced discrete-time
representation of the signal is used. su(t) can be expressed,
using the equivalent baseband representation, as

su(t) =
N−1∑
n=0

S u(n)wu(n) exp
(

j2πn
t
N

)
,

t = −Ng ∼ N − 1. (3)

2.2 Channel Model

A frequency-selective block fading channel having Tc-
spaced L discrete paths is assumed. The block fading as-
sumption means that the path gains stay constant over one
MC-CDMA signaling interval of t = −Ng ∼ N − 1. Let the
complex path gain and time delay of the lth path between
the uth user and a base station be ξu,l and τu,l, respectively,

where τu,l ≤ Ng − 1 and
∑L−1

l=0 E
[∣∣∣ξu,l∣∣∣2] = 1; E[.] is the

ensemble average operation. The received signal r(t) can be
expressed as

r(t) =
U−1∑
u=0

L−1∑
l=0

ξu,l su(t − τu,l) + η(t),

t = −Ng ∼ N − 1, (4)

where U represents the number of users, η(t) is the complex
Gaussian noise with zero mean and variance 2N0/Tc, and N0

represents the single-sided power spectrum density of the
additive white Gaussian noise (AWGN).

2.3 Received Signal

At a base station receiver, after removing the GI, FFT is ap-
plied to decompose the received signal {r(t); t = 0 ∼ N − 1}
into N subcarrier components. The nth subcarrier compo-
nent R(n) can be expressed as

R(n) =
1
N

N−1∑
t=0

r(t) exp
(
− j2πn

t
N

)

=

U−1∑
u=0

S u(n)Ĥu(n) + Π(n), (5)

where

Ĥu(n) = Hu(n)wu(n), (6)

is the equivalent channel gain seen at the base station with
Hu(n) being the uth user’s channel gain at the nth subcarrier
and Π(n) is the noise component due to the AWGN. They
are given by

Hu(n) =
L−1∑
l=0

ξu,l exp
(
− j2πn

τu,l

N

)

Π(n) =
1
N

N−1∑
t=0

η(t) exp
(
− j2πn

t
N

) . (7)

After parallel-to-serial (P/S) conversion, frequency-deinter-
leaving is applied and the nth subcarrier is demapped to the
n′th subcarrier as

n′ = (n mod (N/SF)) × N/SF +

⌊
n

N/SF

⌋
. (8)

Then, the decision variable d̂u(i), associated with the ith
transmitted data symbol du(i), is obtained by despreading
as

d̂u(i) =
1

SF

(i+1)SF−1∑
n′=iSF

R(n)c∗u(n′ mod SF)c∗scr(n
′), (9)

where * denotes the complex conjugate operation. Data de-
modulation is carried out using d̂u(i).

3. Generalized MMSE Frequency-Domain Pre-Equali-
zation

3.1 Pre-Equalization Weight

In GMMSE frequency-domain pre-equalization, the equal-
ization weight wu(n) is determined so that the mean square
error between the equivalent channel gain Ĥu(n) and the
equalization target x is minimized under the transmit power
constraint as

minimize e2 =
1
N

N−1∑
n=0

∣∣∣Ĥu(n) − x
∣∣∣2

subject to
1
N

N−1∑
n=0

|wu(n)|2 = 1. (10)

By using the method of Lagrange multipliers [8], wu(n) can
be obtained as

wu(n) =
xH∗u(n)

|Hu(n)|2 + λu

, (11)

where λu is the controling parameter, which should satisfy

N−1∑
n=0

( |Hu(n)|
|Hu(n)|2 + λ2

u

)2

=
N
x2

(12)

and can be found by numerical computation.



ABE et al.: FREQUENCY-DOMAIN PRE-EQUALIZATION FOR MC-CDMA/TDD UPLINK
165

Fig. 3 Pre-equalization error.

3.2 Pre-Equalization Target x and Pre-Equalization Error

The relationship between the pre-equalization target x and
the pre-equalization error is discussed below. For simplic-
ity, we assume U=1 and S (n)=1, and neglect the noise ef-
fect. The ensemble average E[e2

min] of the minimum mean
square error e2

min is plotted as a function of the equalization
target x in Fig. 3. As x reduces from 1, the pre-equalization
error decreases and approaches its minimum. However, the
pre-equalization error starts to increase when x becomes less
than 0.5. The pre-equalization weight amplitude |w(n)| and
the equivalent channel gain amplitude

∣∣∣Ĥ(n)
∣∣∣ seen at the base

station are shown for x=0.1, 0.5 and 1 in Fig. 4. When x=1,
|w(n)| is almost inversely proportional to |H(n)|. However,
the pre-equalization weight becomes small for the subcar-
rier at which the channel gain experiences deep fade. This
is because of the total transmit power constraint and thus,
the equivalent channel gain cannot be made completely flat.
On the other hand, if small x is used (e.g., x=0.1 and 0.5),
since the power constraint with respect to λu becomes loose
(see Eq. (12)), the equivalent channel gain becomes almost
flat as seen in Fig. 4(b). However, the averaged equivalent
channel gain reduces (resulting in the power loss in the re-
ceived signal).

It can be seen from Fig. 3 that the optimum x that min-
imizes the pre-equalization error is around x=0.4∼0.5. If
x=0.4∼0.5 is used, the MAI can be significantly reduced,
since the orthogonality property among users can be re-
stored to some extent while avoiding the power loss. There-
fore, when the number U of users is large and the MAI is
the dominant cause of errors, the uplink BER performance
can be improved. However, if too small x is used (e.g.,
x=0.1), a large power loss occurs in the received signal and
the predominant cause of error becomes the noise due to the
AWGN. This may cause and the BER performance to de-
grade. Hence, the orthogonality restoration and the received
signal power loss are in the trade-off relationship. Since
the optimum x depends on the channel frequency-selectivity
and the transmit signal power-to-noise ratio, it is quite dif-
ficult to theoretically find the optimum x if not impossible
and therefore, we resort to the computer simulation for this
problem.

(a) x = 1.

(b) x = 0.5.

(c) x = 0.1.

Fig. 4 Pre-equalization weight and equivalent channel gain.

4. BER Analysis for QPSK Data-Modulation

The conditional BER for the given set of {Hu(n); n = 0 ∼
N −1, u = 0 ∼ U −1} is derived for QPSK data-modulation.

Substituting Eqs. (1) and (5) into Eq. (9), we obtain

d̂u(i) =

√
2Et

Tc

1
SF · N du(i)

 1
SF

(i+1)SF−1∑
n′=iSF

Ĥu(n)


+ µMAI(i) + µAWGN(i), (13)

where n is given by Eq. (2) and µMAI(i) and µAWGN(i) are the
MAI and noise components, respectively, and are given by
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

µMAI(i) =

√
2Et

Tc

1
SF · N

×
U−1∑
u′=0
�u

du′(i)

 1
SF

(i+1)SF−1∑
n′=iSF

{
Ĥu′ (n)cu′ (n′ mod SF)
×c∗u(n′ mod SF)

}
µAWGN(i) =

1
SF

(i+1)SF−1∑
n′=iSF

Π(n)c∗u(n′ mod SF)

(14)

It is understood from Eq. (13) that d̂u(i) is a random vari-

able with mean
√

2Et

Tc

1
SF·N du(i)

(
1

SF

∑(i+1)SF−1
n′=iSF Ĥu(n)

)
. Ap-

proximating the MAI component as a zero-mean complex
Gaussian process, the sum of µMAI(i) and µAWGN(i) can be
treated as a new, zero-mean complex Gaussian process µ(i).
Since µMAI(i) and µAWGN(i) are independent, the variance
2σ2
µ of µ(i) is given by

2σ2
µ = E

[
|µ(i)|2

]
= 2σ2

MAI + 2σ2
AWGN , (15)

where 2σ2
MAI and 2σ2

AWGN are respectively the variances of
µMAI(i) and µAWGN(i). From Eq. (14), σ2

µ is given by (see
Appendix A)

σ2
µ =

N0

NTc

1
SF

×



1 +
1

SF
Et

N0

×
U−1∑
u′=0
�u

 1
SF

(i+1)SF−1∑
n′=iSF

∣∣∣Ĥu′(n)
∣∣∣2

−
∣∣∣∣∣∣∣ 1
SF

(i+1)SF−1∑
n′=iSF

Ĥu′ (n)

∣∣∣∣∣∣∣
2


. (16)

The conditional BER of QPSK data-modulation for the
given set of {Hu(n); n = 0 ∼ N − 1, u = 0 ∼ U − 1} is given
by [9]

pb

(
Et

N0
, {Hu(n)}

)
=

1
2

erfc


√

1
4
γ

(
Et

N0
, {Hu(n)}

) , (17)

where erfc [x] =
(
2/
√
π
) ∫ ∞

x
exp(−t2)dt represents the com-

plementary error function and γ (Et/N0, {Hu(n)}) is the in-
stantaneous received signal-to-interference plus noise power
ratio (SINR), given by

γ

(
Et

N0
, {Hu(n)}

)

=


√

2Et

Tc

1
SF · N

1
SF

(i+1)SF∑
n′=iSF

Ĥu(n)


2

σ2
µ

=

2Et

N0

∣∣∣∣∣∣∣ 1
SF

(i+1)SF∑
n′=iSF

Ĥu(n)

∣∣∣∣∣∣∣
2

1+
1

SF
Et

N0

U−1∑
u′=0
�u

 1
SF

(i+1)SF−1∑
n′=iSF

∣∣∣Ĥu′(n)
∣∣∣2−

∣∣∣∣∣∣∣ 1
SF

(i+1)SF−1∑
n′=iSF

Ĥu′ (n)

∣∣∣∣∣∣∣
2
,

(18)

where n and n′ are related by Eq. (2). The average BER
can be numerically evaluated by averaging Eq. (17) over all
possible values of {Hu(n); n = 0 ∼ N − 1, u = 0 ∼ U − 1} as

Pb

(
Et

N0

)
=

∫
· · ·

∫
1
2

erfc


√

1
4
γ

(
Et

N0
, {Hu(n)}

)
p ({Hu(n)})

∏
u,n

dHu(n), (19)

where p({Hu(n)}) is the joint probability density function of
{Hu(n); n = 0 ∼ N − 1, u = 0 ∼ U − 1}.

5. Numerical and Simulated Results

We assume MC-CDMA uplink with N = 256, Ng = 32,
and QPSK data-modulation. In this paper, the channel is
assumed to be composed of several clusters of propagation
paths [10]. For the given total number L of paths, each clus-
ter consists of exponentially decaying L/M paths, where M
is the number of clusters and L/M is an integer. We consider
M=1 and 2 as depicted in Figs. 5(a) and 5(b). The channel
power delay profile Ω(τ) for this channel model is given by

Ω(τ) = Ω0

L−1∑
l=0

α−(l mod L/M)δ(τ − τl), (20)

where α is the decay factor and Ω0 = (1/M)(1 − α−1)/
(1 − α−L/M). For pre-equalization transmission, the transmit
timing control is necessary. When a practical timing con-
trol scheme is used, a timing error exists. The delay time
τu,l of the uth user’s lth path is expressed as τu,l = ∆τu + τl,
where ∆τu is the timing error and τl is the delay time differ-
ence between the 0th and lth paths. In this paper, we assume

(a) Single cluster of paths (M=1).

(b) Two clusters of paths (M=2).

Fig. 5 Channel power delay profile model.
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τl = l · Tc. It is assumed that uplink channel gains {Hu(n)}
can be perfectly estimated using the corresponding down-
link channel.

We evaluate, by Monte Carlo numerical computation
method, the theoretical BER performance of MC-CDMA
uplink with GMMSE frequency-domain pre-equalization.
Evaluation of the theoretical average BER performance is
carried out by using the conditional BER expression ob-
tained in Sect. 4 as follows. First, the complex path gains
{ξu,l(t); u = 0 ∼ U − 1 and l = 0 ∼ L − 1} are generated, and
{Hu(n); n = 0 ∼ N − 1, u = 0 ∼ U − 1} are computed using
Eq. (7) to obtain the pre-equalization weights using Eq. (11).
Subsequently, the conditional BER with frequency-
interleaving is calculated using Eq. (17) for the given Et/N0

and {Hu(n)}. By repeating the above procedure, the theoret-
ical average BER expressed by Eq. (19) is obtained.

Also evaluated here is the computer-simulated BER
performance. BER evaluation by the computer simulation
is carried out as follows. At a transmitter, QPSK data-
modulated sequence is generated (in Sect. 5.4, 16QAM is
also considered) and spread by an orthogonal spreading
sequence and a scramble sequence. The spread chip se-
quence in the frequency-domain is applied to frequency-
interleaving and pre-equalized by using {Hu(n); u = 0 ∼
U − 1}, which are generated as in the theoretical evaluation.
Then, after performing IFFT and insertion of GI, the pre-
equalized MC-CDMA symbol sequence is obtained. They
go through frequency-selective fading channels. At a re-
ceiver, after GI removal, frequency-deinterleaving and FFT
is applied to get the time-domain sequence for despreading.
Then, despreading is carried out to obtain the decision vari-
ables for QPSK data-demodulation. The recovered QPSK
symbol sequence is compared with the transmitted symbol
sequence to measure the number of bit errors. The above
procedure is repeated sufficient number of times to obtain
the average BER. We assume ideal transmit timing control
(∆τu=0) unless otherwise stated. The impact of timing error
is discussed in Sect. 5.7.

5.1 Optimum x

The BER performance of MC-CDMA depends on the power
delay profile shape. Figure 6 shows the dependency of the
BER on the values of the decay factor α and the number
M of path clusters when U=SF=64 for M=1 and 2. The
theoretical average BER curves are plotted with solid lines.
The simulated results are plotted as well in the same fig-
ure. The channel frequency-selectivity is a function of α;
it is the strongest when α=0 dB and becomes weaker as α
increases (α=∞ corresponds to the M-path channel). The
optimum value of x that minimizes the BER for the given
Et/N0 is dependent on α and M. It is seen from Fig. 6 that
strictly speaking, the optimum x depends on α and M. For
both M=1 and 2, the optimum x is around 0.6 when α=0 dB
and increases as α increases; however, we can see a broad
optimum x and the use of x=0.7 gives overall the minimum
BER. In the following sections, we consider the single clus-

(a) Single cluster of paths (M=1).

(b) Two clusters of paths (M=2).

Fig. 6 Impact of equalization target x.

ter case (M=1) only and use x=0.7.

5.2 Effect of Frequency-Interleaving

In MC-CDMA, as the spreading factor SF decreases, the
frequency-diversity gain reduces and hence, the BER perfor-
mance degrades if frequency interleaving is not used. This is
because the subcarriers carrying the same data symbol tend
to suffer similar fading. However by using the frequency in-
terleaving, subcarriers carrying the same data symbol are
separated each other so that they experience independent
fading irrespective of SF. Hence, the BER performance
using frequency interleaving may not be sensitive to the
value of SF. The theoretical average BER performances of
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Fig. 7 Effect of frequency-interleaving.

GMMSE frequency-domain pre-equalization (x=0.7) with
and without frequency-interleaving are plotted in Fig. 7 for
U/SF=1 (full load case) when SF=4, 16 and 64, as a func-
tion of Et/N0. Also plotted in Fig. 7 are the computer-
simulated results to show that theoretical and simulation re-
sults agree well. Without frequency-interleaving, the BER
performance depends on SF and degrades as SF becomes
smaller due to less frequency-diversity gain. However, as
was expected, with frequency-interleaving, the BER perfor-
mance is almost insensitive to SF owing to larger frequency-
diversity gain.

5.3 Impact of Decay Factor α

The theoretical average BER performances of GMMSE
frequency-domain pre-equalization with x=0.7 are plotted
by the solid lines as a parameter of α in Fig. 8. Also
plotted in Fig. 8 are the simulated results. When α be-
comes larger, since frequency-selectivity becomes weaker,
frequency-diversity gain is less, resulting in the degradation
of the BER performance.

As was already described, the exact optimum value of
x depends on α. The theoretical average BER performances
with the exact optimum x for various values of α are plotted
as the dashed lines in Fig. 8 for comparison. When α=0 dB
(strong frequency-selectivity), the BER performance with
x=0.7 is almost the same as with the exact optimum value
of x=0.6. When α=8 dB (weak frequency-selectivity), the
BER performance with x=0.7 is only slightly worse than
with the exact optimum value of x=1.0. Therefore, x=0.7
can be used irrespective of α.

5.4 Comparison with MMSE Equalization Reception

The theoretical average BER performance curves and the

Fig. 8 Impact of decay factor α.

simulated BERs of GMMSE pre-equalization (x=0.7) are
plotted with U as a parameter in Fig. 9(a) for QPSK data-
modulation and in Fig. 9(b) for 16QAM data-modulation
(for the sake of brevity, the BER analysis for 16QAM data-
modulation is omitted in this paper). For comparison, the
simulated results of MMSE frequency-domain equalization
reception are plotted (instead of using pre-equalization at the
mobile station transmitter, MMSE equalization reception is
used at the base station receiver).

First, we consider the case of QPSK data-modulation.
When U=1, since there is no MAI, a good BER performance
is obtained by using MMSE equalization reception. How-
ever, when the number of users is large (U=16, 64), the
BER performance with MMSE equalization reception sig-
nificantly degrades since a large MAI is produced. On the
other hand, GMMSE pre-equalization provides much bet-
ter BER performance than MMSE equalization reception.
When U > 4, the required Eb/N0 for BER=10−3 is smaller
with GMMSE pre-equalization than with MMSE equaliza-
tion reception.

When higher-level modulation is used, the MAI
severely degrades the BER performance. It can be seen from
Fig. 9(b) that with MMSE equalization reception, a large
BER floor is seen even when U=4. On the other hand, no er-
ror floor is seen with GMMSE pre-equalization when U=4
and 16.

5.5 Impact of Number U of Users

The theoretical average BER performances with GMMSE
pre-equalization are plotted for SF=64 with the number U
of users as a parameter in Fig. 10. Also plotted in Fig. 10 are
simulated results. When U=4, the BER performance is al-
most the same as when U=1. When U=16, the Et/N0 degra-
dation for BER=10−3 from the single-user case is only about
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(a) QPSK

(b) 16QAM

Fig. 9 Performance comparison between GMMSE pre-equalization and
MMSE equalization reception.

0.5 dB. This is because by using GMMSE pre-equalization,
the use of x=0.7 can make the equivalent channel gain al-
most stable (i.e., the channel can be close to frequency-
nonselective channel) by allowing the increased power loss.
When U=64, the Et/N0 degradation for BER=10−3 from the
single-user case is only about 2 dB.

5.6 Comparison with Various Frequency-Domain Pre-
Equalization Techniques [6]

We compare the BER performance achievable with
GMMSE pre-equalization with those of MMSE, quasi-
MMSE, modified quasi-MMSE, ZF and controlled equal-
ization (CE) frequency-domain pre-equalization techniques

Fig. 10 Impact of U.

Fig. 11 Comparison of various frequency-domain pre-equalization tech-
niques.

presented in Ref. [6] (their pre-equalization weights are
shown in Appendix B). The BER performance comparison
is shown in Fig. 11 for U=SF=64. We found by our com-
puter simulation that the optimum values for the threshold
athreshold of CE and λ of modified quasi-MMSE, which min-
imize the required Et/N0 for BER=10−3, are athreshold=0.175
and λ=0.013. They are used for BER evaluations of CE
and modified quasi-MMSE in this paper. Among various
pre-equalization techniques of Ref. [6], quasi-MMSE pro-
vides the best performance. Although GMMSE is inferior
to quasi-MMSE in low Et/N0 regions (i.e., Et/N0 < 11 dB),
it can provide almost the same or slightly better performance
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Fig. 12 Impact of transmit timing error.

than quasi-MMSE in large Et/N0 regions.

5.7 Impact of Transmit Timing Error

So far, we have assumed the ideal transmit power control
(i.e., ∆τu=0 and all the received MC-CDMA signals trans-
mitted from different users are time-synchronous). How-
ever, for a practical transmit timing control scheme, the tim-
ing error exists in the received signals. Here, we evaluate
how the timing error impacts the achievable BER perfor-
mance. Each user’s transmit timing error is assumed to be
independent and uniformly distributed over [−∆τmax · Tc/2,
+∆τmax · Tc/2]. Figure 12 plots the BER performance of
GMMSE frequency-domain pre-equalization as a function
of Et/N0 with ∆τmax as a parameter. It is seen that the BER
performance is sensitive to ∆τmax and a high BER floor is
produced when ∆τmax > 1/2. To suppress the Et/N0 degra-
dation for BER=10−3 from the ideal transmit timing control
case within 1 dB, the timing control error should be kept
within ∆τmax=1/8.

5.8 Comparison with OFDMA

Orthogonal frequency division multiplexing access (OFD-
MA) has been considered to be a promising access scheme,
that assigns a different set of subcarriers to different users in
order to avoid the MAI [11]; a total of 256/U subcarriers,
from the 256(u/U)-the subcarrier to the (256(u+1)/U −1)th
subcarrier, is assigned to the u-th user. For performance
comparison of GMMSE pre-equalization and OFDMA, the
BER at Et/N0=14 dB is plotted as a function of U in Fig. 13.
We assume the same data rate for all U users. In MC-
CDMA using GMMSE pre-equalization, SF=U is assumed.
It is seen in Fig. 13 that OFDMA achieves the same BER
performance regardless of U, since the MAI can be com-

Fig. 13 Comparison with OFDMA.

pletely avoided. On the other hand, when GMMSE pre-
equalization is used, the BER decreases as U increases.
GMMSE pre-equalization provides better BER performance
than OFDMA. This is because the increased frequency di-
versity effect owing to increased spreading factor (SF=U)
offsets the increased MAI produced by the orthogonality
distortion.

6. Conclusion

In this paper, generalized minimum mean square error
(GMMSE) frequency-domain pre-equalization was pre-
sented for MC-CDMA/TDD uplink (mobile-to-base sta-
tion). GMMSE pre-equalization minimizes the error be-
tween the equivalent channel gain and the pre-equalization
target x under the transmit power constraint. The theoret-
ical analysis of conditional BER was presented. The the-
oretical average BER performance was evaluated by Monte
Carlo numerical computation method using the derived con-
ditional BER expression and confirmed by the computer
simulation.

Since the optimum equalization target x depends on
the channel power delay profile shape, the measurement of
the power delay profile shape is necessary to always set the
value of x to the optimum; however, it was found from the
theoretical and simulation results that the BER performance
can be improved by setting x=0.7 for two power delay pro-
file shapes: one is 16-path exponentially decaying profile
and the other is the two clusters of paths, each has 8-path ex-
ponentially decaying profile. It was also found that the BER
performance with frequency-interleaving is almost insensi-
tive to the spreading factor SF owing to larger frequency
diversity effect. GMMSE pre-equalization was also com-
pared with various pre-equalization techniques presented in
Ref. [6]. GMMSE pre-equalization was found to achieve
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almost the same BER performance as the quasi-MMSE pre-
equalization technique of Ref. [6].

Also discussed in this paper was the impact of trans-
mit timing control error on the achievable BER perfor-
mance. When the timing error is present, the orthogonal-
ity among different users is destroyed even when the pre-
equalization technique is utilized, and the performance de-
grades. It was found that the timing error needs to be con-
trolled within ∆τmax=1/8, otherwise the performance signif-
icantly degrades. Therefore, the transmit timing control is a
very important technical issue for a future study.

We showed that the GMMSE pre-equalization can
achieve better BER performance than OFDMA in a mul-
tiuser environment. However, only uncoded transmission
was considered in this paper. When coding is applied,
OFDMA can achieve a large coding gain due to better fre-
quency interleaving effect than MC-CDMA [12]. The per-
formance comparison between GMMSE pre-equalization
and OFDMA for the coded case is an interesting future
study.

When using TDD, channel estimate for the downlink
channel can be used for the uplink channel. In this paper,
ideal channel estimation was assumed. However, there is
in fact channel estimation error. Moreover, since there is a
time lag between the downlink and uplink slots, the channel
estimation error for the uplink pre-equalization further in-
creases. The impact of channel estimation error is also left
as an important future study.
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Appendix A: Derivation of σ2
M AI

and σ2
AWGN

µMAI(i) of Eq. (14) can be rewritten as

µMAI(i) =

√
2Et

Tc

1
SF · N

U−1∑
v=0
�u

dv(i)

×
[

1
SF

(i+1)SF−1∑
n′=iSF

{
Ĥv(n) − H̄v(i) + H̄v(i)

}

cv(n
′ mod SF)c∗u(n′ mod SF)

]
, (A· 1)

where n = (n′ mod SF) × SF +
⌊

n′
SF

⌋
(see Eq. (2)) and H̄v(i)

is defined as

H̄v(i) =
1

SF

(i+1)SF−1∑
n′=iSF

Ĥv(n). (A· 2)

Since the orthogonal spreading sequences are used,

(i+1)SF−1∑
n′=iSF

U−1∑
v=0
�u

cv(n
′ mod SF)c∗u(n′ mod SF) = 0, (A· 3)

and hence, Eq. (A· 1) can be rewritten as

µMAI(i) =

√
2Et

Tc

1
SF · N

U−1∑
v=0
�u

dv(i)

×
 1
SF

(i+1)SF−1∑
n′=iSF

{
Ĥv(n) − H̄v(i)

}
cv(n

′ mod SF)c∗u(n′ mod SF)

 .
(A· 4)

Using Eq. (A· 4), the variance 2σ2
MAI of µMAI(i) is given by

2σ2
MAI = E

[
|µMAI(i)|2

]
=

2Et

Tc

1

SF3

1
N

U−1∑
v=0
�u

U−1∑
w=0
�u

dv(i)d
∗
w(i)

(i+1)SF−1∑
n′=iSF

(i+1)SF−1∑
m′=iSF{ (

Ĥv(n) − H̄v(i)
) (

Ĥw(m) − H̄w(i)
)∗

cv(n ′ mod SF)
×c∗u(n ′ mod SF)c∗w(m′ mod SF)cu(m′ mod SF)

}
.

(A· 5)

Since E
[
dv(i)d∗w(i)

]
= 0 if v � w and |dv(i)| = 1, Eq. (A· 5)

becomes

2σ2
MAI =

2Et

Tc

1

SF3

1
N

U−1∑
v=0
�u

(i+1)SF−1∑
n′=iSF

∣∣∣Ĥv(n′) − H̄v(i)
∣∣∣2

+
2Et

Tc

1

SF3

1
N

(i+1)SF−1∑
v=iSF
�u

(i+1)SF−1∑
n′=iSF

(i+1)SF−1∑
m′=iSF
�n′
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[ {
Ĥv(n) − H̄v(i)

} {
Ĥw(m) − H̄w(i)

}∗
cv(n ′ mod SF)

×c∗u(n′ mod SF)c∗w(m′ mod SF)cu(m′ mod SF)

]
.

(A· 6)

Since a spreading code takes the value of 1 or −1 with equal
probability, we have, from the law of large numbers [9],∑

v

cv(n
′ mod SF)c∗u(n′ mod SF)

× c∗w(m′ mod SF)cu(m′ mod SF) ≈ 0 (A· 7)

for large values of U and SF. Therefore, the 2nd term of
Eq. (A· 6) can be neglected and 2σ2

MAI can be approximated
as

2σ2
MAI ≈

2Et

Tc

1

SF2

1
N

U−1∑
v=0
�u

 1
SF

(i+1)SF−1∑
n′=iSF

∣∣∣Ĥv(n)−H̄v(i)
∣∣∣2
 .
(A· 8)

Next, the variance 2σ2
AWGN of µAWGN(i) is obtained.

2σ2
AWGN is given by

2σ2
AWGN =

1

SF2

(i+1)SF∑
n′=iSF

(i+1)SF−1∑
m′=iSF{

cu(n′ mod SF)c∗u(m′ mod SF)E
[
Π(n)Π∗(m)

]}
.

(A· 9)

Since

E
[
Π(n)Π∗(m)

]
=

2N0

NTc
δ(n − m), (A· 10)

we have

2σ2
AWGN =

1
SF

2N0

NTc
. (A· 11)

Appendix B: Various Frequency-Domain Pre-Equali-
zation Techniques

Various frequency-domain pre-equalization techniques pre-
sented in Ref. [6] are reviewed below.

(1) MMSE

MMSE pre-equalization minimizes the mean-square error
between the transmitted nth subcarrier component S u(n) and
the received nth subcarrier component Ru(n) under the trans-
mit power constraint. Pre-equalization weight is given by

wu(n) =
H∗u(n)

|Hu(n)|2 + λu

, (A· 12)

where λu satisfies

N−1∑
n=0

|Hu(n)|2(
|Hu(n)|2 + λu

)2
= N, (A· 13)

and is obtained by numerical computation. Note that MMSE
pre-equalization is equivalent to GMMSE pre-equalization
using x=1.

(2) quasi-MMSE

MMSE per subcarrier equalization for the downlink MC-
CDMA transmission is slightly modified under the power
constraint and applied to uplink transmission [6]. This solu-
tion is termed Quasi-MMSE pre-equalization, since it does
not represent the real MMSE uplink pre-equalization tech-
nique. Pre-equalization weight is given by

wu(n) =
H∗u(n)

|Hu(n)|2 + SF
(Et/N0)(U−1)

×
√√√√√√√√√√ N

N−1∑
n=0

|Hu(n)|2(
|Hu(n)|2 + SF

(Et/N0)(U−1)

)2

. (A· 14)

(3) modified quasi-MMSE

Modified quasi-MMSE pre-equalization is a pre-equaliza-
tion, which replaces the 2nd term of the denominator of
Eq. (A· 14) by the variable λ. Pre-equalization weight is
given by

wu(n) =
H∗u(n)

|Hu(n)|2 + λ

√√√√√√√√√√ N
N−1∑
n=0

|Hu(n)|2(
|Hu(n)|2 + λ

)2

, (A· 15)

where the optimum λ can be found by numerical computa-
tion.

(4) ZF

ZF pre-equalization weight is given by

wu(n) =
1

Hu(n)

√√√√√√√√ N
N−1∑
n=0

|Hu(n)|−2

. (A· 16)

Since wu(n) is inversely proportional to the channel gain,
the equivalent channel gain Hu(n)wu(n) becomes unity and
can completely eliminate the MAI. However, the weight be-
comes fairly large for the subcarrier where the channel gain
drops, thereby producing a large power loss in the received
signal under the transmit power constraint. Hence, the BER
performance degrades due to the AWGN.

(5) CE

CE uses ZF at the subcarrier where channel gain is larger
than athreshold, otherwise EGC is used. Pre-equalization
weight is given by

wu(n) =



1
Hu(n)

√√√√√√√√ N
N−1∑
n=0

|Hu(n)|−2

,

if |Hu(n′)| ≥ athreshold
H∗u(n)

|Hu(n)| , otherwise

. (A· 17)
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