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SUMMARY In a wireless OFDM-CDMA system, the data-
modulated symbol of each user is spread over multiple subcarri-
ers in the frequency domain using a given spreading code. For
the downlink (base-to-mobile) transmissions, a set of orthogo-
nal spreading codes defined in the frequency domain is used so
that different users data can be transmitted using the same set
of subcarriers. The frequency selectivity of the radio channel
produces the orthogonality destruction. There are several fre-
quency equalization combining techniques to restore orthogonal-
ity, i.e., orthogonal restoration combining (ORC), control equal-
ization combining (CEC) that is a variant of ORC, threshold
detection combining (TDC), and minimum mean square error
combining (MMSEC). The ORC can restore orthogonality among
users but produces noise enhancement. However, CEC, TDC,
and MMSEC can balance the orthogonality restoration and the
noise enhancement. In this paper, we investigate, by means of
computer simulation, how the BER performances achievable with
ORC, CEC, TDC, and MMSEC are impacted by the propaga-
tion parameters (path time delay difference and fading maxi-
mum Doppler frequency), number of users, pilot power used for
channel estimation, and channel estimation scheme. To acquire
a good understanding of ORC, CEC, TDC, and MMSEC, how
they differ with respect to the combining weights is discussed.
Also, the downlink transmission performances of DS-CDMA and
OFDM-CDMA are compared when the same transmission band-
width is used. How much better performance is achieved with
OFDM-CDMA than with DS-CDMA using ideal rake combining
is discussed.
key words: OFDM, CDMA, frequency equalization combining,
frequency selective channel

1. Introduction

In mobile radio, the transmitted signal is reflected and
diffracted by many obstacles and is received as a multi-
path signal at a receiver. Hence, the transfer function of
a channel varies over a signal bandwidth for wideband
signal transmissions. This is called frequency selective
fading [1]. For multiple access technique under such a
frequency selective channel, a combination of the or-
thogonal frequency division multiplexing (OFDM) and
code division multiple access (CDMA) is considered as
a promising technique. In the OFDM-CDMA commu-
nication, the data-modulated symbol of each user is
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spread over multiple subcarriers using a given spread-
ing code defined in the frequency domain [2]–[6]. For
the downlink (base-to-mobile) communication, a set of
orthogonal spreading codes defined in the frequency do-
main is used so that different users data can be trans-
mitted using the same set of subcarriers. However,
the orthogonality among different users can only be at-
tained if the channel is frequency nonselective. Hence,
frequency equalization combining technique is neces-
sary to restore orthogonality.

The orthogonal restoration combining (ORC) [5],
[6] perfectly equalizes the frequency selective channel to
restore the orthogonality. In ORC, subcarrier compo-
nents are combined after being weighted in inverse pro-
portion to the channel gain experienced on each subcar-
rier. Perfect restoration of orthogonality produces the
noise enhancement [5]. Therefore, while multi-user in-
terference (MUI) is completely eliminated, the average
bit error rate (BER) performance degrades compared
to the single user case due to additive white Gaussian
noise (AWGN). The noise enhancement in ORC can be
suppressed if weak subcarriers are removed from com-
bining. This results in controlled equalization combin-
ing (CEC) [6]. Reduction of noise enhancement and or-
thogonality restoration can be balanced to improve the
BER performance. This is achieved by minimum mean
square error combining (MMSEC) [7], [8]. In CEC,
some of the subcarriers are removed from combining
and hence, power loss is produced. MMSEC requires
information of the number of users and each subcarrier
noise power.

Recently, authors proposed a new frequency equal-
ization combining [9], which is a variant of CEC and is
called threshold detection combining (TDC) in this pa-
per. The TDC can more effectively suppress the noise
enhancement while minimizing the signal power loss [9].
If the estimate of channel gain falls below a predeter-
mined detection threshold, a large noise enhancement
may occur and therefore, unlike CEC, the estimate
of channel gain is replaced by the detection thresh-
old. Similarly to CEC, there exists a trade-off relation
between reducing the noise enhancement and increas-
ing the MUI due to partial orthogonality destruction.
Optimum threshold exists that minimizes the average
BER for different channel conditions (i.e., the number



SAO and ADACHI: COMPARATIVE STUDY OF VARIOUS FREQUENCY EQUALIZATION TECHNIQUES
353

of users, the average received signal-to-noise power ra-
tio, the fading maximum Doppler frequency, the pilot
power, etc.) [9].

Technical contribution of this paper is as follows.
In this paper, we investigate, by means of computer
simulation, how the BER performances of OFDM-
CDMA downlink achievable with ORC, CEC, TDC,
and MMSEC are impacted by the propagation param-
eters (path time delay difference and fading maximum
Doppler frequency), number of users, pilot power used
for channel estimation, and channel estimation scheme.
To acquire a good understanding of ORC, CEC, TDC,
and MMSEC, how they differ with respect to the com-
bining weights is discussed. To the best of authors’
knowledge, such a comprehensive performance compar-
ison of the afore mentioned frequency equalization com-
bining techniques has not been reported. Since DS-
CDMA is adopted in the 3rd generation mobile com-
munication system [10], it is interesting to compare
the downlink transmission performances of DS-CDMA
and OFDM-CDMA when the same transmission band-
width is used. In DS-CDMA, the MUI is produced
due to interpath interference in a frequency-selective
fading channel and the transmission performance is
severely degraded even with ideal rake combining, while
in OFDM-CDMA, the MUI can be significantly reduced
by the frequency equalization combining as far as the
maximum of time delay difference is within the OFDM
guard interval. The extent to which the performance
is improved with OFDM-CDMA than with DS-CDMA
using ideal rake combining is discussed.

The remainder of this paper is organized as follows.
Downlink transmission system model of an OFDM-
CDMA communication system is presented in Sect. 2.
Section 3 overviews ORC, CEC, TDC, and MMSEC.
These four equalization combining techniques require
channel estimation on each subcarrier. Pilot-aided
channel estimation and noise power measurement (for
MMSEC only) are presented in Sect. 4. The computer
simulation results are presented in Sect. 5 and the BER
performances using ORC, CEC, TDC, and MMSEC
are compared. Also, comparison is made to DS-CDMA
with ideal channel estimation. Section 6 concludes the
paper.

2. Downlink Transmission System of a Wire-
less OFDM-CDMA System

In this paper, OFDM-CDMA downlink is considered.
The downlink transmission system is illustrated in
Fig. 1. For data modulation, the quadrature phase
shift keying (QPSK) modulated data symbol is used.
Figure 2 illustrates the slot structure in the time- and
frequency-domains. Known OFDM-CDMA pilot sym-
bols are time-multiplexed with data symbol sequence
for channel estimation at receivers. The Np pilot sym-
bols and succeeding Nd data symbol constitutes a slot

(a) Transmitter

(b) Receiver of nth user

Fig. 1 OFDM-CDMA downlink transmission system.

Fig. 2 Slot structure.

of length Nslot = Np + Nd symbols. The pilots are
spread over all K subcarriers.

2.1 Transmit Signal Representation

Assume that K orthogonal subcarriers are used. Be-
fore modulating the subcarriers, K copies of the mth
data modulated symbol of the qth slot for the nth user,
denoted by dn(qNslot + m), is multiplied by the or-
thogonal spreading sequence {cn(k)} with length K de-
fined in the frequency-domain and then, by the scram-
ble sequence characterized by long pseudo-noise (PN)
sequence {cPN (i)} with i = (qNslot + m)K + k, k =
0 ∼ K − 1. In Fig. 1, it is assumed that m = 0 and
q = 0 for simplicity. The use of scramble sequence is
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to randomize the MUI produced by frequency selective
fading. (In the case of cellular system application, the
scramble sequences are used in different cell sites as
signature sequences in order to separate cell sites [11].)
The transmitting OFDM-CDMA signal waveform is ob-
tained by applying the inverse fast Fourier transform
(IFFT) [2].

The OFDM-CDMA downlink transmit signal can
be expressed in the equivalent baseband representation
as

s(t) =
∞∑

q=−∞

Nslot−1∑
m=0

g(t− (qTslot +mT ))

·
{√

2S
K

K−1∑
k=0

u(k, qNslot +m)

· exp[j2π(t− (qTslot +mT ))k/Ts]

}
, (1)

where Ts is called the effective symbol length, S is
the average transmit power per user, T is the OFDM
symbol length, Tslot = NslotT is the slot length, and
u(k, qNslot +m) is the mth OFDM-CDMA symbol of
the kth subcarrier. The frequency separation between
adjacent orthogonal subcarriers is 1/Ts (the kth sub-
carrier frequency is fk = k/Ts). u(k, qNslot + m) can
be expressed, using the mth QPSK modulated symbol
dn(qNslot +m) with |dn(qNslot +m)| = 1 for the nth
user, as

u(k, qNslot +m)
= cPN ((qNslot +m)K + k)

·
N−1∑
n=0

cn(k)dn(qNslot +m)

for 0 ≤ m ≤ Nslot − 1 and 0 ≤ k ≤ K − 1,
(2)

where N is the number of users in communication. The
orthogonal spreading sequences {cn(k)} satisfy

K−1∑
k=0

cn(k)c∗i (k) =
{
K for n = i
0 for n �= i (3)

with |cn(k)| = 1, where * denotes the complex con-
jugate. The guard interval of length Tg is inserted in
order to eliminate the inter-carrier interference (ICI)
due to frequency selective fading and hence, we have

T = Tg + Ts. (4)

In Eq. (1), g(t) is the transmit pulse given by

g(t) =
{
1 −Tg ≤ t ≤ Ts

0 otherwise . (5)

At the receiver of each user, the received OFDM-
CDMA signal waveform is separated into K orthogo-
nal subcarrier components by applying the fast Fourier

transform (FFT). Then, the received orthogonal sub-
carrier components are multiplied by the orthogonal
spreading sequence and the scramble sequence both de-
fined in the frequency-domain, and then, summed up to
obtain the transmitted QPSK modulated data symbol.
When the propagation channel is frequency selective
and its frequency transfer function is not constant over
the OFDM-CDMA signal bandwidth, the orthogonal-
ity among different users may be destroyed. In this
paper, various frequency equalization combining tech-
niques are considered and their improvements on the
BER performance are compared.

2.2 Frequency Selective Channel

Assuming that the propagation channel consists of L
discrete paths having different time delays, its impulse
response h(τ, t) is represented as [12]

h(τ, t) =
L−1∑
l=0

ξl(t)δ(τ − τl), (6)

where ξl(t) and τl are the complex channel gain
and time delay of the lth propagation path and∑L−1

l=0 E[|ξl(t)|2] = 1 with E[.] denoting the ensem-
ble average operation. The channel transfer function
H(f, t) is the Fourier transform of h(τ, t) and is given
by

H(f, t) =
∫ ∞

0

h(τ, t) exp(−j2πfτ)dτ

=
L−1∑
l=0

ξl(t) exp(−j2πfτl). (7)

When L > 1, H(f, t) is not anymore constant over
the signal bandwidth. Such a channel is called the fre-
quency selective channel. Furthermore, if either trans-
mitter and/or receiver is in movement, the transfer
function varies in time and hence, the time selectivity
of the channel exists. As a consequence, the wideband
mobile propagation channel is doubly selective.

2.3 Received Signal Representation

The receiver structure is illustrated in Fig. 1(b). Ap-
plying FFT, the received OFDM-CDMA signal r(t) is
resolved into K subcarrier components. First, the re-
ceived signal is frequency equalized to reduce the fre-
quency distortion produced by frequency selective fad-
ing. Transmit data symbol is obtained by multiplying
the orthogonal spreading code to K subcarrier compo-
nents and then, summing up.

The received signal r(t) in the equivalent baseband
representation can be expressed as

r(t) =
∫ ∞

−∞
h(τ, t)s(t− τ )dτ + n(t), (8)
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where n(t) is the additive white Gaussian noise
(AWGN) having the single sided power spectrum den-
sity of N0. The kth subcarrier component r̃(k, qNslot +
m) is given by

r̃(k, qNslot +m)

=
1
Ts

∫ qTslot+mT+Ts

qTslot+mT

r(t) exp[−j2π(t− (qTslot +mT ))k/Ts]dt

=

√
2S
K

K−1∑
i=0

u(i, qNslot+m)
1
Ts

∫ Ts

0

exp[j2π(i−k)t/Ts]

·
{∫ ∞

−∞
h(τ, t+qTslot+mT )g(t−τ )

· exp(−j2πiτ/Ts)dτ

}
dt+ ñ(k, qNslot +m), (9)

where ñ(k, qNslot +m) is the noise component due to
AWGN characterized by a complex Gaussian process
with zero-mean and a variance of 2N0/Ts. Assuming
that max {τl} is shorter than the guard interval Tg, the
integral with respect to τ becomes, from Eq. (5),∫ ∞

−∞
h(τ, t+ qTslot +mT )g(t− τ ) exp(−j2πiτ/Ts)dτ

=
∫ Ts

0

h(τ, t+ qTslot +mT ) exp(−j2πiτ/Ts)dτ

= H(i/Ts, t+ qTslot +mT ). (10)

Assuming that ξl(t) remains almost constant over the
symbol length T ,

ξl(t+ qTslot +mT )
≈ ξl(qTslot +mT ) for 0 ≤ t < T (11)

and hence, we have

H(i/Ts, t+ qTslot +mT )
≈ H(i/Ts, qTslot +mT ) for 0 ≤ t < T. (12)

As a result, Eq. (9) can be rewritten as

r̃(k, qNslot +m)

≈ 1
Ts

√
2S
K

K−1∑
i=0

u(i, qNslot +m)

·H(i/Ts, qTslot +mT )

·
∫ Ts

0

exp[j2π(i− k)t/Ts]dt+ ñ(k, qNslot +m)

=

√
2S
K
H(k/Ts, qTslot +mT )u(k, qNslot +m)

+ ñ(k, qNslot +m) (13)

The nth user’s mth symbol d̂n(qNslot +m) can be
obtained by multiplying K subcarrier components by
long PN sequence {cPN ((qNslot +m)K + k); k = 0 ∼

K−1} and orthogonal spreading sequence {cn(k)} and
summing up. However, as understood from Eq. (13), to
reduce the frequency distortion arising from frequency
selective fading, the frequency equalization combining
is necessary. The combining weight for the kth sub-
carrier component is denoted by w(k, qNslot +m). Af-
ter frequency equalization combining, the received data
modulated symbol can be written as

d̂n(qNslot +m)

=
K−1∑
k=0

(
û(k, qNslot +m)

· c∗n(k)c∗PN ((qNslot +m)K + k)

)
,

(14)

where {û(k, qNslot + m); k = 0, 1, . . . ,K − 1} is the
weighted component of the kth subcarrier and is given
by

û(k, qNslot +m)
= w(k, qNslot +m)r̃(k, qNslot +m)

=

√
2S
K
u(k, qNslot +m)

· {H(k/Ts, qTslot +mT )w(k, qNslot +m)}
+ ñ(k, qNslot +m)w(k, qNslot +m) (15)

3. Frequency Equalization Combining

3.1 Orthogonal Restoration Combining (ORC)

The ORC uses the combining weight that is in-
versely proportional to the channel transfer function
H(k/Ts, qTslot + mT ) to perfectly restore the orthog-
onality [3]. However, the channel transfer function is
not known to the receiver, channel estimation is re-
quired. Channel estimation is described in Sect. 4. De-
noting the estimate of the channel transfer function
H(k/Ts, qTslot+mT ) by H̃(k/Ts, qTslot+mT ), the com-
bining weight wORC(k, qNslot +m) is given by [5], [6]

wORC(k, qNslot +m) =
1

H̃(k/Ts, qTslot +mT )
(16)

and the weighted component {û(k, qNslot + m); k =
0, 1, . . . ,K − 1} of the kth subcarrier becomes

û(k, qNslot +m)
= wORC(k, qNslot +m)r̃(k, qNslot +m)

=

√
2S
K
α(k, qTslot +mT )u(k, qNslot +m)

+
ñ(k, qNslot +m)

H̃(k/Ts, qTslot +mT )
. (17)

where

α(k, qNslot +m) =
H(k/Ts, qTslot +mT )
H̃(k/Ts, qTslot +mT )

. (18)
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Hence, the mth received symbol d̂n(qNslot +m) for the
nth user is given by

d̂n(qNslot +m)

=
K−1∑
k=0

û(k, qNslot+m)c∗PN ((qNslot+m)K+k)c∗n(k)

=

√
2S
K
dn(qNslot +m)

(
K−1∑
k=0

α(k, qTslot +mT )

)

+

√
2S
K

N−1∑
i=0
i�=n

di(qNslot +m)

·
(

K−1∑
k=0

α(k, qTslot +mT )ci(k)c∗n(k)

)

+
K−1∑
k=0

ñ(k, qNslot+m)
H̃(k/Ts, qTslot+mT )

c∗PN ((qNslot+m)K

+ k)c∗n(k), (19)

where the first term represents the desired signal com-
ponent, the second term the MUI, and the third term
the noise component due to AWGN.

Assuming ideal channel estimation, i.e., H̃(k/Ts,
qNslot +mT ) = H(k/Ts, qNslot +mT ), d̂n(qNslot +m)
becomes

d̂n(qNslot +m)

=
√
2SKdn(qNslot +m)

+
K−1∑
k=0

ñ(k, qNslot+m)
H(k/Ts, qNslot+mT )

· c∗n(k)c∗PN ((qNslot +m)K + k). (20)

It is understood from Eq. (20) that the ORC can miti-
gate the MUI completely but enhances the noise com-
ponents at weak subcarriers. Hence, the BER perfor-
mance improves but degrades compared to the single
user case.

3.2 Controlled Equalization Combining (CEC)

To suppress the noise enhancement produced in the
ORC, the CEC removes from combining the subcarrier
components of weaker channel gains than the prede-
termined threshold hCEC [6]. The combining weight
wCEC(k, qNslot +m) is given by

wCEC(k, qNslot +m)

=




1
H̃(k/Ts, qTslot +mT )

,

if |H̃(k/Ts, qTslot +mT )| ≥ hCEC ,

0, otherwise.

. (21)

As the value of hCEC increases, the noise enhancement

reduces but the MUI increases. Hence, there exists an
optimum threshold that can balance reduction in the
noise enhancement and the increase in the MUI and
accordingly minimize the average BER.

3.3 Threshold Detection Combining (TDC)

Unlike the CEC, the TDC uses the weak subcarrier
components instead of removing them from combining
[9]. The combining weight wTDC(k, qNslot+m) is given
by

wTDC(k, qNslot +m)

=




1
H̃(k/Ts, qTslot +mT )

,

if |H̃(k/Ts, qTslot +mT )| ≥ hth,

1
hth

|H̃(k/Ts, qTslot +mT )|
H̃(k/Ts, qTslot +mT )

, otherwise,

(22)

where hTDC is the TDC threshold. Unlike the CEC,
since all subcarrier components are used for combining,
the TDC has less power loss and the BER performance
may be superior to the CEC. Similarly to the CEC,
there exists an optimum threshold that can balance the
reduction in the noise enhancement and the increase in
the MUI. The optimum threshold may be different for
CEC and TDC.

3.4 Minimum Mean Square Error Combining (MM-
SEC)

The MMSEC weighs and combines all the subcar-
rier components so that the mean square error be-
tween the received signal and the desired signal com-
ponent is minimized [7], [8]. The combining weight
wMMSEC(k, qNslot +m), when the number of users in
communication is N , is given by

wMMSEC(k, qNslot +m)

=

√
2S/K · H̃∗(k/Ts, qTslot +mT )

N |√2S/K · H̃(k/Ts, qTslot +mT )|2 + 2σ̃2
, (23)

where σ̃2 is the estimated noise power per subcarrier,
which is assumed to be identical for all subcarriers
in this paper. Noise power estimation is described in
Sect. 4.2.

4. Pilot-Aided Channel Estimation and MM-
SEC Noise Power Estimation

4.1 Pilot-Aided Channel Estimation

Figure 3 illustrates the power distribution when two
users’ data are simultaneously in transmission. On the
downlink, the pilots can be shared by all users.
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Fig. 3 Power distribution (two-user case).

The received pilot symbol can be represented from
Eq. (8) as

r̃(k, qTslot +mT )

=
√
2S/KH(k/Ts, qTslot +mT )up(k, qNslot +m)

+ ñ(k, qNslot +m), for 0 ≤ m < Np, (24)

where {up(k, qNslot + m); m = 0 ∼ Np − 1} is the
transmitted pilot given by

up(k, qNslot +m)

=
√
Q exp(jπ/4), for 0 ≤ m < Np (25)

with Q representing the pilot-to-data symbol power per
user ratio. Assuming that K, Q and up(k, qNslot +m)
are known to the receiver, channel estimation is carried
out by coherently summing up the Np pilot symbols
received at the beginning of each slot. Without loss
of generality, we assume to receive the 0th slot. The
channel estimate H̃(k/Ts, qTslot) for the kth subcarrier
can be expressed as

H̃(k/Ts, qTslot)

=
1

Np

√
2SQ/K

Np−1∑
m=0

r̃(k, qNslot +m)

· u∗p(k, qNslot +m). (26)

This estimate is used for frequency equalization com-
bining of entire data in a slot. Hence

H̃(k/Ts, qTslot +mT ) = H̃(k/Ts, qTslot )
for m = Np ∼ Np +Nd − 1. (27)

4.2 Noise Power Estimation for MMSEC

Estimation of the noise power σ2 in each subcarrier
component is required for MMSEC. This is carried out
using pilot symbols [8]. Since K, Q and up(k, qNslot +
m) are known to the receiver, the unbiased estimation

Table 1 Simulation condition.

Fig. 4 Power delay profile.

of the noise power σ2
k = (1/2)E[|ñ(k, qNslot +m)|2] of

the kth subcarrier can be performed, from Eq. (13), as
[15]

σ̃2
k =

1/2
Np − 1

Np−1∑
m=0

∣∣∣r̃(k, qNslot +m)

−
√
2S/KH̃(k/Ts, qTslot +mT )

· up(k, qNslot +m)
∣∣∣2, (28)

for Np > 1. Assuming that the noise power is identical
for all subcarriers, i.e., σ̃2

k = σ̃2 for all k, the noise
power σ2 is estimated using

σ̃2 =
1
K

K−1∑
k=0

σ̃2
k. (29)

5. Computer Simulation

5.1 Simulation Condition

The simulation condition is presented in Table 1, where
Tc denotes the chip rate of DS-CDMA system. The
spreading factor (SF) is SF=256 for both OFDM-
CDMA and DS-CDMA. The symbol rate of OFDM-
CDMA is 8/9 times that of DS-CDMA so that the same
bandwidth of 256/Ts is used in both OFDM-CDMA
and DS-CDMA systems. A two-path Rayleigh fading
channel having an equal-power delay profile shape illus-
trated in Fig. 4 is assumed. It is assumed that Np = 4,
Nd = 60, and Q = 256 unless otherwise stated. Ideal
rake receiver is assumed for DS-CDMA [10]. The opti-
mum thresholds of the CEC and TDC are different for
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(a) Channel transfer function H(k/Ts)

(b) ORC (c) CEC

Fig. 5 Combining weight w(k), weighted orthogonal spreading sequence ĉ0(k) and
weighted noise component n̂(k) when τ = 5Tc.

different channel conditions (i.e., the number of users,
the average received signal-to-noise power ratio, the
fading maximum Doppler frequency, the pilot power,
etc.). Hence, the BER performance curves plotted in
subsequent figures are those with the thresholds opti-
mized for each channel condition. Since pilots are used
for channel estimation, the use of larger pilot power ra-
tio Q increases the power loss. As mentioned earlier,
the pilots can be shared on the downlink by all users.
Hence, throughout this paper, the power loss due to pi-
lot insertion is not considered when plotting the BER
performance (however, note that the power loss must
be take into account when discussing the uplink perfor-
mance since the dedicated pilots are necessary for each
user).

5.2 Ideal Channel Estimation Case

First, we discuss how the combining weight varies in the
frequency domain assuming the single user case (N =

1). In this case, the weighted component of the kth
subcarrier of Eq. (15) reduces to

û(k) =

(√
2S
K
d0cPN (k)

)
ĉ0(k) + n̂(k), (30)

where ĉ0(k) and n̂(k) are given by{
ĉ0(k) = c0(k){w(k)H(k/Ts)}
n̂(k) = w(k)ñ(k)

. (31)

For simplicity, the time dependency of the QPSK data
symbol, combining weight, the spreading sequence, and
the noise component has been dropped. In Fig. 5,
the combining weight w(k), the weighted orthogo-
nal spreading sequence ĉ0(k) and the weighted noise
component n̂(k) are compared for ORC, CEC, TDC
and MMSEC for the given channel transfer function
H(k/Ts) when the time delay difference τ = 5Tc. In
Figs. 5(c)–(e), the combining weight, the weighted or-
thogonal spreading sequence and the weighted noise
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(d) TDC (e) MMSEC

Fig. 5 (Continued)

component for ORC are also plotted by dotted lines
for comparison.

The combining weight of ORC is in inverse pro-
portion to the channel gain and thus, a large noise en-
hancement is observed when the channel transfer func-
tion H(k/Ts) drops, while the orthogonal spreading se-
quence is perfectly restored, i.e., ĉ0(k) = c0(k)(c0(k) =
{11001100 · · · 11001100} is assumed.) The CEC sets
the threshold and removes the weaker subcarriers than
the threshold from combining in order to avoid the noise
enhancement, but in turn produces the power loss. On
the other hand, the TDC and MMSEC use all the sub-
carrier components and minimize the power loss while
suppressing the noise enhancement.

The BER performances of OFDM-CDMA achiev-
able with ORC, CEC, TDC, and MMSEC are plotted
in Fig. 6 as a function of the average received signal
energy per information bit-to-AWGN power spectrum
density ratio Eb/N0 for N = 128 users and τ = 5Tc.
The optimum thresholds are found and used at each
Eb/N0 for CEC and TDC. It is assumed for MMSEC
that N is known to the receiver and the noise power
estimation is ideal. It can be seen that the ORC offers
degraded performance due to the noise enhancement
although no error floor is seen. The MMSEC provides
the best BER performance, but the BER performance
close to MMSEC can be achieved by TDC. However,
the BER performance of CEC is about 1.5 dB infe-
rior to that of MMSEC due to the power loss. For

Fig. 6 BER performance comparison for N = 128 and τ = 5Tc

with ideal channel estimation.

comparison, the BER performance of DS-CDMA with
ideal rake combining is also plotted in Fig. 6. Large
error floor due to MUI is seen for DS-CDMA. It is sug-
gested from Fig. 6 that OFDM-CDMA with frequency
equalization combining provides a BER performance
superior to DS-CDMA in a frequency selective fad-
ing channel. However, to obtain a general conclusion,
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(a) fDTslot = 0.0064

(b) fDTslot = 0.032

Fig. 7 Comparison of BER performances with pilot-aided
channel estimation for N = 128 users, Q = 256, and τ = 5Tc.

more detailed performance comparisons are necessary
under various channel conditions (propagation param-
eters, number of users, etc.).

5.3 Pilot-Aided Channel Estimation Case

Figure 7 compares the BER performances of OFDM-
CDMA achievable with ORC, CEC, TDC, and MM-
SEC using pilot-aided channel estimation for N = 128
users, Q = 256, and τ = 5Tc. As mentioned earlier,
the optimum thresholds for CEC and TDC are used
for each channel condition; e.g., they are hCEC = 0.1

Fig. 8 Effect of number N of users on achievable BER at the
average received Eb/N0 = 20dB for fDTslot = 0.0064 (dotted
lines) and 0.032 (solid lines) when Q = 256 and τ = 5Tc. N = 1–
256.

and hTDC = 0.2 at the average Eb/N0 = 10dB when
the fading normalized maximum Doppler frequency
fDTslot = 0.032. It can be seen from Fig. 7 that
the TDC provides a BER performance close to MM-
SEC and its required Eb/N0 for achieving the average
BER=0.01 is almost identical when fDTslot = 0.032,
while it is slightly larger (about 0.8 dB) than the MM-
SEC when fDTslot = 0.0064. This is because the chan-
nel estimation and the noise power estimation are not
perfect and hence, the MMSEC weight computed using
Eq. (23) deviates from the optimal one.

For the faster fading case (fDTslot = 0.032), error
floor is clearly seen in OFDM-CDMA. This is because
the channel estimate obtained using the pilot symbols
inserted at the beginning of each slot is used for equal-
ization of all data symbols in a slot while the channel
transfer function varies in time over the slot. How-
ever, it should be noticed that the error floor values
of OFDM-CDMA is much smaller than that of DS-
CDMA.

5.4 Impact of Number of Users

How the achievable BER at the average received
Eb/N0 = 20dB (decision errors are mostly produced
by channel estimation error) is impacted by the num-
ber of users is plotted in Fig. 8 for fDTslot = 0.0064
and 0.032 when Q = 256 and τ = 5Tc. It can be seen
from Fig. 8 that the BER achieved with ORC is almost
insensitive to the number N of users, because almost
perfect orthogonality restoration is achieved except for
the fast fading case (fDTslot = 0.032). On the other
hand, the BERs achieved with TDC and MMSEC are
much smaller than those of ORC due to suppression
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Fig. 9 Effect of time delay difference τ between two paths on
achievable BER for Q = 256, N = 128, the average received
Eb/N0 = 20dB, and fDTslot = 0.032.

of noise enhancement; however, the BERs increase as
N increases (note that the value of N is known to the
MMSEC receiver).

5.5 Impact of Time Delay

When the time delay difference between the two paths
is zero (or the propagation channel has a single path),
no orthogonality destruction occurs and hence, no MUI
is produced. As the time delay difference increases, the
channel becomes frequency selective and the orthog-
onality property among users starts to be destroyed,
thereby producing MUI. The use of ORC produces the
noise enhancement in exchange for the orthogonality
restoration. This results in increased BER as seen in
Fig. 9; the same noise enhancement is produced for the
time delay difference τ ≥ 1Tc. On the other hand,
both TDC and MMSEC can reduce the average BERs
when τ ≥ 1Tc (or the time delay difference is larger
than the FFT sampling period). This is due to the fre-
quency diversity effect, which results from the fact that
the contributions of weak subcarrier components to the
combined output are made small in MMSEC and are
removed in TDC. It can be seen from Fig. 9 that the
frequency diversity effect remains constant for τ ≥ 1Tc.

5.6 Impact of Pilot Power

So far, we have assumed a large pilot power of Q = 256
since it is shared by all users. If the pilot power is re-
duced, the channel estimation error increases and the
noise power estimation for MMSEC may also become
inaccurate. How the pilot symbol power impacts the
achievable BER performance differently for ORC, CEC,

(a) fDTslot = 0.0064

(b) fDTslot = 0.032

Fig. 10 Impact of pilot power on achievable BER for N = 128
users and τ = 5Tc.

TDC, and MMSEC is interesting to discuss. How the
achievable BER is impacted by the pilot power at av-
erage received Eb/N0 = 10dB and 20 dB is plotted in
Fig. 10 for N = 128 users and τ = 5Tc. As the pi-
lot power ratio Q reduces from Q = 256, the BER
gradually increases due to increasing channel estima-
tion error. When decision errors are mostly produced
by channel estimation error, i.e., Eb/N0 = 20dB, the
BER of MMSEC is found to be much more sensitive to
the channel estimation error than CEC and TDC. This
is because the MMSEC requires the noise power esti-
mation, which is based on the received pilot symbols.
(However, note that the CEC and TDC assume the
predetermined optimum thresholds, which must be es-
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Fig. 11 Impact of channel estimation schemes on achievable
BER for N = 128 users, the average received Eb/N0 = 20dB,
fDTslot = 0.032, and τ = 5Tc.

timated in practical receivers. Adaptive threshold set-
ting is left for a future study.)

5.7 Impact of Channel Estimation Schemes

The results of Fig. 10 imply that the channel estimation
scheme may affect significantly the achievable BER per-
formance. So far, to carry out the channel estimation,
we used a pilot symbol block time-multiplexed at the
beginning of each slot. To improve the channel esti-
mation and/or to reduce the pilot power, pilot symbol
blocks of two consecutive slots can be used. The chan-
nel estimation schemes using simple average (SA) and
linear interpolation (LI) are considered. Eq. (27) be-
comes

H̃(k/Ts, qTslot +mT )

=




H̃(k/Ts, qTslot ), for SPB

H̃(k/Ts, qTslot ) + H̃(k/Ts, (q + 1)Tslot)
2

,

for SA(
1− m− (Np − 1)/2

Np +Nd

)
H̃(k/Ts, qTslot )

+
(
m− (Np − 1)/2
Np +Nd

)
H̃(k/Ts, (q + 1)Tslot ),

for LI

,

for m = Np ∼ Np +Nd − 1 (32)

where the channel estimation using the single pilot
block (so far we assumed this) is represented by “SPB.”
How the achievable BER at average received Eb/N0 =

20dB is impacted by the channel estimation schemes is
illustrated as a function of pilot power ratio Q in Fig. 11
forN = 256 users, the average received Eb/N0 = 20dB,
fDTslot = 0.032, and τ = 5Tc. Using SA and LI can
reduce the BER significantly. The reason for this is dis-
cussed below. Remember that, for a fast fading chan-
nel, the channel transfer function H(f, t) varies over an
interval of one slot. The SPB estimates the channel
transfer function at the beginning of each slot; hence
the channel estimation error becomes larger for the data
symbols closer to the end of data slot. This produces er-
ror floors. The SA estimates the channel transfer func-
tion at the center timing of each slot. This provides the
smaller estimation error than the SPB, thereby reduc-
ing the error floor. Using LI is more significant, since LI
can better track the variations in the channel transfer
function. It can be also seen from Fig. 11 that using SA
and LI can reduce the pilot power compared to using
SPB.

6. Conclusion

In this paper, by means of computer simulation, we
investigated how the BER performances of ODFM-
CDMA downlink achievable with ORC, CEC, TDC,
and MMSEC are impacted by the propagation param-
eters (path time delay difference and fading maximum
Doppler frequency), number of users, pilot power used
for channel estimation, and channel estimation scheme.
To acquire a good understanding of ORC, CEC, TDC,
and MMSEC, how they differ with respect to the com-
bining weights was discussed. Also, in this paper, the
downlink transmission performances of DS-CDMA and
OFDM-CDMA were compared when the same trans-
mission bandwidth is used. From the computer simu-
lation results, we can draw the following conclusions:

(a) For ideal channel estimation case, TDC yields the
BER performance close to MMSEC that provides
the best BER performance. The BER performance
of CEC is about 1.5 dB inferior to that of MMSEC
due to the power loss. No error floors are seen for
ORC, CEC, TDC, and MMSEC, while DS-CDMA
provides error floor.

(b) When pilot-aided channel estimation is used, the
achievable BER performance degrades because the
channel estimation is not perfect. However, TDC
provides almost the same BER performance as
MMSEC. The performance degrades for MMSEC
because the MMSEC combining weight computed
using Eq. (23) deviates from the optimal one.

(c) The BER performances using TDC and MMSEC
are sensitive to the number N of users in commu-
nication except for ORC. However, TDC and MM-
SEC provide much better BER performance than
ORC for any number of users.

(d) When the channel is frequency selective (i.e., the
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time delay difference is larger than the FFT sam-
pling period), TDC and MMSEC provide better
BER performance than ORC. This is due to fre-
quency diversity effect obtained by TDC and MM-
SEC, but the ORC has the noise enhancement in
exchange for the orthogonality restoration.

(e) As the pilot power ratio Q reduces, the BER gradu-
ally increases due to increasing channel estimation
error. The BER of MMSEC is more sensitive to
the channel estimation error than CEC and TDC.

(f) The channel estimation scheme impacts the achiev-
able BER performance in a fast fading channel.
The improved channel estimation scheme using SA
and LI was considered. The best performance can
be achieved with LI, since LI can better track the
variations in the channel transfer function. For
achieving the same BER, using SA and LI can re-
duce the pilot power compared to using the single
pilot block.

It was suggested that OFDM-CDMA with fre-
quency equalization combining provides a BER perfor-
mance superior to DS-CDMA in a frequency selective
fading channel. However, in this paper, we assumed
a simple two-path power delay profile. More detailed
performance comparisons are necessary under various
channel conditions (propagation parameters, number
of users, etc.) to obtain a general conclusion. It has
been found that when practical channel estimation is
used, error floor is produced in OFDM-CDMA. Appli-
cation of adaptive channel estimation scheme [13], [14]
is effective in a fast fading environment.
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