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PAPER

Iterative Channel Estimation for Frequency-Domain Equalization
of DSSS Signals

Koichi ISHIHARA†a), Kazuaki TAKEDA†, Student Members, and Fumiyuki ADACHI†, Member

SUMMARY As the channel frequency selectivity becomes severer,
the bit error rate (BER) performance of direct sequence spread spec-
trum (DSSS) signal transmission with rake combining degrades due to
an increasing inter-path interference (IPI). Frequency-domain equalization
(FDE) can replace rake combining with much improved BER performance
in a severe frequency-selective fading channel. For FDE, accurate estima-
tion of the channel transfer function is required. In this paper, we pro-
pose an iterative channel estimation that uses pilot chips which are time-
multiplexed within each chip block for fast Fourier transform (FFT). The
pilot acts as a cyclic-prefix of FFT block as well. The achievable BER
performance is evaluated by computer simulation. It is shown that the pro-
posed channel estimation has a very good tracking ability against fast fad-
ing.
key words: DSSS, frequency-domain equalization (FDE), channel estima-
tion

1. Introduction

In direct sequence spread spectrum (DSSS) wireless trans-
missions, a coherent rake combining can be employed to
exploit the channel frequency-selectivity for improving the
transmission performance. Wideband DSSS technique has
been adopted in the 3rd generation mobile communica-
tion systems for data transmissions of up to a few Mbps
[1]. In the next generation mobile communication systems,
much higher speed data transmission (e.g., higher than sev-
eral 10 Mbps) is required. However, for such high-speed
data transmission, the channel becomes severely frequency-
selective [2] and too many rake fingers (or correlators) are
required in DSSS and the transmission performance signif-
icantly degrades due to large inter-path interference (IPI)
even if coherent rake combining is used.

Recently, orthogonal frequency division multiplexing
(OFDM) and multi-carrier code division multiple access
(MC-CDMA) [3]–[6] have been attracting much attention.
However, OFDM and MC-CDMA signals have large peak-
to-average power ratio (PAPR) and thus, a linear trans-
mit power amplifier with large peak power is required.
More recently, single-carrier (SC) transmission using one-
tap frequency-domain equalization (FDE) has been gaining
popularity [7]. We have also shown that the use of FDE can
significantly improve the bit error rate (BER) performance
of DSSS compared to rake combining [8]–[11]. The DSSS
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signal transmission has advantages that the problem of high
PAPR can be alleviated and that the computational complex-
ity of FDE does not depend on the degree of the channel
frequency-selectivity.

Accurate estimation of the channel transfer function (or
the channel gain at each frequency) is necessary for FDE.
Many works concerning channel estimation can be found in
[11]–[19]. The pilot-assisted channel estimation schemes
for DSSS (or DS-CDMA) using rake combining, proposed
in [17]–[19], can be applied to DSSS signal transmission us-
ing FDE. However, in Refs. [17]–[19], the pilot chip block
needs to be transmitted frequently to track against fast fad-
ing, and as a result, the transmission efficiency (or the data
rate) decreases. Recently, a data-dependent pilot structure
has been proposed in [20] for the DS-CDMA downlink with
FDE. In a data-dependent pilot structure proposed in [20],
pilot chip sequence is inserted into each data block for chan-
nel estimation. Then, the cyclic prefix (CP) is added to avoid
inter-block interference.

In this paper, we propose a new channel estimation
scheme using a guard interval (GI) as a pilot which is suit-
able for FDE and can achieve a very good tracking abil-
ity against fast fading without loss of the transmission effi-
ciency. Although the idea of channel estimation using the
GI as the pilot has been suggested for the SC transmission
with FDE in [7], [21], [22], the implementation of the chan-
nel estimation scheme based on the idea was not presented
in [7], [21]. The channel estimation proposed in [22] uses a
short pilot chip sequence of Ng/2 chips and repeats it twice
to form a CP of Ng chips. The first pilot chip sequence of
Ng/2 chips plays a role of the CP of the second pilot chip
sequence of Ng/2 chips. Hence, channel estimation is possi-
ble only if the maximum time delay difference between the
propagation paths is less than Ng/2 chips. However, our pro-
posed scheme can be used for a channel having maximum
time delay difference up to Ng chips.

The objective of this paper is to propose a new pilot-
assisted channel estimation scheme and to show how close
is the BER performance of our proposed scheme to the ideal
channel estimation performance. Therefore, only the un-
coded BER performance is presented.

The remainder of this paper is organized as follows.
The transmission system model of DSSS transmission with
FDE is presented in Sect. 2. The proposed iterative chan-
nel estimation scheme is described in Sect. 3. In Sect. 4,
the computer simulation results for the BER performance of
DSSS transmission with FDE using the proposed channel
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estimation scheme are presented. The paper is concluded in
Sect. 5.

2. Transmission System Model of DSSS with FDE

Figure 1 shows the transmitter/receiver structure. In [8]–
[10], the transmit data chip sequence is divided into blocks
of Nc chips each and the last Ng chips in each chip block
are copied and inserted as the CP into the GI placed at the
beginning of each block. However, in this paper, the pilot
chip sequence of Ng-chip length for channel estimation is
inserted at the end of each chip block and the previous pi-
lot chip sequence is used as the GI for the present block.
The chip block structure is shown in Fig. 2. The fast Fourier
transform (FFT) window size is Nc chips and the number Nd

of data chips in each block is Nd = Nc − Ng. The transmis-
sion efficiency ζ is given by

ζ =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

1 +
1
N

· 1

1 +
Ng
Nc

for conventional block structure

1 − Ng
Nc

for the block structure assumed in this paper

,

(1)

where N is the pilot block insertion period for the conven-
tional block structure (i.e., a pilot block of Nc chips is in-
serted after every N data chip blocks). The transmission
efficiency for the block structure used in this paper is higher
than the conventional one if N < (Nc/Ng)2 − 1. Moreover,
the proposed channel estimation has a higher tracking ability
than the pilot-assisted decision feedback channel estimation
(PA-DFCE) [11]. This will be discussed later.

Chip-spaced discrete time representation is used
throughout the paper. Nd/SF data-modulated symbols are
transmitted in each block, where SF is the spreading factor.
Without loss of generality, we consider the transmission of
one chip block of Nc chips. The data symbol sequence and

(a) Transmitter.

(b) Receiver.

Fig. 1 Transmitter/receiver structure.

the spreading chip sequence in a block are represented by
{d(n); n = 0∼Nd/SF − 1} and {c(t); t = 0∼Nd − 1}, respec-
tively, with E[|d(n)|2]=1 and |c(t)| = 1; E[.] represents the
ensemble average operation. The pilot-inserted (or the GI-
inserted) DSSS signal {s(t); t = 0∼Nc−1}, to be transmitted,
can be expressed using the equivalent baseband representa-
tion as

s(t) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

√
2Ec

Tc
d
(⌊ t

SF

⌋)
· c(t) for 0 ≤ t ≤ Nd − 1√

2Ec

Tc
p(t) for Nd ≤ t ≤ Nc − 1

, (2)

where Ec and Tc represent the chip energy and the chip
length, respectively, and �x� represents the largest integer
smaller than or equal to x and p(t) represents the pilot chip
sequence of Ng chips with |p(t)|=1.

The transmitted signal is received by Nr receive anten-
nas at the receiver. Assuming that the channel has L inde-
pendent propagation paths with Tc-spaced distinct time de-
lays {τl; l=0∼L−1}, the discrete-time impulse response hm(t)
of the multipath channel experienced by the mth antenna is
expressed as

hm(t) =
L−1∑
l=0

hm,lδ(t − τl), (3)

where hm,l is the lth path gain with
∑L−1

l=0 E[|hm,l|2] = 1. The
received signal rm(t), on the mth antenna, m=0∼Nr − 1, can
be expressed as

rm(t) =
L−1∑
l=0

hm,l s(t − τl) + ηm(t), (4)

Fig. 2 Chip block structure.
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where ηm(t) represents a zero-mean additive white Gaus-
sian noise (AWGN) process having variance equal to 2N0/Tc

with N0 representing the single sided power spectrum den-
sity. Here, we have assumed block fading for the sake of
brevity, where path gains remain constant over one chip
block; however in the computer simulation, we assume con-
tinuous fading.

At the receiver, the received signal rm(t) is decomposed
into Nc frequency components {Rm(k); k = 0∼Nc − 1} by
applying Nc-point FFT. Rm(k) is given by

Rm(k) =
Nc−1∑
t=0

rm(t) exp

(
− j2πk

t
Nc

)

= Hm(k) {P(k) + D(k)} + Πm(k), (5)

where P(k) and D(k) are the kth frequency components of
the transmitted pilot and data chip sequences, respectively,
and Hm(k) and Πm(k) are the channel gain and noise compo-
nent due to AWGN at the kth frequency, respectively. They
are given by

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

P(k) =
Nc−1∑
t=Nd

p(t) exp

(
− j2πk

t
Nc

)

D(k) =
Nd−1∑
t=0

d
(⌊ t

SF

⌋)
c(t) exp

(
− j2πk

t
Nc

)

Hm(k) =

√
2Ec

Tc

L−1∑
l=0

hm,l exp

(
− j2πk

τl

Nc

)

Πm(k) =
Nc−1∑
t=0

ηm(t) exp

(
− j2πk

t
Nc

)

. (6)

Since the pilot chip sequence p(t) and the spreading chip
sequence c(t) are assumed to be random, E[|P(k)|2] = Np

and E[|D(k)|2] = Nd.
The iterative channel estimation will be described in

Sect. 3. The channel estimate for Hm(k) obtained after the
ith iteration is denoted by Ĥ(i)

m (k). Joint FDE and Nr-antenna
diversity combining based on the minimum mean square er-
ror (MMSE) criterion is carried out using Ĥ(i)

m (k) to obtain
the kth frequency component S̃ (i)(k) as

S̃ (i)(k) =
Nr−1∑
m=0

w(i)
m (k)Rm(k), (7)

where w(i)
m (k) is the MMSE weight. We assume that the

residual interference is modeled by a zero-mean complex
Gaussian process and the sum of residual interference and
noise is treated as a new Gaussian noise. w(i)

m (k) is given by
[9]

w(i)
m (k) =

Ĥ(i)∗
m (k)

Nc

Nr−1∑
m=0

∣∣∣Ĥ(i)
m (k)

∣∣∣2 + 2σ2
i

, (8)

where 2σ2
i is the variance of the sum of noise and resid-

ual interference (Ĥ(i)
m (k) and σ2

i are obtained in Sect. 3) and

* denotes the complex conjugate operation. Then, Nc-point
inverse FFT (IFFT) is applied to obtain the time-domain sig-
nal s̃(i)(t), which is given by

s̃(i)(t) =
1

Nc

Nc−1∑
k=0

S̃ (i)(k) exp

(
j2πt

k
Nc

)
. (9)

Despreading is performed on s̃(i)(t) to obtain the decision
variable

d̃(i)(n) =
1

SF

(n+1)SF−1∑
t=nSF

s̃(i)(t)c∗(t), (10)

based on which symbol decision is performed. The recov-
ered data symbol is denoted by d̂(i)(n).

In the proposed iterative channel estimation, a series of
FDE operation, despreading, symbol decision, respreading
and channel estimation is repeated a sufficient number of
times. Finally, data-demodulation is carried out.

3. Iterative Channel Estimation

For computing the MMSE weight, Ĥ(i)
m (k) and σ2

i are nec-
essary as shown in Eq. (8). Figure 3 illustrates a detailed
structure of the channel estimation block in Fig. 1. Only the
pilot is used for the initial channel estimation (i=0) and both
the pilot and recovered data chips are used as new pilot chips
for the first iteration onwards (i ≥ 1).

In the proposed scheme, the GI is used as the pilot so
as not to reduce the transmission efficiency while achieving
a good tracking ability against fading. Although the idea of
channel estimation using the GI as the pilot has been sug-
gested for the SC transmission with FDE in [7], [21], [22],
the implementation of the channel estimation scheme based
on the idea was not presented in [7], [21]. The channel esti-
mation proposed in Ref. [22] uses a short pilot chip sequence
(whose length is half the GI) and repeats it twice in the GI as
shown in Fig. 4. This scheme can only be applied to a chan-
nel having a maximum time delay difference less than Ng/2
chips. On the other hand, our proposed channel estimation

Fig. 3 Channel estimation block.

Fig. 4 Chip block structure of the channel estimation scheme proposed
in Ref. [22].
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scheme can be applied to a channel having a maximum time
delay difference up to Ng chips. However, in a frequency-
selective fading channel, the received pilot chip block suf-
fers from a large interference from the data chip part in a
block and hence, the channel estimation accuracy signifi-
cantly degrades. Therefore, in the proposed scheme, the
initial channel estimation is carried out after the data chip
interference is suppressed by applying the rectangular win-
dowing. Then, the channel estimation is carried out again
using both the pilot and decision-feedback data sequence as
a new pilot. This is repeated a sufficient number of times.

In this paper, we refer to [11] as the conventional chan-
nel estimation scheme to compare with the proposed iter-
ative channel estimation. For the channel estimation for
DSSS signal transmission with rake combining [17]–[19],
the channel impulse response is estimated using the time-
domain correlation method and then, the channel transfer
function (or the channel gain at each frequency) is esti-
mated by applying the Fourier transform. Another way
to directly estimate the channel transfer function is to use
the reverse modulation (or removing the pilot modulation)
in the frequency-domain as used in the channel estimation
for DSSS signal transmission using FDE [11] and also for
OFDM signal transmission [12], [13]. Since the channel
transfer function is the Fourier transform of the channel im-
pulse response, the channel estimation proposed in [11] is
equivalent to those in [17]–[19].

3.1 Initial Channel Estimation Using Pilot Only (i = 0)

We assume that the maximum time delay difference ∆τmax

between the propagation paths is less than the GI, i.e.,
∆τmax < Ng. To reduce the interference from the data
chip sequence and the noise, the received signal rm(t) is re-
placed with zeros over the time interval of t = Ng∼Nd − 1,
where Nd = Nc − Ng (or rectangular windowing), as shown
in Fig. 5. Then, Nc-point FFT is applied to decompose
the zero-replaced received signal into Nc frequency compo-
nents:

R(0)
m (k) =

Ng−1∑
t=0

rm(t) exp

(
− j2πk

t
Nc

)

+

Nc−1∑
t=Nd

rm(t) exp

(
− j2πk

t
Nc

)

Fig. 5 Zero replacement for the initial channel estimation.

= Hm(k)P(k) + D(0)
m (k) + Π(0)

m (k), (11)

where D(0)
m (k) and Π(0)

m (k) are the interference components
from the data chip sequence and the noise component, re-
spectively, and are given by⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

D(0)
m (k) =

√
2Ec

Tc

L−1∑
l=0

Ng−1∑
t=l

hm,ld
(⌊ t − τl

SF

⌋)
c(t − τl)

· exp

(
− j2πk

t
Nc

)
+

√
2Ec

Tc

L−1∑
l=1

Nd+l−1∑
t=Nd

hm,ld
(⌊ t − τl

SF

⌋)

· c(t − τl) exp

(
− j2πk

t
Nc

)

Π(0)
m (k)

=

Ng−1∑
t=0

ηm(t) exp

(
− j2πk

t
Nc

)
+

Nc−1∑
t=Nd

ηm(t) exp

(
− j2πk

t
Nc

)

.

(12)

We want to estimate Hm(k). First, the instantaneous
estimate of the channel gain Hm(k) is obtained by removing
the pilot modulation as

H̃(0)
m (k) =

1
Np

R(0)
m (k)P∗(k) =

1
Np

Hm(k) |P(k)|2

+
1

Np

{
D(0)

m (k) + Π(0)
m (k)

}
P∗(k). (13)

However, H̃(0)
m (k) is perturbed by the interference and noise.

To reduce the interference and noise and then improve the
channel estimation, frequency-domain filtering [14] and de-
lay time-domain windowing [11]–[13] can be applied. In
this paper, the delay time-domain windowing method is
used, as shown in Fig. 6. First, the channel impulse response
estimate {h̃(0)

m (τ)} is obtained by applying Nc-point IFFT to
{H̃(0)

m (k)} as follows:

h̃(0)
m (τ) =

1
Nc

Nc−1∑
k=0

H̃(0)
m (k) exp

(
j2πτ

k
Nc

)

=
1

NpNc

Nc−1∑
k=0

|P(k)|2hm(τ)

+
1

NpNc

Nc−1∑
k=0

|P(k)|2
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Nc−1∑
τ′=0
τ′�τ

hm(τ′) exp

(
j2πk
τ − τ′

Nc

)⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+
1

NpNc

Nc−1∑
k=0

[{
D(0)

m (k) + Π(0)
m (k)

}
P∗(k)

]
exp

(
j2πτ

k
Nc

)
,

(14)

where the 2nd and 3rd terms are the interference and noise

Fig. 6 Delay time-domain windowing.
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components, respectively. The interference and noise com-
ponents are uniformly distributed over the entire range of
the delay time (τ = 0∼Nc − 1). Assuming that the actual
channel impulse response is present only within the GI, the
impulse response beyond the GI can be replaced with zeros
(or rectangular windowing):

ĥ(0)
m (τ) =

{
h̃(0)

m (τ), if 0 ≤ τ ≤ Ng − 1
0, otherwise

. (15)

Then, Nc-point FFT is applied to {ĥ(0)
m (τ)} to obtain the im-

proved channel gain estimates {Ĥ(0)
m (k)} as follows:

Ĥ(0)
m (k) =

Nc−1∑
τ=0

ĥ(0)
m (τ) exp

(
− j2πk

τ

Nc

)
. (16)

The variance 2σ2
0 of the sum of residual interference

and noise is necessary for computing the MMSE weight of
Eq. (8), which can be estimated as

2σ2
0 =

1
NrNc

Nr−1∑
m=0

Nc−1∑
k=0

∣∣∣R(0)
m (k) − Ĥ(0)

m (k)P(k)
∣∣∣2. (17)

3.2 Channel Estimation Using Pilot and Data Chips (i ≥ 1)

The recovered data symbol sequence {d̂(i−1)(n)} obtained at
the (i−1)th iteration is re-spread and the pilot chip sequence
is inserted to generate the transmitted signal replica ŝ(i)(t):

ŝ(i)(t) =

⎧⎪⎪⎨⎪⎪⎩d̂(i−1)
(⌊ t

SF

⌋)
· c(t), 0 ≤ t ≤ Nd − 1

p(t), Nd ≤ t ≤ Nc − 1
, (18)

which is decomposed into Nc frequency components
{Ŝ (i)(k)} by applying Nc-point FFT. The channel gain esti-
mate H̃(i)

m (k) is obtained by removing the pilot and data mod-
ulation from Rm(k) in Eq. (5) as

H̃(i)
m (k) =

1
Nc

Rm(k)Ŝ (i)∗(k), (19)

where Ŝ (i)(k) is given by

Ŝ (i)(k) = P(k) + D̂(i−1)(k), (20)

where D̂(i−1)(k) is the kth frequency component of the recov-
ered data symbol sequence {d̂(i−1)(n)} and is given by

D̂(i−1)(k)=
Nd−1∑
t=0

{
d̂(i−1)

(⌊ t
SF

⌋)
· c(t)

}
exp

(
− j2πk

t
Nc

)
. (21)

The substitution of Eqs. (5) and (20) into Eq. (19) gives

H̃(i)
m (k) =

1
Nc

Hm(k){P(k) + D(k)}{P(k) + D̂(i−1)(k)}∗

+
1

Nc
Πm(k)Ŝ (i)∗(k). (22)

If the symbol decision in the (i − 1)th iteration is correct,
the first term in Eq. (22) becomes Hm(k) |P(k) + D(k)|2 /Nc.

Comparing this with Eq. (13) shows that the channel estima-
tion accuracy can be much improved.

To further improve the estimation accuracy, the delay
time-domain windowing is applied, similar to the i=0 case.
Applying Nc-point IFFT to {H̃(i)

m (k)}, the channel impulse re-
sponse estimate {h̃(i)

m (τ)} is obtained. The impulse response
estimate beyond the GI is replaced with zeros and the im-
proved channel gain estimates {Ĥ(i)

m (k)} are obtained by ap-
plying FFT. 2σ2

i in Eq. (8) for the ith iteration is obtained
using

2σ2
i =

1
NrNc

Nr−1∑
m=0

Nc−1∑
k=0

∣∣∣Rm(k) − Ĥ(i)
m (k)Ŝ (i)(k)

∣∣∣2. (23)

3.3 Complexity Consideration

The computational complexity of the proposed channel es-
timation is compared with the conventional one [11], based
on the number of FFT and IFFT operations. The complexity
of the despreading operation is neglected since it is much
less than those of FFT/IFFT operations.

In the conventional pilot-assisted channel estimation
scheme, the instantaneous channel gain estimate is obtained
by reverse modulation of each frequency component of the
received pilot block after performing FFT. Then, the IFFT
operation and the delay time-domain windowing are ap-
plied to obtain the noise-suppressed instantaneous channel
impulse response. Finally, the improved channel transfer
function (or the channel gain at each frequency) is obtained
by applying FFT. Therefore, the total number of FFT/IFFT
operations is 3 per pilot block for the conventional chan-
nel estimation. If a decision feedback channel estimation
is used as in [11], the number of FFT/IFFT operations per
block is 3.

Next, we consider the complexity of our proposed
scheme. In the initial estimation, the received signal is re-
placed with zeros over the time interval t = Ng∼Nd − 1
as shown in Sect. 3.1 and then decomposed into frequency
components by applying FFT. The estimate of instantaneous
channel transfer function is obtained by reverse modulation.
Then, IFFT is applied to obtain the instantaneous channel
impulse response. After the noise is suppressed by the de-
lay time-domain windowing, the noise-suppressed channel
transfer function to be used for FDE is obtained by apply-
ing FFT. After performing FDE, IFFT is applied to bring
the frequency-domain signal into a time-domain chip se-
quence to obtain the despreading and tentative symbol de-
cision. Therefore, the total number of FFT/IFFT operations
required for the initial channel estimation is 4. The tenta-
tively recovered data symbol sequence is fed back and de-
composed into frequency components by applying FFT and
the channel transfer function is estimated again using both
the pilot and data. Therefore, the total number of FFT/IFFT
operations per iteration is 3. In the proposed iterative chan-
nel estimation, the above procedure is repeated. However,
as shown in Sect. 4, only two iterations are sufficient. As a
result, the total number of FFT/IFFT operations for the pro-
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posed channel estimation is 10 per block.
The proposed scheme requires 7 more FFT/IFFT oper-

ations than the conventional one. Therefore, the proposed
scheme provides better tracking ability against fast fading at
the cost of increased complexity.

3.4 Comparison with the Channel Estimation Scheme Pro-
posed in [22]

How the channel estimation process of our scheme is differ-
ent from that of [22] is described below.

The channel estimation proposed in [22] uses a short
pilot chip sequence (whose length is half the GI) and re-
peats it twice in the GI as shown in Fig. 4. At a receiver,
the received pilot chip sequence is decomposed into Ng/2
orthogonal frequency components by applying Ng/2-point
FFT and the pilot modulation is removed from each com-
ponent. Channel gains at Nc frequencies need to be esti-
mated for performing FDE. However, the channel estima-
tion scheme in [22] provides channel gains at only Ng/2
frequencies. Therefore, some interpolation techniques are
needed. In [22], the zero padding is used for interpolation.
Ng/2-point IFFT is first applied to the channel gain estimates
of Ng/2 frequencies to get the impulse response over a time
delay interval of Ng/2 chips. Using zero-padding and Nc-
point FFT, the improved channel gain estimates of Nc fre-
quencies are obtained. On the other hand, our proposed
scheme uses an Ng-sample pilot, which is affected by the
interference from the data chip sequence, and therefore, we
first apply the zero replacement to the received chip block in
order to suppress the noise and the interference.

In [22], since the first pilot chip sequence of Ng/2 chips
plays a role of the GI for the second pilot chip sequence of
Ng/2 chips, no interference is produced from the data chip
sequence if the maximum time delay difference between the
propagation paths is less than Ng/2 chips. However, our pro-
posed channel estimation scheme can be used for a channel
having a maximum time delay difference up to Ng chips.

4. Computer Simulation Results

Table 1 shows the computer simulation conditions. We
assume block length (=FFT window) of Nc=1024 chips,
pilot chip length (or GI length) of Ng=64 chips, and
quadrature-phase shift keying (QPSK) data modulation. A
chip-spaced L=16-path frequency-selective Rayleigh fading
channel having an exponential power delay profile with a
decay factor of α is assumed. Each path gain hm,l is gen-
erated based on the Jake’s model [2] assuming 64 plane
waves coming from all directions with the same amplitude.
In the computer simulation, a sequence of 10 million bits is
transmitted to compute the average BER. In the next gener-
ation mobile communication systems, much higher speed
data transmissions than the present systems are required.
To achieve high speed data transmissions for the given chip
rate (or bandwidth), the spreading factor SF must be small.
In high speed downlink packet access (HSDPA), SF=16 is

Table 1 Simulation conditions.

used [23]. Therefore, SF=1∼16 is considered. Ideal sam-
pling timing is also assumed at a receiver.

First, we examine the effect of iterative channel esti-
mation (CE) for no antenna diversity (Nr=1) case. Figure 7
shows the average BER performance as a function of the
average received signal energy per bit-to-the AWGN power
spectrum density ratio Eb/N0 (=0.5SF(Nc/Nd)(Ec/N0)) with
the number of iterations as a parameter when fDTc=10−5,
decay factor α=0 dB, Nr=1, and τl = l (i.e., the maximum
time delay difference between the propagation paths is less
than Ng/2). For comparison, ideal CE and the channel esti-
mation scheme of [22] are also plotted (since the maximum
time delay difference of the channel is 15 chips which is
shorter than half the GI and therefore, the channel estima-
tion of [22] can be applied). In our proposed scheme, the
channel estimation accuracy is degraded due to the inter-
ference from the data chips and the performance severely
degrades for no spreading case (SF=1), i.e., SC transmis-
sion. However, since the interference can be suppressed by
the despreading process in the DSSS transmission case, our
proposed channel estimation scheme provides better BER
performances than the channel estimation scheme proposed
in [22] when SF ≥ 4. Even with two iterations (i=2), the
BER performance is significantly improved and the Eb/N0

degradation for BER= 10−3, from ideal CE, is only about 1.3
(1.6) dB (including a pilot insertion loss of 0.28 dB) when
SF=4 (16). The reason for the superiority of our channel es-
timation scheme to the one proposed in [22] is as follows. At
the initial channel estimation (i=0), the channel estimation
accuracy is poor due to the interference from the data chip
sequence. However, since the channel estimation is repeated
using both the pilot and the data chip replica obtained from
the decision-feedback as a new pilot, the channel estimation
accuracy improves. For the perfect decision feedback, the
signal-to-noise power ratio (SNR) of the channel estimate is
given from Eq. (22) as

S
N
=

|H(k)|2E[|D(k) + P(k)|4]
E[|Π(k)|2]E[|D(k) + P(k)|2](Ng/Nc)
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(a) SF=1. (b) SF=2.

(c) SF=4. (d) SF=16.

Fig. 7 Effect of iterative CE.

=
Ec

N0
· Nc

Ng
|H(k)|2 . (24)

On the other hand, the average SNR for the channel estima-
tion scheme proposed in [22] is given as

S
N
=
|H(k)|2E[|P(k)|4]

E[|Π(k)|2]E[|P(k)|2]
=

Ec

N0
|H(k)|2 . (25)

Comparison of Eqs. (24) and (25) shows that the proposed
channel estimation in this paper provides Nc/Ng times larger
SNR and hence our channel estimation accuracy is better.
The channel estimation scheme of [22] can only be applied
to a channel having a maximum time delay difference less
than Ng/2 chips. However, our proposed channel estimation
can be applied to a channel having 2-times longer maximum
time delay difference. Furthermore, the proposed scheme
can provide better BER performance at the cost of increased

computational complexity.
We can see that almost the same Eb/N0 degradation

from ideal CE is seen for both SF=4 and 16. Additional
BER performance improvement obtained with i=3 is very
small. Therefore, in what follows, the BER performance is
evaluated with i=2 assuming SF=4.

We examine the impact of the delay factor α. Fig-
ure 8 shows the average BER performance with the pro-
posed CE as a function of the average received Eb/N0 with
α as a parameter when fDTc=10−5. The proposed CE pro-
vides better BER performance than the channel estimation
scheme of [22]. The BER performance degrades as α be-
comes larger (or the channel frequency-selectivety becomes
weaker) because of less frequency diversity gain, obtained
by FDE. However, the Eb/N0 degradation from ideal CE for
BER=10−3 is almost insensitive to α and only about 1.3 dB.
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Fig. 8 Impact of decay factor α.

To properly perform FFT, the channel gains must be
constant over the FFT window (i.e., a block of Nc chips).
However, the channel gains vary within one block for a fast
fading. This distorts the signal frequency components ob-
tained by FFT. Here, we examine the impact of the fading
rate. Figure 9(a) shows the average BER performance using
the proposed CE, as a function of fDTc. For comparison,
the BER performances with PA-DFCE [11] and channel es-
timation scheme of [22] are also plotted. For PA-DFCE, we
assumed that a pilot block of 1024 chips is inserted after ev-
ery N data chip blocks of 1024 chips each (see Fig. 10). For
the same pilot-to-data chip ratio as our proposed CE (i.e., the
same data rate for the given chip rate), we have N=255 from
Eq. (1). In PA-DFCE, the first order filter with the forgetting
factor β (0 ≤ β ≤ 1) using decision feedback of the previous
blocks is employed [11]. It can be seen that the proposed CE
provides a slightly worse BER performance than PA-DFCE
when fDTc ≤ 10−5. However, as the fading becomes faster
(or fDTc becomes larger), the tracking ability of PA-DFCE
tends to be lost, thereby degrading the achievable BER per-
formance. It can also be seen that the proposed CE provides
better BER performance than the channel estimation scheme
of [22].

Figure 9(b) shows the average BER performance us-
ing the proposed CE as a function of the average received
Eb/N0 with fDTc as a parameter. β is optimized for each
fDTc. It can be seen from Fig. 9(b) that as the fading be-
comes faster, the achievable BER performance of PA-DFCE
degrades. However, with the proposed CE, almost no per-
formance degradation is seen even when fDTc = 5 × 10−5

( fDTc = 5 × 10−5 corresponds to a moving speed of 1.08 ×
103 km/h for a carrier frequency of 5 GHz and a chip rate of
100 Mcps).

To clearly show that our proposed scheme is superior
to the channel estimation scheme of [22], Fig. 11 plots the
BER dependency on the time delay when L=16. The lth path

(a) BER vs. fDTc.

(b) BER performance.

Fig. 9 Impact of fading rate.

Fig. 10 Block structure for PA-DFCE [11].

time delay τl is set to τl = l, 2l, 3l and 4l chips (l=0∼15).
Accordingly, the maximum time delay difference ∆τmax be-
comes ∆τmax=15, 30, 45 and 60 chips, respectively. It can be
seen that our proposed channel estimation scheme performs
better than the channel estimation scheme of [22]. The BER
performance of the proposed scheme is almost insensitive
to τl as far as the maximum time delay difference ∆τmax is
shorter than the CP (Ng=64). However, the BER perfor-
mance of the channel estimation scheme of [22] degrades
when τl = 3l and 4l chips. This is because channel estima-
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Fig. 11 BER dependency on the time delay.

Fig. 12 Effect of antenna diversity.

tion is possible only if the maximum time delay difference
∆τmax is shorter than Ng/2 chips.

Finally, we examine the BER performance with an-
tenna diversity. It is seen from Fig. 12 that the use of re-
ceive antenna diversity is always beneficial. As the fading
becomes faster (e.g., fDTc=10−4), the achievable BER per-
formance without antenna diversity (Nr=1) degrades and a
BER floor appears. However, with antenna diversity recep-
tion (Nr=2 and 4), almost no performance degradation is
seen even in a very fast fading environment with fDTc=10−4.

5. Conclusion

In this paper, an iterative channel estimation scheme suit-
able for DSSS signal transmission with FDE was proposed
and the BER performance was evaluated by computer sim-

ulation. The proposed channel estimation scheme uses a
pilot, which is time-multiplexed within the FFT block and
therefore, a very good tracking ability against fast fading is
achieved. Moreover, since the pilot also acts as the cyclic-
prefix, high transmission efficiency is achieved. The sim-
ulation results obtained in the paper can be summarized as
follows:

(a) Since the pilot is time-multiplexed within the FFT
block, channel estimation accuracy without iteration
is very poor due to a large interference from the data
chips. However, even two iterations provide sufficient
estimation accuracy and the performance loss from
the ideal channel estimation in Eb/N0 is as small as
1.3 dB when SF=4.

(b) Even for a very fast fading (e.g., fDTc=10−4), a
good tracking ability against fading is obtained and
the Eb/N0 degradation for BER=10−4 is as small as
2.0 dB when two-antenna receive diversity is used.

The objective of this paper is to propose a new pilot-
assisted channel estimation scheme and to show how close
is the BER performance of our proposed scheme to the ideal
channel estimation performance. Therefore, in this paper,
only the uncoded BER performance was presented. The
evaluation of the coded BER performance using the pro-
posed channel estimation scheme is left as a future study.

References

[1] F. Adachi, M. Sawahashi, and H. Suda, “Wideband DS-CDMA for
next generation mobile communication systems,” IEEE Commun.
Mag., vol.36, no.9, pp.56–69, Sept. 1998.

[2] W.C., Jakes Jr., ed., Microwave mobile communications, Wiley,
New York, 1974.

[3] M. Okada, S. Hara, and N. Morinaga, “Bit error performance of or-
thogonal multicarrier modulation radio transmission system,” IEICE
Trans. Commun., vol.E76-B, no.2, pp.113–119, Feb. 1993.

[4] S. Hara and R. Prasad, “Overview of multicarrier CDMA,” IEEE
Commun. Mag., vol.35, no.12, pp.126–133, Dec. 1997.

[5] L. Hanzo, W. Webb, and T. Keller, Single- and multi-carrier quadra-
ture amplitude modulation, John Wiley & Sons, 2000.

[6] T. Sao and F. Adachi, “Comparative study of various frequency
equalization techniques for downlink of a wireless OFDM-CDMA
system,” IEICE Trans. Commun., vol.E86-B, no.1, pp.352–364, Jan.
2003.

[7] D. Falconer, S.L. Ariyavisitakul, A. Benyamin-Seeyar, and B.
Eidson, “Frequency domain equalization for single-carrier broad-
band wireless systems,” IEEE Commun. Mag., vol.40, no.4, pp.58–
66, April 2002.

[8] F. Adachi, T. Sao, and T. Itagaki, “Performance of multicode DS-
CDMA using frequency domain equalization in a frequency selec-
tive fading channel,” Electron. Lett., vol.39, pp.239–241, Jan. 2003.

[9] F. Adachi and K. Takeda, “Bit error rate analysis of DS-CDMA with
joint frequency-domain equalization and antenna diversity combin-
ing,” IEICE Trans. Commun., vol.E87-B, no.10, pp.2991–3002, Oct.
2004.

[10] F. Adachi, D. Garg, S. Takaoka, and K. Takeda, “Broadband CDMA
techniques,” IEEE Wireless Commun. Mag., vol.12, no.2, pp.8–18,
April 2005.

[11] K. Takeda and F. Adachi, “Pilot-assisted channel estimation based
on MMSE criterion for DS-CDMA with frequency-domain equal-
ization,” Proc. 61st IEEE Veh. Technol. Conf. (VTC), pp.447–451,



1180
IEICE TRANS. COMMUN., VOL.E90–B, NO.5 MAY 2007

Stockholm, Sweden, June 2005.
[12] J.-J. van de Beek, O. Edfors, M. Sandell, S.K. Wilson, and P.O.

Borjesson, “On channel estimation in OFDM systems,” Proc. 45th
IEEE Veh. Technol. Conf. (VTC), pp.815–819, Chicago, IL, July
1995.

[13] T. Fukuhara, H. Yuan, Y. Takeuchi, and H. Kobayashi, “A novel
channel estimation method for OFDM transmission technique un-
der fast time-variant fading channel,” Proc. 57th IEEE Veh. Technol.
Conf. (VTC), pp.2343–2347, Jeju, Korea, April 2003.

[14] S. Takaoka and F. Adachi, “Frequency-domain channel estimation
using FFT/IFFT for DS-CDMA mobile radio,” Proc. 60th IEEE Veh.
Technol. Conf. (VTC), pp.694–698, Los Angeles, CA, Sept. 2004.

[15] P. Hoeher, S. Kaiser, and P. Robertson, “Pilot-symbol-aided channel
estimation in time and frequency,” Proc. Global Telecomm. Conf.
The Mini-Conf., pp.90–96, Nov. 1997.

[16] J. Coon, M. Beach, and J. McGeehan, “Optimal training sequences
for channel estimation in cyclic-prefix-based single-carrier systems
with transmit diversity,” IEEE Signal Process. Lett., vol.11, no.9,
pp.729–732, Sept. 2004.

[17] F. Ling, “Coherent detection with reference-symbol based estima-
tion for direct sequence CDMA uplink communications,” Proc.
IEEE Veh. Technol. Conf. (VTC), pp.400–403, New Jersey, May
1993.

[18] C. D’Amours, M. Moher, and A. Yongaloglu, “Comparison of pi-
lot symbol-assisted and differentially detected BPSK for DS-CDMA
systems employing RAKE receivers in Rayleigh fading channels,”
IEEE Trans. Veh. Technol., vol.47, no.4, pp.1258–1267, Nov. 1998.

[19] H. Andoh, M. Sawahashi, and F. Adachi, “Channel estimation filter
using time-multiplexed pilot channel for coherent RAKE combining
in DS-CDMA mobile radio,” IEICE Trans. Commun., vol.E81-B,
no.7, pp.1517–1526, July 1998.

[20] A.S. Madhukumar, F. Chin, Y.-C. Liang, and K. Yang, “Single car-
rier cyclic prefix-assisted CDMA system with frequency domain
equalization for high data rate transmission,” EURASIP J. Wireless
Communications and Networking, pp.149–160, 2004.

[21] L. Deneire, B. Gyselinckx, and M. Engels, “Training sequence ver-
sus cyclic prefix-a new look on single carrier communication,” IEEE
Commun. Lett., vol.5, no.7, pp.292–294, July 2001.

[22] Y. Zeng and T.S. Ng, “Pilot cyclic prefixed single carrier communi-
cation: Channel estimation and equalization,” IEEE Signal Process.
Lett., vol.12, no.1, pp.56–59, Jan. 2005.

[23] 3GPP TR25.858, “High speed downlink packet access: Physical
layer aspects,” version 5.0.0.

Koichi Ishihara received his B.E. and M.E.
degrees in communications engineering from
Tohoku University, Sendai, Japan, in 2004 and
2006, respectively. Since April 2006, he has
been with NTT Network Innovation Laborato-
ries, Nippon Telegraph & Telephone Corpora-
tion (NTT), Yokosuka, Japan. His research in-
terests include equalization, interference cancel-
lation, and multiple access techniques for broad-
band wireless communication systems. He is a
member of IEEE.

Kazuaki Takeda received his B.E. and
M.S. degrees in communications engineering
from Tohoku University, Sendai, Japan, in 2003
and 2004. Currently he is a PhD student at
the Department of Electrical and Communica-
tions Engineering, Graduate School of Engi-
neering, Tohoku University. His research in-
terests include equalization, interference cancel-
lation, transmit/receive diversity, and multiple
access techniques. He was a recipient of the
2003 IEICE RCS (Radio Communication Sys-

tems) Active Research Award and 2004 Inose Scientific Encouragement
Prize.

Fumiyuki Adachi received the B.S. and
Dr. Eng. degrees in electrical engineering from
Tohoku University, Sendai, Japan, in 1973 and
1984, respectively. In April 1973, he joined
the Electrical Communications Laboratories of
Nippon Telegraph & Telephone Corporation
(now NTT) and conducted various types of re-
search related to digital cellular mobile commu-
nications. From July 1992 to December 1999,
he was with NTT Mobile Communications Net-
work, Inc. (now NTT DoCoMo, Inc.), where he

led a research group on wideband/broadband CDMA wireless access for
IMT-2000 and beyond. Since January 2000, he has been with Tohoku Uni-
versity, Sendai, Japan, where he is a Professor of Electrical and Communi-
cation Engineering at the Graduate School of Engineering. His research
interests are in CDMA wireless access techniques, equalization, trans-
mit/receive antenna diversity, MIMO, adaptive transmission, and channel
coding, with particular application to broadband wireless communications
systems. From October 1984 to September 1985, he was a United Kingdom
SERC Visiting Research Fellow in the Department of Electrical Engineer-
ing and Electronics at Liverpool University. Dr. Adachi served as a Guest
Editor of IEEE JSAC on Broadband Wireless Techniques, October 1999,
Wideband CDMA I, August 2000, Wideband CDMA II, Jan. 2001, and
Next Generation CDMA Technologies, Jan. 2006. He is an IEEE Fellow
and was a co-recipient of the IEEE Vehicular Technology Transactions Best
Paper of the Year Award 1980 and again 1990 and also a recipient of Avant
Garde award 2000. He was a recipient of IEICE Achievement Award 2002
and a co-recipient of the IEICE Transactions Best Paper of the Year Award
1996 and again 1998. He was a recipient of Thomson Scientific Research
Front Award 2004.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


