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PAPER

Pilot-Assisted Channel Estimation Using Adaptive Interpolation for
Coherent Rake Reception of DS-CDMA Signals

Shinsuke TAKAOKA†a), Student Member and Fumiyuki ADACHI†, Member

SUMMARY In this paper, a pilot-assisted channel estimation using
adaptive interpolation (in which, different interpolation filter tap weights
is used for different symbol position) is proposed. Each set of tap weights
is updated using the normalized least mean square (NLMS) algorithm, the
reference signal for which is obtained by decision feedback and reverse
modulation of the received data symbol. In order to reduce the number of
tap weight sets and to achieve fast convergence, the conjugate centrosym-
metry property of the tap weight set is used. The average bit error rate
(BER) performance in a frequency-selective Rayleigh fading channel is
evaluated by computer simulation. Also evaluated is the robustness against
the frequency offset between a transmitter and a receiver.
key words: DS-CDMA, adaptive interpolation, conjugate centrosymmetry
property, fast convergence

1. Introduction

Direct sequence code division multiple access (DS-CDMA)
is used in present cellular mobile communications systems
[1]. In mobile radio, the transmitted signal is reflected
and diffracted by many obstacles between a transmitter and
a receiver, thus creating the multipath fading channel [2].
For coherent rake reception of DS-CDMA signals, accu-
rate channel estimation is necessary and so far many chan-
nel estimation schemes have been studied [3]–[7]. Pilot-
assisted channel estimation called weighted multi-slot av-
eraging (WMSA) channel estimation using a finite impulse
response (FIR) filter with time-invariant fixed tap weights
was proposed for coherent rake reception of DS-CDMA
signals [6]. However, using the time-invariant fixed tap
weights cannot always minimize the bit error rate (BER)
performance in a changing multipath propagation environ-
ment due to user’s movement. Hence, adaptive channel es-
timation schemes were proposed in [8]–[10].

In addition to fading, the presence of the frequency off-
set between a transmitter and a receiver may degrade the
BER performance due to constant phase rotation in the re-
ceived signal. Thus, adaptive prediction channel estimation
proposed in [10] uses the complex-valued tap weights to
track the constant phase rotation due to the frequency offset
in addition to random phase rotation due to fading. In this
scheme, the instantaneous channel gain at each data sym-
bol position in a slot is estimated by simple averaging (SA)
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or linear interpolation (LI) using the two predicted instanta-
neous channel gains obtained from adaptive backward and
forward predictors. However, as fading becomes faster, the
tracking capability against fading tends to be lost due to the
use of SA or LI [10].

For achieving good tracking capability against fading
and frequency offset, a pilot-assisted channel estimation us-
ing Wiener filter [3] is desirable. However, Wiener filter re-
quires the knowledge of the channel statistics, e.g., the max-
imum Doppler frequency, the frequency offset and the aver-
age received signal-to-noise power ratio (SNR), which are in
general unknown to a receiver. Thus, in order to achieve bet-
ter channel estimation in various channel conditions, some
adaptive techniques must be adopted.

In this paper, a pilot-assisted channel estimation using
adaptive interpolation is proposed to estimate the channel
gains at different symbol positions in a slot for the coherent
rake reception of DS-CDMA signals. The proposed scheme
jointly estimates the fading channel gain and the constant
phase rotation due to the frequency offset. Each set of inter-
polation filter tap weights is updated using the normalized
least mean square (NLMS) algorithm based on the mini-
mum mean square error (MMSE) criterion. Hence, a high
adaptability to changing channel condition is achieved com-
pared to [10]. Furthermore, the proposed channel estimation
scheme has a better tracking capability against fast fading
and frequency offset, compared to the channel estimation of
[10], [14]. In order to reduce the number of tap weight sets
and to achieve fast convergence, the conjugate centrosym-
metry property [11], [12] of tap weight set is used.

The remainder of this paper is organized as follows. In
Sect. 2, an overall transmission system model and the oper-
ation principle of the proposed adaptive channel estimation
are described. Section 3 presents the computer simulation
results in a frequency-selective Rayleigh fading channel and
compares the simulation results with those using the non-
adaptive WMSA channel estimation [6] and the adaptive
prediction channel estimation [10]. Also discussed is the
BER performance in the presence of frequency offset be-
tween a transmitter and a receiver. Section 4 concludes the
paper.

2. Adaptive Channel Estimation

2.1 Received Signal Representation

The transmission system model and the slot structure are
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Fig. 1 Transmission system model.

Fig. 2 Slot structure.

illustrated in Figs. 1 and 2, respectively. At the transmit-
ter, a binary data to be transmitted is transformed into
data-modulated symbol sequence. Then, a block of known
Np pilot symbols is time-multiplexed every Nd data sym-
bols as shown in Fig. 2. Np pilot symbols and succeed-
ing Nd data symbols constitute a data slot with a length of
Tslot = (Np + Nd)T , where T denotes symbol length. Fi-
nally, the pilot-inserted symbol sequence is multiplied by a
spreading sequence to produce the DS-CDMA signal s(t),
which is transmitted over a multipath propagation channel.
It is assumed that the propagation channel is frequency-
selective and has L discrete paths having Tc-spaced time de-
lays and experiencing independent fading, where Tc is the
chip duration. The complex path gain and time delay of the
lth path are represented as ξm,l(t) and τl, respectively, with
E[

∑L−1
l=0 |ξm,l(t)|2] = 1; E[.] is the ensemble average opera-

tion. The receiver has a total of M spatially separated anten-
nas (m = 0 ∼ M − 1).

The received signal rm(t) on the mth antenna can be
expressed, using the lowpass equivalent representation, as

rm(t) =
L−1∑
l=0

ξm,l(t) exp ( j2π∆ f t)s(t − τl) + vm(t), (1)

where ∆ f is the frequency offset between the transmitter and
the receiver, s(t) is the transmitted DS-CDMA signal, and
vm(t) represents the additive white Gaussian noise (AWGN)
having the single-sided power spectrum density of N0. We
have assumed that the receiver filter is wide enough not to
distort the received signal at all due to the frequency offset.
The received faded/phase-rotated DS-CDMA signal rm(t) is

Fig. 3 Block diagram of adaptive channel estimator.

despread and resolved into L copies of transmitted symbol
sequence by a bank of matched filters (MFs). The MF out-
put rm,l(g, n) at the nth symbol time epoch of the gth slot,
associated with the lth path, is represented as

rm,l(g, n) =
1
T

∫ gTslot+(n+1)T+τl

gTslot+nT+τl

rm(t)p∗(t − τl)dt

=
√

2S ξm,l(g, n)d(g, n)

× exp [ j2π∆ f (gTslot + nT )] + vm,l(g, n),

(2)

where ξm,l(g, n) = ξm,l(gTslot + nT ), S and p(t) represent
the received signal power and the spreading sequence wave-
form, respectively, d(g, n) and vm,l(g, n) represent the data
symbol and the noise plus interpath interference (IPI) com-
ponent, respectively, and * denotes the complex conjugate
operation. In the rake combiner, a total of M×L MF outputs
are coherently summed up based on maximal ratio combin-
ing (MRC) [2]. The rake combiner output η(g, n), which is
the decision variable, can be expressed as

η(g, n) =
M−1∑
m=0

L−1∑
l=0

rm,l(g, n)ξ̃∗m,l(g, n), (3)

where ξ̃m,l(g, n) is the estimate of ξm,l(g, n). Adaptive chan-
nel estimation proposed in this paper will be described in
the following subsection.

2.2 Operation Principle of Proposed Channel Estimation
Scheme

Figure 3 illustrates the block diagram of proposed adaptive
channel estimator.

First, the instantaneous channel gain is estimated by
coherent addition of Np received pilot symbols as in the con-
ventional WMSA channel estimation [6]. Without loss of
generality, the pilot symbol d = 1 + j0 is assumed. The in-
stantaneous channel estimate, ξ̂m,l(g), at the beginning of the
gth slot is given by

ξ̂m,l(g) =
1

Np

Np−1∑
n=0

rm,l(g, n). (4)
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Then, using the K past and K future instantaneous channel
gains, {ξ̂m,l(g+ k); k = −K + 1 ∼ K}, the channel gains at Nd

different data symbol positions in the gth slot of interest are
estimated by the 2K-tap adaptive interpolation filter. The
channel gain estimate at the nth data symbol position of the
gth slot, associated with the lth path, is given by

ξ̃m,l(g, n) =
K∑

k=−K+1

wm,l,q(g, k)ξ̂m,l(g + k)

= WT
m,l,q(g)Xm,l(g) (5)

where q =
⌊ n−Np

Nd/Q

⌋
for n = Np ∼ Np + Nd − 1, with


Wm,l,q(g) =

[
wm,l,q(g,K), · · ·, wm,l,q(g,−K + 1)

]T

Xm,l(g) =
[
ξ̂m,l(g + K), · · ·, ξ̂m,l(g − K + 1)

]T ,

(6)

where Wm,l,q(g) and Xm,l(g) are the adaptively updated 2K-
by-1 complex tap weight vector of the qth weight set (q =
0 ∼ Nd − 1) and the 2K-by-1 instantaneous channel gain
estimate vector used for the gth slot, respectively, and [.]T

denotes transposition. The optimum Wm,l,q(g) is given by
Eq. (A· 1) of Appendix, and is determined by the fading
statistical property, the average SNR and frequency offset.
Since the frequency offset and the fading produce the con-
stant phase rotation and the random phase rotation in the re-
ceived signal, respectively, the optimum tap weights are in
general complex. Thus, we use the complex tap weight vec-
tor in this paper (in the special case of Jakes fading model,
the fading time auto-correlation is given by J0(2π fDτ) [2],
where J0(2π fDτ) is the zero-th order Bessel function of first
kind and fD is the maximum Doppler frequency, and there-
fore the optimum tap weight vector becomes a real-valued
one if the frequency offset is not present).

2.3 Reduction in Number of Tap Weight Sets

The adaptive channel estimator described in Sect. 2.2 re-
quires the total number 2K × Nd × L × M of tap weights.
Reducing the number of available weight sets reduces the
receiver complexity. In what follows, the reduction in the
number of tap weight sets is presented.

Since the channel gain stays almost constant over sev-
eral symbol durations if fading is not too fast, we can reduce
the number of tap weight sets; Q tap weight sets {Wm,l,q(g);
q = 0 ∼ Q−1} are used instead of Nd tap weight sets, where
Q ≤ Nd (with Nd/Q being an integer). The total number of
tap weights is reduced to 2K × Q × L × M. Each tap weight
set is shared for channel estimation at consecutive Nd/Q
data symbol positions in a slot (i.e., n = Np + q(Nd/Q) ∼
Np + (q + 1)(Nd/Q) − 1). When Q = Nd, channel estima-
tion is carried out at every data symbol position in a slot.
On the other hand, when Q=1, channel estimation is carried
out once in a slot and the same channel estimate is used for
all data symbol positions. Reducing the number of available
weight sets reduces the receiver complexity; however, the

achievable BER performance may degrade in a fast fading
environment. The minimum number Q of available weight
sets without BER degradation is discussed in Sect. 3.5.

In order to further reduce the number of tap weight sets,
the conjugate centrosymmetry property [11], [12] of the tap
weight sets is applied. From Appendix, Q sets of optimum
tap weights have the following conjugate centrosymmetry
property:

Wm,l,(Q−1)−q = UW∗m,l,q for q = 0 ∼ Q − 1. (7)

Equation (7) implies that the qth tap weight set Wm,l,q(g)
for channel estimation at the data symbol positions of n =
Np + q(Nd/Q) ∼ Np + (q + 1)(Nd/Q) − 1 can be reused
for the channel estimation at the data symbol positions of
n = Np+(Q−1−q)(Nd/Q) ∼ Np+((Q−1−q)+1)(Nd/Q)−1,
instead of using ((Q−1)−q)th tap weight set Wm,l,(Q−1)−q(g)
(the matrix of U reverses the element-order of a 2K-by-1
vector). Hence, this property allows to reduce the number
of tap weight sets by half; the tap weight sets {Wm,l,q(g);
q = 0 ∼ Q/2 − 1} are used (note that the reduction in the
number of tap weight sets using the conjugate centrosymme-
try property dose not cause any degradation in BER). Using
Eq. (7), Eq. (5) can be rewritten as

ξ̃m,l(g, n) =WT
m,l,q(g)Xm,l(g) (8a)

where q =
⌊ n−Np

Nd/Q

⌋
for n = Np ∼ Np + Nd/2 − 1, and

ξ̃m,l(g, n) =
(
UW∗m,l,q(g)

)T
Xm,l(g) (8b)

where q = Q− 1−
⌊ n−Np

Nd/Q

⌋
for n = Np +Nd/2 ∼ Np +Nd − 1.

As a consequence, by using the conjugate centrosymmetry
property, the total number of tap weights is reduced to K ×
Q × L × M.

Assuming that the time auto-correlation of fading
channel is the same for all antennas (m = 0 ∼ M − 1), the
tap weight sets {Wm,l,q(g); m = 0 ∼ M − 1} can be reduced
to one which is used for all antennas. By introducing the
common tap weight sets {W(com)

l,q (g); q = 0 ∼ Q/2−1} for all
antennas in addition to using the conjugate centrosymmetry
property, the number of the tap weight sets can be further
reduced. Eqs. (8a) and (8b) can be rewritten as

ξ̃m,l(g, n) =W(com)T
l,q (g)Xm,l(g) (9a)

where q =
⌊ n−Np

Nd/Q

⌋
for n = Np ∼ Np + Nd/2 − 1, and

ξ̃m,l(g, n) =
(
UW(com)∗

l,q (g)
)T

Xm,l(g) (9b)

where q = Q − 1 − � n−Np

Nd/Q
� for n = Np + Nd/2 ∼

Np + Nd − 1. In Eqs. (9a) and (9b), W(com)
l,q (g) =[

w(com)
l,q (g,K), · · · , w(com)

l,q (g,−K + 1)
]T

is the 2K-by-1 com-
plex tap weight vector of the qth weight set (q = 0 ∼
Q/2 − 1). When the common tap weight sets are used, the
total number of tap weights is further reduced to K ×Q × L.
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2.4 Tap Weight Adaptation

For the adaptation of 2K tap weights, the simple NLMS
algorithm [13] is applied. After channel estimation and
data decision for the gth slot, the 2K-tap weight vector
is updated. Updating of the tap weight vector {Wm,l,q(g);
q = 0 ∼ Q−1} without using the conjugate centrosymmetry
property is expressed as


Wm,l,q(g + 1) =Wm,l,q(g) + µ

em,l,q(g)X∗m,l(g)∥∥∥Xm,l(g)
∥∥∥2

em,l,q(g) = ξ̄m,l,q(g) − ξ̃m,l(g, n)

(10)

where q =
⌊ n−Np

Nd/Q

⌋
for n = Np ∼ Np + Nd − 1,

∥∥∥Xm,l(g)
∥∥∥2
=

K∑
k=−K+1

∣∣∣ξ̂m,l(g + k)
∣∣∣2 (11)

is the Euclidean norm, {em,l,q(g); q = 0 ∼ Q − 1} is the esti-
mation error, and µ is the step size. ξ̄m,l,q(g) is the reference
signal for NLMS algorithm and is obtained by using deci-
sion feedback, reverse modulation and Nd/Q-symbol aver-
aging as

ξ̄m,l,q(g) =
Q
Nd

Nd/Q−1∑
k=0

�

ξm,l(g,Np + qNd/Q + k) (12)

with
�

ξm,l(g, n) = rm,l(g, n)d̂∗(g, n), (13)

where d̂(g, n) is the decision result on the nth symbol in the
gth slot.

When the conjugate centrosymmetry property is used,
{Wm,l,q(g); q = 0 ∼ Q/2 − 1} are used for the first half
interval (n = Np ∼ Np + Nd/2− 1) in a slot and {UW∗

m,l,q(g);
q = 0 ∼ Q/2 − 1}, which is the order-reversed version of
the complex conjugate of Wm,l,q(g), are used for the second
interval (n = Np+Nd/2 ∼ Np+Nd −1) in a slot, as shown in
Eqs. (8a) and (8b). Therefore, {Wm,l,q(g); q = 0 ∼ Q/2 − 1}
used for the first half interval is reused for the second half
interval. Updating of the tap weight vector {Wm,l,q(g); q =
0 ∼ Q/2 − 1} using the conjugate centrosymmetry property
is expressed as



Wm,l,q(g + 1) =Wm,l,q(g) + µ
em,l,q(g)X∗m,l(g)∥∥∥Xm,l(g)

∥∥∥2

em,l,q(g) = ξ̄m,l,q(g) − ξ̃m,l(g, n)

ξ̄m,l,q(g) =
Q
Nd

Nd/Q−1∑
k=0

�

ξm,l(g,Np + qNd/Q + k)

(14a)

where q =
⌊ n−Np

Nd/Q

⌋
for n = Np ∼ Np + Nd/2 − 1, and



Wm,l,q(g + 1) =Wm,l,q(g) + µ

U
em,l,q(g)X∗m,l(g)∥∥∥Xm,l(g)

∥∥∥2


∗

em,l,q(g) = ξ̄m,l,q(g) − ξ̃m,l(g, n)

ξ̄m,l,q(g) =
Q
Nd

Nd/Q−1∑
k=0

�

ξm,l(g,Np + Nd/2

+qNd/Q + k)

(14b)

where, q = Q− 1− � n−Np

Nd/Q
� for n = Np +Nd/2 ∼ Np +Nd − 1.

In Eqs. (14a) and (14b), {em,l,q(g); q = 0 ∼ Q/2 − 1} is the
estimation error.

When the common tap weight sets {W(com)
l,q (g); q = 0 ∼

Q/2 − 1} for all antennas in addition to using the conjugate
centrosymmetry property are used, updating of {W(com)

l,q (g);
q = 0 ∼ Q/2 − 1} is the same as in Eqs. (14a) and (14b), but
with {Wm,l,q(g); m = 0 ∼ M − 1} replaced by {W(com)

l,q (g)}.
Using the conjugate centrosymmetry property, the

number of possible updates of each set of 2K tap weights
in a slot becomes 2. Furthermore, using the same tap weight
sets for all receive antennas, it increases to 2M. Hence, it
is expected that 2M times faster convergence rate can be
achieved.

3. Computer Simulation

The computer simulation conditions are summarized in Ta-
ble 1. We assume a frequency-selective Rayleigh fading
channel with an L=2-path uniform power delay profile, i.e.,
E[|ξm,l(t)|2]=1/L. Data modulation and spreading modula-
tion are quadrature phase shift keying (QPSK) and binary
PSK (BPSK), respectively. Since channel estimation ac-
curacy depends on Np, choice of Np is important. As Np

increases, the SNR of the instantaneous channel estimate
ξ̂m,l(g) obtained by Eq. (4) improves due to coherent addi-

Table 1 Simulation condition.
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tion of Np received pilot symbols. Accordingly, the BER
performance improves. However, the transmission of too
many non-information bearing pilot symbols degrades the
BER performance due to the increase in power loss. From
[10], we use Np=4 and Nd=60 in the following computer
simulations. For comparison, we also consider the pilot-
assisted adaptive prediction channel estimation using linear
interpolation [10] (hereafter, simply referred to as adaptive
prediction channel estimation) and the WMSA channel es-
timation [6] using K=1 and 2 (the tap-weight vector is {0.5,
0.5} for K=1 and {0.19, 0.31, 0.31, 0.19} for K=2).

3.1 Convergence of Tap Weights

First, we evaluate the convergence rate of tap weights to se-
lect the step size in NLMS when the updating of Eq. (10a)
is used. The normalized maximum Doppler frequency
fDTslot=0.192 and no frequency offset ∆ f=0 are assumed.
Q = Nd (=60) sets of the 2K tap weights are used (i.e.,
each symbol position in a slot is provided a different set of
2K weights). Initial tap weight vector was set as Wm,l,q(0)
= [0 + j0, 0.071 + j0, 0.19 + j0, 0.238 + j0, 0.238 + j0,
0.19 + j0, 0.071+ j0, 0 + j0]T which corresponds to the tap
weight vector of the K=3-WMSA channel estimation [6].

Figure 4(a) shows the convergence performance of real
part of wm,l,29(g, 1) and wm,l,29(g, 3) with µ as a parameter at
the average received signal energy per bit-to-AWGN power
spectrum density ratio Eb/N0 per antenna=12 dB. As the
step size µ becomes larger, the tap weight convergence rate
becomes faster, but when µ=0.5, tap weights are unstable.
Therefore, µ=0.05 is used in the following simulations.

Figure 4(b) compares the convergence performances of
three different tap adaptation methods described in Sect. 2.4.
In the figure, “Eq. (10)” represents tap weight adaptation
using Eq. (10) and “Eqs. (14a) and (14b)” represents the
tap weight adaptation of Eqs. (14a) and (14b) using the
conjugate centrosymmetry property. “Common” repre-
sents the tap weight adaptation sharing the common sets
of tap weights for M=2 receive antennas in addition to us-
ing the conjugate centrosymmetry property. It is found
from Fig. 4(b) that “Eqs. (14a) and (14b)” provides almost
two times faster convergence rate than “Eq. (10)”; the tap
weights converge after around 80 slots for “Eqs. (14a) and
(14b)” while 150 slots for “Eq. (10).” Thus, the tap weight
adaptation using the conjugate centrosymmetry property is
useful. Furthermore, we can see that “Common” achieves
much faster convergence than “Eqs. (14a) and (14b).”

3.2 BER Performance

The BER performance achievable with the proposed chan-
nel estimation scheme is compared with the WMSA chan-
nel estimation and the adaptive prediction channel estima-
tion. First, we consider the case of no frequency offset
∆ f between a transmitter and a receiver. Figure 5 plots
the average BER performances as a function of the aver-
age received Eb/N0 per antenna for L=2 and fDTslot=0.064.

(a) Selection of step size.

(b) Comparison of three tap adaptation methods.

Fig. 4 Convergence performance.

Fig. 5 BER performance comparison.
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The WMSA channel estimation is designed to emphasize
on reducing the noise effect at the cost of slightly losing
the tracking ability against fading. In a low (high) Eb/N0

region, K=2(1)-WMSA channel estimation provides better
BER performance than K=1(2)-WMSA channel estimation.
In a high Eb/N0 region, the WMSA channel estimations
do not perform well and produces the BER floors. How-
ever, the proposed adaptive channel estimation with Q=60
always provides the best BER performance. This is because
the tap weight sets can be adapted to the changes in the
average received Eb/N0 and the better interpolation can be
achieved using the Q=60 tap weight sets. The proposed
channel estimation with Q=60 and 2-antenna diversity re-
ception reduces the required averageEb/N0 per antenna for
BER=10−4 by 0.6(0.4) dB compared with K=1(2)-WMSA
channel estimation and by 0.3 dB compared with adaptive
prediction channel estimation. The BER performance using
the proposed adaptive channel estimation approaches that
using ideal channel estimation and the degradation in Eb/N0

for achieving BER=10−4 is as small as 0.7 dB (0.28 dB out
of which is due to the pilot insertion loss).

3.3 Impact of Fading Rate

Figure 6 shows how the fading rate impacts the channel es-
timation accuracy. The fading rate is represented by the
normalized maximum Doppler frequency fDTslot. The av-
erage BERs at average received Eb/N0=12 dB are plotted in
the figure. It is seen that the proposed scheme with Q=1
provides almost the same BER as the K=1-WMSA chan-
nel estimation, which uses one tap weight set of {0.5, 0.5},
because the tracking capability of both schemes against the
fading is considered to be the same. This suggests that for
obtaining the better BER performance, more than Q=1 tap
weight sets should be used at the cost of increasing com-
putational complexity (the effect of number of tap weight

Fig. 6 Impact of normalized maximum Doppler frequency fDTslot.

sets will be discussed in Sect. 3.5). The proposed channel
estimation scheme Q=60 achieves almost the same BER for
fDTslot < 0.2. However, the BER achievable by the other
channel estimation schemes rapidly increases as the value
of fDTslot increases, since the tracking ability of channel es-
timation against fading tends to be lost.

3.4 Impact of Frequency Offset

If the frequency offset is present between a transmitter and a
receiver, the received signal experiences the constant phase
rotation in addition to the random phase rotation due to fad-
ing. Figure 7 plots the average BER at average received
Eb/N0=12 dB as a function of the normalized frequency off-
set ∆ f Tslot. For very small values of ∆ f Tslot, the predom-
inant cause of decision errors is the AWGN and hence, the
BER is almost constant. As ∆ f Tslot becomes larger, the
BER starts to increase. However, the proposed adaptive
channel estimation is very robust against the frequency off-
set, as well as fading as seen in Fig. 6.

3.5 Effect of Number of Tap Weight Sets

Reducing the number of tap weight sets reduces the receiver
complexity; however, the achievable BER performance may
degrade. This is because the same weight set is used for
channel estimation at Nd/Q different symbol positions, al-
though different symbol positions may experience different
channel gains when fading is fast. Hence, the receiver com-
plexity and the BER performance have a trade-off relation.
Figure 8 plots the average BER performance as a function of
Q for various values of fDTslot. As was expected, the BER
increases as Q becomes smaller. However, sets of weights
as small as Q=6 can be used (i.e., the number of tap weight
sets can be reduced by 10 times) without sacrificing the BER
performance when fDTslot < 0.32.

Fig. 7 Impact of normalized frequency offset ∆ f Tslot.
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Fig. 8 Impact of number Q of available weight sets.

Table 2 Comparison of computational complexity.

3.6 Computational Complexity

The number of complex multiplication operations per slot
is summarized in Table 2 for the proposed channel estima-
tion schemes. The number of multiplication operations de-
creases Q/Nd times compared to using Nd tap weight sets,
but, the additional reduction cannot be obtained by using the
conjugate centrosymmetry property and by using the com-
mon tap weight sets for all receive antennas. However, the
use of the conjugate centrosymmetry property and common
tap weight sets can improve the convergence performance
as shown in Fig. 4(b).

4. Conclusion

In this paper, a pilot-assisted channel estimation using adap-
tive interpolation was proposed to estimate the channel gains
at different symbol positions for the coherent rake reception
of DS-CDMA signals. Each set of interpolation filter tap
weights is updated using the normalized least mean square
(NLMS) algorithm. In order to reduce the number of tap
weight sets and to achieve faster convergence of tap weights,

the conjugate centrosymmetry property is applied. The
convergence rate and the average BER performance were
evaluated by computer simulation in a frequency-selective
Rayleigh fading channel. It was found that the tap adapta-
tion method using the conjugate centrosymmetry property
can achieve almost two times faster convergence rate. It
was confirmed by computer simulation that the proposed
adaptive channel estimation always provides a better BER
performance than the conventional schemes and has very
good robustness against fast fading and frequency offset. An
Eb/N0 degradation of as small as 0.7 dB from ideal channel
estimation can be achieved at BER=10−4 for two-path fad-
ing and fDTslot=0.064. Also, it was found that the number
of tap weight sets can be reduced by 10 times (i.e., Q=6
without sacrificing the BER) when fDTslot < 0.32.
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Appendix: Obtaining Eq. (7)

The optimum tap weight vector Wq is given by [3], [13] (in
the following, the antenna index m and path index l are omit-
ted for simplicity)

Wq =

(
R +

1
S NR

I
)−1

rq, (A· 1)

where I is an identity matrix and S NR denotes the average
received signal-to-noise power ratio, R is a 2K-by-2K auto-
correlation matrix whose element at the ith row and jth col-
umn is ρi, j, and rq = [κq−K+1, κ

q
−K+2, · · · , κqK]T is a 2K-by-1

cross-correlation vector whose ith element is κqi . ρi, j and κqi
are given by



ρi, j = E[ξ∗(t + iTslot)ξ(t + jTslot)]
× exp ( j2π∆ f ( j − i)Tslot),

for i, j = −K + 1 ∼ K
κ

q
i = E[ξ∗(t)ξ(t + ∆t)] exp( j2π∆ f∆t),

for i = −K + 1 ∼ K

(A· 2)

where ∆t = iTslot − {Np/2 + (2q + 1)Nd/(2Q)}T . Using
E[ξ(t)ξ∗(t + ∆t)] = E[ξ∗(t)ξ(t − ∆t)], we can show that

κ
q∗
i = κ

(Q−1)−q
−i+1 (A· 3)

for i = −K + 1 ∼ K and hence

r∗q = Ur(Q−1)−q, (A· 4)

where U is the 2K-by-2K matrix given by

U =



0 · · · 0 1
0 · · · 1 0
... ..

. ...
...

1 · · · 0 0


. (A· 5)

The matrix of U reverses the element-order of a 2K-by-1
vector. Using Eqs. (A· 1) and (A· 4), we have

W∗
q =


(
R +

1
S NR

I
)−1


∗

r∗q

=


(
R +

1
S NR

I
)−1


∗

Ur(Q−1)−q. (A· 6)

Since (R + I/S NR) is the Hermitian matrix, its inverse ma-
trix is given by

(
R +

1
S NR

I
)−1

=


(
R +

1
S NR

I
)H


−1

=


(
R +

1
S NR

I
)−1


H

, (A· 7)

where (·)H denotes the conjugate transpose operation. From
Eq. (A· 7), the inverse matrix of (R+ I/S NR) is also Hermi-
tian matrix. Thus, (R + I/S NR)−1 can be expressed as

(
R +

1
S NR

I
)−1

=



v0 v1 · · · v2K−1

v∗1 v0 · · · v2K−2
...

...
. . .

...
v∗2K−1 v∗2K−2 · · · v0


,

(A· 8)

where the diagonal elements v0’s are real and the other ele-
ments vi’s (i � 0) are complex. Using Eqs. (A· 5) and (A· 8),
we have

(
R +

1
S NR

I
)−1


∗

U

=



v∗2K−1 v∗2K−2 · · · v∗1 v0
v∗2K−2 v∗2K−3 · · · v0 v1
...

...
. . .

...
...

v0 v1 · · · v2K−2 v2K−1



=



0 · · · 0 1
0 · · · 1 0
... ..

. ...
...

1 · · · 0 0





v0 v1 · · · v2K−1

v∗1 v0 · · · v2K−2
...

...
. . .

...
v∗2K−1 v∗2K−2 · · · v0



= U
(
R +

1
S NR

I
)−1

. (A· 9)

Substituting Eq. (A· 9) into Eq. (A· 6), we obtain

W∗
q = U

(
R +

1
S NR

I
)−1

r(Q−1)−q

= UW(Q−1)−q (A· 10)

and

W(Q−1)−q = UW∗
q. (A· 11)

It can be understood from Eq. (A· 11) that Wq and W(Q−1)−q

have the following conjugate centrosymmetry property
[11], [12]:

w(Q−1)−q(i) = w∗q(−i + 1) for i = −K + 1 ∼ K

and q = 0 ∼ Q − 1. (A· 12)
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