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PAPER

Frequency-Domain MMSE Channel Estimation for
Frequency-Domain Equalization of DS-CDMA Signals

Kazuaki TAKEDA†a), Student Member and Fumiyuki ADACHI†, Member

SUMMARY Frequency-domain equalization (FDE) based on mini-
mum mean square error (MMSE) criterion can replace the conventional
rake combining to significantly improve the bit error rate (BER) perfor-
mance in a frequency-selective fading channel. MMSE-FDE requires an
accurate estimate of the channel transfer function and the signal-to-noise
power ratio (SNR). Direct application of pilot-assisted channel estima-
tion (CE) degrades the BER performance, since the frequency spectrum
of the pilot chip sequence is not constant over the spreading bandwidth.
In this paper, we propose a pilot-assisted decision feedback frequency-
domain MMSE-CE. The BER performance with the proposed pilot-assisted
MMSE-CE in a frequency-selective Rayleigh fading channel is evaluated
by computer simulation. It is shown that MMSE-CE always gives a good
BER performance irrespective of the choice of the pilot chip sequence and
shows a high tracking ability against fading. For a spreading factor SF of
16, the Eb/N0 degradation for BER=10−4 with MMSE-CE from the ideal
CE case is as small as 0.9 dB (including an Eb/N0 loss of 0.28 dB due to
the pilot insertion).
key words: DS-CDMA, frequency-domain equalization, channel estima-
tion, MMSE criterion

1. Introduction

In the 3rd generation (3G) mobile communication sys-
tems, wideband direct sequence code division multiple ac-
cess (DS-CDMA) has been adopted as a wireless access
technique for data transmissions of a few Mbps [1]. DS-
CDMA can exploit the channel frequency-selectivity by the
use of coherent rake combining that resolves the propaga-
tion paths having different time delays and coherently com-
bines them to achieve the path diversity gain [2]. Recently,
demands for high-speed data transmissions are rapidly in-
creasing even in mobile communication systems and a lot
of research attention is paid to the next generation mobile
communication systems that support transmission data rates
higher than few tens of Mbps [3]. However, for such high-
speed data transmissions, the wireless channel is severely
frequency-selective [4] and DS-CDMA with rake combin-
ing suffers from inter-path interference (IPI) in a severe
frequency-selective channel. Therefore, the transmission
performance with rake combining significantly degrades
when small spreading factor is used (i.e., high data rates for
the given chip rate). Hence, the use of some channel equal-
ization techniques instead of rake combining is inevitable
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for the next mobile communication systems.
It was shown [5]–[7] that the use of simple one-tap

frequency-domain equalization (FDE) based on minimum
mean square error (MMSE) criterion can replace rake com-
bining while improving the BER performance. Accurate
estimation of the channel transfer function and the signal-
to-noise power ratio (SNR) are necessary for MMSE-FDE.
Numerous studies on channel estimation (CE) are found
in [8]–[12]. Pilot-assisted CE is utilized for DS-CDMA
with rake combining [3]. However, its direct application
to DS-CDMA with MMSE-FDE degrades the BER per-
formance, since the frequency spectrum of the pilot chip
sequence is not constant over the spreading bandwidth;
thus, the BER performance depends on the choice of the
pilot chip sequence. In this paper, we propose a pilot-
assisted frequency-domain MMSE-CE for orthogonal mul-
ticode DS-CDMA with MMSE-FDE. The performance of
the proposed MMSE-CE does not depend on the frequency
spectrum of the pilot chip sequence. We evaluate, by
computer simulation, its BER performance in a frequency-
selective Rayleigh fading channel.

The remainder of this paper is organized as follows.
Section 2 presents the transmission system model for the
multicode DS-CDMA with MMSE-FDE. In Sect. 3, the pro-
posed frequency-domain decision feedback MMSE-CE is
described. Section 4 presents the simulation results for
the achievable BER performance in a frequency-selective
Rayleigh fading channel. It is shown that the proposed
frequency-domain MMSE-CE can always provide a good
BER performance irrespective of the choice of the pilot chip
sequence. Section 5 gives some conclusions.

2. Orthogonal Multicode DS-CDMA with FDE

2.1 Overall Transmission System

The transmission system model for the multicode DS-
CDMA with MMSE-FDE is illustrated in Fig. 1. At the
transmitter, the uth code’s binary data sequence, u = 0 ∼
(U − 1), is transformed into a data modulated symbol se-
quence {du(n)} and then spread by multiplying it by an or-
thogonal spreading sequence cu(t). The resultant U chip se-
quences are multiplexed and further multiplied by a com-
mon scramble sequence cscr(t) to make the resultant multi-
code DS-CDMA signal white-noise like. Note that an ex-
treme case is the non-spread (SF=1) single carrier system.
The orthogonal multicode DS-CDMA signal is divided into
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(a) Transmitter.

(b) Receiver.

Fig. 1 Transmission system model for DS-CDMA with FDE.

Fig. 2 Transmit frame structure.

a sequence of blocks of Nc chips each, and the last Ng chips
of each block are copied as a cyclic prefix and inserted into
the guard interval (GI) placed at the beginning of each block
as illustrated in Fig. 2. For pilot-assisted frequency-domain
decision feedback MMSE-CE, the pilot chip block is peri-
odically transmitted, each followed by N data chip blocks as
shown in Fig. 2.

The GI-inserted chip sequence ŝ(t) is transmitted over
a frequency-selective fading channel and is received at the
receiver. After the removal of the GI, the received chip se-
quence is decomposed by Nc-point FFT into Nc subcarrier
components (Note that the terminology “subcarrier” is used
for explanation purpose only although subcarrier modula-
tion is not used). After MMSE-FDE, Nc-point inverse FFT
(IFFT) is applied to obtain the equalized time-domain chip
sequence for despreading and data-demodulation.

2.2 Frequency-Domain Equalization

Throughout the paper, chip-spaced discrete-time signal rep-
resentation is used. In the ith block, U data symbol se-
quences du

i (n), u = 0 ∼ U − 1 and n = 0 ∼ (Nc/SF − 1), are
transmitted, where Nc and SF are chosen so that the value
of Nc/SF becomes an integer. The ith block chip sequence

ŝi(t), t = −Ng ∼ (Nc − 1), in one block can be expressed,
using the equivalent lowpass representation, as

ŝi(t) =
√

2S si (t mod Nc), (1)

where S denotes the transmit power and si(t), t = 0 ∼ (Nc −
1), is given by

si(t) =

⎡⎢⎢⎢⎢⎢⎢⎣
U−1∑
u=0

du
i (�t/SF�) cu(t mod SF)

⎤⎥⎥⎥⎥⎥⎥⎦ cscr(t), (2)

with |cu(t)| = |cscr(t)| = 1 for t = 0 ∼ (Nc − 1), where �x�
represents the largest integer smaller than or equal to x. i=0
corresponds to the pilot chip block.

The GI-inserted chip sequence ŝi(t) is transmitted over
a frequency-selective fading channel. At the receiver, af-
ter the removal of the GI, the received chip sequence is de-
composed by Nc-point FFT into Nc subcarrier components
{Ri(k); k = 0 ∼ Nc − 1}. Then, MMSE-FDE is carried out to
obtain [5]

R̂i(k) = Ri(k)wi(k), (3)

where wi(k) is the k-th subcarrier MMSE equalization
weight for the ith block, given by [8]

wi(k) =
H̄∗i (k)

Nc

∣∣∣H̄i(k)
∣∣∣2 + 2σ̄2

i

, (4)

where H̄i(k) represents the channel gain estimate, σ̄2
i is the

noise plus interference power estimate, which will be de-
scribed in Sect. 3, and * denotes the complex conjugate op-
eration.

Nc-point IFFT is applied to transform the frequency-
domain signal {R̂i(k); k = 0 ∼ Nc−1} into time-domain chip
sequence r̂i(t), t = 0 ∼ (Nc − 1):

r̂i(t) =
1
Nc

Nc−1∑
k=0

R̂i(k) exp

(
j2πt

k
Nc

)
. (5)

Finally, despreading is carried out on r̂i(t), giving

d̂u
i (n) =

1
SF

(n+1)SF−1∑
t=nSF

r̂i(t)c
∗
u(t)c∗scr(t), (6)

which is the decision variable for data-demodulation, asso-
ciated with du

i (n).

3. Decision Feedback Frequency-Domain Channel Es-
timation

Without loss of generality, we assume unmodulated pilot
chip sequence (i.e., d0(n) = 1 + j0 for the pilot chip block).
The propagation channel is assumed to be a chip-spaced
frequency-selective block fading channel having L discrete
paths, each subjected to independent fading. The assump-
tion of block fading means that the path gains remain con-
stant over at least one block duration. The discrete-time
channel impulse response h(τ) can be expressed as [13]
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h(τ) =
L−1∑
l=0

hlδ(τ − τl), (7)

where hl and τl are the complex-valued path gain and the
time delay of the lth path (l = 0 ∼ L − 1), respectively,
with

∑L−1
l=0 E[|hl|2] = 1 (E[.] denotes the ensemble average

operation).

3.1 MMSE-CE Using Pilot Chip Block (i=0)

After the removal of the GI, the received pilot chip sequence
r0(t), t = 0 ∼ (Nc − 1), can be represented as

r0(t) =
√

2SU
L−1∑
l=0

hlc((t − τl) mod Nc) + η(t), (8)

where c(t) is the pilot chip sequence with |c(t)| = 1 and η(t)
is a zero-mean complex Gaussian process with a variance
of 2N0/Tc; N0 is the single-sided power spectrum density
of the additive white Gaussian noise (AWGN) and Tc is the
chip duration. The pilot power is set to SU to keep it the
same as the U-order code-multiplexed data chip power. The
kth subcarrier component R(k) of the received pilot chip se-
quence, obtained by applying Nc-point FFT, can be written
as

R0(k) = H(k)C(k) + Π(k), (9)

where C(k), H(k) and Π(k) are the kth subcarrier component
of the pilot chip sequence c(t), the channel gain and the noise
component due to the AWGN, respectively. They are given
by

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

C(k) =
Nc−1∑
t=0

c(t) exp

(
− j2πk

t
Nc

)

H(k) =
√

2SU
L−1∑
l=0

hl exp

(
− j2πk

τl

Nc

)

Π(k) =
Nc−1∑
t=0

η(t) exp

(
− j2πk

t
Nc

)
. (10)

The noise power per subcarrier is σ2 = Nc (N0/Tc).
The channel gain H(k) needs to be estimated for

MMSE-FDE. For the case of rake combining,
√

2SUhl is es-
timated by taking the time-domain correlation between the
received pilot and spreading chip sequence as

ĥl =
1

Nc

Nc−1∑
t=0

r0(t + τl)c
∗(t), (11)

which can be rewritten as

ĥl =
1

Nc

Nc−1∑
k=0

{
1

Nc
R0(k)C∗(k)

}
exp

(
j2πτl

k
Nc

)
. (12)

Since H(k) is the Fourier transform of the channel impulse
response

√
2SUh(τ), Eq. (12) implies that {R0(k)C∗(k)/Nc}

is the estimate Ĥ0(k) of H(k). Channel estimation Ĥ0(k) =

R0(k)C∗(k)/Nc is matched to the transmitted chip sequence
c(t) and can maximize the signal-to-noise power ratio of
the estimated channel gain (therefore, this CE is called
maximal-ratio combining (MRC)-CE in this paper). Ĥ0(k)
can be expressed as

Ĥ0(k) = R0(k)X(k), (13)

where X(k) is given by

X(k) = C∗(k)/Nc for MRC-CE. (14)

The division by Nc in Eq. (14) is because of the fact that
E[|C(k)|2] = Nc. The frequency spectrum of the pilot chip
sequence c(t) is not constant over the spreading bandwidth
(i.e., C(k) � const.). Therefore, the channel estimation ac-
curacy depends on the pilot chip sequence and the achiev-
able BER performance may degrade since the spectrum
nulls in the pilot chip spectrum are sometimes produced.

In this paper, to avoid this problem, we propose an
MMSE-CE that minimizes the mean square error (MSE) be-
tween Ĥ0(k) and H(k). We define the estimation error e(k)
as

e(k) = Ĥ0(k) − H(k)

= H(k)[X(k)C(k) − 1] + X(k)Π(k). (15)

We want to find X(k) that minimizes the MSE E[|e(k)|2]
for the given C(k). Since E[|H(k)|2] = 2SU and Π(k) is a
zero-mean complex-valued noise having the variance 2σ2,
the MSE for the given C(k) becomes

E[|e(k)|2] = 2SU

⎡⎢⎢⎢⎢⎢⎣1 + |X(k)C(k)|2 − 2Re[X(k)C(k)]

+
(

SU
σ2

)−1 |X(k)|2
⎤⎥⎥⎥⎥⎥⎦ . (16)

Hence, solving ∂E[|e(k)|2]/∂X(k) = 0 gives

X(k) =
C∗(k)

|C(k)|2 +
(SU
σ2

)−1
for MMSE-CE. (17)

Neglecting the second term in the denominator of Eq. (17)
represents the zero forcing (ZF)-CE case:

X(k) =
C∗(k)
|C(k)|2 for ZF-CE. (18)

However, with using ZF-CE, the channel estimation accu-
racy significantly degrades due to the noise enhancement
when the spectrum nulls appear in the frequency-domain.

3.2 Estimation of Signal-to-Noise Power Ratio

As understood from Eq. (17), MMSE-CE requires the es-
timation of the signal-to-noise power ratio SU/σ2. From
Eq. (8), the instantaneous received signal power is given by
SU

∑L−1
l=0 |hl|2. Since

∑L−1
l=0 E[|hl|2] = 1, if L is large (i.e.,

strong frequency-selective channel), then we have

SU
L−1∑
l=0

|hl|2 ≈ SU (19)
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due to the law of large numbers [2]. Therefore SU
∑L−1

l=0 |hl|2
can be an unbiased estimator of SU.

The ZF-CE is performed to get the tentative channel
estimate ĤZF(k) using Eqs. (13) and (18). Nc-point IFFT
is applied to {ĤZF(k); k = 0 ∼ (Nc − 1)} to obtain the in-
stantaneous channel impulse response ĥZF(τ). Since the ac-
tual channel impulse response h(τ) is assumed to be present
only within the GI length and ĥZF(τ) is the estimate of√

2SUhl, the average signal power SU can be estimated,
from Eq. (19), as

Ŝ 0 =
1
2

Ng−1∑
τ=0

|ĥZF(τ)|2. (20)

On the other hand, the noise due to the AWGN is uniformly
distributed over an entire range (i.e., τ = 0 ∼ Nc − 1). As-
suming that all the impulse response beyond the GI is com-
posed of the noise component only, the noise power σ2 can
be estimated as

σ̂2
0 =

1
2

Nc

Nc − Ng

Nc−1∑
τ=Ng

|ĥZF(τ)|2. (21)

Hence, X(k) for MMSE-CE in Eq. (17) can be replaced, us-
ing (20) and (21), by

X(k) =
C∗(k)

|C(k)|2 +
⎛⎜⎜⎜⎜⎝ Ŝ 0

σ̂2
0

⎞⎟⎟⎟⎟⎠
−1

for MMSE-CE. (22)

3.3 Delay Time-Domain Windowing & Decision Feed-
back (i = 1 ∼ N)

The channel estimate is perturbed by the noise due to the
AWGN. In this paper, the delay time-domain windowing
technique [9] and the decision feedback [10] are introduced
to reduce the noise effect. Figure 3 shows the channel esti-
mation block diagram using delay time-domain windowing
and decision feedback.

In the decision feedback, the (i − 1)th block decision

Fig. 3 MMSE-CE using delay time-windowing and decision feedback.

d̂u
i−1(n), u = 0 ∼ U − 1, is fedback as a pilot for the MMSE-

CE and FDE operations at the ith block, i = 1 ∼ N. Re-
spreading of d̂u

i−1(n) and U-order code-multiplexing are per-
formed to generate the replica s̃i−1(t) of the (i − 1)th block
chip sequence. Nc-point FFT is applied to decompose s̃i−1(t)
into Nc subcarrier components. The k-th subcarrier compo-
nent S̃ i−1(k) is obtained as

S̃ i−1(k) =
Nc−1∑
t=0

s̃i−1(t) exp

(
− j2πk

t
Nc

)
. (23)

Replacing C(k) in Eq. (22) by S̃ i−1(k)/
√

U as a pilot,
MMSE-CE is carried out to get Ĥi−1(k) of the (i−1)th block
corresponding to Eq. (13) (the division of S̃ i−1(k) by

√
U

comes from the relationship between E[|S̃ i−1(k)|2] = UNc

and E[|C(k)|2] = Nc). Ĥi−1(k) is transformed by applying
Nc-point IFFT into the instantaneous channel impulse re-
sponse ĥi−1(τ), τ = 0 ∼ Nc − 1. ĥi−1(τ) can be obtained
as

ĥi−1(τ) =
1

Nc

Nc−1∑
k=0

Ĥi−1(k) exp

(
j2πτ

k
Nc

)
. (24)

By replacing ĥi−1(τ) with zeros for τ ≥ Ng and applying Nc-
point FFT, the improved estimate H̃i−1(k) is obtained since
the noise power reduces by Ng/Nc times. H̃i−1(k) is obtained
as

H̃i−1(k) =
Ng−1∑
τ=0

ĥi−1(τ) exp

(
− j2πk

τ

Nc

)
. (25)

To suppress the error propagation due to the decision
error in the previous block, the first order filtering with for-
getting factor α is applied [11]. The channel gain estimate
H̄i(k) for the ith block is given by

H̄i(k) =

{
H̃0(k), i = 0
(1 − α)H̄i−1(k) + αH̃i−1(k), i = 1 ∼ N

, (26)

where the i=0th block is the pilot block and H̃0(k) is ob-
tained by the pilot block only. When the practical channel
estimation is used, σ̄2

i in Eq. (4) should be the contribution
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from both the AWGN and the channel estimation error. σ̄2
i

is obtained as

σ̄2
i =

1
2

1
Nc

Nc−1∑
k=0

∣∣∣∣∣∣Ri−1(k) − H̄i(k)

(
1√
U

S̃ i−1(k)

)∣∣∣∣∣∣
2

. (27)

When MMSE-CE is used, the expectation of H̄i(k) is not the
same as the exact value of Hi(k) (i.e., E[H̄i(k)] � Hi(k)).
Hence, the direct substitution of H̄i(k) into (27) produces a
biased noise estimate σ̄2

i for MMSE-CE. To obtain an un-
biased noise estimate σ̄2

i , H̄i(k) is divided by the following
coefficient Ai:

Ai =

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

1
Nc

Nc−1∑
k=0

|C(k)|2

|C(k)|2 +
⎛⎜⎜⎜⎜⎝ Ŝ 0

σ̂2
0

⎞⎟⎟⎟⎟⎠
−1

for i = 0

(1 − α) Ai−1 + α

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
1
Nc

Nc−1∑
k=0

1
U

∣∣∣S̃ i−1(k)
∣∣∣2

1
U

∣∣∣S̃ i−1(k)
∣∣∣2 +

⎛⎜⎜⎜⎜⎝ Ŝ 0

σ̂2
0

⎞⎟⎟⎟⎟⎠
−1

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎭
for i = 1 ∼ N

.

(28)

For the derivation of Eq. (28), we have used Eq. (26) and

E
[
H̃i(k)

]
=

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

1
Nc

Nc−1∑
k′=0

|C(k′)|2
1
U
|C(k′)|2 +

⎛⎜⎜⎜⎜⎝ Ŝ 0

σ̂2
0

⎞⎟⎟⎟⎟⎠
−1

H(k)

for i = 0

1
Nc

Nc−1∑
k′=0

1
U

∣∣∣S̃ i(k′)
∣∣∣2

1
U

∣∣∣S̃ i(k′)
∣∣∣2 +

⎛⎜⎜⎜⎜⎝ Ŝ 0

σ̂2
0

⎞⎟⎟⎟⎟⎠
−1

H(k)

for i = 1 ∼ N

, (29)

which has been obtained from Eqs. (13), (22)–(25). The ex-
pectation of H̄i(k)/Ai becomes Hi(k) and hence, substituting
H̄i(k)/Ai into Eq. (27) gives the unbiased noise estimate σ̄2

i
for MMSE-CE.

4. Computer Simulation

The simulation parameters are summarized in Table 1.
Quaternary phase shift keying (QPSK) data modula-
tion, Nc=256, Ng=32, and an L-path frequency-selective
Rayleigh fading channel having uniform power delay pro-
file are assumed. We assume that the time delay τl of the
lth (l = 0 ∼ L − 1) path is l chips. Ideal sampling tim-
ing is assumed at the receiver. One frame consists of 16
chip blocks; one pilot chip block is followed by 15 data
chip blocks (N=15). The repetition of an M-sequence of
255 chips or 4095 chips is used as the pilot chip sequence
c(t). The SNR estimation technique described in Sect. 3 is
used.

Table 1 Simulation parameters.

4.1 Comparison of MMSE-, ZF- and MRC-CE

The BER performances of DS-CDMA with MMSE-FDE
using MMSE-, MRC- and ZF-CE are plotted in Fig. 4 as a
function of the average received bit energy-to-AWGN power
spectrum density ratio Eb/N0, defined as Eb/N0 = 0.5SF(1+
Ng/Nc)(Ec/N0)(16/15) (Ec/N0 is the average received chip
energy-to-AWGN spectrum density ratio), for SF=U=1 and
16. An L=16-path block Rayleigh fading and a normalized
maximum Doppler frequency of fD(Nc + Ng)Tc = 0.001
are assumed (this corresponds to a terminal moving speed
of 75km/h for a chip rate of 100 Mcps and 5 GHz carrier
frequency). We have found, by computer simulation, the
first order filter forgetting factor α that gives the minimum
BER at Eb/N0=15 dB; α is set as α=0.2 for MMSE-CE,
α=0.1 for MRC-CE, and α=0 for ZF-CE. For compari-
son, the BER performance with ideal CE is also plotted.
MMSE-CE gives the best performance irrespective of the
pilot chip sequence pattern since the noise enhancement can
be avoided. However, when a 4095-chip pilot sequence is
used, MRC- and ZF-CE significantly degrade the BER per-
formance compared to the use of a 255-chip pilot sequence.
This is due to larger variations in the pilot chip spectrum
for 4095-chip sequence than for 255-chip sequence. ZF-CE
provides the worst performance. This is because when the
frequency component C(k) of pilot chip sequence is zero
at some frequencies, the channel estimate becomes infinite
and this produces BER floor (With MMSE-CE, the chan-
nel estimate never becomes infinity due to the presence of
the second term (SU/σ2)−1 in the denominator of Eq. (17)).
When SF=1 and 16, the Eb/N0 degradation from the ideal
CE is as small as 0.9 dB with MMSE-CE (about 0.28 dB is
due to the pilot insertion). It can be concluded that, when
MMSE-CE is used, the channel estimation accuracy is al-
most insensitive to the choice of the pilot chip sequence.
We have also confirmed, by our simulation, that the perfor-
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(a) SF=1.

(b) SF=U=16.

Fig. 4 Comparison of MMSE-, ZF-, and MRC-CE.

mance of MMSE-FDE using MMSE-CE is not so sensitive
to the accuracy of SNR estimation.

4.2 Impact of the Number of Paths

The BER performance of MMSE-CE is plotted in Fig. 5 as
a function of the number L of paths at the average received
Eb/N0=10 and 20 dB, when SF=U=16 and fD(Nc+Ng)Tc =

0.001. For comparison, the BER performance with ideal
CE is also plotted. As L increases, the BER performance
improves since larger frequency diversity gain is obtained
by MMSE-FDE. It is understood from Fig. 5 that the per-
formance degradation from the ideal CE case is almost the
same irrespective of L.

Fig. 5 Impact of the number L of paths on BER performance.

4.3 Impact of Fading Rate

The pilot block is sent every N + 1 block and hence the
tracking ability against fading is lost for fast fading. Al-
though, so far, we have assumed block fading, if the fad-
ing becomes too fast and the channel gains vary in a chip
block, the subcarrier components of the transmitted DS-
CDMA signal can not be properly extracted by FFT. It
is interesting to see the impact of fD on the BER perfor-
mance. The BER dependency on the fading rate is plot-
ted as a function of the normalized maximum Doppler fre-
quency fD(Nc + Ng)Tc for MMSE- and MRC-CE in Fig. 6
when the average Eb/N0=15 dB and SF=U=1 (Fig. 6(a)) and
16 (Fig. 6(b)). M-sequence of a repetition of 255 chips is
assumed as the pilot sequence. MMSE-CE always gives
better BER performance than MRC-CE. The BER is al-
most constant when fD(Nc + Ng)Tc ≤ 0.002; however, the
BER starts to increase when fD(Nc+Ng)Tc increases beyond
0.004 since the tracking ability against fading starts to dete-
riorate. Furthermore, the BER significantly degrades when
fD(Nc + Ng)Tc ≥ 0.01. This is because the channel gain
varies within a block of Nc chips and hence, proper FFT
cannot be done.

Figure 7 shows the average BER performances us-
ing MMSE- and MRC-CE as a function of the average re-
ceived Eb/N0 for fD(Nc + Ng)Tc = 0.001 and 0.01. For
fD(Nc + Ng)Tc = 0.01, the first order filter forgetting fac-
tor is α=0.7 for MMSE-CE and α=0.4 for MRC-CE. When
fD(Nc + Ng)Tc = 0.01, the BER floor is seen; in the case
of SF=1, a BER floor of around 1 × 10−3 is produced with
MRC-CE, while the BER floor is reduced to 1 × 10−5 with
MMSE-CE. For the case of SF=16, a BER floor of around
1 × 10−3 is seen with MRC-CE, while the BER floor is re-
duced to 6×10−5 with MMSE-CE. The reason why the BER
floor of SF=16 is higher than that of SF=1 is that the resid-
ual inter-chip interference produced by imperfect channel
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(a) SF=1.

(b) SF=U=16.

Fig. 6 BER dependency on fading rate.

estimation distorts the orthogonality among the codes.

5. Conclusion

In this paper, we proposed pilot-assisted decision feedback
frequency-domain MMSE-CE for DS-CDMA with MMSE-
FDE. Decision feedback and first order filtering were intro-
duced in MMSE-CE to further improve the estimation ac-
curacy. The achievable BER performance in a frequency-
selective Rayleigh fading channel was evaluated by com-
puter simulation. ZF- and MRC-CE degrade the BER per-
formance since the pilot frequency spectrum is not constant
over the spreading bandwidth. However, it was shown that
the achievable BER performance with MMSE-CE is almost
insensitive to the choice of the pilot chip sequence and that
MMSE-CE always provides better BER performance and
higher tracking ability against time-varying channel than
ZF- and MRC-CE.

(a) SF=1.

(b) SF=U=16.

Fig. 7 Impact of fading rate on BER performance.
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