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of DSSS Signals
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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 N,/2 chips and repeats it twice
to form a CP of N, chips. The first pilot chip sequence of
Ny/2 chips plays a role of the CP of the second pilot chip
sequence of N,/2 chips. Hence, channel estimation is possi-
ble only if the maximum time delay difference between the
propagation paths is less than N,/2 chips. However, our pro-
posed scheme can be used for a channel having maximum
time delay difference up to N, 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

Copyright © 2007 The Institute of Electronics, Information and Communication Engineers



1172

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 N, chips each and the last N, 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 N,-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 N, chips and the number N,
of data chips in each block is N; = N. — N,. The transmis-
sion efficiency ¢ is given by

1 1
1 N,
1+ = 4
N 1+ N,
(= for conventional block structure ,
1N
N
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 N, 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 < (N, /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. N,/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 N, chips. The data symbol sequence and
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the spreading chip sequence in a block are represented by
{d(n);n = 0~N,4/SF — 1} and {c(?); t = O~N,; — 1}, respec-
tively, with E[ldn)[*1=1 and |c(t)| = 1;E[.] represents the
ensemble average operation. The pilot-inserted (or the GI-
inserted) DSSS signal {s(¢); = 0~N,— 1}, to be transmitted,
can be expressed using the equivalent baseband representa-

tion as
2E.
. < < —_
N Tcd(lSFJ) c(t) for0<t<N,—1
2E
A T“p(r) for Ng<t<N.—1

where E. and T, represent the chip energy and the chip
length, respectively, and | x| represents the largest integer
smaller than or equal to x and p(¢) represents the pilot chip
sequence of N, chips with |p(#)|=1.

The transmitted signal is received by N, receive anten-
nas at the receiver. Assuming that the channel has L inde-
pendent propagation paths with 7.-spaced distinct time de-
lays {1;; [=0~L—1}, the discrete-time impulse response /,,(f)
of the multipath channel experienced by the mth antenna is
expressed as

t

s

s(n) = 2

L-1

h(®) = ) 6t = 7)), (3)
=0

where h,,; is the Ith path gain with ZZL;OI E [|hm’1|2] = 1. The
received signal r,,(7), on the mth antenna, m=0~N, — 1, can
be expressed as

L-1
Fn(t) = ) st =) + (), @)
1=0
FFT block (N, chips)
e | Pilot chips |SF chipslSF chipsl Pilot chips |SF chipsl s
N chips N chips

Fig.2  Chip block structure.
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Fig. 1

Transmitter/receiver structure.
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where 7,,(¢) represents a zero-mean additive white Gaus-
sian noise (AWGN) process having variance equal to 2Ny/T.
with Ny 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 r,,(7) is decomposed
into N, frequency components {R,,(k); k = O~N, — 1} by
applying N.-point FFT. R, (k) is given by

N.-1
R, (k) = Z Fm(t) eXp (— jznkNic)

t=0
Hy, (k) {P(k) + D(k)} + 1L, (k), ®)

where P(k) and D(k) are the kth frequency components of
the transmitted pilot and data chip sequences, respectively,
and H,,(k) and I1,,,(k) are the channel gain and noise compo-
nent due to AWGN at the kth frequency, respectively. They
are given by

N.—1

P(k) = Z p(t) exp( J2rk— )

=N,

D(k) = Nf ([S; J)c(t)exp( jznkNic)

Hy(k) = w/2E thlexp( Jj2mk— )

m(k) Z T]m(t) eXp( jZﬂ'kN )

t=0

(6)

Since the pilot chip sequence p(f) and the spreading chip
sequence c(f) are assumed to be random, E[|P(K)?] = N,
and E[|D(k)]*] =

The iterative channel estimation will be described in
Sect. 3. The channel estimate for H,,(k) obtained after the
ith iteration is denoted by ﬁf,? (k). Joint FDE and N,-antenna
diversity combining based on the minimum mean square er-
ror (MMSE) criterion is carried out using I?,(,;) (k) to obtain
the kth frequency component § @ (k) as

No-1
SOk) = Z W (k)R (k), @

m=0

where w(’)(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. wif,)(k) is given by

(9]

; " (k)
w, (k) = —— , ®)
N AR + 207
m=0

where 20'[2 is the variance of the sum of noise and resid-
ual interference (I:I,(,’,)(k) and o-? are obtained in Sect. 3) and
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* denotes the complex conjugate operation. Then, N -point
inverse FFT (IFFT) is applied to obtain the time-domain sig-
nal §?(¢), which is given by

1A k
§0() = — ZS(’)(k)exp(ﬂmﬁ) )

Ne k=0
Despreading is performed on §?(¢) to obtain the decision
variable

(n+1)SF-1

Z 590 (1), (10)

t=nSF

4o (n) = —

based on which symbol decision is performed. The recov-
ered data symbol is denoted by d®(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, A{, (k) and o2 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 N,/2
chips. On the other hand, our proposed channel estimation

P’ (k)

Zero
replacement

HY (k)

Fig.3  Channel estimation block.

FFT block (N, chips)
- [ Pilot [ Pilot [SF chips[SF chips|  «++ [ Pilot [ Pilot [SF chips| <<
N chips Wg2) (v /2)
chips chips

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 N, 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 A7,
between the propagation paths is less than the GI, i.e.,
ATyax < Ny To reduce the interference from the data
chip sequence and the noise, the received signal 7,,(t) is re-
placed with zeros over the time interval of 1 = Ny~N; — 1,
where Ny = N. — N, (or rectangular windowing), as shown
in Fig.5. Then, N.-point FFT is applied to decompose
the zero-replaced received signal into N, frequency compo-
nents:

Ny-1

. t
Rﬁ,?)(k) = Z rm(t) exp | —j2mnk—
N,
t=0
N.—-1
+ Z 7m(t) exp( J2rk— )
=Ny
Chip block
Oth path | Pilot Dita Pilot
(Z-1)th path [ Pilot | Data [ Pilot
Rectangular t
windowing Zero -
replacement
0 N N, Nl

Fig.5  Zero replacement for the initial channel estimation.
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= H,(k)P(k) + DV (k) + TV (k), (11

where Dﬁ,?)(k) and Hﬁ,?)(k) are the interference components
from the data chip sequence and the noise component, re-
spectively, and are given by

T gNz'hm,d([%J)m_m

0 —1 Ny+l-1
2E, VL t—
- exp —j27'(k— + hm/d(l TIJ)
N. T, 1\ TSF

I=1 =Ny

sco(t — 1) exp (—j27rki)

N,
(k)
Ny—1
= Z nm(t)eXp( J2mk— ) Z nm(t)eXp( J2mk— )
=0 Ne =Ny

12)

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

AY (k) = R<°> (kK)P*(k) =

p

1 .
N {Dgy(k) + TPk} P (k). (13)

However, Fliy(,] (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 {715,(,))(7)} is obtained by applying N.-point IFFT to
{HO (k)} as follows:

k
Z HO (k) exp ( j27r‘r—)
C k 0 NC

Z |P(k)P I (7)

‘k()

ZIP(k)|2 th(r)exp(ﬂﬂk )
k=0

T

h)(1) =

C

[{D(‘” k) + H<°>(k)} P (k)] exp (]2mN£)

(14)

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

(HO (k) —«,|N_-point|_+ | Rectangular| = | N -point| + (HO (k)
" « | IFFT | « |windowing| « | FFT |« "

1@ (h9 (2)}

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 (r = O~N, — 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):

WO (r) = { @), f0<t<N, -1

0, otherwise 5)

Then, N, -point FFT is applied to {/Ad,(,?) (1)} to obtain the im-
proved channel gain estimates {H,(,? ) (k)} as follows:

N.—1
AOk) = Z; hO(r) exp( ]27rkN) (16)

The variance 20'3 of the sum of residual interference
and noise is necessary for computing the MMSE weight of
Eq. (8), which can be estimated as

N,—1N.-1

Z DR W) - ACKPGR[. (7

CmOkO

20'

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

The recovered data symbol sequence {d*""(n)} obtained at
the (i —1)th iteration is re-spread and the pilot chip sequence
is inserted to generate the transmitted signal replica §(¢):

o (- | R R VR
p®), Ng<t<N.—1 ’

which is decomposed into N, frequency components
s (’)(k)} by applying N.-point FFT. The channel gain esti-
mate H (k) is obtained by removing the pilot and data mod-
ulation from R,,(k) in Eq. (5) as

HY (k) =

m

L § ()+
N Rn0$ 7" (o, (19)

where § (k) is given by
SOk) = Pk) + DV (k), (20)

where DUV (k) is the kth frequency component of the recov-
ered data symbol sequence {d“~"(n)} and is given by

DD (k)= Z{d(’ n ([ SFJ)-c(t)}exp(—jznkNi). 1)

c

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

A (k) = NLHm(k){P(k) + DIOP(k) + D)y

c

1 & (i)
+ N I1,,,(k)S (k). (22)

If the symbol decision in the (i — 1)th iteration is correct,
the first term in Eq. (22) becomes H,,(k) |P(k) + D) /N.,.
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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 N -point IFFT to {ﬁ%) (k)}, the channel impulse re-
sponse estimate {I~1,(,’,)(T)} is obtained. The impulse response
estimate beyond the GI is replaced with zeros and the im-
proved channel gain estimates {I:I,(,i)(k)} are obtained by ap-
plying FFT. 20'i2 in Eq. (8) for the ith iteration is obtained
using

N,—1 N.-1

Z D Rutk) = AP RS OW|’. (23)

CmOkO

207 =

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 = Ny,~Ng — 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 N,/2
orthogonal frequency components by applying N,/2-point
FFT and the pilot modulation is removed from each com-
ponent. Channel gains at N, frequencies need to be esti-
mated for performing FDE. However, the channel estima-
tion scheme in [22] provides channel gains at only N,/2
frequencies. Therefore, some interpolation techniques are
needed. In [22], the zero padding is used for interpolation.
Ny/2-point IFFT is first applied to the channel gain estimates
of N,/2 frequencies to get the impulse response over a time
delay interval of N,/2 chips. Using zero-padding and N,-
point FFT, the improved channel gain estimates of N, fre-
quencies are obtained. On the other hand, our proposed
scheme uses an N -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 N,/2 chips
plays a role of the GI for the second pilot chip sequence of
Ny/2 chips, no interference is produced from the data chip
sequence if the maximum time delay difference between the
propagation paths is less than N,/2 chips. However, our pro-
posed channel estimation scheme can be used for a channel
having a maximum time delay difference up to N, chips.

4. Computer Simulation Results

Table 1 shows the computer simulation conditions. We
assume block length (=FFT window) of N.=1024 chips,
pilot chip length (or GI length) of N,=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 « is assumed. Each path gain 4, 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
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Table1  Simulation conditions.
Data modulation QPSK
. Number of FFT points N=1024
Transmitter
Pilot chip length N=64
Spreading factor SF=1~16

Frequency-selective

Channel model Rayleigh fading

L=16-path exponential

Channel Power delay profile power delay profile,
decay factor o=0, 8 (dB)
Normalized Doppler ﬁ)TL.:1x10'°N1x10'4
frequency
Number of received N=1.2.4
Receiver antennas
FDE MMSE

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 (V,=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 E,/Ny (=0.5SF(N./Ny)(E./Ny)) with
the number of iterations as a parameter when fpT,=107,
decay factor a=0dB, N,=1, and 7; = [ (i.e., the maximum
time delay difference between the propagation paths is less
than N,/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 E/Ny
degradation for BER= 1073, 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 |H(K)PEIID(k) + P(k)I*]

N~ EIOQPIEID®) + POPIN,/No)
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On the other hand, the average SNR for the channel estima-
tion scheme proposed in [22] is given as

S _ _H®PENPKI'
N E[IKPIENPK)P]

E. 5

No [H ()" . (25)
Comparison of Eqs. (24) and (25) shows that the proposed
channel estimation in this paper provides N./N, 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 Ny/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
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computational complexity.

We can see that almost the same E;/N, 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 a. Fig-
ure 8 shows the average BER performance with the pro-
posed CE as a function of the average received Ej,/Ny with
@ as a parameter when fpT.=107>. The proposed CE pro-
vides better BER performance than the channel estimation
scheme of [22]. The BER performance degrades as « be-
comes larger (or the channel frequency-selectivety becomes
weaker) because of less frequency diversity gain, obtained
by FDE. However, the E}/N, degradation from ideal CE for
BER=107 is almost insensitive to & and only about 1.3 dB.
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To properly perform FFT, the channel gains must be

constant over the FFT window (i.e., a block of N, 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 fp7.. 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 8 (0 < B8 < 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 fpT,. < 107°. However, as the fading becomes faster
(or fpT. 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
Ey/No with fpT, as a parameter. S is optimized for each
fpT.. 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 fpT. = 5 x 107
(fpT. = 5 x 1073 corresponds to a moving speed of 1.08 x
10° 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 I/th path
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time delay 7; is set to 7; = [, 21, 3] and 4/ chips (I=0~15).
Accordingly, the maximum time delay difference At,,,, be-
comes AT,,,,=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 7; as far as the maximum time delay difference At is
shorter than the CP (N,=64). However, the BER perfor-
mance of the channel estimation scheme of [22] degrades
when 7; = 3/ and 4/ chips. This is because channel estima-
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tion is possible only if the maximum time delay difference
AT 4 1s shorter than N,/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 (N,=1) degrades and a
BER floor appears. However, with antenna diversity recep-
tion (N,=2 and 4), almost no performance degradation is
seen even in a very fast fading environment with fpT,=107%.

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-
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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 E,/Ny is as small as
1.3dB when SF=4.

(b) Even for a very fast fading (e.g., fpT.=107%), a
good tracking ability against fading is obtained and
the E,/Ny degradation for BER=10"* is as small as
2.0dB 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.
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