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Summary

In this paper, we present a comprehensive performance evaluation of chip interleaving effect on turbo coded direct
sequence spread spectrum (DS-SS) system in a frequency non-selective Rayleigh fading channel with antenna
diversity reception. At the transmitter, chip interleaver scrambles the SF (spreading factor) chips associated with a
data symbol and transforms the transmission channel into a highly time-selective or highly memoryless channel at
the chip level. The use of chip interleaving is equivalent to using SF-antenna diversity reception with correlated
fading among the branches and with reduced average received signal power per antenna by a factor of SE. We
theoretically analyze how chip interleaving alters the received signal statistics. Then, the effect of the various
parameters, viz. interleaver size, interleaving depth, information sequence length, spreading factor and the fading
maximum Doppler frequency, are also evaluated. It is found that the bit error rate (BER) performance improves
with increasing spreading factor and increasing frame length. Chip interleaving is found to be effective in the
presence of receive antenna diversity as well. Copyright © 2005 John Wiley & Sons, Ltd.
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1. Introduction nel. In DS-SS, rake combining [2] can be utilized in a

frequency selective channel to attain multipath diver-

Recently, direct sequence code division multiple ac-
cess (DS-CDMA) based on DS-spread spectrum (SS)
has been adopted for the cellular mobile communica-
tions systems because of its high spectrum efficiency
[1]. In DS-SS, the data-modulated symbol sequence to
be transmitted is spread over a wideband channel by
multiplying each data-modulated symbol by a spread-
ing code (this is called spreading modulation); the
resulting sequence is called a chip sequence. The chip
sequence is then transmitted over the wireless chan-

sity for improving the transmission performance;
however in a frequency non-selective fading channel
rake combining effect cannot be expected. For such a
channel, diversity techniques and channel coding are
attractive. Channel coding has been effectively em-
ployed in the mobile communications systems for a
long time [3].

Turbo codes [4] are efficient channel codes intro-
duced in 1993 by Berrou et al. and found to give
performance close to the Shannon capacity for very
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long frame lengths in an additive white Gaussian noise
(AWGN) channel. However in a fading environment,
the bit error rate (BER) performance degrades drasti-
cally even with channel interleaving. This is because,
although the fading channel can be memoryless with a
conventional channel bit interleaving, the probability
density function (pdf) of the received coded bit energy
cannot be altered (it still has an exponential distribu-
tion in a Rayleigh fading channel). If the channel
interleaver is designed to alter the pdf of the received
signal bit energy so that the probability of low bit
energy can be reduced, the resultant BER perfor-
mance can be significantly improved compared to
that with bit interleaving. Chip interleaving provides
a way to improve the received signal statistics thereby
improving turbo decoding performance. Time diver-
sity in the form of chip interleaving has been proposed
in Reference [5]. At the transmitter, chip interleaver
scrambles the chips associated with a data-modulated
symbol so that the channel gains experienced by
neighboring chips are highly uncorrelated. By doing
so, the resultant transmission channel can be trans-
formed into a highly time-selective or highly mem-
oryless channel. At the receiver side, the received chip
sequence is first de-interleaved, and then despread.
During the despreading operation, the fading effect is
significantly reduced.

Other applications of chip interleaving in a multi-
path fading channel can be found in References [6,7].
Short spreading codes (their repetition length is equal
to the spreading factor (SF)) are used. When an
M x SF-chip block interleaving is used, where M
represents the block length in symbol, no interference
is produced between successive chips of the same data
symbol but only from interleaved chips of other data
symbols. Chip interleaving can replace the inter-chip
interference (or inter-path interference) by the inter-
symbol interference. This facilitates the joint estima-
tion of channel impulse responses associated with
multiple users, without requiring training sequences
[7]. If orthogonal spreading codes are used for
multiple users, the use of chip interleaving converts
a multi-user detection problem into a set of equivalent
single-user equalization problem, i.e. multi-user-inter-
ference free reception is possible [7]. In Reference [§]
also, chip interleaving is used to mitigate multi-access
interference (MAI) in a multi-user environment with-
out complicated multi-user detection. The analyses in
Reference [8] show that more users can be accom-
modated with chip interleaved DS-CDMA than con-
ventional DS-CDMA for the same BER. References
[6-8] are not intended to reduce the variations in the
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received signal bit energy by altering the fading
statistics in the chip time level.

The fundamental chip interleaving idea was pro-
posed in Reference [5]. This paper provides a com-
prehensive evaluation of how chip interleaving
changes the received signal statistics for a frequency
non-selective fading channel with antenna diversity
reception. The frequency non-selective fading chan-
nel is the most severe channel for DS-SS systems,
since rake combining effect cannot be expected. The
improvement in the turbo decoding performance ow-
ing to the use of chip interleaving is also investigated
and the effect of the various parameters, viz., inter-
leaver size, interleaving depth, information sequence
length, spreading factor and the fading maximum
Doppler frequency, are also evaluated. Single-user
transmission is assumed because we want to focus
on how the use of chip interleaving alters the pdf of
the received signal bit energy and thus, improves the
transmission performance.

The remainder of this paper is organized as follows.
The transmission system model with chip interleaving
is presented in Section 2. Then, in Section 3, we
theoretically analyze the pdf of the received signal bit
energy and the uncoded BER performance when a
chip interleaver is used. In Section 4, we present the
computer simulation results showing the improved
BER performance with chip interleaving. The turbo
coded BER performance achievable by the use of chip
interleaving is also presented and the impact of
various system parameters including the number of
diversity antennas are discussed. Section 5 offers
some conclusions and future work.

2. Transmission System Model with Chip
Interleaving

Figure 1 shows the DS-CDMA transmission system
model with chip interleaving.

2.1. Turbo Coding and Spreading

An information sequence {u;k =0~ (K—1)} of
length K is coded by a turbo encoder giving a binary
sequence {v,;;n =0~ (N —1)}, where N is the
coded sequence length (it is assumed that N is the
punctured coded sequence length). This coded bit
sequence is transformed into a data-modulated sym-
bol sequence {d,}. For channel estimation at the
receiver, known pilot symbols are time-multiplexed
with the data symbol sequence before spreading.
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Fig. 1. Transmission system model with chip interleaving.

Spreading is implemented by multiplying the pilot-
inserted binary phase shift keying (BPSK) symbol
sequence, having symbol period 7, with the long
pseudo random (PN) sequence {pn;} having chip
period T.. The spread chip sequence {s;} to be
transmitted can be expressed in the equivalent low-
pass form as

N \/ﬂdnpn,- (1)
where A is the average signal power and n = [i/SF],
with SF=T/T, being the spreading factor (|a] de-
notes the largest integer smaller than or equal to a).
Chip interleaver accepts blocks of chips and inter-
leaves them giving the new spread sequence {s;},
which is transmitted over the channel. As was men-
tioned previously, the idea is to distribute the chips
belonging to a symbol as far as possible such that the
channel gains on these chips are highly uncorrelated.

2.2. Chip Interleaver Structure and
Pilot Insertion

Figure 2 illustrates the chip interleaver [5], which is a
block interleaver with the number of rows equal to the
number of symbols to be transmitted and the columns
equal to SF. The chips are spread in time such that the
fadings experienced by the chips of a symbol have
very small correlation. The chips falling in deep fades
belong to different symbols. When chip interleaver is
not used, N, pilot symbols are inserted every Ny
data symbols to assist in the channel estimation [9].
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However, when chip interleaving is applied, pilot
symbols must be time-multiplexed with data symbol
sequence so that pilot chips appear periodically such
that homogeneous channel estimation can be per-
formed over the transmitted sequence before chip
de-interleaving. The chip-interleaver structure shown
in Figure 2 is an [N(1 + N,/Ng) x SF-chip block inter-
leaver. With chip interleaver, N, x SF pilot symbols
are inserted every Ny x SF data symbols. The pilot
and data symbols are spread and written in the chip
interleaver row-wise and read out column-wise such
that (N, x SF) pilot chips appear every (Ng x SF) data
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Fig. 2. Chip interleaver structure.
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chips in the interleaved sequence. The resulting pilot-
chip inserted sequence {s;} consists of N x SF(1 4 N,/
Ny) chips and is transmitted via a propagation channel
that is assumed to be a frequency non-selective
Rayleigh fading channel.

2.3. Antenna Diversity Combining
and Despreading

M receive antennas are assumed for diversity combin-
ing. The faded signal, corrupted by AWGN, received
by each antenna is input to a chip-matched filter. Assu-
ming ideal sampling timing, the output of the chip-
matched filter for the mth antenna (m=0 ~ (M — 1))
is sampled at the chip rate, giving the received chip
sample sequence {r,;}. Pilot chips are extracted,
despread and manipulated for channel estimation
before de-interleaving the data chip sequence. Using
the channel estimate, coherent detection of the re-
ceived spread signal is performed in a chip wise
manner. The coherently detected chip sample se-
quence {7,,;} is represented by

?mj = rm,/'é:qj (2)

where ém.j is the estimated fading channel gain asso-
ciated with the jth chip received by the mth antenna
and (.)* represents the complex conjugate. The chips
from M antennas are combined using the maximum
ratio combining (MRC) [2] scheme and chip de-
interleaving is performed. The chip de-interleaved
sequence {r;} after MRC is expressed as

<

—1

i = P iDNi (3)
0

>

3
Il

Despreading is performed after chip de-interleav-
ing, i.e. the chip de-interleaved sequence is multiplied
by the locally generated spreading sequence {pn;} and
summed up over one BPSK symbol period 7. Since
the chips spread in time are combined, the pdf of the
received signal bit energy is altered, but its average
value remains the same. What is different from the bit
interleaving is that chip interleaving alters the pdf of
the received signal bit energy, while the bit interleav-
ing does not. The theoretical analysis of how chip
interleaving alters the pdf of the received signal bit
energy is presented in Section 3. Despreading is
carried out to obtain

(n+1)SF—1
di= Y ¥ (4)

i=nSF
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which is used for data demodulation followed by
turbo decoding. Turbo decoding requires soft decision
sample sequence corresponding to {v,}, which is
denoted as {9, } in this paper. Since the channel gains
{&ni,i =nSF ~ (n+ 1)SF — 1} are collected from
widely spread time positions, they are nearly inde-
pendent of each other, if the fading rate is not too slow
due to the chip interleaving. Hence, as mentioned
earlier, the probability of the signal bit being cor-
rupted by the noise reduces, thereby improving the
BER performance.

3. Theoretical Analysis

In the theoretical analysis, without loss of generality,
BPSK modulation is assumed.

3.1. Data-Demodulator Output

The coherently detected chip sample sequence {7}
can be represented as

i’m,i = (mgm.idnpni + nm,i) éfn,i (5)

where d,, = £1 for BPSK data modulation, §,,; is the
complex fading channel gain associated with the ith
chip received by the mth antenna (its estimate is
denoted by éml as in Equation (2)) and {n,,;} is the
Gaussian random process with mean 0 and variance
2Ny/T., Ny is the AWGN single-sided power spectrum
density. Assuming a Rayleigh fading channel, {¢,,;}
is a complex Gaussian process with mean 0 and
variance 1. The soft decision sample sequence {0, }
obtained after MRC, chip de-interleaving, despread-
ing and BPSK demodulation is given by

) M-1(n+DSF-1
0, = Re[d,] = V2Ad,Re (Z Z fm‘ié.:n,i>

m=0  i=nSF
M—1 (n+1)SF—1 R
(575 ) ©
m=0  i=nSF

where the first term represents the signal component
and the second the noise component. The soft values
are input to the turbo decoder.

3.2. Pdf of Received Signal Bit Energy

Without loss of generality, transmission of the
Oth coded bit is considered. The instantaneous
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signal-to-noise ratio (SNR) per bit after MRC, chip
de-interleaving and despreading is given by, from
Equation (6)

SNR = 2y (7)
where
M-1SE-1 2
I m=0 i=0
7= (ﬁ) M—1SF—1 (8)
| A:;:,i|2
m=0 =0

is the instantaneous received SNR per bit, in which I'
is the average received energy per bit-to-AWGN
power spectrum density ratio E,/N, per antenna given
by AT/N,. Assuming ideal channel estimation, i.e.

&mi = &m.i» Equation (8)  reduces to
M—1SF—1
V= Vin,i )
m=0 i=0
with
. 2
Ym,i = 7@|£111.i|
{ . (10)
Ye = SE

where -,,; is the instantaneous energy per chip-to-
AWGN power spectrum density ratio E./N, of the mth
antenna and 7, is the average E./N, per antenna,
which is assumed to be identical for all chips. It
should be noted that when the pilot-assisted channel
estimation is used, ém_[ # &, and therefore, the SNR
of Equation (7) becomes less than two times the
instantaneous received Ey/Ny. This means that the
received signal energy cannot be fully utilized in
BPSK data demodulation, thereby the achievable
BER performance using the pilot-assisted channel
estimation degrades compared to the ideal channel
estimation case.

How chip interleaving alters the pdf shape of v is
discussed below assuming that {&,,;} are independent.
Remember that the real and imaginary parts of &, ; are
independent and identically distributed (i.i.d.) com-
plex-valued Gaussian variables in the Rayleigh fading
channel. Therefore, v is X2 distributed with 2 x
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SF x M degrees of freedom. The ~-pdf can be ob-
tained as follows [2]:

p(r) = m <3C> SFXM_IEXP (_ 77c>
()

which is equivalent to SF x M-branch MRC diversity
reception with uncorrelated fading and 7. being the
average received E./N, per antenna. Thus, the deep
fades in the channel can be effectively avoided. The
fading nature experienced after despreading tends to
disappear as a result of chip interleaving.

The theoretical pdf of «/I" obtained from Equation
(11) is plotted with SF as a parameter in Figure 3 for
no antenna diversity (M = 1). In this case, the use of
chip interleaving is equivalent to using SF antenna
diversity and the probability of the received SNR per
bit falling in the error-occurable region can be sig-
nificantly reduced despite of no antenna diversity.
Figure 4 shows how antenna diversity reception af-
fects the pdf of ~y for the case of SF = 32. It is seen that
as the number of antennas increases, the pdf curve
shifts to the right owing to the higher average received
power.

3.3. BER Performance

The theoretical analysis of the BER performance in
the presence of chip interleaving is presented in this
section.

25

M=1

(8]
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interleaving SF=4

'4
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Normalized received SNR per bit, y/I"

Fig. 3. Theoretical pdf of received signal-to-noise ratio
(SNR) per bit with spreading factor (SF) as a parameter
for M =1.

Wirel. Commun. Mob. Comput. 2006; 6:49-60



54 D. GARG AND F. ADACHI

2.5

SF=32

1.5 M=2

pdf
=
AL

05 r

0 1 2 3 4
Normalized received SNR per bit, y/T’

Fig. 4. Theoretical pdf of received SNR per bit with M as a
parameter for SF=32.

The average BER can be calculated from

f%::lEiphCﬂp(v)dv (12)

where p(7) is given by Equation (11) and p,(7) is the
conditional error probability given by [2]

po(o) = erfeys (13)

for BPSK modulation. Equation (12) has a closed
form solution of the form [2]

SFx
szz(%(1—10>
X%gél(SFxna—1+k><%u4qo>k(m)

1 SExM
~— for v. > 1
e

where 1= /9./(1 +4.). On the other hand, the

average BER without both chip interleaving and
antenna diversity reception is obtained by letting
SF x M =1 in Equation (14) and is given by

P, =1 ./F
) 1+T

1
zﬁ for ' > 1

(15)
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Fig. 5. Theoretical uncoded bit error rate (BER) perfor-
mance with SF as a parameter for M = 1.

Figures 5 and 6 plot the theoretical uncoded BER
performances as a function of the average received Ey/
Ny per antenna, I, with and without chip interleaving.
It can be clearly seen in Figure 5 that the use of chip
interleaving significantly improves the average BER
performance compared to the no chip interleaving
case. As the spreading factor becomes larger, the
performance improves. This is because the use of
chip interleaving is equivalent to using SF-antenna
diversity reception (see Equation (14)) but with aver-
age E /N, per antenna reduced by a factor of SF (chip
interleaving does not increase the average received
signal power). Additional use of antenna diversity
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Fig. 6. Theoretical uncoded BER performance with M as a
parameter for SF =32.
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reception can further improve the average BER per-
formance as shown in Figure 6.

4. Computer Simulation

The simulation conditions are summarized in Table I.
For the simulation purpose, we consider a rate 1/2
(punctured from rate 1/3) turbo code consisting of two
(13,15) recursive systematic encoders with an S-ran-
dom interleaver [10] between them with S ~ VK,
where the information sequence length K is taken to
be 2'° for all cases, except when the effect of K is
analyzed. Spreading sequence {pn;} is a pseudo noise
(PN)-sequence of period 4096 chips. Pilot-assisted
channel estimation is carried out using the weighted
multi-slot averaging (WMSA) method [9] with N, =4
symbols (i.e. 4 x SF pilot chips) and Ng = 32 symbols
(i.e. 32 x SF data chips). The channel is assumed to be
a frequency non-selective slow Rayleigh fading chan-
nel. The chip interleaver structure is as shown in
Figure 2 and is a (transmit symbol sequence si-
ze x SF)-chip block interleaver. Unless otherwise sta-
ted, the chip interleaver size is 16384 x 32 (or
18432 x 32) for ideal (or WMSA) channel estima-
tion. The turbo decoder is based on the log-MAP
algorithm [11,12].

4.1. Pdf of Bit Energy

Ideal channel estimation is assumed. The pdf of ~
normalized by the average E/N, obtained from com-
puter simulations for the maximum Doppler fre-
quency normalized by the chip length fp7, = 3.1x
107> (this corresponds to fpT =1 x 1073, fpT =
2.5x 107* and fpT = 1.25 x 10~* for SF=32, 8
and 4 respectively) and M =1 (no antenna diversity)

Table I. Simulation condition.

Information K =2"-2pits
sequence length
Turbo coding Rate 172
Component encoder (13, 15) RSC
Interleaver S-random (S =K'
Component decoder Log-MAP
No. of iterations 8
Modulation BPSK
Multiple access DS-CDMA
SF=4-32
Propagation Frequency non-selective Rayleigh fading
channel channel
Channel WMSA k=2
estimation

Copyright © 2005 John Wiley & Sons, Ltd.
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Fig. 7. Simulated pdf of received SNR per bit with SF as a
parameter for M =1 and ideal channel estimation.

is plotted in Figure 7, where the dotted lines show the
simulation results for 16384 x SF-chip interleaver.
For comparison, the theoretical values plotted in
Figure 3 are also plotted for reference as solid lines.
The pdf of simulation results resembles that of theo-
retical results but is slightly deviated. The resem-
blance confirms that the use of chip interleaving is
equivalent to using SF-antenna diversity reception but
with reduced average E,/N, per antenna by a factor of
SE. The deviation of the simulation results from the
theoretical value is due to the fact that the channel
gains of the chips belonging to the same symbol are
partially correlated. The theoretical values are derived
under the assumption that the fadings experienced by
the different chips of the same symbol are indepen-
dent. Assuming the Jakes model [13], multipath
waves arrive at the receive antenna from all directions
uniformly and the fading correlation p between the
adjacent chips of the same bit is given by

p=1Jo (Zﬂ'fDTCN<1 + %))
N N,
=Jo (waDTﬁ <1 +17§>> (16)

For our case, Equation (16) becomes p=Jo((27 X
16 384/SF)fpT). As the fading becomes faster, the
correlation between the adjacent chips of the same
symbol reduces and all the chips tend to experience
independent fading; when fp7'=0.001, 0.003 and
0.01, the value of p becomes —0.32, —0.2 and 0.13
respectively. Figure 8 plots the simulated pdf of +/T"
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Fig. 8. Simulated pdf of received SNR per bit with fp7 as a
parameter for M =1, SF =32 and ideal channel estimation.

for various values of fp7, while Figure 9 plots the
simulated pdf of «/I" with the number M of antennas
as a parameter. For reference, the simulated pdf curves
for perfect chip interleaving (i.e. all the chips experi-
ence independent fading) and theoretical ones are also
plotted. It is seen from Figure 8 that as the fading
becomes faster, the pdf curve becomes closer to the
theoretical pdf curve obtained by assuming indepen-
dent fading. Also, the curves for perfect chip inter-
leaving coincide with the theoretical curves. It is seen
from Figure 9 that even when fp7=0.001, the pdf
curves for 16384 x 32-chip interleaver has a similar
form to the theoretical ones for M = 1-3 (the deviation
from theory is due to the residual fading correlation).

2.5
Ideal channel estimation

SF=32 K

theoretical value

2 r — =¥ — perfect chip interleaving
---A--- fDT=0.001, 1638432 -chip int.

Normalized received SNR per bit, y /T’

Fig. 9. Simulated pdf of received SNR per bit with M as a
parameter for SF =32 and ideal channel estimation.
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Fig. 10. Simulated uncoded BER performance with SF as a
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4.2. Chip Interleaving Effect on Uncoded
BER Performance

The simulated uncoded BER curves achieved by chip
interleaving are plotted in Figures 10 and 11 for
JpT.=0.000031. For comparison, theoretical uncoded
BER curves are also plotted. Ideal channel estimation
is assumed. From Figure 10, we see that the simulated
curves resemble the theoretical curves and that the
BER reduces with increasing SF; the slight deviation
is due to the presence of fading correlation among the
chips belonging to the same symbol as discussed in
subsection 4.1. The resemblance confirms that the use
of chip interleaving is equivalent to using SF antenna

1.E+00

fpT=0.001,SF=32
Ideal channel estimation

1.E-01 16384 x 32-chip interleaving

Theoretical
B A ®  Simulated

1.E-02
M=l

1.E-03

Average BER

1.E-04 |

1.E-05
0 2 4 6 8 10
Average received Eo/No per antenna, " [dB]

Fig. 11. Simulated uncoded BER performance with M as a
parameter for SF =32 and ideal channel estimation.
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diversity reception for M = 1 but with reduced average
Ey/N, per antenna by a factor of SE. Even in the case
of antenna diversity reception, the simulated curves
are similar to the theoretical curves as can be seen in
Figure 11.

4.3. Combined Effect of Chip Interleaving
and Turbo Coding

So far we have presented that chip interleaving can
significantly improve the uncoded BER performance.
This section evaluates how the BER performance
improves when turbo coding is combined with chip
interleaving and discusses the effect of various para-
meters, viz. interleaver size, interleaving depth, infor-
mation sequence length, spreading factor and the
fading maximum Doppler frequency.

4.3.1. Chip interleaving gain

Figure 12 plots the coded BER performance for
SF=32 and M=1 as a function of the average
received E/Ny per antenna for K = 213 which allows
the use of 18432 x 32-chip interleaving and 128x
128-bit interleaving, both having the same interleav-
ing delay in time. For comparison, the BER perfor-
mance curves with perfect interleaving and ideal
channel estimation (16384 x 32-chip interleaver)
are also plotted. Let us first concentrate on the BER
curves with bit interleaving. It is seen that compared
to perfect bit interleaving, the required E,/N, for
BER = 10* degrades by nearly 2.5 dB with an ideal

1.E+00

No fading (AWGN Channel}
—¥— Perfect chip/bil interleaving
LEOL R —se—Idcal channcl estimation
’ . 4. —a«—WMSA channel estimation
X ~ - .
« 2 T—bit interleaving
=R N
m
© - .
&0 chip interleaving
bl
S 1LE03 L .
< B
1.E-04 |
M=1,SF=32
N fp T=0.001
1.E-05 b k :
0 2 4 6 8 10

Average received Ev/No per antenna, T" [dB]

Fig. 12. Simulated coded BER performances with 16384

x 32-chip interleaving (solid curves) and with 128 x

128-bit interleaving (dashed curves) for SF=32 and
M=1.
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cannel estimation. WMSA channel estimation further
degrades the performance by 1.5 dB. The solid curves
are the BER curves with chip interleaving. The
performance is always better than that with bit inter-
leaving. Assuming ideal channel estimation, chip
interleaving reduces the required E,/N, for BER
=10"* by nearly 2.6 dB compared to bit interleaving.
When WMSA channel estimation is used with chip
interleaving instead of bit interleaving, an improve-
ment of 3 dB is obtained. It is interesting to note that
the BER performance with chip interleaving and
WMSA channel estimation is better than that with
bit interleaving and ideal channel estimation.

4.3.2. Impact of chip-interleaver shape

The chip interleaver shown in Figure 2 is a (transmit
symbol sequence size x SF)-chip interleaver. The im-
pact of other interleaver shapes is evaluated here.
Figure 13 plots the average BER as a function of the
average received Eu/N, per antenna with the inter-
leaver shape as a parameter for the information bit
sequence length K=2"* and SF=232. Ideal channel
estimation is assumed in order to concentrate on the
impact of interleaver shape only. It can be observed
from Figure 13 that using a chip interleaver is better
than using a 128 x 128-bit interleaver. However, the
best performance is attained when the chip interleaver
shape is 16 384 x 32. In this case, the chips belonging
to a symbol are the furthest possible. The required
average received Eu/N, is nearly 1dB less for a
BER = 10~* compared to the case when the interlea-
ver is a 4096 x 128-chip interleaver. Hence, it can be

1.E+00
SF=32, fp T=0.001, M =1
Ideal channel estimation
1.E-01 % o
Chip interleaver shape
—e— 16384 X 32
v —— 8192 X 64
m 1.E-02 ¢
as] —a— 4096 X 128
w
éﬂ bit interleaving
£ 1B-03 |
<<
interleaving
1.E-04 |
1.E-05 + \—& =
0 2 4 6 8 10

Average received Ev/No per antenna, " [dB]

Fig. 13. Impact of chip interleaver shape on coded
BER performance for SF=32, M=1 and ideal channel
estimation.
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said that the lowest BER is attained for a chip
interleaver structure as shown in Figure 2. Henceforth,
the chip interleaver shape is always taken as (transmit
symbol sequence size x SF).

4.3.3. Impact of spreading factor

The performance of chip interleaving is dependent on
SF. Figure 14 plots the coded BER curves as a
function of E/N, per antenna with SF as parameter
for WMSA channel estimation. The fpT. value was
taken to be fpT.=0.000031. The size of the chip
interleaver is taken to be (transmit symbol sequence
size x SF) as it is the optimum, where transmit symbol
sequence size = 18432 for WMSA channel estima-
tion. The higher the SF for a given fpT. value, the
better is the BER performance as can be seen from
Figure 14. The coded BER performance with chip
interleaving is better than that with 128 x 128-bit
interleaving for all SF. As was mentioned earlier,
using a chip interleaver is equivalent to SF-antenna
diversity reception. Hence, the fading variations are
better removed with higher SF, increasing the diver-
sity effect.

4.3.4. Impact of frame length

Turbo codes are frame length sensitive channel codes.
The longer the frame length, the better is the BER
performance as the internal interleaver size becomes
larger and the allowable bit interleaver also becomes
larger. (The bit interleaver used here is a 2 x 2” block

1.E+00 M=l
WM SA channel estimation SF=32
=85 M. .~ bit interleavin SE=16
1.E-01 | Sk .. & —a—SF=8
) N Y —e—SF=4
chip -
%1 E02
m
@
=)
]
21603
<€
1.E-04 ¢
[.E-05 S
0 2 4 6 8 10

Avergae received Ev/No per antenna, T [dB]

Fig. 14. Impact of spreading factor on coded BER perfor-

mance with 18432 x SF-chip (solid lines) and 128 x

128-bit (dashed lines) interleaving for M =1 and weighted
multi-slot averaging (WMSA) channel estimation.
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Fig. 15. Impact of frame length on coded BER performance
with chip (solid lines) and bit (dashed lines) interleaving for
SF =32, M=1 and WMSA channel estimation.

interleaver, where a and b are determined so that an
interleaver as close as possible to a square interleaver
can be obtained.) When chip interleaving is used
instead of bit interleaving, similar trend is observed.
This can be seen in Figure 15, which plots the coded
BER as a function of the average received E,/N, per
antenna for different frame lengths and WMSA chan-
nel estimation. When K = 8192, the adjacent chips of
a symbol are 18432 chips apart while they are 2304
chips apart when K = 1024. Thus, the longer the frame
length, the less is the correlation among the fading
experienced by the chips of the same symbol. The
BER after turbo decoding with chip interleaver is
better than that with bit interleaving for all values of
frame length. The reduction in the required average
E/N, for achieving a BER = 10~%is 3, 2.6 and 2dB
for K=28192, 4096 and 1024 respectively.

4.3.5. Impact of fading rate

Error correction capability of turbo coding varies with
the change in the fading rate. For higher maximum
Doppler frequency fp, the interleaving effect improves
and hence the coded BER performance becomes
better. This can be observed in Figure 16 which plots
the coded BER performance with fpT as a parameter
for WMSA channel estimation, K =2'> and SF=32.
It is seen that the BER performance with chip inter-
leaving (solid lines) is always better than that with bit
interleaving (dashed lines). As understood from
Figure 8, even for slow fading rate, the pdf curve of
the received SNR per bit resembles that of the perfect
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Fig. 16. Impact of fading rate on coded BER performance

with 18432 x 32-chip (solid lines) and 128 x 128-bit

(dashed lines) interleaving for M =1 and WMSA channel
estimation.

chip interleaving. Hence the chip interleaving im-
provement is present in all cases.

4.3.6. Impact of antenna diversity reception

So far, we assumed a single receive antenna (M = 1).
In this subsection, the impact of using MRC antenna
diversity reception on the achievable coded BER
performance with chip interleaving is evaluated.

L.LE+00
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Fig. 17. Impact of antenna diversity on coded BER perfor-

mance with 18 432 x 32-chip (solid lines) and 128 x 128-bit

(dashed lines) interleaving for SF =32 and WMSA channel
estimation.
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Figure 17 plots the coded BER performances with
the number of antennas M as a parameter for WMSA
channel estimation, K =2"3 and SF=32. The BER
performance improves with the increase in the number
of antennas (this is also understood from Figure 9).
Irrespective of whether chip interleaving or bit inter-
leaving is used, large performance improvements, as a
result of antenna diversity, are seen. The performance
with 18432 x 32-chip interleaving is better than that
with 128 x 128-bit interleaving for all values of M.
However, as M increases, the additional improvement
reduces since, with antenna diversity reception, the
probability of deep fades is less, so the chip interleav-
ing effect is less.

5. Conclusion

This paper presented a comprehensive performance
evaluation of how chip interleaving alters the received
signal statistics for DS-SS in a frequency non-selec-
tive Rayleigh fading channel with antenna diversity
reception. First, the effect of chip interleaving alone
was theoretically analyzed assuming an uncoded
system. It was confirmed theoretically and by com-
puter simulation that chip interleaving can alter the
pdf of the received SNR per bit after despreading in a
way similar to antenna diversity reception but with
reduced average received signal power by a factor of
SF. Then, we evaluated by means of computer simula-
tion the combined effect of chip interleaving and turbo
coding and compared to the case of conventional bit
interleaving. It was shown that the best performance is
obtained when the chip interleaver size is (transmit
symbol sequence size x SF) and that the coded BER
performance improves when chip interleaving is used
instead of bit interleaving. It was also found that the
coded BER performance improves with increasing SF
and increasing frame length. Chip interleaving was
found effective in the presence of antenna diversity
reception as well.

In this paper, the analysis has been done for a
frequency non-selective Rayleigh fading channel. In
a frequency selective fading channel, rake combining
can be used to improve the BER performance. For a
large spreading factor, rake combining is equivalent to
antenna diversity reception with the number of anten-
nas equal to the number of propagation paths. There-
fore, the results obtained in this paper can also be
applied to DS-SS using rake combining in a frequency
selective fading channel. Recently multicarrier DS-
CDMA [14] is being considered for uplink transmission
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as it has the desirable properties of exhibiting a
narrowband interference suppression effect, along
with robustness to fading, without requiring the use
of either an explicit rake structure or an interference
suppression filter. The channel for each carrier is a
narrowband frequency non-selective channel. The eva-
luations done in this paper can be applied for each
carrier in a multicarrier DS-CDMA system as well.
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