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Abstract

One of the principal disadvantages of multicarrier modulation technique is the sensitivity to the frequency offset

introduced by Doppler shift. This frequency offset introduces inter—carrier interference (ICI) among the multiplicity of
carriers in the multicarrier modulated signal. However, Doppler spread induced by temporal channel variations can provide
another means for diversity. In this paper, we propose a modified multicarrier code division multiple access (CDMA)
system to exploit Doppler diversity as well as multipath diversity. The key work of our framework is a canonical
time-frequency-based decomposition of the mobile wireless channel into series of independent fading channel. The
decomposition naturally leads to a time-frequency generalization of the Rake receiver that exploits both multipath and

Doppler diversity.

Keywords : Multicarrier CDMA, Diversity, Rake receiver, Doppler Diversity

I. Introduction

One of the disadvantages of orthogonal frequency
division multiplexing (OFDM)
frequency offset introduced by Doppler shift {1]. The

frequency offset introduces inter—carrier interference

1S sensitivity to

among the multiplicity of carriers in the OFDM
signal. Multiplecarriers are inherently closely spaced
in frequency domain, and the tolerable frequency
offset becomes a very small fraction of the channel
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bandwidth. Maintaining sufficient open loop frequency
accuracy is difficult in links, such as satellite links
with multiple frequency translations and mobile
digital radio links withsignificant Doppler shift {2].
Multicarrier CDMA systems have been proposed to
provide not only robustness against multipath fading,
but also

suppression

to achieve narrowband interference

U Multicarrier CDMA systems use direct
sequence (DS)-CDMA merely for multiplexing, and
choose the signal waveforms using the OFDM
pnnaplem

In this paper, a modified multicarrier CDMA
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framework is proposed. The modified multicarrier
CDMA scheme fully exploits the inherent channel
diversity via joint time—frequency processing. The
key idea behind our approach is joint multipath
-Doppler diversity. The Doppler shift can be used to
provide another means for frequency diversity, in
conjunction with multipath djversity[SJ. To exploit
multipath and Doppler diversity, the signal should
have orthogonality between adjacent subchannels as
well as multipath signals. In this paper, we propose
divided spreading sequence and data-code pattern to
provide othogonality in time and frequency domain.
The workhorse of our framework is a canonical
time-frequency based decomposition of the mobile
wireless channel into a series of independent fading
channels. The decomposition naturally leads to a
time—frequency generalization of the Rake receiver
that exploits joint multipath-Doppler diversity. The
modified multicarrier CDMA system is shown to
provide the following advantages: the proposed
multicarrier CDMA lowers the chip rate of spreading
(PN)

inter

sequence by using divided pseudo—noise

spreading sequence, minimizes inter—carrier

—ference, and achieves multipath and Doppler

diversity by using specific data and code pattern.
This paper is organized as follows: Section I

the multicarrier CDMA

describes data and code pattern. Section III presents

introduces system and
time—frequency representation of channel model and
signal model for the multicarrier CDMA system.
Section IV presents Rake receiver for multipath and
Doppler diversity. Simulation results are presented in
Section V, and the conclusions are given in Section
VL

II. Transmitter of the multicarrier CDMA
System

Table 1 describes some of symbol and notations
used in this paper to help to understand system
model and equations. Fig. 1 shows the divided PN
sequence structure to spread S copied data streams.
In this paper, we use m-sequence as a spreading PN
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Table 1. Symbol and notations used in this paper.
symbol
M the number of S/P converted branches
S the number of copied branches
N the number of subcarriers (=MxS)
Tm multipath delay spread
B, max. range of freq. offset
L the number of resolvable path (for multipath)
14 the number of resolvable freq. offset
the number of rake receiver in freq. domain
p . p-th rake receiver in freq. domain
2 the number of rake receiver in time domain
n. n-th rake receiver in time domain
C, :N=2MxS Chips
o i T,
< > M Chips o e
LR cen - L ] [ ] LY
c{0) ¢, (1) c (M) e (2M]-1) c;(MS=N
Ck,s,l - Ck,S,Z Ck,s,.s“
a3 1. PEE PNEM A
Fig. 1. Divided PN spreading sequence.
sequence.

The k-th user's PN sequence of length N is
divided into S sub-PN sequences of length M
(=N/S). As shown in Fig. 1,-the k-th user’'s PN
sequence of length N is

C.={c(0), c(1), -, c(N-1) } 1)

where is the k-th user’s and the i-th chip element
of spreading PN sequence Ci . The elements of G
take value of 1, and is divided into S sub-PN
sequences and the i-th divided sub-PN sequence of
length M is

Crsi ={ (=DM, ¢, (((-DM+D), -+, c, (iM-1) }

i=L2,A,8 (2

The transmitter for user k of the proposed system
1s shown in Fig. 2 At the transmitting side, the bit
stream with bit duration, 73 is serial-to—parallel
The symbol
duration on each stream is 7=M7: Each stream
feeds S parallel streams such that the same data

stream exists on the S branches. These S parallel

converted into M nparallel streams.
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2. Transmitter
CDMA.

Fig. scheme for modified multicarrier

different divided PN
sequences. The k-th user’'s PN sequence with length
N is divided into S sub-PN sequences with length
N/S. In this paper, we make the total number of
subcarriers fixed at N for any selection of M and S
(MXS8=N), and the total transmit bandwidth is
constant regardless of M and S, which means chip
duration 7¢ is constant. If M is equal to 1, the length
of divided PN sequence is S, and this system can be
considered as MC-CDMA® ® If S is equal to 1, the
length of divided PN sequence is M, and this system
can be considered as multicarrier DS-CDMA [9][10].
The M XS subcarriers are used for BPSK modulation
of each stream.

streams are spread by

Assuming K users, all employing the proposed
multicarrier CDMA system with equal selection of M
and S, and the same power for all carriers, the
transmitted signal of user k is given by

3

where d=1, 2,.. M is the output branch index of
the serial-to—parallel converter and the transmitted
data bit bxa(t) takes the values of 1 with equal

s.()= f \/FV b, /(DC, s (Hcos(w,,b)

(31)
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probability. Cks;i is the k-th user's i-th divided PN
sequence. Also in (3), W is the transmitted power per
subcarrier. The spreading gain of each subcarrier is
N/S, where N is the length of the spreading PN
sequence, but the total processing gain can be
considered as N because S copied data are spread by
S different divided PN sequences where length is
N/S. The bit and chip waveforms are rectangular, an

the orthogonal frequencies ®,, are related by

4)

w,,=(m—1)2x T

1

where m is the absolute subcarrier number in the
system, m=12,..,MXS. In order to obtain a compact
signal in frequency, it would be desirable to space
the subcarriers as closely together as possible. The
closest possible spacing to get orthogonality between
subcarriers is 1/T. To get particular spacing, we can
use inverse fast Fourier transform (IFFT) [2].

Fach divided PN sequence is transmitted by using
different sub-carriers. As shown in Fig. 2, the M XS
frequencies are assigned to the MXS streams such
as, given a value of M, the frequency separation
between any two successive identical-bit carriers is
maximized, and divided PN sequences are assigned to
the
between adjacent subcarriers. Also the Rake receiver
can be adopted by using the property of divided PN
sequences.

subcarriers to maximize the orthogonality

II. Channel and Signal Model

(TFR) s

2-dimensional signal representations in terms of both

Time-Frequency representations

time and frequency, and are powerful tools for
representing time-varying signal systems. As we will
see, TFR is ideally suited for processing signals
transmitted over the inherently time-varying wireless
channel®, The concepts of time and frequency shift
play a fundamental role in the theory of TFR and we
will use them throughout this paper. We will denote
time and frequency shifts by operators T: and Fs,
respectively, defined as
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def def )
(Ta)(H=a(t-7), (Fya)() = a()e”™™ )

where the parameter T denotes the value of the
time-shift, and & denotes the value of the frequency
-shift introduced in the signal. The component of
arbitrary signal a(t) ,which have time delay 7 and
frequency shift 8 can be approximately calculated by
short-time Fourier transform (STFT) which
defined for a signal a(t) as

is

def
STFT,(0,7;8) = I a(hg (t-1)e ™ dt ®)

for a given window function g(¢). It is a projection of

the signal onto a family of functions P that are
time- and frequency-shifted versions of g(¢).

def

STFT,6,1; 2) ; <3a(P(e,r)> D

def

Do) (O =(F, T, 2) () = g(t—17)e™™ @

where {+) denotes the inner product. STFT can also
be
function. We next develop the time-frequency-based

mterpreted as a time—frequency correlation
channel and signal models. The complex baseband

signal r(¢t) at the receiver is given by

r(ty= f6)+ n() 9)

where nlg) is the complex AWGN with power
and y(t)
-transformed version of the transmitted complex

baseband signal s(¢)

spectral - density N, is the channel

HD= [ HeT)ste-T)dr (10)

We are interested in a representation for the
time-varying channel[m, described by the kernel
h(t,T), that maps s(t) into y(). It suffices to
consider the unmodulated signal to characterize the
effects of the channel. An equivalent representation of
the channel which is central to our discussion is in
terms of the spreading function defined as [11]

def 5
H@®,7) = j KtT)e ™ gt (11

UE42 9 =22 HOHAEE 98t HEIFH2/0] COMA AlLE
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E =
The corresponding representation of y(t) is
) = j j H(8,7)(F, T, 5)({)dbdz
= J I H(0,7)s(t-1)e’™ dfdr (12)

And thus 8 corresponds to the frequency offset
introduced by Doppler shifts, and 7T corresponds to
the multipath delay (time-shifts). The maximum
range of the T is called the multipah delay spread of
is denoted T the

maximum range of the values is denoted by Bp. In

the channel and Similarly,

terms of these parameters, (12) becomes

0= [ [ E6,0)(F, T, 90 dod

= [ " 16, 1)t~ 1)e” ™ dodr (13)
Thus, T signifies the maximum multipath delay
introduced by the channel, and By corresponds to the
maximum frequency offset produced by the channel.
The spreading function H(67) the
time-frequency spreading introduced by the channel.

quantifies

Note from (12) that if we represent the charnel by
an operator H, it is composed of a linear combination

of time- and frequency-shift operators

H= j j H(0,7)F,T,dbodr (14)

It is well known that an arbitrary time-varying
linear system admits such a representation in terms
shifts [12], [13]. The

time-variant channel impulse response h(t,7)is best

of time and frequency

modeled as a stochastic process and a realistic model
in many situations is the wide-sense stationary
uncorrelated scatterer (WSSUS) model [11] in which
the temporal variations in h (%, T)are represented as
a stationary Gaussian process, and the channel
responses at different lags (different scatters) are
Thus,

characterized by second-order statistics, which are

uncorrelated  (independent). the channel is

given by

E{H(@l,fl) H(ezarz)}

=y(6,,7,)6(6, - 6,)5(r, —7,) (15)
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where

dei

w(0,7) = E{| H(6,7) "} (16)

and () denotes the Dirac delta function. The

function ¥{0,7) 20 s called the scattering function
and denotes the power in the different
multipath-delayed and  Doppler-shifted  signal
components. It 1s particularly useful for describing
some salient characteristics of the channel [11].

The following result describes the fundamental
channel representation, obtained by a (6, T )—sampling
of (13). If the multipath spread is greater than or
equal to the chip period, Tm>T:; , and the
frequency-offset is greater than or equal to the

reciprocal to the waveform duration, B,=>1/T,, then

the received signal () in (13) admits the
finite-dimensional representation
v
D) = AT, (D
,21; T, ! 17)

Where L=[T,/T1, V=|_BoTc—|, and HO.7) is a
band limited approximation of H(8,1). The waveforms
u{)'s are defined as

def 2nvt

,/(0)=(F , T $)(0) = (= IT)e

(18)

&

In the case of proposed multicarrier CDMA system,
transmitted signal s(t) is described by (3). The
orthogonality of the wu./(t) implies that they can be
processed "channels”, and the

as  separate

independence of the A (V/ T,1T) implies that those
channels can be processed independently to provide
diversity [5].  The
multipath-Doppler components with delay, [T, and
Doppler shift ,u/T,, and the received signals can be
resolved into VXL independent multipath~Doppler
(diversity by
sampling of time-frequency plane.

Note that the orthogonality of the ws/(t) is very
important to determine the performance of multipath

received signals has

components channels) appropriate

(33)
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and Doppler diversity. In the proposed multicarrier
CDMA system, data and code pattern is changed
the number of serial-to-parallel
converted branches M. It means that the
orthogonality of the w,/(t) is determined by the
parameter M and S. The parameter M and S are the

according to

key parameters to determine the performance of
multipath and Doppler diversity.

It is worth noting that there is virtually no loss of
information in the approximate representation (17).
The reason is that due to the time- and band-limited
nature of the signaling waveform s(t), the receiver

only "sees’’ a corresponding time- and band-limited

version h (0,7)of the channel H(0.7) which in
turn justifies the sampling of the spreading function

in (17).
spreading sequences and they has orthogonality in

The proposed system uses divided PN

time and frequency domain by using the specific data
and code pattern described in section II, and so the
channel with multipath and freq. offset can be
described of
time—frequency shift operators (compare with (14)):
L Vv
H~32 A

==l

as a finite linear combination

2T [F,T,
] (19

The above channel approximation depends on the
time-bandwidth product of the spread—-spectrum
signal s(t).

IV. Rake Receiver for Multipath and Doppler
Diversity

In this section, we describe the time-frequency
Rake receiver that exploits time-frequency channel
representation to achieve both multipath and Doppler
diversity for the proposed multicarrier CDMA system.

Fig. 3 illustrates the receiver
multipath and Doppler diversity. To extract the
independent multipath-frequency shift components,

structure for

received signal r(t) is shifted in time and frequency
by nT. and p/T. respectively. Time and frequency
shifted signal rpn(t) is used to get the independent
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detection values.

Jthpt
F,T,.r(H=r(t-nT)e ™

Y/ s

n=12A ,A

(0=

p=12,A P, (20)

The parameter P and are less than or equal to
the V and L respectively. It is because that L is the
maximum Tresolvable path in time domain and V is
the maximum resolvable element in frequency
domain.

Recalling the definition of the STFT in (6), we
note that the matched filter outputs can be precisely
computed via sampled STFTs . Zp..(j) is the k-th
user’s detection value from the n-th path (n7.) and

p-th frequency shifted (p/T.) component of the

received signal. We can get Zpv(j) from

S .
” _ JMT .
AOED Y RO

o P
= ;STFT&,SJ (—7—;‘,[1]:.;1'] (21)
&isi(D=C, s (Dcos(w; 1+, ) (22)

where w, ;= 27 (jM+14)/T,. Above STFT can

be implemented by the block diagram in Fig. 4.
Figure 4 shows the multicarrier CDMA receiver
block. As shown in Fig. 4, the input received signal,
pn is shifted in time and frequency domain and the
received signal is divided into subchannels by using
FFT block® and we can get the despreading value

TEY COIHAEE @
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Fig. 4. Proposed multicarrier CDMA Receiver block in

Receiver block.

with correlator banks in Fig. 4. The outputs of
multicarrier CDMA receivers are combined to get
multipath and Doppler diversity as shown in Fig. 3.
Using equal gain combining, the decision value is

given as
k L& k
Z7(j)=sgn Z,,())
134 ®
Decision  values, Z"(j)are serial-to-parallel

converted to get the final detection data stream.

V. Simulation Results

We now present some simulation results regarding
the performance of multipath~Doppler diversity
techniques for the proposed multicarrier CDMA
system. We assume a frequency selective Rayleigh
fading channel, and we consider three kinds of
channel delay profile: T,/Te=2, 3 and 4. We assume a
perfect subcarrier synchronization and subcarrier
state estimation. The m-sequences of length 64 are
used to spread the transmitted data. We set the
product of S and M as constant number (SXM = 64)
and chip duration 7. is set constant, which means
that the number of subcarriers is constant and the
bandwidth of subcarriers are identical regardless of S
and M. The number of serial-to-parallel converted
bits can be M =1, 2, 4, 8, 16, 32 and 64 in which S
= 64, 32, 16, & 4, 2 and 1 respectively. We
the of different design
parameters on the performance of the multicarrier

influence
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BER performance of
CDMA without Rake Receiver:
spread Tm=27s. Bolc=2.

the multicarrier
delay

Fig. 5.
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BER comparison of the multi-carrier
CDMA with Rake receiver : delay spread

Tm=2 Tc. BOTCZZ.

Csuksat
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CDMA system. The key parameters for simulation
are followed: the of serial-to—parallel
converted branches, M=64/S, the number of Rake
receiver branches for multipath diversity, p, the ratio
of delay spread to chip duration, L=T,/T. the

number of Rake receiver branches for Doppler

number

diversity, p, and the ratio of frequency offset to
subcarrier bandwidth, V=BT

Figs 5 and 6 show the bit error rate (BER)
performance of the proposed multicarrier CDMA
scheme for Tw/T=2 and ByT~2. Fig. 5 shows the

(35
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BER versus the number of serial~to
~parallel converted branches M : delay
spread T7=37¢. Bol=2, Eb/No=200B.

X

system without Rake receiver and Fig. 6 shows the
BER performance improvement by joint multipath
-Doppler diversity. For M=2, 4, 8 16 and 32, we can
achieve 6 8dB diversity gain. It is much better
performance than the case of non Rake receiver.

Fig. 7 shows the BER performance for the varying
size of the number of S/P converted branches, M.
When Rake branches are used for only multipath
diversity (4=2,P=1), the performance is not much
different from the case of using only frequency
domain Rake branches(A=1,P=2). When both multipath
and Doppler diversity are used (A=2,P=2), the bit
error rate becomes much lower than the others. For
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M=1 and 64, BER performance is worse than the
others. For M=1,
orthogonality
interference by multipath channel drops the system

the system does not have

in time domain, and inter symbol
performance. For M=64, the system does not have
orthogonality in frequency domain, and frequency
offset becomes a severe interference to the system.
Thus for M=1 and 64, the system performance
improvement is not happen although time and
frequency domain Rake receiver is used. Fig. 8
shows the BER performance for T./T.=3 and ByT.=2.
For M=8, the system better BER
performance than the others. For M=2, although Rake
receiver is used for multipath and Doppler diversity,

achieve

the BER performance is not much improved. It is
because the system with M=2 has less orthogonality
for muiltipath signal. As M increases, orthogonality
shifted
orthogonality for multipath signal decrease and as
shown in Fig. 8 for T/T.=3 and ByT:=2, the system
with M=8 has better performance. Fig. 9 summarizes

for frequency signal increase, Wwhereas

the BER performance under different channels with
different delay spread. As delay spread becomes
longer, bit error rate becomes higher due to inter
symbol interference and the optimal number of
serial-to-parallel branches increases due to high

multipath diversity gain.

(36)

From the simulation results, we observe that
system performance can be much improved using
multipath-Doppler diversity technique. And we know
that the effect of Rake receiver is different according
the of
branches (M) and channel delay spread and Doppler

shift.

to number serial-to-parallel converted

VI. Conclusion

In this paper, we propose a modified multicarrier
CDMA transmission scheme and adopt Rake receiver
to use multipath and Doppler shift. The multicarrier
CDMA scheme fully exploits the inherent channel
diversity via joint time-frequency processing. Divided
spread code and proper data allocation provide
orthogonality in time and frequency domain, which
enable the system to achieve the joint multipath
~Doppler diversity. Simulation results show that
Doppler shift can be another information for diversity.
The multicarrier CDMA system allows additional
flexibility in the choice of system parameters such as
the number of serial-to-parallel converted branches
varying
parameters, BER performance has been examined for

and copied Dbranches. Upon system

the multicarrier CDMA system under frequency
selective multipath fading channel. The simulation
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results show that the performance of the multicarrier
CDMA system can be improved by using joint
multipath-Doppler Rake receiver.
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