Space-Time Spreading Assisted Broadband MC DS-CDMA

Lie-Liang Yang and Lajos Hanzo
Dept. of ECS, University of Southampton, SO17 1BJ, UK.
Tel: +44-23-8059 3125, Fax: +44-23-8059 4508
Email: lly@ecs.soton.ac.uk and th@ecs.soton.ac.uk
http://www-mobile.ecs.soton.ac.uk

Abstract— In this contribution multicarrier direct-sequence
code-division multiple-access (MC DS-CDMA) using space-time
spreading (STS) is investigated in the context of broadband com-
munications over frequency-selective Rayleigh fading channels.
We consider a range of design issues as well as the achievable Bit
Error Rate (BER) performance for the down-link, by assuming
synchronous transmission of the user signals. The BER perfor-
mance of STS assisted broadband MC DS-CDMA using Binary
Phase Shift Keying (BPSK) modulation is investigated by simu-
lation for a range of parameter values. Our study shows that
by appropriately selecting the system parameters, STS assisted
broadband MC DS-CDMA is capable of supporting ubiquitous
communications in various communication environments includ-
ing indoor, open rural, suburban and urban areas without BER
performance degradation. Furthermore, the STS based transmit
diversity schemes can be designed for attaining a certain required
diversity gain, while maintaining a near-constant BER in various
communication environments, provided that frequency-selective
Rayleigh fading channels are encountered.

[. INTRODUCTION

Broadband mobile wireless systems aim for supporting a
wide range of services and bit rates by employing tech-
niques capable of achieving the highest possible spectral ef-
ficiency. In the context of CDMA assisted broadband wireless
communications three multiple-access options might be em-

ployed, provided that we refrain from using frequency hopping.
" Specifically, these three multiple-access schemes are single-
carrier DS-CDMA (1], multicarrier CDMA (MC-CDMA) us-
ing frequency-domain (F-domain) spreading [2], which will be
simply referred to as MC-CDMA and finally, multicarrier DS-
CDMA (MC DS-CDMA) using DS spreading of the subcarri-
ers’ signal [2].

In the context of broadband wireless mobile systems sup-
porting ubiquitous transmissions in various communications
environments, as indicated in [3], both single-carrier DS-
CDMA and MC-CDMA exhibit certain limitations that are
hard to circumvent. In this contribution we consider a range
of design and performance issues in the context of broadband
MC DS-CDMA using space-time spreading (STS) {3], [4] as-
sisted transmit diversity. Specifically, synchronous down-link
(base-to-mobile) transmission of the user signals is considered
and the BER performance is evaluated for a range of parame-
ter values. Our study shows that by appropriately selecting the
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system parameters, STS assisted broadband MC DS-CDMA is
capable of mitigating the problems encountered by both single-
carrier DS-CDMA and MC-CDMA. Specifically, STS assisted
broadband MC DS-CDMA is capable of supporting ubiquitous
communication in indoor, open rural, suburban and urban ar-
eas. This is achieved by avoiding or at least mitigating the
problems imposed by the fading channels associated with the
above communication environments. Furthermore, the trans-
mit diversity scheme using STS can be designed for satisfying
a constant diversity gain requirement. The required diversity
gain is achieved, when communicating over a variety of fading
channels, provided that the delay-spread encountered is dis-
tributed within a certain limited range.

II. SYSTEM DESCRIPTION
A. Transmitter Model

The system considered in this paper is an orthogonal MC
DS-CDMA scheme [5] using U - S number of subcarriers, T,
number of transmitter antennas and one receiver antenna. Fur-
thermore, in this paper a synchronous MC DS-CDMA scheme
is investigated, where the K user signals are transmitted syn-
chronously. The transmitter schematic of the kth user is shown
in Fig.1, where real-valued data symbols using BPSK mod-
ulation and real-valued spreading [4] were considered. Fig.2
shows the frequency arrangement of the U - S subcarriers. As
shown in Fig.1, at the transmitter side a block of U - L, data
bits each having a bit duration of T} is S-P converted to U
parallel sub-blocks. Each parallel sub-block has L, data bits,
which are space-time spread using the schemes of [4] with the
aid of M, orthogonal spreading codes - for example Walsh
codes - {c,’c’l(t),c{c’z(t),...,ci,Mz(t)}, k=1,2,...,K and
mapped to T, transmitter antennas. The symbol duration of
the STS signals is UL, T}, and the discrete period of the or-
thogonal codes is UL,T;,/T. = UL_N, where N = T}/T,
and T represents the chip-duration of the orthogonal spread-
ing codes. The orthogonal codes take the form of (:,’c’i(t) =
5N e 5] Pr, (¢ - 5Te), where cf ;[j] € {+1,~1} and
they obey the relationship of 31 %" ¢; m[llc;.ll] = 0, when-
ever ¢ # j or m # n. Furthermore, Pr, (t) represents the chip
impulse waveform defined over the interval of [0, T¢). As seen
in Fig.1, following STS, each STS block generates T’ parallel
signals to be mapped to the T, transmitter antennas. The spe-
cific U STS signals of Fig.1, which are output by the U STS
blocks and which will be transmitted using the same antenna
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Fig. 1. The transmitter schematic of the MC DS-CDMA system using space-time spreading.

from the set 1,2,...,T, are then interleaved by an S-depth
interleaver, so that each STS signal is transmitted on S subcar-
riers. The interleavers guarantee that the same STS signal is
transmitted by the specific .S subcarriers having the maximum
possible frequency spacing, so that they experience indepen-
dent fading and hence achieve maximum frequency diversity.
Specifically, let {f1, f2,-.., fus} be the subcarrier frequen-
cies, which are arranged according to Fig.2. These subcarrier
frequencies can be written in the form of a matrix as

fl fU+1 f(s—l)U+1
() = 1:2 fU:+2 f(s—l‘l)U+2 o
fu fw fsu

Then, a STS signal will be transmitted using the subcarrier fre-
quencies from the same row of (1). Finally, as shown in Fig.1,
the Inverse Fast Fourier Transform (IFFT) is invoked for car-
rying out multicarrier modulation, and the IFFT block’s output
signal is transmitted using one of the transmitter antennas.

It can be shown that the general form of the kth user’s trans-
mitted signal corresponding to the T, transmitter antennas may
be expressed as

- 2E, 1 T pw . gi2nfet
sk(t)—Re{ UT, SM.T. [CkBi]” Pw-¢’ , @

where E;,/UT, represents the transmitted power per subcar-
rier expressed as L, E,/UL,T, = E;/UT,, the factor S in
the denominator is due to the S-depth interleaving, while the
factor of M,T, represents STS using M, orthogonal codes
and T, transmitter antennas. In (2) si(t) = [sx1(t) ska(t) ..
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SkT, (#)]T - where the superscript T denotes the vector or
matrix transpose - represents the transmitted signal vector of
the T, transmitter antennas, P represents the S-depth inter-
leaving operation, which is a U x US matrix expressed as
P = [Iy Iy ... Iy] with I, being a unity matrix of rank U.
Furthermore, C,, is a U x U M, dimensional matrix constituted
by the orthogonal codes, which can be expressed as

cﬁ,l (t) 0 . 0
cio(t) 0 ... 0
du® 0 ... 0
0 .t 0
0 o (t) 0
= o dy@® ... o0 6)
0 0 cIIc,l ®
0 0 cka(t)
0 0 cl{:,Mz ® /

In (2) By is a UM, x T, matrix mapped from the U sub-
block data bits, according to the requirements of the STS [4].
Specifically, the matrix B can be expressed as

T
By = [BL BL, --- Bly] 4)
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Fig. 2. Spectrum of orthogonal MC DS-CDMA signals having a minimum
subcarrier spacing of 1/7Tc, where the zero-to-zero bandwidth of each DS
spread signal is 2/T.

where By, foru=1,2,...,U are M, x T, dimensional ma-
trices, which obey the structure of

! / !
anb 1y a12by 19 o1, by 17,
bl bl b/
@210k 21 Q220 22 2L, Y% o1,
Bku = . . .
9 7 /
oM 10 a1 QU2b) a2 oM, LY M, T,

where a;; represents the sign of the element at the ith row
and the jth column, which is determined by the STS de-
sign rule, while b ;. in By, is the data bit assigned to
the (7, j)th element, which is one of the L, input data bits
{br 1, bkuz,- - -, brL, } Of user k.

Equation (2) represents the general form of the transmit-
ted signals using STS, regardless of the values of L,, M,
and 7. However, the study conducted in [4] has shown that
STS schemes using L, = M, = T, i.e. those having an
equal number of data bits, orthogonal STS-related spreading
sequences as well as transmission antennas constitute attractive
schemes, since they are capable of providing maximal transmit
diversity without requiring extra STS codes. Hence, in this
contribution we only investigate these attractive STS schemes,
and our results are mainly based on MC DS-CDMA systems
using two or four transmitter antennas.

B. Channel Model and System Parameter Design

The channels are assumed to be slowly varying frequency-
selective Rayleigh fading channels and the delay-spreads are
assumed to be limited to the range of [T;,, T}, where T, cor-
responds to the environments having the shortest delay-spread
considered, for example in an indoor environment, while Ts
is associated with an environment having the highest possi-
ble delay-spread, as in an urban area. For single carrier DS-
CDMA systems using STS assisted transmit diversity, the re-
sults of [4] and [6] demonstrated that the achievable transmit
diversity gain is independent of the frequency-selective diver-
sity gain and that both the transmit diversity and the frequency-
selective diversity have the same order of importance. How-
ever, the results of [6] have also shown that the STS scheme
designed on the basis of a low number of resolvable paths, or
even based on a relatively high but fixed number of resolvable
paths, may waste some of the available diversity potential and
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hence cannot maximize the achievable throughput. This is be-
cause the delay spread experienced in practical communica-
tion environments may vary over a wide range, when moving
from indoor to outdoor, or from urban to suburban scenarios.
An efficient wireless system has to be capable of adapting to
different communication environments. For example, a broad-
band wireless communication system based on single-carrier
DS-CDMA and having a data rate of 1 Mbits/s may not exhibit
a high transmission integrity in an urban area, where the delay-
spread is higher than 3us [7], since each received symbol is
overlapped by more than two previously transmitted symbols.
By contrast, a MC-CDMA scheme [2] using frequency-domain
spreading cannot operate efficiently in an indoor environment,
where the delay-spread (coherence bandwidth) may be lower
(higher) than 0.1us (1/0.1us = 10 M Hz) without a high-
latency interleaver. Consequently, the fading envelope of ad-
jacent subcarrier signals is highly correlated and the diversity .
gain achieved by combining the subcarrier signals is signifi-
cantly degraded. Fortunately, MC DS-CDMA exhibits a high
design flexibility, since it possesses a range of parameters that
can be adjusted for satisfying the required design trade-offs.
Let us now demonstrate how we can adjust the set of param-
eters in STS-assisted MC DS-CDMA, in order to ensure that
MC DS-CDMA operates efficiently in different communica-
tion environments.

Firstly, in order to ensure that STS maintains the required
frequency-diversity order in different communication environ-
ments, the simplest approach is to configure the system such
that each sub-carrier signal is guaranteed to experience flat-
fading. Then the required grade of frequency-diversity is at-
tained by combining 2 number of independently faded sub-
carrier signals, which is achieved with the aid of F-domain
interleaving. Let the delay-spread be limited to the range of
(Tom, Ti]- The flat-fading condition of each subcarrier is satis-
fied, if T > Tn.

Secondly, in order to achieve the highest grade of frequency-
diversity, as we mentioned above, the subcarrier signals com-
bined must experience independent fading. This implies
that the F-domain spacing between the combined subcarriers
must be higher, than the maximum coherence bandwidth of
(Af)em =1 /Tm [8]. Let U be the number of sub-blocks after
the S-P conversion stage of Fig.1. Then accordmg to Fig.2 and
(1) the above condition is satisfied if w2 > — ,ie ifU > —-L

The above philosophy might be augmented with the aid of an
example. Let us assume that the total bandwidth of the broad-
band MC DS-CDMA system is about 20 MHz, the required
diversity order is four, and the number of transmitter antennas
is two. Furthermore, we assume that the delay-spread is lim-
ited to the range of [Ty, = 0.1us, Ty = 3us|, which includes
the typical delay-spread values experienced in indoor, open ru-
ral, suburban and urban areas. Based on the philosophy dis-
cussed in this subsection, we can set T, = 4us > Tar = 3us
and U = T./T,, = 4ps/0.1us = 40. When 80 subcarri-
ers occupying the spectrum of Fig.2 and having a total system
bandwidth of about 20 MHz (= (80 + 1)/T) are employed,
then the interleaving depth is two, i.e. after STS each signal
can be transmitted on two subcarriers. Consequently, this MC
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Fig. 3. The receiver schematic of the MC DS-CDMA system using space-time spreading.

DS-CDMA system will operate efficiently over a wide range
communication environments and will achieve a total diversity
order of four, provided that the delay-spread of the specific en-
vironment encountered is in the range of [0.1us, 3us], where
the total diversity order of four was contributed by the trans-
mit diversity order of two achieved on both of the interleaved
subcarriers. Furthermore, if four transmitter antennas are em-
ployed, a total diversity order of eight can be achieved, which
is the result of the transmit diversity order of four on both of
the interleaved subcarriers.

Assuming that K user signals in the form of (2) are trans-
mitted synchronously over Rayleigh fading channels, it can
be shown that the received complex low-pass equivalent sig-
nal may be expressed as

K T,

R(@) = ZZ\/ UT SM A [Cl:Bk]
&)

where (X), represents the gth row of the matrix X, N(t) is the
complex valued low-pass-equivalent Additive White Gaussian
Noise (AWGN) having a double-sided spectral density of Ny,
while

+N (t),

H = diag{higexp(j¥ng); hzg exp(i¥2g); - - -

hws)g exp(iYwsye)}> 9=12,..., Tz, (6)

is a diagonal matrix of rank U S, which represents the channel’s
complex impulse response in the context of the gth antenna.
The coefficients h;g, ¢ =1,2,...,US; ¢ =1,2,..., T inH
are independent identically distributed (i.i.d) random variables
obeying the Rayleigh distribution, which can be expressed as

2
iy (W) = —exp (—%) L,y >0, Q)
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where @ = E[(h;)?]. Furthermore, the phases v;g, i@ =
., US; g =1,2,...,T, are introduced by the fading
channels and are uniformly distributed in the interval (0, 27).

C. Receiver Model

Let the first user be the user-of-interest and consider a re-
ceiver employing FFT based multicarrier demodulation, space-
time de-spreading as well as diversity combining, as shown in
Fig.3. The receiver of Fig.3 essentially carries out the inverse
operations of those seen in Fig.1. In Fig.3 the received signal

1is first down-converted using the carrier frequency f., and then

demodulated using FFT based multicarrier demodulation. Af-
ter FFT based multicarrier demodulation we obtain U'S number
of parallel streams corresponding to the signals transmitted on
U S subcarriers, and each stream is space-time de-spread using
the approach of [4], in order to obtain L, separate variables,

{Zuyy Zu2s--- Zur, }g___sl, corresponding to the L  data bits
transmitted on the uth stream, where v = 1,2,...,US, re-
spectively. Following space-time de-spreading, a decision vari-
able is formed for each transmitted data bit {by1,bu2,-.-,
bur, }H=1 by combining the corresponding variables associ-
ated with the S interleaved subcarriers, which can be expressed
as

s
Zyi = ZZ((S—I)U-f-u),iv v=12,...,U;
s=1

i=1,2,..., L. 8
Finally, the UL, number of transmitted data bits can be de-
cided based on the decision variables {Z,;, v =1,2,...,U;
i=1,2,...,L;} using the conventional decision rule of a
BPSK scheme.

For the cases of L, = M, = T, = 2,4, 8, etc. the average
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frequency-selective Rayleigh fading channels evaluated from (9).

BER can be expressed as

1-— u] T.S T-5-1

m:[——-

T,S—1+k\ [1 k
2 G ==

= k 2

where pp = /7/(1 +7) with ¥ = E,Q/SN,.

We note that according to (9), by using STS and F-domain
subcarrier interleaving, the diversity order achieved is T3S,
provided that T, transmitter antennas and S-depth F-domain
interleaving schemes were used. Furthermore, the diversity
gains achieved by the T, transmitter antennas and by the pro-
cess of interleaving over S subcarriers are independent and
hence their product determines the total diversity order.

I11. PERFORMANCE RESULTS

In this section we provide both simulation as well as numer-
ical results for characterizing the performance of the proposed
broadband MC DS-CDMA using STS assisted transmit diver-
sity. In Fig.4 we evaluated the effects of the number of trans-
mission antennas on the BER performance of the orthogonal
MC DS-CDMA scheme, where we assumed that the transmit-
ter used no F-domain interleaving, i.e. we set S = 1, but em-
ployed T;; = 1,2,4, 8, or 16 transmission antennas. From the
results we observe that the BER performance is significantly
improved, when increasing the number of transmission anten-
nas. It is seen that at the BER of 102 the STS scheme using
two transmission antennas gives about 9.5dB gain over that us-
ing one transmission antenna. By contrast, if the number of
the transmission antennas is increased, we find that at the BER
of 103 the STS scheme using 16 transmission antennas only
gives about 1dB gain over that using 8 transmission antennas.
The reason is that much of the total achievable diversity gain is
already attained using a relatively low number of transmission
antennas.
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fading channels evaluated from (9).

Fig.5 shows both the numerical and simulation based BER
results, which were drawn using lines and markers, respec-
tively, for S = 1, T, = 1,2,daswellasfor S = 3, T, =
1,2,4. From the results we observe that at a BER of 0.01, us-
ing two transmitter antennas rather than one yields a gain of
approximately 5.0 dB. Furthermore, when T, = 4 transmitter
antennas and an interleaving depth of S = 3 are considered
instead of T, = 1,5 = 1, the diversity gain achieved is ap-
proximately 9.0 dB.

In conclusion, in this contribution we have investigated the
performance of a broadband MC DS-CDMA system using
STS, when frequency-selective Rayleigh fading channels are
considered. Our performance studies suggest that broadband
MC DS-CDMA using STS constitutes a2 promising multiple-
access option, which is capable of avoiding various design lim-
itations that are unavoidable, when using single-carrier DS-
CDMA or MC-CDMA.
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