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ABSTRACT

In this contribution an adaptive space-time spreading (ASTS)
assisted transmit diversity scheme is proposed for improving the
throughput of wideband cede-division multiple-access (W-CDMA)
systems. The performance of the system is investigated, when
frequency-selective Nakagami-m fading channels, multiuser in-
terference and background noise are considered. Our numer-
ical results demonstrate that the proposed ASTS-based trans-
mission scheme is capable of significantly improving the effec-
tive throughput of W-CDMA systems. Specifically, the studied
W-CDMA system’s bitrate can be increased by a factor of three
at the modest cost of requiring an extra 0.4dB or 1.2dB transmit-
ted power in the context of the investigated urban or suburban
areas, respectively,

1. INTRODUCTION

The capacity and the achievabie data rate of wireless communication
systems is limited by the time-varying characteristics of the chan-
nels. An efficient technique of combating the time-varying effects of
wireless channels is employing diversity. In recent years, space-time
coding has received much attention as an effective transmit diver-
sity technique used for combating fading in wireless communica-
tions (1]. Inspired by space-time codes, in [2] an attractive trans-
mit diversity scheme based on space-time spreading (STS) has been
proposed for employment in CDMA systems. The performance of
CDMA systems using STS has been investigated in [2, 3]. The anal-
ysis and numerical results suggest that the achievable transmit di-
versity gain is independent of the frequency-selective diversity gain
and that both the transmit diversity and the frequency-selective di-
versity have the same order of importance. Furthermore, the results
recorded for transmission over frequency-selective fading channels
show that when there is a sufficiently high number of resolvable
paths gencrated by the specific environment encountered at the chip
rate used, a CDMA system using a single transmit antenna and a
conventional RAKE receiver is capabie of achieving an adequate di-
versity gatn.
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The frequency-selective frequency-domain transfer function of
W-CDMA wireless channels may vary slowly, but often over a wide
dynamic range, when roaming in urban and suburban areas [5]. There-
fore, the number of resolvable paths at the receiver can be modeled
as a random variable distributed over a certain range, depending on
the location of the receiver, where the number of resolvable paths
varies slowly, as the receiver (mobile station) roams. Consequently,
STS schemes designed on the basis of a low number of resolvable
paths or based on the premise of encountering a constant number of
resolvable paths may not achieve the maximum communication effi-
ciency in terms of the effective throughput. Motivated by the above
arguments, in this contribution an Adaptive STS (ASTS) based trans-
mission scheme is proposed and investigated, which adapts the mode
of operation of its STS scheme and its comesponding data rate, ac-
cording to the near-instantaneous frequency-selectivity information
fed back from the mobile receiver to the base station’s transmitter.
Our numerical results show that this adaptive STS scheme is capable
of efficiently exploiting the diversity potential provided by the chan-
nel’s frequency-selectivity, hence significantly improving the effec-
tive throughput of W-CDMA systems.

2. SYSTEM MODEL

2.1. Transmitted Signal

The W-CDMA system considered in this paper empioys U fransmit-
ter antennas and one receiver antenna. The transmitter schematic
of the kth user and the receiver schematic of the reference user are
shown in Fig.1, where real-valued data symbols using BPSK mod-
ulation and real-valued spreading [2] were assumed. As shown in
Fig.1(a), at the transmitter side the binary input data stream having
a bit duration of T}, is serial-to-paraliel (S/P) converted to U/ parallel
sub-streams. The new bit duration of each parallel sub-stream, in
other words the symbol duration, becomes T, = UT,. Afier S/P
conversion, theXU number of paralle] bits are direct-sequence spread
using the STS schemes proposed in (2] with the aid of U number
of orthogonal spreading sequences - for example Walsh codes - hav-
ing a period of UG, where G = Ty/T, represents the number of
chips per bit and 7 is the chip-duration of the orthogonal spread-
ing sequences. As seen in Fig.l(a), following STS, the U/ parallel
signals to be mapped to the I transmission antennas are scrambled
using the kth user’s pseudo-noise (PN) sequence PNy (2), in order
that the transmitted signals become randomized, and to ensure that
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the orthogonal spreading sequences employed within the STS block
of Fig.1 can be reused by the other mobiles. Finally, after the PN se-
quence based scrambling, the U number of paraliel signals are car-
rier modulated and transmitted by the corresponding I/ number of
antennas. In this contribution we assume that the number of paral-
lel data sub-streams, the number of orthogonal spreading sequences
used by the STS block of Fig.l and the number of transmission an-
tennas is the same, namely U. As shown in [2] this specific STS
scheme constitutes an attractive scheme, since it is capable of provid-
ing maximal transmit diversity without requiring extra STS codes.
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Figure 1: Transmitter and receiver block diagram of the W-CDMA
system using space-time spreading.

Based on the philosophy of STS as discussed in [2, 3] and re-
ferring to Fig.1{a), the transmitted signal of the kth user can be ex-
pressed as

sul(t) = ,/z—fzc(t)su(t) x PNi(£) cos(2m £.1), (1

where P represents each user’s transmitted power, which is constant
for all users. Furthermore, si(£)} = {sk1(t) sx2(t) ... sxr(t)] repre-
sents the transmitted signal vector of the I transmission antennas,
while PNi(t) and f. represent the DS scrambling based spreading
waveform and the subcarrier frequency, respectively. The scram-
bling sequence waveform is given by PNk () = ;.";_W Pr; Pr, {t—
F7T%), where pr; assumes values of +1 or -1 with equal probability,
while Pr, (¢} is the rectangular chip waveform, which is defined over
the interval [0, Te.). In (1) the vector c(t) = [e1(t) c2(t) ... crr (2)]
is constituted by the U number of orthogonal signals assigned for
the STS. Furthermore, c:(t) = 3272 eiPr.(t — jTo), i =
1,2,...,U denotes the individual components of the STS-based or-
thogonal spread signals, where {ci;} is an orthogonal sequence of
period UG for each index i; By (£) represents the {7 % U dimen-
sional transmitted data matrix created by mapping U input data bits
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to the I/ parallej sub-streams according to specific design rules [2],
so that the maximum possible grade of transmit diversity is achieved,
while using relatively low—complexity signal detection algorithins.
Specifically, By (t) can be expressed as

arnbear  e1zbiis aywbe
anbr21  aszbra: ... cavbrov

Bul(t) = , i . . ), @
abr,n  evzbr,re avvbevy

where the time dependence of the (¢, j)th element is indicated at the
right of the matrix for simplicity. In (2) e;; represents the sign of the
element at the ith row and the jth column, which is determined by
the STS design rule, while by 5 is the data bit assigned to the (%, j)th
element, which is one of the U input data bits {bx1, ber,. .., bar }
of user k. Each input data bit of {bi1, k2, ..., bxv} appears only
once in any given row and in any given column.

2.2. Channel Model

The complex low-pass equivalent representation of the impulse re-
sponse experienced by the uth parallel sub-signal of user & is given
by [6]

L

E(t) = 3 hiad(t — ) exp (jok) , &)

=1

where h}j, Tx: and i represent the attenuation factor, delay and
phase-shifi of the Ith multipath component of the channel, respec-
tively, while L is the total number of resolvable multipath compo-
nents and §(¢) is the Kronecker Delta-function. We assume that
the phases {13} } in (3) are independent identically distributed (iid)
random variables uniformly distributed in the interval [0, 27}, while
the L multipath attenuations {h}; } in (3) are independent Nakagami
random variables having a Probability Density Function (PDF) of [4]

plhl) = M(hh,m{Y ),
2™ 2m—1
MRm,Q) = ZET it @)

T(m)Qm !

where I'(-) represents the gamima function [6], and mf"{) is the Na-
kagami-m fading parameter, which characterizes the severity of the
fading over the [-th resolvable path between the uth transmission
antenna and user k. The parameter Q}; in (4) is the second mo-
ment of hiy. ie., we have QF, = E[(a};)?]. We assume a nega-
tive exponentially decaying muitipath intensity profile (MIP) given
by QF = Q¥ e~ 5 > 0, where QF, is the average signal
sirength comresponding to the first resolvable path and 7 is the rate
of average power decay.

We support K asynchronous CDMA users in the system and
assume perfect power control. Consequently, when the K users’
signals obeying the form of (1} are transmitted over the frequency-
selective fading channels characterized by (3), the received complex
low-pass squivalent signal ata given mobile station can be expressed
as

K L oF
R(t) = Z Z 1‘" ﬁfc(t - TM)BU(t - 'Tk;)hu
k=1 =1
x PNi(t — Ta) + N(8), (5)

VTC 2002



where V(1) is the complex valued low-pass-¢quivalent Additive White
Gaussian Noise (AWGN) having a double-sided spectral density of
No, while

hig exp(jity)
By = hi exp(Fvi) kl= 1,2,...,K; ®)
hi exp(jef)
represents the channel’s complex impulse response in the context of
the kth user and the {th resolvable path, where ¥ = ¢} — 27 fomwe.

2.3. Receiver Model

Let the first user be the user-of-interest and consider a receiver using
space-time de-spreading as well as diversily combining, as shown
in Fig.1(b), where the subscript of the reference user's signal has
been omitted for rotational convenience. The receiver of Fig.1(b}
carries out the inverse operations of those seen in Fig.1(a), in addi-
tion to multipath diversity combining. In Fig. 1(b) the received signal
is first down-converted using the carrier frequency f, and then de-
scrambled using the DS scrambling sequence of PN(£ — 73) in the
context of the [th resolvable path, where we assumed that the re-
ceiver is capable of achieving near-perfect multipath-delay estima-
tion for the reference user. The de-scrambled signal associated with
the ith resolvable path is space-time de-spread using the approach
of [2], in order to obtain U separate variables, {Zy, Za,. .., Zui},
corresponding to the U parallel data bits {b1,bs,. .., by}, respec-
tively. Following space-time de-spreading, a decision variable is
formed for each parallel transmitted data bit of {by, by, ... b} by
combining the comresponding variables associated with the L num-
ber of resolvable paths, which can be expressed as

L
Zu=3 Zw,u=12,...,U Q)

I=1
Finally, the & number of transmitted data bits {bl, ba,...,br} can
be decided based on the decision variables {Z, }uﬁ1 using the con-

ventional decision rule of a BPSK scheme.

It was shown in [1] that, with the aid of the Gaussian approxima-
tion, the average BER of the STS-assisted W-CDMA system using
U transmission antennas can be expressed as

{u)
L= “sin?g \
R(E) = f L S TP R
k) J‘Iy Vi + m(") sin?8
where
o _l[ex+nazm -3, (e
W=y T o

xe~ ¢, 9

Equation (8) suggests that the diversity order achieved is LU and the
diversity gain due to STS appears to be independent of the diversity
gain contributed by the RAKE receiver.

In Fig. 2 we compare the BER performance of the STS-assisted
W-CDMA system transmitting over flat Rayleigh fading channels
and that of the conventional RAKE receiver using only one transmis-
sion artenna, but communicating over frequency-selective Rayleigh
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Figure 2: BER versus the SNR per bit, E; /Ny, performance com-
parison between the space-time spreading based transmit diversity
scheme and the conventional RAKE receiver arrangement using only
one transmission antenna when communicating over flat-fading (for
space-time spreading) and multipath { for RAKE) Rayleigh fading
(rm; = m. = 1) channels by assuming that the average power decay
ratewas i = 0.

fading channels. The results in this figure were evaluated from (8)
by assuming appropriate parameters, as shown in the figure. Based
on those results we observe that both the STS based transmit diver-
sity scheme transmitting over the frequency non-selective Rayleigh
fading channel and the conventional RAKE receiver scheme com-
municating over frequency-selective Rayleigh fading channels hav-
ing the same number of resolvable paths as the number of transmis-
sion antennas in the STS-assisted scheme achieved a similar BER
performance, with the STS scheme slightly outperforming the con-
ventional RAKE scheme.

3. ADAPTIVE SPACE-TIME SPREADING

The main philosophy behind the proposed ASTS scheme is the real-
time adaptive control of the STS based transmission scheme, in order
that the system achieves its maximum throughput, while maintaining
the required BER performance. In the context of the STS-assisted
W-CDMA system, the delay-spread of the wireless channels, and
hence the number of resolvable paths available varies slowly over a
range spanning from one to dozens of paths. The STS scheme de-
signed based on 2 low number of resolvable paths, or even based on a
relatively high but constant number of resolvable paths, canpot max-
imize the achievable throughput. A high-efficiency STS based com-
munication scheme must be capable of combining the transmitted
energy, which was scattered over an arbitrary number of resolvable
paths, and the mode of operation of the STS scheme can be adap-
tively controiled according to the receiver’s detection performance.
The principle of implementing channel-dispersion controlled ad-
aptive rate transmission using ASTS may be readily interpreted by
referring to the following example. Let the transmitter employ a to-
tal of four transmission antennas. If the number of resolvable paths
experienced by the receiver is low, the transmitter is instructed by
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the receiver with the aid of the system’s control channel to employ 2 .
STS scheme based on four transmit antennas, using the STS scheme
described as [2]

b b2 b3 [N

ba - by b3

by —bs by by | {10)
by b3 —ba b

S= [(:1 c2C3 04]

where ¢y, ¢2, ¢35, c4 are four STS-related orthogonal codes having a
period of 47}, The above STS scheme transmits U = 4 parallel data
bits during the interval of 4T, and hence the effective transmission
bit rate becomes Ry = 4 x 1/4T, = 1/T,. By contrast, when the
number of resolvable paths increases, the transmilter is instructed by
the receiver to employ four separate STS schemes, each based on
two transmit antennas, which can be formulated as:

2} b2 b 54
o fe1 ¢ by —bs fes e4) be  —bs an
b bs br  bs ’

[e1 €2} be  —bs [es €4} by —br

which, again, constitutes four independent 2-antenna based STS sche-
mes denoted by B2(t) according to (2), where c1, ca, ¢3, ¢4 are the
U = 4 $TS-related orthogonal codes having a period of 2T;,. Based

on the above four 2-antenna assisted STS schemes, U/ = 4 parallel

data bits are transmitted dunng the first 27}, duration interval using

the STS scheme B2(t) of (2) Specifically, antennas 1 and 2 are acti-

vated with the aid of ¢;. ¢, while activating antennas 3 and 4, when

using ¢z, ¢4. During the following 27T,-duration slot another four
data bits are transmitied using the same scheme as outlined above.

Consequently, the abon e four 2-antenna based STS schemes transmit

a total of eight data bits dunng two consecutive 2T,-duration time-

slots having a total duration of 47,. and the effective transmission

rate is now doubled to 2/{s  Furthermore, if the number of resolv-

able paths is sufficiently high, wiich results in requiring no wans-

mit diversity at all. then the four transmission antennas can transmit

their information independently. and the corresponding transmission

mode can be described as

aby  ob, by cabs
b, b, b cabs

S= 12
cibs  cbia by cabiz | (12
abys by caty cabis

which implies that each of the 16 buts is transmitted independently
using an antenna within a durauon T, where 1, c2, €3, ¢4 are four
orthogonal codes having a penod of T, cach mapped to one antenna.
Explicitly, this scheme is capable of wransmitting a total of 16 data
bits during an interval of 4T, and hence we achieve a transmission
rate of 412,

The PDF of the delay spread in a wireless communication chan-
nel can be approximated by a nepative exponential distribution [5].
More explicitly, it can be shown that the PDF of the number of re-
solvabie paths can be expressed as

1 T
flr) = T/ T exp (— T /Tc) » T 20,

where T, represents the mean square of the distribution, which is
also the average value of the delay spread. Some typical examples
of Ty, in different environments are [5]: T7n < 0.1ps for an indoor

13
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environment, Ty, < (.24 for an open rural area, To, = 0.5us
for a suburban area and T, ~ 3us for a typical urban area. In
{13) Ton / T:: represents the average delay-spread to chip-duration ra-
tio, and | T /T:] + 1 - where |z] represents the largest integer not
exceeding T - is the average number of resolvable paths, which has
been widely used in the performance analysis of DS-CDMA systems
transmitting over multipath fading channels.

Let the number of resolvable paths associated with the reference
signal be L,.. For DS-CDMA signals having a chip-duration of Tt
the number of near-instantaneous resolvable paths L, can be mod-
eled as a discrete random variable, which varies slowly depending on
the communication environment encountered. For a given BER, let
the maximum throughput conditioned on the number of resolvable
paths L be B(L,). ldeally, assuming that the receiver is capable
of combining an arbitrary number of resolvable paths and that the
transmitter has the perfect knowledge of the number of resolvable
path with the aid of a feedback channel, and that the feedback delay
is negligible, the unconditional throughput, B, using adaptive STS
can be written as

B= i P(L:)- B(L.),

La=1

(14

where P(L,) is the probability that there are L, resolvable paths at
the receiver. With the aid of (13), this probability can be approxi-

mated as
' Lr=-140.5
Lax{ﬂ,l.,.—l—ﬂ‘s}
max {0, Lr — 1 — 0.5}
=P ( Trf T )

Le—14+05
- exp (-‘—Tmc—) ) (15)

F)dre

P(L.)

It

where [Lr — 1 — 0.5, L, — 1 + 0.5} is the normalized delay-spread
range having L. resolvable paths. In (14) B{L.) represents the
maximum possible throughput conditioned on having L, number
of resolvable paths. For example, for the proposed ASTS scheme
using four-antenna based STS, two-antenna based STS as well as
conventional single antenna based transmission, as characterized in
(10), (11) and (12), B(L») may achieve values of Ry, 2Ry or 4Rs,
respectively, depending on the specific number of resolvable paths
encountered.

4. ASTS PERFORMANCE RESULTS

Figs.3 and 4 show the throughput versus SNR/bit performance of
the ASTS-assisted W-CDMA system using a maximum of four an-
tennas. Depending on the number of resolvable paths at the receiver
and on the comresponding achievable BER performance, the trans-
mitter may activate cne of the transmission schemes described by
€10}, (1 1Y and (12). In our related investigations, the target BER was
set to 0.01, Specifically, if a sufficiently high number of resolvable
paths is encountered by the receiver, which results in a BER of less
than (.01 for the scheme described by (12), then the transmitter sup-
ports a bit-rate of 4Rp. If the number of resolvable paths is in a
range, where the BER using the scheme described by (12) is higher
than 0.01, but that of the STS scheme described by (11) is lower than
0.01, then the transmitter transmits at a rate of 212,. Finally, if the
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Figure 3: Normalized throughput versus the SNR per bit, E; /Ny,
performance of the adaptive space-time spreading assisted W-
CDMA system using 4-antenna based STS of (10), the 2-antenna
aided STS of (11) and the conventional single-antenna scheme
for transmission over four typical wireless channels experiencing
Rayleigh fading (m = 1). The target BER of the reference user
is 0.01 and there are no interference users, i.e., K = 1.

nmumber of resolvable paths is in a range, where the BER using the
STS scheme described by (11} is higher than 0.01, but that described
by (10) is lower than 0.01, then the wansmitter transmits at a rate of
Ry. Otherwise, if the number of resolvable paths is too low, which
results in BER>0.01 for the STS scheme described by (10), then the
transmitter simply disables transmissions.

From the results of Figs.3 and 4 we observe that with the aid of
the ASTS scheme the system’s effective throughput is significantly
increased, provided that the average delay-spread of the channel is
sufficiently high. Let us highlight the significance of this observa-
tion in more detajl. Using Tr, = 0.5us and 3us as examples and
by observing Fig.3 we find that the SNR/bit required for transmit-
ting at the data rate of Ay is about 5.2dB for T, = 0.5us and
4.6dB for T}, = 3ps. Similarly, the SNR/bit required for support-
ing the data rate of 31T, is about 6.4dB for T,, = 0.5u4s and 5dB
for T, = 3us. Hence, the adaptive STS-assisted W-CDMA sys-
tem increased the achievable transmission rate by a factor of three,
while requiring only a modest transmitted power increase of about
1.2dB for T, = 0.5ps and 0.4dB for 7}, = 3us. Similar results
can also be observed in Fig.4, where an extra 0.4dB or 1.2dB trans-
mitted power is required for achieving a data rate of 3Rs instead
of Ry. However, if the number of resolvable paths varies over a
relatively low range, the required increase of the transmitted power
becomes higher. For example, for the case of T, = 0.1us in Fig.3
and Fig.4 an extra 2.2dB (Fig.3) or 1.2dB (Fig.4) transmitted power
must invested, in order to achieve a data rate of 2R, instead of R».
In this scenario, due to the associated extra complexity of the ASTS-
agsisted scheme required by the chanpel dispersion estimation and
feedback, and due o the control channel requirernent of the disper-
sion feedback, the ASTS-aided scheme might not constitute a more
attractive alternative.

In the context of the 3rd-generation (3G) W-CDMA systems,
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Figure 4: Normalized throughput versus the SNR per bit, Ej/Np,
performance of the adaptive space-time spreading assisted W-
CDMA system using the 4-antenna based STS of (10), the 2-antenna
aided STS of (11) and the conventional single-antenna scheme
for. transmission over four typical wireless channels obeying the
Nakagami-m distribution (m, = 2, m. = 1). The target BER of
the reference user is 0.01, while the interfering users communicate
using the 4-antenna based STS of (10} and each interfering signal
has an average of L4 number of resolvable paths.

since a chip rate of B 2 3.686 M¢ps/s has been employed, the
number of resclvable paths may vary over a wide range in urban
and suburban areas. Hence, using adaptive STS-aided transmissions
constitutes 2 promising option, when supporting high data rate ser-
vices.
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