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In this contribution, the performance of wideband code-division multiple-access (W-CDMA) systems using space-time-
spreading- (STS-) based transmit diversity is investigated, when frequency-selective Nakagami-m fading channels, multiuser in-
terference, and background noise are considered. The analysis and numerical results suggest that the achievable diversity order is
the product of the frequency-selective diversity order and the transmit diversity order. Furthermore, both the transmit diversity
and the frequency-selective diversity have the same order of importance. Since W-CDMA signals are subjected to frequency-
selective fading, the number of resolvable paths at the receiver may vary over a wide range depending on the transmission en-
vironment encountered. It can be shown that, for wireless channels where the frequency selectivity is sufficiently high, transmit
diversity may be not necessitated. Under this case, multiple transmission antennas can be leveraged into an increased bitrate.
Therefore, an adaptive STS-based transmission scheme is then proposed for improving the throughput of W-CDMA systems. Our
numerical results demonstrate that this adaptive STS-based transmission scheme is capable of significantly improving the effective
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 0.4 dB or 1.2 dB transmitted power in the context of the investigated urban or suburban areas,
respectively.
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1. BACKGROUNDON LINK ADAPTATION

It is widely recognised that the channel quality of wire-
less systems fluctuates over a wide range and hence it is
irrealistic to expect that conventional nonadaptive systems
might be able to provide a time-invariant grade of ser-
vice. Hence in recent years various near-instantaneously
adaptive-coding-and-modulation- (ACM-) assisted arrange-
ments have been proposed [1, 2], which have found their
way also into the high-speed downlink packet access (HS-
DPA) mode of the third-generation wireless systems [3] and
in other adaptively reconfigurable multicarrier orthogonal
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frequency division multiplex (OFDM) systems [4] as well as
into single-carrier andmulti-carrier DS-CDMA schemes [5].
The family of multi-carrier systems is now widely considered
to be the most potent candidate for the next-generation sys-
tems of wireless communications. The taxonomy of ACM
schemes and a plethora of open research problems was de-
tailed in [5, Chapter 1], hence here we refrain from detail-
ing these issues. The philosophy of these ACM schemes is
that instead of dropping a wireless call, they temporarily
drop their throughput [3], when the instantaneous chan-
nel quality quantified in terms of the signal to interference-
plus-noise ratio (SINR) [5] is too low and hence the re-
sultant bit error ratio (BER) happens to be excessive. In
this contribution, we will focus our attention on a less
well-documented area of link adaptivity, namely, on the ef-
fects on multipath-induced dispersion-controlled adaptivity
[5]. Achieving these ambitious objectives requires efficient
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cross-layer design,1 which supports the agile and prompt li-
aison of the OSI layers concerned, potentially requiring an
interaction between the physical, network, and service lay-
ers, as it was exemplified in [3, 5]. More explicitly, in or-
der to be able to pass on the benefits of the increased sys-
tem throughput of these cross-layer optimised ACM-aided
transceivers to the service layer in terms of improved video or
speech quality, near-instantaneously adaptive speech codecs
[6] and video codecs [7] are required. These speech and
video codecs must have the ability to reconfigure them-
selves under the control of the near-instantaneous chan-
nel quality, such as the advanced multirate (AMR) speech
codec or the H.26L multimedia source codec [8]. The in-
teractions and performance benefits of cross-layer-optimised
third-generation wireless systems employing adaptive beam-
forming were quantified in [3], while a host of further cross-
layer optimisation issues were treated in [9, 10, 11, 12, 13,
14].

Against this background, in this contribution we fo-
cus our attention on a specific channel-quality controlled
link adaptation algorithm, which allows the system to in-
crease its effective throughput, as a function of the instanta-
neous channel quality with the aid of a novel combination of
multiple-antenna-assisted transmitter and receiver diversity
schemes. The capacity and the achievable data rate of wireless
communication systems is limited by the time-varying char-
acteristics of the channels. An efficient technique of com-
bating the time-varying effects of wireless channels is em-
ploying diversity. In recent years, space-time coding has re-
ceived much attention as an effective transmit diversity tech-
nique used for combating fading in wireless communica-
tions [15, 16, 17, 18]. Space-time-block-coding-assisted [16]
transmit diversity has now been adapted as an optional di-
versity mode in the third-generation (3G) wireless systems
known as IMT2000 using wideband code-division multiple-
access (W-CDMA) [19, 20]. Inspired by space-time codes, in
[21], an attractive transmit diversity scheme based on space-
time spreading (STS) has been proposed by Hochwald et al.
for employment in CDMA systems. The simple spreading
philosophy of this scheme is portrayed in the schematic of
Figure 1 and exemplified with the aid of the signal wave-
forms seen in Figure 2, both of which will be discussed in
detail during our further discourse. An STS scheme designed
for supporting two transmission antennas and one receiver
antenna has also been included in the cdma2000 W-CDMA
standard [20]. In [21], the performance of CDMA systems
using STS has been investigated by Hochwald et al., when
the channel is modelled either as a flat or as a frequency-
selective Rayleigh fading channel in the absence of multiuser

1Cross-layer design constitutes a novel area of wireless system research,
which is motivated by the fact that some elements of wireless systems, such
as handovers and power control, do not fit into the classic seven-layer open
system interconnection (OSI) architecture and hence an improved system
performance may be achieved by jointly optimising several layers. In this
contribution, the service layer, namely, the achievable data rate or video
quality and voice quality, would be improved by the increased bitrate at-
tained by the proposed system.

interference. It was argued that the proposed STS scheme
is capable of attaining the maximal achievable transmit di-
versity gain without using extra spreading codes and with-
out an increased transmit power. Furthermore, the results
recorded for transmission over frequency-selective Rayleigh
fading channels by Hochwald et al. [21, Figure 4] show that
when there is a sufficiently high number of resolvable paths,
a CDMA system using a single transmit antenna and a con-
ventional RAKE receiver is capable of achieving an adequate
diversity gain.

Wideband CDMA channels are typically frequency-
selective fading channels, having a number of resolvable
paths. Therefore, in this contribution, first we investigate the
performance ofW-CDMA systems using STS-based transmit
diversity, when encountering multipath Nakagami-m fad-
ing channels, multiuser interference, and background noise.
A BER expression is derived, when Gaussian approxima-
tion [22, 23] of the multiuser interference and that of the
multipath interference is invoked. This BER expression im-
plies that the diversity order achieved is the product of the
transmit diversity order and the frequency selective diversity
order. Furthermore, the analysis and the numerical results
show that both the STS and the frequency selectivity of the
channel appear to have the same order of importance, espe-
cially when the power decay factor of the multipath intensity
profile (MIP) [24] is low.

The frequency-selective frequency-domain transfer func-
tion of W-CDMA wireless channels may vary slowly, but
often over a wide dynamic range when roaming in urban
and suburban areas [25]. Therefore, the number of resolv-
able paths at the receiver can be modelled 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 moves. 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 efficiency in terms of the effective through-
put.

Motivated by the above arguments, in the second part
of this contribution an adaptive STS-based transmission
scheme is proposed and investigated, which adapts the mode
of operation of its STS scheme and its corresponding data
rate according to the near-instantaneous frequency selectiv-
ity information fed back from the receiver to the transmitter.
Our numerical results show that this adaptive STS scheme is
capable of efficiently exploiting the diversity potential pro-
vided by the channel’s frequency selectivity, hence signifi-
cantly improving the effective throughput of W-CDMA sys-
tems.

The remainder of this paper is organized as follows. In the
next section, theW-CDMA system’smodel using STS and the
channel model are described. Section 3 considers the detec-
tion of STS-based W-CDMA signals. In Section 4, we derive
the corresponding BER expression and summarize our nu-
merical results, while in Section 5 we describe the proposed
adaptive STS scheme and investigate its BER performance.
Finally, our conclusions are offered in Section 6.
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Figure 1: (a) Transmitter and (b) receiver block diagram of the W-CDMA system using space-time spreading.

2. SYSTEMMODEL

2.1. Transmitted signal

The W-CDMA system considered in this paper consists of
U transmitter antennas and one receiver antenna. The trans-
mitter schematic of the kth user and the receiver schematic
of the reference user are shown in Figure 1, where real-
valued data symbols using BPSKmodulation and real-valued
spreading [21] were assumed. Note that the analysis in this
contribution can be extended to W-CDMA systems using U
transmitter antennas and more than one receiver antenna,
or to W-CDMA systems using complex-valued data symbols
as well as complex-valued spreading. As shown in Figure 1a,
at the transmitter side the binary input data stream having
a bit duration of Tb is serial-to-parallel (S/P) converted to
U parallel substreams. The new bit duration of each paral-
lel substream, in other words the symbol duration, becomes
Ts = UTb. After S/P conversion, the U number of paral-
lel bits are direct-sequence spread using the STS schemes
proposed by Hochwald et al. [21] with the aid of U num-
ber of orthogonal spreading sequences—for example, Walsh
codes—having a period of UG, where G = Tb/Tc represents
the number of chips per bit and Tc is the chip duration of
the orthogonal spreading sequences. The STS scheme will
be further discussed in detail during our forthcoming dis-
course in this section. As seen in Figure 1a, following STS,
theU parallel signals to bemapped to theU transmission an-
tennas are scrambled using the kth user’s pseudonoise (PN)

sequence PNk(t), in order that the transmitted signals be-
come randomised, and to ensure that the orthogonal spread-
ing sequences employed within the STS block of Figure 1 can
be reused by the other users. Finally, after the PN-sequence-
based scrambling, theU number of parallel signals are carrier
modulated and transmitted by the corresponding U number
of antennas.

As described above, we have assumed that the number of
parallel data substreams, the number of orthogonal spread-
ing sequences used by the STS block of Figure 1, and the
number of transmission antennas is the same, namely U .
This specific STS scheme constitutes a specific subclass of
the generic family of STS schemes, where the number of par-
allel data substreams, the number of orthogonal spreading
sequences required by STS block, and the number of trans-
mission antennas may take different values. The impressive
study conducted by Hochwald et al. [21] has shown that the
number of orthogonal spreading sequences required by STS
is usually higher than the number of parallel substreams. The
STS scheme having an equal number of parallel substreams,
orthogonal STS-related spreading sequences, as well as trans-
mission antennas constitutes an attractive scheme, since this
STS scheme is capable of providing maximal transmit diver-
sity without requiring extra STS spreading codes. Note that
for the specific values of U = 2, 4 the above-mentioned at-
tractive STS schemes have been specified by Hochwald et al.
[21]. In this contribution, we only investigate these attractive
STS schemes.
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Figure 2: Illustration of STS using four transmission antennas transmitting 4 bits within 4Tb duration, where b1 = b2 = b3 = b4 = +1 were
assumed. Furthermore, c1, c2, c3, c4 are four STS-related orthogonal codes having a period of 4Tb. In this example, the STS-codes were chosen
as follows: c1 = −1− 1+1+1 +1+1− 1− 1 − 1− 1+1+1 +1+1− 1− 1, c2 = −1− 1+1+1 +1+1−1−1 +1+1−1−1 −1− 1+1+1,
c3 = −1− 1 + 1 + 1 − 1− 1 + 1 + 1 + 1 + 1− 1− 1 + 1 + 1− 1− 1, c4 = −1− 1 + 1 + 1 − 1− 1 + 1 + 1 − 1− 1 + 1 + 1 − 1− 1 + 1 + 1. We
note however that the codes used in Figure 3 could be also employed after repeating them four times without the loss of orthogonality.
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Figure 3: Illustration of the transmitted waveforms of the trans-
mission scheme without using STS, that is, the four transmission
antennas transmit their data independently. In this figure, we as-
sumed that b1 = b2 = b3 = b4 = +1, b5 = b6 = b7 = b8 = −1,
b9 = b10 = +1, b11 = b12 = −1, b13 = +1, b14 = +1, b15 = +1,
b16 = −1. Furthermore, c1, c2, c3, c4 are four STS-related orthogonal
codes that have a reduced period of Tb, rather than 4Tb as it was in
Figure 2 or 2Tb as in Figure 4. In this example, the STS-codes were
chosen as follows: c1=+1+1+1+1, c2=+1+1−1−1, c3=+1−1+1−1,
c4=+1− 1− 1 + 1.

Based on the philosophy of STS as discussed in [21] and
referring to Figure 1a, the transmitted signal of the kth user
can be expressed as

sk(t) =
√

2P
U2

c(t)BU(t)× PNk(t) cos
(
2π fct
)
, (1)

where P represents each user’s transmitted power, which is
constant for all users, sk(t) =

[
sk1(t) sk2(t) · · · skU(t)

]
represents the transmitted signal vector of the U trans-
mission antennas, while PNk(t) and fc represent the DS-
scrambling-based spreading waveform and the carrier fre-
quency, respectively. The scrambling sequence waveform is
given by PNk(t) =

∑∞
j=−∞ pk jPTc(t− jTc), where pk j assumes

values of +1 or −1 with equal probability, while PTc(t) is the
rectangular chip waveform, which is defined over the interval
[0,Tc). In (1), the vector c(t) = [c1(t) c2(t) · · · cU(t)

]
is

constituted by the U number of orthogonal signals assigned
for the STS, ci(t) =

∑∞
j=−∞ ci jPTc(t− jTc), i = 1, 2, . . . ,U , de-

notes the individual components of the STS-based orthog-
onal spread signals, where {ci j} is an orthogonal sequence
of period UG for each index i; BU(t) represents the U × U-
dimensional transmitted data matrix created by mapping U
input data bits to the U parallel substreams according to the
specific design rules outlined by Hochwald et al. [21], so that
the maximum possible transmit diversity is achieved, while
using relatively low-complexity signal detection algorithms.
Specifically, BU(t) can be expressed as

BU(t) =




a11bk,11 a12bk,12 · · · a1Ubk,1U

a21bk,21 a22bk,22 · · · a2Ubk,2U
...

...
. . .

...

aU1bk,U1 aU2bk,U2 · · · aUUbk,UU



(t), (2)

where the time dependence of the (i, j)th element is indicated
at the right-hand side of the matrix for simplicity. In (2), ai j
represents the sign of the element at the ith row and the jth
column, which is determined by the STS design rule, while
bk,i j is the data bit assigned to the (i, j)th element, which is
one of theU input data bits {bk1, bk2, . . . , bkU} of user k. Each
input data bit of {bk1, bk2, . . . , bkU} appears only once in any
given row and in any given column. For U = 2, 4, B2(t), and
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Figure 4: Illustration of STS using two transmission antennas transmitting 2 bits within 2Tb duration. Hence, four transmission antennas
transmit 8 bits within 4Tb duration, where b1 = b2 = b3 = b4 = +1 and b5 = b6 = b7 = b8 = −1 were assumed. Furthermore, c1, c2, c3, c4 are
four STS-related orthogonal codes that have a reduced period of 2Tb, rather than 4Tb as it was in Figure 2. In this example, the STS codes
were chosen as follows: c1 = +1 + 1 + 1 + 1 − 1 − 1 − 1 − 1, c2 = +1 − 1 + 1 − 1 − 1 + 1 − 1 + 1, c3 = +1 + 1 − 1 − 1 − 1 − 1 + 1 + 1,
c4 = +1 − 1 − 1 + 1 − 1 + 1 + 1 − 1. We note however that the codes used in Figure 3 could be also employed after repeating them twice
without the loss of orthogonality.

B4(t) are given by [21]

B2(t) =
(
bk1 bk2

bk2 −bk1

)
(t),

B4(t) =




bk1 bk2 bk3 bk4

bk2 −bk1 bk4 −bk3
bk3 −bk4 −bk1 bk2

bk4 bk3 −bk2 −bk1


 (t).

(3)

Based on (1) and (2) the signal transmitted by the uth
antenna to the kth user can be explicitly expressed as

sku(t) =
√

2P
U2

[
c1(t)a1ubk,1u(t) + c2(t)a2ubk,2u(t)

+ · · · + cU(t)aUubk,Uu(t)
]

× PNk(t) cos
(
2π fct
)
, u = 1, 2, . . . ,U.

(4)

2.2. Channel model
The U number of parallel subsignals

sk(t) =
[
sk1(t) sk2(t) · · · skU(t)

]
(5)

is transmitted by the U number of antennas over frequency-
selective fading channels, where each parallel subsignal ex-
periences independent frequency-selective Nakagami-m fad-
ing. The complex lowpass equivalent representation of the
impulse response experienced by the uth parallel subsignal
of user k is given by [24]

huk(t) =
L∑
l=1

huklδ
(
t − τkl

)
exp
(
jψu

kl

)
, (6)

where hukl, τkl, and ψu
kl represent the attenuation factor, de-

lay and phase shift of the lth multipath component of the
channel, respectively, while L is the total number of resolv-
able multipath components and δ(t) is the Kronecker delta
function. We assume that the phases {ψu

kl} in (6) are in-
dependent identically distributed (i.i.d.) random variables
uniformly distributed in the interval [0, 2π), while the L
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multipath attenuations {hukl} in (6) are independent Nak-
agami random variables with a probability density function
(PDF) of [22, 23, 24, 25, 26, 27]

p
(
hukl
) =M

(
hukl,m

(u)
kl ,Ω

u
kl

)
,

M(R,m,Ω) = 2mmR2m−1

Γ(m)Ωm
e(−m/Ω)R2

,
(7)

where Γ(·) is the gamma function [24], and m(u)
kl is the

Nakagami-m fading parameter, which characterises the
severity of the fading over the lth resolvable path [28] be-
tween the uth transmission antenna and user k. Further-
more, the parameter Ωu

kl in (7) is defined as Ωu
kl = E[(αukl)

2],
which is assumed to be a negative exponentially decaying
multipath intensity profile (MIP) given byΩu

kl = Ωu
k1e

−η(l−1),
η ≥ 0, whereΩu

k1 is the average signal strength corresponding
to the first resolvable path and η is the rate of average power
decay, while (αukl)

2 represents the individual coefficients of
the MIP.

When supporting K asynchronous CDMA users and as-
suming perfect power control, the received complex lowpass
equivalent signal can be expressed as

R(t) =
K∑
k=1

L∑
l=1

√
2P
U2

c
(
t − τkl

)
BU
(
t − τkl

)
hkl

× PNk(t − τkl) +N(t),

(8)

where N(t) is the complex-valued lowpass-equivalent addi-
tive white Gaussian noise (AWGN) having a double-sided
spectral density of N0, while

hkl =




h1kl exp
(
jψ1

kl

)
h2kl exp

(
jψ2

kl

)
...

hUkl exp
(
jψU

kl

)



, k = 1, 2, . . . ,K , l = 1, 2, . . . ,L,

(9)

represents the channel’s complex impulse response in the
context of the kth user and the lth resolvable path, where
ψu
kl = φu

kl − 2π fcτkl. Furthermore, in (8) we assumed that
the signals transmitted by the U number of transmission an-
tennas arrive at the receiver antenna after experiencing the
same set of delays. This assumption is justified by the fact
that in the frequency band of cellular system the propagation
delay differences among the transmission antenna elements
are on the order of nanoseconds, while the multipath delays
are on the order of microseconds [21], provided that U is a
relatively low number.

2.3. Receivermodel

Let the first user be the user of interest and consider a receiver
using space-time despreading as well as diversity combining,
as shown in Figure 1b, where the subscript of the reference
user’s signal has been omitted for notational convenience.
The receiver of Figure 1b carries out the inverse processing

of Figure 1a, in addition to multipath diversity combining.
In Figure 1b, the received signal is first down-converted us-
ing the carrier frequency fc, and then descrambled using the
DS scrambling sequence of PN(t−τl) in the context of the lth
resolvable path, where we assumed that the receiver is capa-
ble of achieving near-perfect multipath-delay estimation for
the reference user. The descrambled signal associated with
the lth resolvable path is space-time despread using the ap-
proach of [21]—which will be further discussed in Section 3,
in order to obtain U separate variables, {Z1l,Z2l, . . . ,ZUl},
corresponding to the U parallel data bits {b1, b2, . . . , bU},
respectively. Following space-time despreading, a decision
variable is formed for each parallel transmitted data bit of
{b1, b2, . . . , bU} by combining the corresponding variables
associated with the L number of resolvable paths, which can
be expressed as

Zu =
L∑
l=1

Zul, u = 1, 2, . . . ,U. (10)

Finally, the U number of transmitted data bits {b1, b2, . . . ,
bU} can be decided based on the decision variables {Zu}Uu=1
using the conventional decision rule of a BPSK scheme.

Above we have described the transmitter model, the
channel model, as well as the receiver model of W-CDMA
using STS. We will now describe the detection procedure of
the W-CDMA scheme using STS.

3. DETECTION OF SPACE-TIME SPREAD
W-CDMA SIGNALS

Let dl =
[
dl1 dl2 · · · dlU

]T
, l = 1, 2, . . . ,L, where T de-

notes vector transpose, represent the correlator’s output vari-
able vector in the context of the lth (l = 1, 2, . . . ,L) resolvable
path, where

dul =
∫ UTb+τl

τl
R(t)cu

(
t − τl
)
PN
(
t − τl
)
dt. (11)

When substituting (8) into (11), it can be shown that

dul =
√
2PTb

[
au1bu1h

1
l exp
(
jψ1

l

)
+ au2bu2h

2
l exp
(
jψ2

l

)
+ · · · + auUbuUh

U
l exp

(
jψU

l

)]
+ Ju(l), u = 1, 2, . . . ,U ,

(12)

where

Ju(l) = JSu(l) + JMu(l) +Nu(l), u = 1, 2, . . . ,U , (13)

and JSu(l) is due to themultipath-induced self-interference of
the signal of interest inflicted upon the lth path signal, where
JSu(l) can be expressed as

JSu(l) =
L∑

j=1, j �=l

√
2P
U2

∫ UTb+τl

τl
c
(
t−τj
)
BU
(
t−τj
)
h j PN

(
t − τj

)

× cu
(
t − τl
)
PN
(
t − τl
)
dt,

(14)
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JMu(l) represents the multiuser interference due to the signals
transmitted simultaneously by the other users, which can be
expressed as

JMu(l) =
K∑
k=2

L∑
j=1

√
2P
U2

∫ UTb+τl

τl
c
(
t − τk j

)
BU
(
t − τk j

)

×hk j PNk
(
t − τk j

)
cu
(
t − τl
)
PN
(
t − τl
)
dt,

(15)

and finally Nu(l) is due to the AWGN, which can be written
as

Nu(l) =
∫ UTb+τl

τl
N(t)cu

(
t − τl
)
PN
(
t − τl
)
dt, (16)

which is a Gaussian distributed variable having zero mean
and a variance of 2UN0Tb.

Let J(l) = [J1(l) J2(l) · · · JU(l)
]T
. Then, the correla-

tor’s output variable vector dl can be expressed as

dl =
√
2PTbBUhl + J(l), l = 1, 2, . . . ,L, (17)

where BU is the reference user’s U × U-dimensional trans-
mitted data matrix, which is given by (2), but ignoring the
time dependence, while hl is the channel’s complex impulse

response between the base station and the reference user, as
shown in (9) in the context of the reference user.

The attractive STS schemes of Hochwald et al. have the
property [21] of BUhl = HUb, that is, (17) can be written as

dl =
√
2PTbHUb + J(l), (18)

where b = [b1 b2 · · · bU
]T

represents the U number of
transmitted data bits, whileHU is a U ×U-dimensional ma-
trix with elements from hl. Each element of hl appears once
and only once in a given row and also in a given column of
the matrix HU [21]. The matrix HU can be expressed as

HU(l) =




α11(l) α12(l) · · · α1U(l)

α21(l) α22(l) · · · α2U(l)

...
...

. . .
...

αU1(l) αU2(l) · · · αUU(l)



, (19)

where αi j(l) takes the form of di jhml exp( jψm
l ), and di j ∈

{+1,−1} represents the sign of the (i, j)th element of HU ,
while hml exp( jψm

l ) belongs to the mth element of hl. For
U = 2, 4, with the aid of [21], it can be shown that

H2(l) =

 h1l exp

(
jψ1

l

)
h2l exp

(
jψ2

l

)
−h2l exp

(
jψ2

l

)
h1l exp

(
jψ1

l

)

 ,

H4(l) =




h1l exp
(
jψ1

l

)
h2l exp

(
jψ2

l

)
h3l exp

(
jψ3

l

)
h4l exp

(
jψ4

l

)
−h2l exp

(
jψ2

l

)
h1l exp

(
jψ1

l

) −h4l exp
(
jψ4

l

)
h3l exp

(
jψ3

l

)
−h3l exp

(
jψ3

l

)
h4l exp

(
jψ4

l

)
h1l exp

(
jψ1

l

) −h2l exp
(
jψ2

l

)
−h4l exp

(
jψ4

l

) −h3l exp ( jψ3
l

)
h2l exp

(
jψ2

l

)
h1l exp

(
jψ1

l

)



.

(20)

With the aid of the analysis in [21], it can be shown that
the matrix HU(l) has the property of Re{H†

U(l)HU(l)} =
h†l hl · I, where † denotes complex conjugate transpose and I
represents a U × U-dimensional unity matrix. Letting hu(l)
denote the uth column of HU(l), the variable Zul in (10) can
be expressed as [21]

Zul = Re
{
h†u(l)dl

} = √2PTbbu

U∑
u=1

∣∣hul ∣∣2 + Re
{
h†u(l)J(l)

}
,

u = 1, 2, . . . ,U.
(21)

Finally, according to (10) the decision variables associated

with the U parallel transmitted data bits {b1, b2, . . . , bU} of
the reference user can be expressed as

Zu =
√
2PTbbu

L∑
l=1

U∑
u=1

∣∣hul ∣∣2 +
L∑
l=1

Re
{
h†u(l)J(l)

}
,

u = 1, 2, . . . ,U ,

(22)

which shows that the receiver is capable of achieving a diver-
sity order of UL, as indicated by the related sums of the first
term.

Above we have analysed the detection procedure applica-
ble to W-CDMA signals generated using STS. We will now
derive the corresponding BER expression.
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4. BER PERFORMANCE

4.1. BER analysis

In this section, we derive the BER expression of the STS-
assisted W-CDMA system by first analysing the statistics of
the variable Zu, u = 1, 2, . . . ,U , with the aid of the Gaus-
sian approximation [23]. According to (22), for a given set
of complex channel transfer factor estimates {hul }, Zu can be
approximated as a Gaussian variable having a mean given by

E
[
Zu
] = √2PTbbu

L∑
l=1

U∑
u=1

∣∣hul ∣∣2. (23)

Based on the assumption that the interferences imposed by
the different users, by the different paths, as well as by the
AWGN constitute independent random variables, the vari-
ance of Zu can be expressed as

Var
[
Zu
] = E

[( L∑
l=1

Re
{
h†u(l)J(l)

})2]

=
L∑
l=1

E
[(

Re
{
h†u(l)J(l)

})2]

= 1
2

L∑
l=1

E
[(
h†u(l)J(l)

)2]
.

(24)

Substituting hu(l), which is the uth column of Hu(l) in (19),
and J(l) having elements given by (13) into the above equa-
tion, it can be shown that for a given set of channel estimates
{hul }, (24) can be simplified as

Var
[
Zu
] = 1

2

L∑
l=1

U∑
u=1
|hul |2E

[(
Ju(l)
)2]

= 1
2

L∑
l=1

U∑
u=1

∣∣hul ∣∣2 Var [Ju(l)],
(25)

where Ju(l) is given by (13). In deriving (25) we exploited the
assumption of Var[J1(l)] = Var[J2(l)] = · · · = Var[JU(l)].

As shown by Hochwald et al. in (13), Ju(l) consists
of three terms, namely the AWGN Nu(l) having a vari-
ance of 2UN0Tb, JSu(l), which is the multipath-induced
self-interference inflicted upon the lth path of the user
of interest, and JMu(l) imposed by the (K − 1) inter-
fering users. By careful observation of (14), it can be
shown that JSu(l) consists of U2 terms and each term takes
the form of

∑L
j=1, j �=l

√
2P/U2

∫UTb+τl
τl cm(t − τj)amnbmn(t −

τj)hnj exp( jψ
n
j ) PN(t − τj) × cu(t − τl) PN(t − τl)dt. Assum-

ing that E[(hnj )
2] = Ω1e−η( j−1), that is, that E[(hnj )2] is in-

dependent of the index of the transmission antenna, and
following the analysis in [22], it can be shown that the
above term has a variance of 2Ω1EbTb[q(L,η) − 1]/(GU),
where q(L,η) = (1 − e−Lη)/(1 − e−η), if η �= 0 and
q(L,η) = L, if η = 0. Consequently, we have Var[JSu(l)] =

U2 × 2Ω1EbTb[q(L,η) − 1]/(GU) = 2UΩ1EbTb[q(L,η) −
1]/G. Similarly, the multiuser interference term JMu(l) of
(15) also consists of U2 terms, and each term has the
form of

∑K
k=2
∑L

j=1
√
2P/U2

∫UTb+τl
τl cm(t − τk j)amnbmn(t −

τk j)hnk j exp( jψ
n
k j) PNk(t − τk j)cu(t − τl) PN(t − τl)dt. Again,

with the aid of the analysis in [22], it can be shown that this
term has the variance of (K − 1)4Ω1EbTbq(L,η)/(3GU), and
consequently the variance of JMu(l) is given by Var[JMu(l)] =
(K − 1)4UΩ1EbTbq(L,η)/(3G). Therefore, the variance of
Ju(l) can be expressed as

Var
[
Ju(l)
] = 2N0UTb +

2UΩ1EbTb
[
q(L,η)− 1

]
G

+
(K − 1)4UΩ1EbTbq(L,η)

3G
,

(26)

and the variance of Zu for a given set of channel estimates
{hul } can be expressed as

Var
[
Zu
] = L∑

l=1

U∑
u=1

∣∣hul ∣∣2
[
N0UTb +

UΩ1EbTb
[
q(L,η)− 1

]
G

+
(K − 1)2UΩ1EbTbq(L,η)

3G

]
.

(27)

Based on (23) and (27), the BER conditioned on hul for
u = 1, 2, . . . ,U and l = 1, 2, . . . ,L can be written as

Pb
(
E|{hul }) = Q



√√√√ E2
[
Zu
]

Var
[
Zu
]

 = Q



√√√√√2 · L∑

l=1

U∑
u=1

γlu


,
(28)

where Q(x) represents the Gaussian Q-function, which can
also be represented in its less conventional form as Q(x) =
(1/π)

∫ π/2
0 exp(−x2/2 sin2 θ)dθ, where x ≥ 0 [28, 29]. Fur-

thermore, γlu in (28) is given by

γlu = γc ·
(
hul
)2

Ω1
,

γc =
1
U

[
(2K + 1)q(L,η)− 3

3G
+
(
Ω1Eb
N0

)−1]−1
.

(29)

The average BER, Pb(E), can be obtained by averaging
the conditional BER of (28) over the joint PDF of the in-
stantaneous SNR values corresponding to the L multipath
components and to the U transmit antennas {γlu : l =
1, 2, . . . ,L;u = 1, 2, . . . ,U}. Since the random variables {γlu :
l = 1, 2, . . . ,L;u = 1, 2, . . . ,U} are assumed to be statistically
independent, the average BER can be expressed as [30, (23)]

Pb(E) = 1
π

∫ π/2
0

L∏
l=1

U∏
u=1

Ilu
(
γlu, θ
)
dθ, (30)



224 EURASIP Journal on Wireless Communications and Networking

302520151050

Average SNR per bit (dB)

10−5

10−4

10−3

10−2

10−1

100

B
E
R

U = 2,L = 1

U = 4,L = 1

U = 8,L = 1

U = 1,L = 1

U = 1,L = 2

U = 1,L = 4

U = 1,L = 8

Figure 5: BER versus the SNR per bit, Eb/N0, performance com-
parison between the space-time-spreading-based transmit diver-
sity scheme and the conventional RAKE receiver arrangement us-
ing only one transmission antenna when communicating over
flat-fading (for space-time spreading) and multipath (for RAKE)
Rayleigh fading (ml = mc = 1) channels evaluated from (35)
by assuming that the average power decay rate was η = 0. The
solid line indicates the BER of the receiver-diversity-aided schemes,
while the dashed line that of the transmit-diversity-assisted schemes
(G = 128,K = 10).

where

Ilu
(
γlu, θ
) =
∫∞
0
exp
(
− γlu

sin2 θ

)
pγlu
(
γlu
)
dγlu. (31)

Since γlu = γc · ((hul )2/Ω1) and hul obeys the Nakagami-
m distribution characterised by (7), it can be shown that the
PDF of γlu can be expressed as

pγlu
(
γlu
) =
(
m(u)

l

γlu

)m(u)
l γm

(u)
l −1

Γ(m(u)
l )

exp

(
− m(u)

l γlu
γlu

)
, γlu ≥ 0,

(32)

where γlu = γce
−η(l−1) for l = 1, 2, . . . ,L.

Upon substituting (32) into (31) it can be shown that
[28]

Ilu
(
γlu, θ
) =
(

m(u)
l sin2 θ

γlu +m(u)
l sin2 θ

)m(u)
l

. (33)

Finally, upon substituting (33) into (30), the average BER
of the STS-assisted W-CDMA system using U transmission
antennas can be expressed as

Pb(E) = 1
π

∫ π/2
0

L∏
l=1

U∏
u=1

(
m(u)

l sin2 θ

γlu +m(u)
l sin2 θ

)m(u)
l

dθ, (34)
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Figure 6: BER versus the SNR per bit, Eb/N0, performance com-
parison between the space-time-spreading-based transmit diver-
sity scheme and the conventional RAKE receiver arrangement us-
ing only one transmission antenna when communicating over
flat-fading (for space-time spreading) and multipath (for RAKE)
Rayleigh fading (ml = mc = 1) channels evaluated from (35)
by assuming that the average power decay rate was η = 0.2. The
solid line indicates the BER of the receiver-diversity-aided schemes,
while the dashed line that of the transmit-diversity-assisted schemes
(G = 128,K = 10).

which shows that the diversity order achieved is LU—the
product of the transmit diversity order and the frequency-

selective diversity order. Furthermore, if we assume thatm(u)
l

is independent of u, that is, that all of the parallel transmit-
ted subsignals experience an identical Nakagami fading, then
(34) can be expressed as

Pb(E) = 1
π

∫ π/2
0

L∏
l=1

(
ml sin

2 θ

γlu +ml sin
2 θ

)Uml

dθ. (35)

4.2. Numerical results and discussions

In Figures 5, 6, 7, 8, and 9 we compare the BER perfor-
mance of the STS-assisted W-CDMA system transmitting
over flat-fading channels and that of the conventional RAKE
receiver using only one transmission antenna, but commu-
nicating over frequency-selective fading channels. The re-
sults in these figures were all evaluated from (35) by as-
suming appropriate parameters, which are explicitly shown
in the corresponding figures. In Figures 5, 6, and 7 the
BER was drawn against the SNR/bit, namely Eb/N0, while
in Figures 8 and 9 the BER was drawn against the num-
ber of users, K , supported by the system. From the re-
sults we observe that for transmission over Rayleigh fading
channels (ml = 1), as characterised by Figures 5, 6, and
8, both the STS-based transmit diversity scheme transmit-
ting over the frequency-nonselective Rayleigh fading chan-
nel and the conventional RAKE receiver scheme commu-
nicating over frequency-selective Rayleigh fading channels



W-CDMA Using Space-Time Spreading 225

302520151050

Average SNR per bit (dB)

10−6

10−5

10−4

10−3

10−2

10−1

100

B
E
R

U = 2,L = 1

U = 4,L = 1

U = 8,L = 1

U = 1,L = 1

U = 1,L = 2

U = 1,L = 4
U = 1,L = 8

Figure 7: BER versus the SNR per bit, Eb/N0, performance com-
parison between the space-time-spreading-based transmit diver-
sity scheme and the conventional RAKE receiver arrangement us-
ing only one transmission antenna when communicating over
flat-fading (for space-time spreading) and multipath (for RAKE)
Nakagami-m fading channels evaluated from (35) by assuming that
the average power decay rate was η = 0.2, where m1 = 2 indicates
that the first resolvable path constitutes a moderately fading path,
while the other resolvable paths experience more severe Rayleigh
fading (mc = 1). The solid line indicates the BER of the receiver-
diversity-aided schemes, while the dashed line that of the transmit-
diversity-assisted schemes (G = 128,K = 10).

having the same number of resolvable paths as the num-
ber of transmission antennas in the STS-assisted scheme
achieved a similar BER performance, with the STS scheme
slightly outperforming the conventional RAKE scheme. For
transmission over general Nakagami-m fading channels, if
the first resolvable path is less severely faded, than the
other resolvable paths, such as in Figures 7 and 9 where
m1 = 2 and m2 = m3 = · · · = mc = 1, the STS-
based transmit diversity scheme communicating over the
frequency-nonselective Rayleigh fading channel may signif-
icantly outperform the corresponding conventional RAKE-
receiver-assisted scheme communicating over frequency-
selective Rayleigh fading channels. This is because the STS-
based transmit diversity scheme communicated over a single
nondispersive path, which benefited from having a path ex-
periencing moderate fading. However, if the number of re-
solvable paths is sufficiently high, the conventional RAKE re-
ceiver scheme is also capable of achieving a satisfactory BER
performance.

Above we assumed that the number of resolvable paths
was one, if the STS using more than one antenna was con-
sidered. By contrast, the number of resolvable paths was
equal to the number of transmit antennas of the correspond-
ing STS-based system, when the conventional RAKE receiver
was considered. However, in practical W-CDMA systems the
number of resolvable paths of each antenna’s transmitted
signal depends on its transmission environment. The num-
ber of resolvable paths dynamically changes, as the mobile
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Figure 8: BER versus the number of users, K , performance com-
parison between the space-time-spreading-based transmit diver-
sity scheme and the conventional RAKE receiver arrangement us-
ing only one transmission antenna when communicating over
flat-fading (for space-time spreading) and multipath (for RAKE)
Rayleigh fading channels evaluated from (35) by assuming that the
average power decay rate was η = 0 (G = 128,Eb/N0 = 20 dB,
m1 = mc = 1).
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Figure 9: BER versus the number of users, K , performance com-
parison between the space-time-spreading-based transmit diver-
sity scheme and the conventional RAKE receiver arrangement us-
ing only one transmission antenna when communicating over the
flat-fading (for space-time spreading) and multipath (for RAKE)
Nakagami-m fading channels evaluated from (35) by assuming that
the average power decay rate was η = 0.2, where m1 = 2 indicates
that the first resolvable path constitutes a moderately fading path,
while the other resolvable paths experience more severe Rayleigh
fading (mc = 1); G = 128,Eb/N0 = 20 dB.
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traverses through different transmission environments.
Specifically, in some scenarios the number of paths may be
as low as L = 1, and in other scenarios it may be as high
as L > 10. When the number of resolvable paths is as low
as L = 1 or 2, employing STS-based transmit diversity is
particularly valuable. However, when the number of resolv-
able paths is reasonably high, for example, L > 4, the em-
ployment of STS-based transmit diversity may not be neces-
sary. An attractive approach is to adapt the mode of opera-
tion of the STS scheme, which is discussed in the following
section.

5. DISPERSION-CONTROLLED ADAPTIVE
SPACE-TIME SPREADING

The main philosophy behind the proposed channel-induced
dispersion-controlled adaptive STS scheme is the real-time
balancing of the link budget through the adaptive control of
the STS-based transmission scheme, in order that the sys-
tem achieves its maximum throughput, while maintaining
the required target BER performance. More specifically, in
this treatise we will aim for maintaining a target BER of
10−4, regardless of the instantaneous channel quality expe-
rienced and exploit the improved channel quality provided
by a higher number of resolvable multipath components ex-
perienced in scattering rich outdoor channels for increasing
the system’s effective throughput, ultimately leading to a po-
tentially better speech [6] or video [7] quality for the users of
the system.

In the context of the STS-assisted W-CDMA system, the
delay spread of the wireless channels, and hence the num-
ber of resolvable paths, varies slowly over a range span-
ning from one to dozens of paths. The STS scheme de-
signed based on a low number of resolvable paths, or even
based on a relatively high but constant number of resolv-
able paths, cannot maximise the achievable throughput. For
example, if the STS scheme is designed based on a low
number of resolvable paths, in order to guarantee a re-
quired quality of service (QoS), the practically achieved
QoS may be excessive, when the number of resolvable paths
is high, provided that these resolvable paths are efficiently
combined. However, if only a low but constant number of
resolvable paths is combined, the diversity potential pro-
vided by the high number of resolvable paths is inevitably
wasted. A high-efficiency STS-based communication 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
adaptively controlled according to the receiver’s detection
performance.

When the number of resolvable paths is low and hence
the resultant BER is higher than the required BER, then a
low throughput STS-assisted transmitter mode is activated,
which exhibits a high transmit diversity gain, as it will be
demonstrated below with the aid of an example. By con-
trast, when the number of resolvable paths is high and hence
the resultant BER is lower than the required BER, then

a higher throughput STS-assisted transmitter mode is acti-
vated, which has a lower transmit diversity gain.2

Specifically, the principle of implementing channel-
dispersion-controlled adaptive rate transmission using adap-
tive STSmay be readily interpreted by referring to the follow-
ing example. Let the transmitter employ a total of four trans-
mission antennas. If the number of resolvable paths experi-
enced by the receiver is low, the transmitter is instructed by
the receiver to employ an STS scheme based on four transmit
antennas, using the STS scheme described as [21]

S = [c1 c2 c3 c4]


b1 b2 b3 b4
b2 −b1 b4 −b3
b3 −b4 −b1 b2
b4 b3 −b2 −b1


 , (36)

where c1, c2, c3, c4 are four STS-related orthogonal codes hav-
ing a period of 4Tb. The above STS scheme transmits U = 4
parallel data bits during the interval of 4Tb, and hence the
effective transmission rate becomes Rb = 4 × 1/4Tb = 1/Tb,
as seen in Figure 2. By contrast, when the number of resolv-
able paths increases, the transmitter is instructed by the re-
ceiver to employ four separate STS schemes, each based on
two transmit antennas, as seen in Figure 4, which can be for-
mulated as

S =



[
c1 c2
](b1 b2

b2 −b1

) [
c3 c4
](b3 b4

b4 −b3

)

[
c1 c2
](b5 b6

b6 −b5

) [
c3 c4
](b7 b8

b8 −b7

)

 , (37)

which, again, constitutes the four independent two-antenna-
based STS schemes B2(t) of (3), where c1, c2, c3, c4 are the
U = 4 STS-related orthogonal codes having a period of 2Tb.
Based on the above four two-antenna-assisted STS schemes,
U = 4 parallel data bits are transmitted during the first 2Tb-
duration interval using the STS scheme B2(t) of (3). Specif-
ically, antennas 1 and 2 are activated with the aid of c1, c2,
while activating antennas 3 and 4 using c3, c4, as portrayed
in Figure 4. During the following 2Tb-duration slot another

2The transmitter does not necessarily have to have the explicit knowledge
of the number of resolvable paths, there is a range of other criteria, which
may be used for controlling the activation of the different antenna configu-
rations. Firstly, since most existing systems employ explicit training for es-
timating the channel’s impulse response (CIR), the significant-energy CIR
taps explicitly quantify the number of resolvable multipath components.
Another practical metric that may be used for activating the required an-
tenna configuration is the bit error ratio (BER) estimated, for example, by
the channel decoder’s soft metrics. When the estimated BER is higher than
the target BER, the transmitter is instructed to increase its spreading gain
and hence reduce its throughput, as well as vice versa. The activation regime
has to be conservative for the sake of maintaining the target BER even if the
BER was underestimated. Finally, the Doppler frequency does not dramat-
ically affect the system’s performance, since the amount of dispersion, that
is, the CIR duration, changes only, when traversing from an indoor-type
nondispersive environment to an outdoor scenario and then to a rural sce-
nario, which may require 10 minutes for the dispersion to change substan-
tially. However, the system’s increased throughput is achieved at the cost of
an increased complexity.
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four data bits are transmitted using the same scheme as
outlined above. Consequently, the above four two-antenna-
based STS schemes transmit a total of eight data bits dur-
ing two consecutive 2Tb-duration time slots having a total
duration of 4Tb, and the effective transmission rate is now
doubled to 2Rb. Furthermore, if the number of resolvable
paths is sufficiently high, which results in requiring no trans-
mit diversity at all, then the four transmission antennas can
transmit their information independently, as demonstrated
in Figure 3 and the corresponding transmission mode can be
described as

S =



c1b1 c2b2 c3b3 c4b4
c1b5 c2b6 c3b7 c4b8
c1b9 c2b10 c3b11 c4b12
c1b13 c2b14 c3b15 c4b16


 , (38)

which implies that each of the 16 bits is transmitted inde-
pendently using an antenna within a duration Tb, where
c1, c2, c3, c4 are four orthogonal codes having a period of Tb,
each mapped to one antenna. Explicitly, this scheme is capa-
ble of transmitting a total of 16 data bits during an interval
of 4Tb, and hence we achieve a transmission rate of 4Rb, as
exemplified in Figure 3.

The PDF of the delay spread in a wireless communica-
tion channel can be approximated by a negative exponential
distribution given by [31]

f (τ) = 1
Tm

exp
(
− τ − τ0

Tm

)
, τ ≥ τ0, (39)

where the minimum delay τ0 is the time required for the
signal to propagate directly following the line of sight from
the transmitter to the receiver, and Tm represents the mean
square of the distribution, which is also the average value
of the delay spread. Some typical examples of Tm in differ-
ent environments are [25] Tm < 0.1 microseconds for an in-
door environment, Tm < 0.2 microseconds for an open ru-
ral area, Tm ≈ 0.5 microseconds for a suburban area, and
Tm ≈ 3 microseconds for a typical urban area. In (39), we let
τr = (τ − τ0)/Tc. Then the PDF of τr can be expressed as

f
(
τr
) = 1

Tm/Tc
exp
(
− τr

Tm/Tc

)
, τr ≥ 0, (40)

where Tm/Tc represents the average delay spread to chip-
duration ratio, and �Tm/Tc� + 1—where �x� represents the
largest integer not exceeding x—is the average number of
resolvable paths, which has been widely used in the perfor-
mance analysis of DS-CDMA systems transmitting over mul-
tipath fading channels.

Let the number of resolvable paths associated with the
reference signal be Lr . For DS-CDMA signals having a chip
duration of Tc, the number of near-instantaneous resolvable
paths Lr = �(τ − τ0)/Tc� + 1 can be modelled as a discrete
random variable, which varies slowly depending on the com-
munication environment encountered. For a given BER, let
the maximum throughput conditioned on the number of re-
solvable paths Lr be B(Lr). Ideally, 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 paths with the aid of a feedback
channel, and that the feedback delay is negligible, the uncon-
ditional throughput, B, using adaptive STS can be written as

B =
∞∑

Lr=1
P
(
Lr
) · B(Lr), (41)

where P(Lr) is the probability that there are Lr resolvable
paths at the receiver. With the aid of (40), this probability
can be approximated as

P
(
Lr
) =
∫ Lr−1+0.5
max{0,Lr−1−0.5}

f
(
τr
)
dτr

=
∫ Lr−1+0.5
max{0,Lr−1−0.5}

1
Tm/Tc

exp
(
− τr

Tm/Tc

)
dτr

=exp

(
−max

{
0,Lr−1−0.5

}
Tm/Tc

)
−exp

(
− Lr − 1+0.5

Tm/Tc

)
,

(42)

where [Lr−1−0.5,Lr−1+0.5] is the normalised delay spread
range having Lr resolvable paths. In (41), B(Lr) represents
the maximum possible throughput conditioned on having Lr
number of resolvable paths. For example, for the proposed
adaptive STS scheme using four-antenna-based STS, two-
antenna-based STS, as well as conventional single-antenna-
based transmission, as characterised in (36), (37), and (38),
B(Lr) may achieve values of Rb, 2Rb, or 4Rb, respectively, de-
pending on the specific number of resolvable paths encoun-
tered.

Figures 10 and 11 show the throughput versus SNR/bit
performance of the STS-assisted W-CDMA system using a
maximum of four antennas. The maximum dispersion of the
propagation environment was Tm = 0.1, 0.2, 0.5, and 3 mi-
croseconds. The corresponding number of resolvable multi-
path components at the 3.84 Mchip/s chip rate of the third-
generation systems [3] became (Tm/Tc) + 1 = 1, 2, 3, and 16,
respectively. Depending on the number of resolvable paths at
the receiver and on the corresponding achievable BER per-
formance, the transmitter may activate one of the transmis-
sion schemes described by (36), (37), and (38). In our re-
lated investigations, the target BER was set to 0.01. Specifi-
cally, if a sufficiently high number of resolvable paths is en-
countered by the receiver, which results in a BER of less than
0.01 for the scheme described by (38), then the transmitter
supports a bitrate of 4Rb. If the number of resolvable paths
is in a range, where the BER using the scheme described by
(38) is higher than 0.01, but that of the STS scheme described
by (37) is lower than 0.01, then the transmitter transmits at
a rate of 2Rb. Finally, if the number of resolvable paths is
in a range, where the BER using the STS scheme described
by (37) is higher than 0.01, but that described by (36) is
lower than 0.01, then the transmitter transmits at a rate of
Rb. Otherwise, if the number of resolvable paths is too low,
which results in BER > 0.01 for the STS scheme described
by (36), then the transmitter simply disables transmissions.
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Figure 10: Normalized throughput versus the SNR per bit, Eb/N0,
performance of the adaptive space-time-spreading-assisted W-
CDMA system using four-antenna-based STS of (36), the two-
antenna-aided STS of (37), and the conventional single-antenna
scheme for transmission over four typical wireless channels expe-
riencing Rayleigh fading (m = 1). The target BER of the refer-
ence user is 0.01 and there are no interference users, that is, K = 1
(G = 128,η = 0,Rchip = 3.686Mcps/s).

In the context of Figure 10 we assumed that the number of
users was K = 1, and that the fading associated with each re-
solvable path obeyed the Rayleigh distribution (m = 1). By
contrast, in Figure 11 we assumed that the number of users
was K = 10, and that the fading associated with the first re-
solvable path obeyed the Nakagami-m distribution in con-
junction withm = 2, while the fading of the other resolvable
paths obeyed the Rayleigh distribution (mc = 1).

From the results of Figures 10 and 11 we observe that
with the aid of the adaptive STS scheme, the system’s effec-
tive throughput is significantly increased, if the average delay
spread of the channel is sufficiently high or, in other words,
if the number of resolvable paths varies over a sufficiently
wide range. We will highlight the significance of this obser-
vation in more detail. Using Tm = 0.5 microseconds and
3 microseconds as examples and by observing Figure 10 we
find that the SNR/bit required for transmitting at the data
rate of Rb is about 5.2 dB for Tm = 0.5 microseconds and
4.6 dB for Tm = 3 microseconds. Similarly, the SNR/bit re-
quired for supporting the data rate of 3Rb is about 6.4 dB for
Tm = 0.5 microseconds and 5 dB for Tm = 3 microseconds.
Hence, the adaptive STS-assistedW-CDMA system increased
the achievable transmission rate by a factor of three, while
requiring only a modest transmitted power increase of about
1.2 dB for Tm = 0.5 microseconds and 0.4 dB for Tm = 3 mi-
croseconds. Similar results can also be observed in Figure 11,
where an extra 0.4 dB or 1.2 dB transmitted power is required
for achieving a data rate of 3Rb instead of Rb. However, if
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Figure 11: Normalized throughput versus the SNR per bit, Eb/N0,
performance of the adaptive space-time-spreading-assisted W-
CDMA system using the four-antenna-based STS of (36), the two-
antenna-aided STS of (37), and the conventional single-antenna
scheme for transmission over four typical wireless channels obey-
ing the Nakagami-m distribution (m1 = 2, mc = 1). The target
BER of the reference user is 0.01, while the interfering users com-
municate using the four-antenna-based STS of (36) and each in-
terfering signal has an average of LA number of resolvable paths
(G = 128,K = 10,η = 0,Rchip = 3.686Mcps/s).

the number of resolvable paths varies over a relatively low
range, the required increase of the transmitted power be-
comes higher. For example, for the case of Tm = 0.1 mi-
croseconds in Figures 10 and 11 an extra 2.2 dB (Figure 10)
or 1.2 dB (Figure 11) transmitted power must be invested, in
order to achieve a data rate of 2Rb instead of Rb. In this sce-
nario, due to the associated extra complexity of the adaptive
STS-assisted scheme required by the channel dispersion es-
timation and feedback, and due to the control channel re-
quirement of the dispersion feedback, the adaptive STS-aided
scheme might not constitute a more attractive alternative.
The system’s increased effective throughput ultimately leads
to a potentially better speech [6] or video [7] service quality
for the users of the system.

6. CONCLUSIONS

In this contribution, we have investigated the performance of
STS-assisted W-CDMA systems, when multipath Nakagami-
m fading, multiuser interference, and background noise-
induced impairments are considered. Our analysis and nu-
merical results demonstrated that the achievable diversity
order is the product of the frequency selective diversity or-
der and the transmit diversity order. Furthermore, both the
transmit diversity and the frequency selective diversity have a
similar influence on the BER performance of the W-CDMA
systems considered. Since W-CDMA signals typically experi-
ence high-dynamic frequency-selective fading in both urban
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and suburban areas, the proposed adaptive transmit diver-
sity scheme will result into an increased throughput and ul-
timately in a potentially better speech [6] or video [7] service
quality for the users of the system. Based on the above sce-
narios, we proposed an adaptive STS transmission scheme,
which adapts its STS configuration using (36), (37), and
(38) according to the frequency selectivity information fed
back from the receivers. The numerical results show that
by efficiently exploiting the channel’s frequency selectivity,
the proposed adaptive STS scheme is capable of significantly
improving the throughput of W-CDMA systems. For W-
CDMA systems transmitting at a data rate of 3Rb instead of
Rb, only an extra of 0.4 dB and 1.2 dB transmitted power is
required in the urban and suburban areas considered, respec-
tively, which results in a substantially increased speech [6] or
video [7] service quality. Alternatively, a potentially higher
number of users may be supported within the same band-
width, as a benefit of cross-layer optimisation.

A number of related open research problems may be
identified, such as the design of more sophisticated STS-
aided multicarrier CDMA transceivers. The design of new
STS codes is also a promising research area. A particularly
promising research topic is designing large area synchronous
(LAS) STS schemes, which exhibit a so-called interference-
free window (IFW). Provided that the interfering signals ar-
rive within this IFW, no multiuser interference is inflicted.
Finally, quantifying the achievable network-layer benefits [3]
of STS-aided CDMA systems is an important open problem.
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