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Abstract: - In this paper the multicarrier direct-sequence code-division multiple access (MC DS-CDMA) using 
space-time spreading assisted transmit diversity is investigated in the context of broadband wireless communi-
cations systems constructed based on the generalized approach to signal processing in noise over frequency-se-
lective Rayleigh fading channels. We consider the issue of parameter design for the sake of achieving high-ef-
ficiency communications in various dispersive environments. In contrast to the conventional MC DS-CDMA 
wireless communication system employing the time (T)-domain spreading only, in the present paper the broad-
band wireless MC DS-CDMA wireless communication schemes employ both the time (T)-domain and frequen-
cy (F)-domain spreading, i.e., employ the TF-domain spreading. The bit-error rate (BER) performance of the 
space-time spreading assisted broadband MC DS-CDMA wireless communications system is investigated for 
down-link transmissions associated with the single user and multiuser generalized detectors and is compared 
with that of the single user correlation detector 

 
and the multiuser decorrelating detector. Our study demonstra-

tes that with appropriately selecting the system parameters, the broadband MC DS-CDMA wireless communi-
cation system using the space-time spreading assisted transmit diversity constitutes a promising downlink tran-
smission scheme. This scheme is capable to support ubiquitous communications over diverse communication 
environments without the BER performance degradation. 
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1 Introduction 
One of the basic requirements to broadband wireless 
communication systems is to support the expected 
high bit rates required by wireless Internet service 
and for delivering high-speed multimedia services. 
However, the achievable capacity and data rate of 
wireless communication systems are limited by the 
time varying characteristics of the dispersive fading 
channel. An efficient technique of combating the ti-
me-varying effects of wireless channels is to employ 
diversity. 
     In recent years, the space-time coding has receiv-
ed much attention as an effective transmit diversity 
technique used for combating fading in wireless co-
mmunication systems [1]−[4]. Inspired by the spa-
ce-time codes, in [5] an attractive transmit diversity 
scheme based on the space-time spreading has been 
proposed for employment in the code-division mul-
tiple-access (CDMA) wireless communication syst-
ems [6], [7]. Space-time spreading scheme designed 

for supporting two transmit antennas and one recei-
ve antenna has been included also in the cdma 2000 
wideband CDMA (W-CDMA) standard [6]− [8]. In 
[4], the performance of the single-carrier CDMA 
wireless communication systems using space-time 
spreading has been investigated, when the channel is 
modeled either as a flat or frequency-selective Ray-
leigh fading channel in the absence of multiuser in-
terference. 
     In the present paper, we investigate the issues of 
parameter design and bit-error-rate (BER) performa-
nce of the broadband multicarrier direct-sequence 
CDMA (MC DS-CDMA) wireless communication 
systems constructed on the basis of the generalized 
approach to signal processing in noise [9]−[11] us-
ing the space-time spreading assisted transmit diver-
sity when communicating over frequency-selective 
Rayleigh fading channels. The reason to consider 
the broadband MC DS-CDMA wireless communica-
tion system is because it constitutes a generalized 
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multiple access scheme [6], [7], [12]−[16] which ex-
hibits a high grade of design high flexibility.  
     The broadband MC DS-CDMA wireless commu-
nication system possesses a range of parameters that 
can be adjusted to satisfy the required design trade 
off. Our objective in the context of parameter design 
is to configure the broadband MC DS-CDMA wire-
less communication systems to achieve the high ef-
ficiency communications in various propagation en-
vironments characterized by different grade of dis-
persion. 
     In the present paper, specifically, the synchrono-
us downlink (from the base station to moving plat-
form) transmission of the user signals is considered 
and the BER performance is evaluated for a range of 
parameter values. Furthermore, in contrast to the fa-
mily of conventional MC DS-CDMA wireless com-
munication systems employing the time (T)-domain 
spreading only, in this contribution, we also investi-
gate the broadband MC DS-CDMA wireless comm-
unication system performance when employing both 
the (T)-domain and frequency (F)-domain spreading 
i.e., employing the TF-domain spreading. 
     A typical advantage to use the TF-domain sprea-
ding in MC DS-CDMA wireless communication sy-
stems is that the maximum number of users suppor-
ted is determined by the product of the (T)-domain 
spreading factor and the (F)-domain spreading fact-
or. Therefore, the broadband MC DS-CDMA wire-
less communication system using the TF-domain 
spreading is capable to support a significantly higher 
number of users than in the case to use the solely T-
domain spreading, since in this case, the maximum 
number of users is supported by the T-domain spre-
ading factor alone. 
     The performance of the space-time spreading as-
sisted broadband MC DS-CDMA wireless commu-
nication system using the TF-domain spreading is 
investigated in conjunction with both the single user 
and multiuser generalized detectors and is compared 
with the single user correlation detector and multius-
er decorrelating detector [6],[7],[9]−[11],[15]−[17]. 
Our study shows that a high number of users can be 
supported by the broadband MC DS-CDMA wire-
less communication system using the TF-spreading, 
without having to impose trade off in terms of the 
achievable diversity order. 
     The remainder of this paper is organized as foll-
ows. In Section II, the space-time spreading assisted 
broadband MC DS-CDMA wireless communication 
system is described and the required parameter valu-
es are investigated. In Section III, we derive the ach-
ievable BER and characterize the BER performance 
of the broadband MC DS-CDMA wireless commu-
nication system using the space-time spreading. In 

Section IV the achievable capacity improvement of 
the broadband MC DS-CDMA wireless communica-
tion system using the space-time spreading and TF-
domain spreading is discussed. Finally, some conc-
lusions are discussed in Section V. 

2 System Model 

2.1 Transmitter model 
The wireless communication system considered in 
the present paper is the orthogonal MC DS-CDMA 
wireless communication system and has a similar  
structure as discussed in [6], [7], [13], [15] using the 

GP number of subcarriers, T the number of trans-
mit antennas and one receive antenna. Furthermore, 
in this paper, the synchronous broadband MC DS-
CDMA wireless communication system is investiga-
ted where the K user signals are transmitted synch-
ronously. The transmitter schematic of the k-th user 
is shown in Fig. 1 where the real-valued data symb-
ols using the binary phase-shift keying (BPSK) mo-
dulation and real-valued spreading [5]−[7] were co-
nsidered. 
     Figure 2 demonstrates the frequency arrangement 
of M subcarriers. As shown in Fig.1, at the transmit-
ter side the block of GP data bits each having the 
bit duration of bT is the serial-to-parallel (S-P) conve-
rted to P parallel subblocks. Each parallel subblock 
has G data bits, which are space-time spread using 
the schemes of [5], [15] with the aid of M orthogon-
al spreading codes [6] 

      Kktatata Mkkk ,,2,1    )},(,),(),({ ,2,1,        (1) 

and mapped to T transmit antennas. 
     The symbol duration of the space-time spreading 
signals is bPGT , and the discrete period of the ortho-
gonal codes can be presented in the following form 

                            PGN
T

PGT

c

b   ,                         (2) 

where cb TTN  and cT represents the chip duration 
of the orthogonal spreading codes. 
     The orthogonal codes take the following form 

             

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where }1,1{][, ja ik and obey the following relati-
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whenever ji  or nm  . 
     Furthermore, )(tP

cT represents the chip impulse 
waveform defined over the interval of ),0[ cT . Since 
the total number of orthogonal codes having a disc-
rete period of PGN is PGN and since each user requ-
ires M orthogonal codes for space-time spreading, 
the maximum number of users supported by these 

orthogonal codes is MPGN . As seen in Fig. 1, the 
following space-time spreading, each space-time 
spreading block generates T parallel signals to be 
mapped to the T transmit antennas. For each trans-
mit antenna, the specific P space-time spreading si-
gnals generated by the P space-time spreading 
blocks are the repeated S times, so that each space-
time signal is transmitted on n subcarriers.  

 

 
 

Fig.1. The transmitter schematic of the broadband MC DS-CDMA 
       wireless communication system using space-time spreading. 

 

 
 
Fig. 2. Spectrum of the orthogonal broadband MC DS-
CDMA wireless communication system signals having a 
minimum subcarrier spacing of cT1 , where the zero-to-
zero bandwidth of each DS spread signal is cT2 . 
 
     The corresponding number S of subcarriers is se-
lected to guarantee that the same space-time spread-
ing signal is transmitted by the specific S subcarri-

ers having the maximum possible frequency spac-
ing, so that they experience independent fading and, 
hence, achieve the maximum frequency diversity for 
a given S value. Specifically, let },,,{ 21 PSfff  be 
the subcarrier frequencies, which are arranged acco-
rding to Fig.2. These subcarrier frequencies can be 
written in the following matrix form 
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
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



  .             (5) 

     Then, the space-time spreading signal will be tra-
nsmitted using the subcarrier frequencies from the 
same row of (5). Finally, as shown in Fig.1, the in-
verse fast Fourier transform (IFFT) is invoked to 
carrying out multicarrier modulation, and the signal 
at the IFFT block output is transmitted using one of 
the transmit antenna. 
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     The general form of the k-th user’s transmitted 
baseband signal corresponding to the T transmit an-
tennas can be expressed in the following form 

              












 PωDs k

b

b
k

SMTPT

E
t

12Re)(  ,          (6) 

where bb PTE represents the transmitted power per 
subcarrier expressed as 

                              
b

b

b

b

PT

E

PGT

GE
   ,                        (7) 

the factor S in the denominator in (6) is due to the S-

depth repetition, while the factor MT represents the 
same space-time spreading using M orthogonal co-
des and T transmit antennas. 
     In (6) 

                 T
kTkkk tststst )]()()([)( 21 s  ,             (8) 

where the superscript T denotes the vector or matrix 
transpose, represents the signal vector transmitted 
by T antennas, P represents the S-depth repetition 
operation, which is a PSP matrix expressed as 

                             ][ PPP IIIP                           (9) 

with PI being the unit matrix with the rank P. 
     Furthermore, in (6), }{ ,ijkk dD is the TP -di-
mensional matrix representing the output of the spa-
ce-time spreading. The space-time spreading invok-
ed in the matrix kD can be presented in the following 
form 

                             T
kkk ][ BCD   ,                       (10) 

where kC is the PMP -dimensional matrix consti-
tuted by orthogonal codes, which can be expressed 
in the following form 
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     In (10), kB is the TPM  matrix mapped from the 
P subblock data bits, according to the requirements 
of the space-time spreading [5]. Specifically, the 
matrix kB can be presented in the following form: 

                      TT
kP

T
k

T
kk ][ 21 BBBB  ,                   (12) 

where kpB is the TM  dimensional matrix obeying 
the following structure 
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where Pp ,,2,1  ; ija represents the sign of the ele-
ment at the i-th row and the j-th column, which is 
determined by the space-time spreading design rule, 
while ijkb , in kpB  is the data bit assigned to the ),( ji -
th element, which is one of the G input data bits      

},,,{ ,2,1, pGkpkpk bbb  of user k. For example, at G  
2TM , the corresponding kpB matrix is given by 

[5] 

              








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



 1,2,

2,1,

    

       

pkpk

pkpk
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bb
  , Pp ,,2,1   .          (14) 

Finally, in (6),ω represents the multicarrier modula-
ted vector of the length PS, which can be presented 
in the following form 

T
PStfjtfjtfj )]2exp(,),2exp(),2[exp( 21  ω (15) 
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     Equation (6) represents the general form of the 
transmitted space-time spreading signals, regardless 
of the values G, M, and T. However, the investigati-
on carried out in [5], [15] has shown that space-time 
spreading schemes using TMG  , i.e., those hav-
ing an equal number of data bits, orthogonal space-
time spreading related spreading sequences, as well 
as transmit antennas constitute the attractive schem-
es, since they are capable to prove the maximal tran-
smit diversity without requiring extra space-time 
spreading codes. Therefore, in the present paper, we 
investigate only these attractive space-time spread-
ing schemes, and our results are mainly based on the 
broadband MC DS-CDMA wireless communication 
systems using two or four transmit antennas. 
     As an example, in the case 2 TMG , the 
signals employed by the broadband MC DS-CDMA 
wireless communication system and transmitted by 
the antenna 1 and 2 can be simply expressed in the 
following form: 

PST
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
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. (16) 

Note that in (16), the explicit notation indicating the 
time dependence of )(, tika has been omitted for nota-
tional convenience, since in the present paper only 
synchronous transmissions are considered. 

2.2   Channel model and system parameter   

        design 
The channels are assumed to be the slowly varying 
frequency-selective Rayleigh fading channels and 
the delay spreads are assumed to be limited to the 
range of ],[ Mm TT , where mT corresponds to the envi-
ronments having the shortest delay spread consider-
ed, for example, in an indoor environment, while 

MT is associated with an environment having the hi-
ghest possible delay spread, as in an urban area. Be-
low, we impose some limitations on the set of para-
meters used by the space-time spreading assisted 
broadband MC DS-CDMA wireless communication 
systems, in order to ensure that the broadband MC 
DS-CDMA wireless communication systems opera-
te efficiently in different dispersive environments 
having a delay spread in the range of ],[ Mm TT .    
     In order to ensure that space-time spreading mai-
ntains the required frequency diversity order in diff-
erent wireless communication environments, we co-

nfigure the system such that each subcarrier signal is 
guaranteed to experience flat fading. The required 
frequency diversity is attained by combining the in-
dependently faded subcarrier signals, with the aid of 
F-domain repetition. Since the delay spread experie-
nced in different wireless  communication environ-
ment is assume to be limited to the range of ],[ Mm TT  
the flat fading condition of each subcarrier in these 
different wireless communication environments is 
satisfied, provided that Mc TT  . 
     In order to achieve the highest possible grade of 
frequency diversity for a given number of combined 
subcarrier signals, the subcarrier signals combined 
must experience independent fading. This implies 
that the F-domain spacing between the specific sub-
carriers that are combined must be higher than the 
maximum coherence bandwidth of mcM Tf 1)(   
[16]−[18]. Let P be the number of subblocks after 
the S-P conversion stage of Fig.1. Then, according 
to Fig.2 and (5), the above condition is satisfied, if 

mc TTP 1 , i.e., mc TTP  . 
     According to the above design philosophy, it can 
be shown that the broadband MC DS-CDMA wire-
less communication system having Mc TT  and P  

mc TT is capable to achieve a constant frequency-se-
lective diversity order, provided that the delay spre-
ad of the wireless channels encountered falls within 
the limits of the interval ],[ Mm TT . 
     Assuming that K user signals in the form of (6) 
are transmitted synchronously over the Rayleigh fa-
ding channels, the received complex low-pass  equi- 
valent signal can be expressed in the following form 

 
 


K

k

T

g

gk

xb

b tw
TSMPT

E
tr

1 1

)()(12)( HωX ,  (17) 

where gkgk )()( PDX  represents the g-th row of the 
matrix X ; )(tw  is the complex valued low-pass equi-
valent additive white Gaussian noise (AWGN) hav-
ing a double-sided spectral density of 0N , while 

,),exp(),exp({ 1211 gggg jhjhdiag H  

                )}exp( )()( gg PSPS jh  ,    Tg ,,2,1    (18) 

is the diagonal matrix with the rank PS, which rep-
resents the channel’s complex impulse response in 
the context of the g-th antenna. The coefficients ,igh     

TgPSi ,,2,1;,,2,1   in the matrix H are inde-
pendent and identically distributed (i.i.d.) random 
variables obeying the Rayleigh distribution law that 
can be presented in the following form 
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y

yf
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where ])[( 22
ighE and ][E is the mathematical ex-

pectation. Furthermore, the phases PSiig ,,2,1,     
,1g T,,2 are introduced by the fading channels 

and uniformly distributed within the limits of the in-
terval )2,0[  . 
     Specifically, in the case of 2 TMG , the 
received complex low-pass equivalent signal takes 
the following form 
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s b

b
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E
tr

1 1 1 4
2)(  

])()(}[exp{{ 2,2,1,1,1)(1)( pkkpkkpsps btabtajh    
]})()(}[exp{ 1,2,2,1,2)(2)( pkkpkkpsps btabtajh    

                  )(}2exp{ )1( twtfj pPs    .              (20) 

2.3 Generalized receiver. Main functioning  

       principles 
The generalized receiver is constructed in accordan-
ce with the generalized approach to signal process-
ing in noise [9]-[11]. The generalized approach to 
signal processing in noise introduces an additional 
noise source that does not carry any information ab-
out the parameters of desired transmitted signal with 
the purpose to improve the signal processing system 
performance. This additional noise can be consider-
ed as the reference noise without any information 
about the parameters of the signal to be detected. 
     The jointly sufficient statistics of the mean and 
variance of the likelihood function is obtained under 
the generalized approach to signal processing in noi-
se employment, while the classical and modern sig-
nal processing theories can deliver only a sufficient 
statistics of the mean or variance of the likelihood 
function. Thus, the generalized approach to signal 
processing in noise implementation allows us to ob-
tain more information about the parameters of the 
desired transmitted signal incoming at the generaliz-
ed receiver input. Owing to this fact, the detectors 
constructed based on the generalized approach to si-
gnal processing in noise technology are able to imp-
rove the signal detection performance of signal pro-
cessing systems in comparison with employment of 
other conventional detectors. 

     The generalized receiver (GR) consists of three 
channels (see Fig.3): the GR correlation detector 
channel (GR CD) – the preliminary filter (PF), the 
multipliers 1 and 2, the model signal generator 
(MSG); the GR energy detector channel (GR ED) – 
the PF, the additional filter (AF), the multipliers 3 
and 4, the summator 1; and the GR compensation 
channel (GR CC) – the summators 2 and 3, the acc-
umulator 1. The threshold apparatus (THRA) device 
defines the GR threshold. 
     As we can see from Fig.3, there are two bandpass 
filters, i.e. the linear systems, at the GR input, name-
ly, the PF and AF. We assume for simplicity that 
these two filters or linear systems have the same am-
plitude-frequency characteristics or impulse respon-
ses. The AF central frequency is detuned relative to 
the PF central frequency.  
     There is a need to note the PF bandwidth is mat- 
ched with the transmitted signal bandwidth. If the 
detuning value between the PF and AF central freq-
uencies is more than 4 or 5 times the transmitted si-
gnal bandwidth to be detected, i.e. sf54 , where 

sf is the transmitted signal bandwidth, we can be-
lieve that the processes at the PF and AF outputs are 
uncorrelated because the coefficient of correlation 
between them is negligible (not more than 0.05). 
This fact was confirmed experimentally in [19] and 
[20] independently. Thus, the transmitted signal plus 
noise can be appeared at the GR PF output and the 
noise only is appeared at the GR AF output. The sto-
chastic processes at the GR AF and GR PF outputs 
present the input stochastic samples from two inde-
pendent frequency-time regions. If the discrete-time 
noise ][kwi at the GR PF and GR AF inputs is Gaus-
sian, the discrete-time noise ][ki  at the GR PF out-
put is Gaussian too, and the reference discrete-time 
noise ][ki at the GR AF output is Gaussian owing 
to the fact that the GR PF and GR AF are the linear 
systems and we believe that these linear systems do 
not change the statistical parameters of the input 
process. Thus, the GR AF can be considered as a ge-
nerator of the reference noise with a priori informa-
tion a “no” transmitted signal (the reference noise 
sample) [10, Chapter 5].  The noise at the GR PF 
and GR AF outputs can be presented as 
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Fig. 3.  Generalized receiver. 
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where ][mgPF and ][mgAF are the impulse responses 
of the GR PF and GR AF, respectively.  
     In a general, under practical implementation of 
any detector in wireless communication system with 
sensor array, the bandwidth of the spectrum to be 
sensed is defined. Thus, the GR AF bandwidth and 
central frequency can be assigned, too (this band-
width cannot be used by the transmitted signal beca-
use it is out of its spectrum). The case when there 
are interfering signals within the GR AF bandwidth, 
the action of this interference on the GR detection 
performance, and the case of non-ideal condition 
when the noise at the GR PF and GR AF outputs is  
not the same by statistical parameters are discussed 
in [21] and [22]. 
     Under the hypothesis 1H (“a yes” transmitted sig-
nal), the GR CD generates the signal component 

][][ ksks i
m
i caused by interaction between the model 

signal ][ksm
i , forming at the MSG output, and the in-

coming signal ][ksi , and the noise component ][ksm
i   

][ki caused by interaction between the model sig-
nal ][ksm

i  and the noise ][ki at the PF output. GR 
ED generates the transmitted signal energy ][2 ksi and 
the random component ][][ kks ii  caused by interac-
tion between the transmitted signal ][ksi and the noi-
se ][ki at the PF output. The main purpose of the 
GR CC is to cancel completely in the statistical sen-

se the GR CD noise component ][][ kks i
m
i  and the 

GR ED random component ][][ kks ii  based on the 
same nature of the noise ][ki . The relation between 
the transmitted signal to be detected ][ksi and the 
model signal ][ksm

i  is defined as: 

                                 ,   ][ ][ ksks i
m
i                       (22) 

where is the coefficient of proportionality. 
     The main functioning condition under the GR 
employment in any signal processing system includ-
ing the communication one with radar sensors is the 
equality between the parameters of the model signal 

][ksm
i and the incoming signal ][ksi , for example, by 

amplitude. Under this condition it is possible to can-
cel completely in the statistical sense the noise com-
ponent ][][ kks i

m
i  of the GR CD and the random co-

mponent ][][ kks ii  of the GR ED. Satisfying the GR 
main functioning condition given by (22), ][ksm

i   
][ksi , 1 , we are able to detect the transmitted si-

gnal with the high probability of detection at the low 
SNR and define the transmitted signal parameters 
with the required high accuracy. 
     Practical realization of the condition (22) at   
1  requires increasing in the complexity of GR struc-
ture and, consequently, leads us to increasing in co-
mputation cost. For example, there is a need to emp-
loy the amplitude tracking system or to use the off-
line data samples processing. Under the hypothesis 

0H  (“a no” transmitted signal), satisfying the main 
GR functioning condition (22) at 1 we obtain 
only the background noise ][][ 22 kk ii   at the GR 
output. 
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     Under practical implementation, the real structu-
re of GR depends on specificity of signal processing 
systems and their applications, for example, the rad-
ar sensor systems, adaptive wireless communication 
systems, cognitive radio systems, satellite communi-
cation systems, mobile communication systems and 
so on. In the present paper, the GR circuitry (Fig.3) 
is demonstrated with the purpose to explain the ma-
in functioning principles. Because of this, the GR 
flowchart presented in the paper should be consider-
ed under this viewpoint. Satisfying the GR main fu-
nctioning condition (22) at 1 , the ideal case, for 
the wireless communication systems with radar sen-
sor applications we are able to detect the transmitted 
signal with very high probability of detection and 
define accurately its parameters. 
     In the present paper, we discuss the GR implem-
entation in the broadband space-time spreading MC 
DS-CDMA wireless communication system. Since 
the presented GR test statistics is defined by the sig-
nal energy and noise power, the equality between 
the parameters of the model signal ][ksm

i and trans-
mitted signal to be detected ][ksi , in particular by 
amplitude, is required that leads us to high circuitry 
complexity in practice. 
     For example, there is a need to employ the ampli-
tude tracking system or off-line data sample proces-
sing. Detailed discussion about the main GR functi-
oning principles if there is no a priori information 
and there is an uncertainty about the parameters of 
transmitted signal, i. e., the transmitted signal para-
meters are random, can be found in [9], [10, Chapter 
6, pp.611–621 and Chapter 7, pp. 631–695]. 
     The complete matching between the model signal 

][ksm
i

and the incoming signal ][ksi , for example by 
amplitude, is a very hard problem in practice becau-
se the incoming signal ][ksi depends on both the fad-
ing and the transmitted signal parameters and it is 
impractical to estimate the fading gain at the low 
SNR. This matching is possible in the ideal case on-
ly. The GD detection performance will be deteriora-
ted under mismatching in parameters between the 
model signal ][ksm

i
and the transmitted signal ][ksi  

and the impact of this problem is discussed in [23]-
[26], where a complete analysis about the violation 
of the main GR functioning requirements is presen-
ted. The GR decision statistics requires an estimati-
on of the noise variance 2

  using the reference noi-
se ][ki at the AF output. 
      Under the hypothesis 1H , the signal at the GR PF 
output, see Fig. 3, can be defined as 

                        ][][][ kkskx iii   ,                    (23) 

where ][ki is the noise at the PF output and 

                          ][][][ kskhks ii  ,                        (24) 

where ][khi are the channel coefficients. Under the 
hypothesis 0H and for all i and k, the process ][kxi       

][ki at the PF output is subjected to the complex 
Gaussian distribution and can be considered as the 
i.i.d. process. 
     In the ideal case, we can think that the signal at 
the GR AF output is the reference noise ][ki with 
the same statistical parameters as the noise ][ki . In 
practice, there is a difference between the statistical 
parameters of the noise ][ki and ][ki . How this 
difference impacts on the GR detection performance 
is discussed in detail in [10, Chapter 7, pp. 631-695] 
and in [23]-[26], 

The decision statistics at the GR output present-
ed in [19] and [20, Chapter 3] is extended for the ca-
se of antenna array when an adoption of multiple an-
tennas and antenna arrays is effective to mitigate the 
negative attenuation and fading effects. The GR de-
cision statistics can be presented in the following 
form: 




 


1

0 1

][][2)(
N

k

M

i

m
iiGR kskxT X  

            ][][

0

1
1

0

1

0 1

2

1

2
GR

N

k

N

k

M

i

i

M

i

i THRkkx

 







 



H

H

 ,     (25)   

where 

                         )1(),...,0(  NxxX                    (26) 

is the vector of the random process at the GR PF 
output and GRTHR is the GR detection threshold. 
     Under the hypotheses 1H and 0H when the amplitu-
de of the transmitted signal is equal to the amplitude 
of the model signal, ][][ ksks i

m
i  , 1 , the GR de-

cision statistics )(XGDT takes the following form in 
the statistical sense, respectively: 

 



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 .  (27) 

In (27) the term s

N

k

M

i i Eks  


 

1
0 1

2 ][ corresponds to 
the average transmitted signal energy, and the 
term   



 



 


1
0 1

21
0 1

2 ][][ N

k

M

i i

N

k

M

i i kk  is the backgr-
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ound noise at the GR output. The GR output backgr-
ound noise is a difference between the noise power 
at the GR PF and GR AF outputs. Practical imple-
mentation of the GR decision statistics requires an 
estimation of the noise variance 2

 using the referen-
ce noise ][ki at the AF output. 

2.4 Receiver model 
Let the first user be the user of interest and consider 
a generalized receiver employing the fast Fourier 
transform (FFT)-based multicarrier demodulation, 
space-time dispreading, as well as diversity combi-
ning, as shown in Fig. 4. The receiver of Fig.4 cons-
tructed on the basis of the generalized receiver (Fig. 
3) essentially carries out the inverse operations of 
those seen in Fig. 1. In Fig. 4, the received signal is 
first demodulated using FFT-based multicarrier de-
modulation, obtaining PS number of parallel streams 
corresponding to the signals transmitted on PS sub-
carriers. Then, each stream is the space-time despre-
ad using the approach discussed in [5], [27], and 

[28], in order to obtain G separate variables ,{ 1,pZ  
PS
pGpp ZZ 1,2, },,  corresponding to the G data bits 

transmitted on the p-th stream, where PSp ,,2,1  , 
respectively. 
     Following the space-time despreading, a decision 
variable is formed for each of the transmitted data 
bits P

ppGpp bbb 121 },,,{   that can be expressed in the 
following form: 

 Gi,P,,pZZ
S

s

ipPspi ,,2,1 ;21 ,
1

),)1((  


  (28) 

Finally, the PG number of transmitted data bits can 
be decided based on the decision variables pZ pi,{   

},,2,1  ;21 Gi,P,,   using the conventional deci-
sion rule of a BPSK scheme. Let us now investigate 
the achievable BER performance. 
      

 

 
 

Fig. 4. The receiver schematic of the broadband MC DS-CDMA 
wireless communication system using space-time spreading. 

 

3 Bit-Error Rate Analysis 
In this section, we derive the BER expression of the 
broadband MC DS-CDMA wireless communication 
system using the space-time spreading, which was 
described above in Section II. As an example, we 
derive the BER expression in detail for the space-ti-
me spreading based on the broadband MC DS-
CDMA wireless communication system using the 

following parameters: 2 TMG . The generali-
zed BER 

 expression of the broadband MC DS-CDMA 
wireless communication system using the set of 
attractive space-time spreading schemes, i.e., 
using ,8,4,2 TMG  etc., is then derived from 
the case 2 TMG  without providing the deta-
iled derivations, since the extension is relatively 
straightforward. 
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     In the case 2 TMG , the analysis can be 
commenced from (20). Let PSpyy pp ,,2,1 ,, 2,1,    
represent the variables at the output of the generali-
zed detector (Fig. 3) corresponding to the first two 
data bits transmitted on the p-th subcarrier where 

 
bPT

p ttrtatry
2

0

2
1,1

2
1,11, )]()()()(2[   

                            ;   )2exp( dttfj p                  (29) 

 
bPT

p ttrtatry

2

0

2
2,1

2
2,12, )]()()()(2[   

                          .   )2exp( dttfj p                 (30) 

     Since the orthogonal multicarrier signals, ortho-
gonal space-time spreading codes, synchronous tra-
nsmission of the K user signals, as well as slowly 
flat fading of each subcarrier are assumed, there is 
no interference between the different users and the 
different subcarrier signals. Therefore, when substi-
tuting (20) into (29) and (30), we obtain 

       
;  ])exp(      

)exp([)1(4
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      (31) 
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   (32) 

where 

   2,1 ,)2exp()]()([
2

0

22
,   idttfjtt

bPT

piiip   (33) 

that can be approximated by the complex Gaussian 
variable distributed with the zero mean and variance 
equal to 2

08 NbPT . 
     Assuming that the generalized receiver has a per-
fect knowledge with respect to the fading paramet-
ers 2,1  ),exp(  ijh pipi  , the decision variables 
corresponding to the data bits 2,1  ,,1 ib pi associated 
with the p-th subcarrier can be expressed in the foll-
owing form  

)}exp()exp(Re{ 222,111,1, ppppppp jhyjhyZ  

1,1
2

2
2
1

22

][)1(4
ppp

b

bb bhh
PST

ETP



  

)}exp()exp(Re{ 222,111, pppppp jhjh   (34) 

)}exp()exp(Re{ 111,221,2, ppppppp jhyjhyZ  

2,1
2

2
2
1

22

][)1(4
ppp

b

bb bhh
PST

ETP



  

)}exp()exp(Re{ 112,221, pppppp jhjh   (35) 

where PSp ,,2,1  . 
     Finally, after combining the replicas of the same 
signal transmitted on the S subcarriers, the decision 
variables corresponding to the two bits in the p-th 
subblock can be presented in the following form 

                       



S

s

pPsp ZZ
1

1),)1((1  ,                   (36) 

                       



S

s

pPsp ZZ
1

2),)1((2  ,                  (37) 

where Pp ,,2,1  . 
     Since 1),)1(( pPsZ  in (36) and 2),)1(( pPsZ  in (37) 
are the i.i.d. random variables for different s values 
associated with the mean 

][)1(4][ 2
2))1((

2
1))1((

22

pPspPs

b

bb hh
PST

ETP
ZE  


  (38) 

and the variance 

    ][8}{ 2
2))1((

2
1))1((

2
0 pPspPsb hhPTZVar   N    (39) 

conditioned on 1))1(( pPsh  and 2))1(( pPsh  , it is well  
recognized [26], [29] that the conditional BER can 
be presented in the following form 










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
 
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(40) 

where )(xQ is the Gaussian Q-function; 

                      2

2
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


gpPs
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h 
  ;               (41) 

                                2
0

2

2 NS

Eb   .                        (42) 

     Finally, with the aid of (19) and [18], it can be 
readily shown that the average BER can be express-
ed in the following form 

 
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where 
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







1
 .                         (44)  

     In general case ,8,4,2 TMG , the decisi-
on variable 1,pZ corresponding to the first bit in the 
subblock p can also be expressed as in (36), but with 

1),)1(( pPsZ  given by [23] 


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                       SspPs ,,2,1 },Re{ 1),)1((    ,   (45) 

where }Re{ 1),)1(( pPs 
 is the background noise with 

the zero mean and variance equal to 
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

 
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g
gpPsbpPs hPTVar
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2
))1((

2
01),)1(( 8]{Re[ N . (46) 

The average BER in the case ,8,4,2 TMG  
can be presented in the following form [24] 

 





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
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k

kS
BER  .  (47) 

Note that according to (40) and (45) by using the 
space-time spreading and F-domain subcarrier repe-
tition, the diversity order achieved is TS provided 
that T transmit antennas and S-depth F-domain repe-
tition schemes were used. The resultant diversity or-
der of TS can also be seen in (47). 
     Figure 5 demonstrates both the numerical and si-
mulation results of the BER performance which are 
drawn using the lines and markers, respectively, at 

4,2,1,1  TS as well as at 4,2,1,3  TS . From 
these results we observe that at the BER = 0.01 us-
ing two transmit antennas rather than one yields a 
gain of approximately 6.0 dB. Furthermore, when 

4T the transmit antennas and the repetition depth 
3S are considered instead of 1,1  TS , the dive-

rsity gain achieved is approximately 9.0 dB. 

  

Fig. 5. Numerical (lines) and simulated (markers) BER 
versus SNR per bit, 0NbE , performance for the broad-
band MC DS-CDMA wireless communication system us-
ing space-time spreading based on the transmit diversity 
under the implementation of the generalized receiver 
when communicating over the frequency-selective Rayle-
igh fading channels evaluated by (47). 

     The BER performance presented in Fig.5 can be 
achieved, provided that the number of orthogonal 
space-time spreading codes is sufficiently high for 
supporting the K number of users without reuse. Ba-
sed on our arguments in Sections II and III, the nu-
mber of orthogonal space-time spreading codes is 
given by PGNTPGT cb  . Since each user requires 
M orthogonal space-time spreading codes, the maxi-
mum number of users supported by the PGN ortho-
gonal space-time spreading codes is given by maxK    

MPGN . 
     In other words, if the number of users supported 
by the synchronous broadband MC DS-CDMA wi-
reless communication system designed according to 
the philosophy of the present paper obeys maxKK , 
the BER performance presented in Fig.5 can be achi-
eved for transmissions over the frequency-selective 
Rayleigh fading channels. For the attractive space-
time spreading schemes using ,8,4,2 TMG , 
the maximum number of users supported by the or-
thogonal space-time spreading codes is defined as 

.max PNK It can be seen that, in this case, the num-
ber of users supported is independent of the number 
of transmit antennas, which emphasizes the advanta-
ges of the space-time spreading schemes using the 
specific values of ,8,4,2 TMG [30].     
     Let cb TTN  and the total number of subcarriers 
PS be constant. Then, the maximum number of us-
ers supported by the broadband MC DS-CDMA wi-
reless communication system depends only on the 
repetition depth S. Specifically, the maximum num-
ber of users supported decreases when increasing 
the subcarrier repetition depth S, i.e., when increas-
ing the frequency diversity order. Consequently, the 
maximum number of users supported and the frequ-
ency diversity gain achieved have to obey a trade 
off. This is not a desirable result. We would like to 
achieve the maximum transmit diversity gain as well 
as the required frequency diversity gain without ha-
ving to accept any other trade off, i.e., without decr-
easing the total number of users supported by the sy-
stem. Let us now consider this issue in the next sec-
tion. 

4 Capacity Extension Using Time- 
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    Frequency Domain Spreading 

4.1 System description 
In this section, we propose and investigate the bro-
adband MC DS-CDMA wireless communication sy-
stem, which employs both the time (T)-domain and 
frequency (F)-domain spreading, i.e., it employs TF 

-domain spreading. The transmitter schematic of the 
space-time spreading assisted broadband MC DS-
CDMA wireless communication system using the 
TF-domain spreading is similar to that seen in Fig.1, 
except that the S-depth subcarrier repetition of Fig. 1 
is now replaced by the F-domain spreading associa-
ted with an orthogonal spreading code of length S. 
     Specifically, let ]}1[,],1[],0[{ Sccc kkk  be the 
k-th user’s orthogonal code in discrete form, which 
will be used for the F-domain spreading. By contr-
ast, the k-th user’s T-domain orthogonal codes used 
for space-time spreading have been expressed in Se-
ction II as ),(, ta ik    Mi ,,2,1  in continuous form. 
In the broadband MC DS-CDMA wireless commu-
nication system using TF-domain spreading, the P 
subblock signals of user k after space-time spreading 
are now further spread over the F-domain using the 
above F-domain spreading codes. The signals trans-
mitted from the T transmit antennas can be present-
ed in the following form 

                  












 QωDs k

b

b
k

SMTPT

E
t

2Re)(  ,       (48) 

where all variables have the same interpretations as  

those in (6), except that the repetition matrix P in (6) 
is now replaced by Q in (48), which represents the 
F-domain spreading and is the PSP -dimensional 
matrix expressed as 

              ]}1[,],1[],0[{  Skkk CCCQ   ,         (49) 

where 1,,1,0],[  Sssk C are the diagonal matric-
es of rank P which can be presented in the following 
form 

            )}(,),(),({][ scscscdiags kkkk C  .      (50) 

     Specifically, at 2 TMG , the TF-domain 
spread signals transmitted by the transmit antenna 1 
and 2 of the broadband MC DS-CDMA wireless co-
mmunication system can be simply presented in the 
following form 
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(51) 

     The total number of users supported by the bro-
adband MC DS-CDMA wireless communication sy-
stem using the TF -domain spreading and the assig-
nment of orthogonal codes to the users is analyzed 
as follows. According to our analysis in Sections II 
and III, the total number of orthogonal codes that 
can be used for the space-time spreading is equal to 
PGN and the maximum number of users supported 
by these orthogonal codes is defined as PGNmaxK   

M/ . By contrast, the total number of orthogonal 
codes that can be used for F -domain spreading is S. 
This implies that even if S that is the number of us-
ers shares the same set of space-time spreading co-
des, these S user signals might be distinguishable 
with the aid of the associated S number of the F –
domain spreading codes. 
     Explicitly, the total number of users supported is 
equal to 

                             
M

SPGN
maxK  .                       (52) 

Therefore, the orthogonal spreading codes can be 
assigned as follows. If the number of users is in the 
range of max0 K K , these users will be assigned 
the required orthogonal space-time spreading codes 
and the same F-domain orthogonal spreading code. 
However, when the number of users is in the range 
of 1,,2,1,)1( maxmax  SssKs KK , then the 
same set of the M space-time spreading orthogonal 
codes must be assigned to s or )1( s users, but these 
s or )1( s users are assigned to different F-domain 
spreading codes. These s or )1( s users employing 
the same set of space-time spreading orthogonal co-
des are identified by their corresponding F-domain 
spreading codes. 
     Since the subcarrier signals across which F-dom-
ain spreading takes place encounter independent fa-
ding, the orthogonality of the F-domain spreading 
codes cannot be retained. Hence, multiuser interfer-
ence is inevitably introduced that degrades the BER 
performance when increasing the number of users 
sharing the same set of the M space-time spreading 
orthogonal codes. 
     Let SK 1 be the number of users sharing the 
same set of space-time spreading orthogonal codes. 
We also assume that any set of the M space-time 
spreading orthogonal codes is shared by the same 
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K number of users. The, when the maxKK signals 
expressed in the form of (48) are transmitted over 
the frequency-selective fading channels, the receiv-
ed complex low-pass equivalent signal can be expre-
ssed in the following form 

 


 


max

1 1
)()(12)(

KK

k

T

g
gk

b

b

SMTPT

E
twHωQDtr , 

(54) 

where gk )( QD and )(tw have the same interpretation 
as in (17).Specifically, in the case 2 TMG , 

)(tr can be expressed in the following form 

 


  


max

1 1 1
1)(1)( )exp({

4
2)(

KK

k

P

p

S

s

psps

b

b jh
PST

E
tr   

)1(])()([ 2,2,1,1,  scbtabta kpkkpkk

])()()[exp( 1,2,2,1,2)(2)( pkkpkkpsps btabtajh    
           )()2exp()}1( )1( twtfjsc pPsk    .       (55) 

     The receiver schematic of the broadband MC DS 
-CDMA wireless communication system using the 

TF-domain spreading is similar to that of Fig. 4, ex-
cept that the derepetition operation seen in Fig.4 is 
now replaced by the  F-domain despreading. The si-
gnals at the output of the space-time-despreading 
block in Fig.4 can be detected by invoking a range 
of single or multiuser detection schemes. 

4.2 Signal detection 
Following the derivations in Section III, in the gene-
ral case ,8,4,2 TMG , etc., the decision va-
riable 1),)1(( pPsZ  in terms of the first data bit in the 
subblock p and the subcarrier pPs  )1(  can now  
be presented in the following form    




 






K

k

T

g

gpPs

b

bb
pPs h

PST

ETP
Z

1 1

2
))1((

22

1),)1((
)1(4  

Ssbsc ipPspkk ,,2,1  },Re{)1( ),)1((1,    , (56) 

where }Re{ 1,p  is the background noise having the 

zero mean and variance equal to  

T

g pgb hPT 1
22

08 N . 
     Let 

           T
pPSPPpp ZZZ ][ 1),)1((1),(1,1  z  ,          (57) 
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(58) 
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(59) 
                        T

pKpp bbb ][ 1,1,21,1  b  ,              (60) 

                 T
pPSpPp ][ 1),)1((1),(1, 

  Ξ  .         (61) 

Then Eq. (56) can be written in the following matrix 
form 

                ΞACbz 



b

bb
p

PST

ETP )1(4 22

1  .          (62) 

     Detection of signals employed by the broadband MC 
DS-CDMA wireless communication system given in 
(62) is similar to the detection of signals employed 
by the conventional broadband MC DS-CDMA wi-
reless communication system using the F-domain 
spreading, where the single user detectors [6], [7], 
[21] or multiuser detectors [6], [7], [22]-[24], [30] 
can be implemented. 
     In the present paper, we investigate two detection 
algorithms, namely, the single user generalized de-
tector [23], [24] and the multiuser generalized detec-
tor [25], [26] and compare them with the single user 
correlation detector [6], [7], [15] and the multiuser 
decorrelating detector [6], [7], [30], [31]. 
     In the context of the generalized detector or rece-
iver, let 

                      T
Kppp ZZZ ][ ,2,1,  z                   (63) 

represents the decision variables. Then, these decisi-
on variables are obtained by multiplying both sides 
of (62) with T

С , which can be presented in the follo-
wing form 

ΞCRbz
T
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T

g

gpPs

b

bb h
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ETP
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(64) 

where 
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R              (65) 

is the correlation matrix among the K user signals, 
while ij is the correlation factor between user i and 
user j that can be presented in the following form 
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     Equation (64) suggests that the diversity gain co-
ntributed both by the transmit diversity and frequen-
cy diversity can be retained, since we have a double 
sum of the components 2h corresponding to the tran-
smission and frequency diversity orders of S and T, 
respectively. However, the multiuser interference is 
introduced by the channel’s time-varying character-
istics. Finally, the corresponding data bits, kb pk  ,1,         

K ,,2,1  are decided according to kpkb zsgnˆ
1,  , 

Kk  ,,2,1  , where k)(z represents the k-th row 
of z , while )sgn( is the sign function [15]. 
     Note that the correlation factors }{ ij in (66) are 
time-variant due to the time-varying nature of the 
channel’s fading envelope. However, since 

                      0]1[]1[
1




S

s

ji scsc  ,                (67) 

it can be shown that 0ij , provided that the sum 

of   

T

g gpPsh1
2

))1(( is identical for different values of 
s. 
     Moreover, it can be shown that the correlation fa-
ctors }{ ij  are contributed by the differences of the 

sums   

T

g gpPsh1
2

))1((  experienced according to the 
different values of s, while the common part of 

  

T

g gpPsh1
2

))1(( in terms of different values of s can 
be successfully removed due to the orthogonality of 
the F-domain spreading codes. 
     Specifically, let 

                      sh

T

g

gpPs Ah 
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

1

2
))1((  ,              (68) 

where hA is the average value of   

T

g gpPsh1
2

))1(( in 
terms of s, while 

                   h

T

g

gpPss Ah  
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1

2
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Then, Eq. (66) can be written as 
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     Figure 6 demonstrates the probability density function 
(pdf) of the correlation factor 12 between the signals 
of user 1 and user 2 for the two user broadband MC 
DS-CDMA wireless communication system emplo-
ying the space-time spreading transmit diversity un-
der communication over the frequency-selective Ra-
yleigh fading channels. The curves in Fig. 6 show 
that the correlation factor using 2,1T and four tran-
smit antennas is symmetrically distributed around 

012   
     An important observation is that the correlation 
factor value is predominantly distributed in the vici-
nty of 012  and becomes similar to the truncated 
Gaussian random variable distributed within the li-
mits of the interval ]1,1[ having a relatively low va-
riance, when increasing the number of transmit an-
tennas. This observation implies that the space-time 
spreading using several transmit antennas has two-
fold importance. Firstly, it is capable to provide the 
spatial diversity. Secondly, it is capable to suppress 
the multiuser interference imposed by the F-domain 
despreading 
     In the context of the multiuser generalized detec-
tor, the decision variables associated with K

kpkb


11, }{  
are obtained by multiplying both sides of (64) with 
the inverse matrix R , i.e., with the matrix 1

R that 
can be presented in the following form 
 

wCRbzR
T

S

s

T

g

gpPs
bb h

S

PTE 1

1 1

2
))1((

1 2 

 


    

(71) 

and the corresponding data bits Kkb pk
 ,,2,1 ,1,        

are decided according to ,2,1,)sgn(ˆ 1
1,   kb kpk zR    

K , . Equation (71) shows that each user data can 
be decided independently of the other user data and 
the diversity order achieved is TS. Let us now provi-
de a range of simulation results for the space-time 
spreading broadband MC DS-CDMA wireless com-
munication system using the TF-domain spreading. 
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Fig. 6. Simulated pdf of the correlation factor 12 for the 
two user broadband MC DS-CDMA communication sys-
tem using 4,2,1T transmit antennas and the space-time 
spreading when communicating over the frequency selec-
tive Rayleigh fading channels. 

4.3 BER performance 

The BER versus SNR per bit, 0NbE , performance 
of the single user and multiuser generalized detector 
in comparison with both the single user correlation 
detector and the multiuser decorrelating detector is 

presented in Figs. 7 and 8 for the broadband MC 
DS-CDMA wireless communication system using 
the TF-domain spreading. In both figures we consi-
dered 2T transmit antennas and supporting K   

maxmaxmaxmax 4,3,2, KKKK users corresponding to K    
4,3,2,1 , where maxK represented the maximum num-

ber of users supported by the T-domain orthogonal 
spreading codes without imposing the multiuser in-
terference. The condition 1K corresponds to an 
absence of the multiuser interference. The difference 
between the Figs. 7 and 8 is that in Fig.7 the length 
of the F-domain spreading codes is 4S , while in 
Fig. 8 it is 8S . 
     As expected, we observe in both figures that the 
BER performance is significantly improved when 
both the correlation detector and the decorrelating 
detector are replaced by the generalized detector. 
For the generalized detector, correlation detector 
and the decorrelating detector the BER performance 
degrades with increasing the number of users shar-
ing the same T-domain spreading code, i.e., with 
increasing the value of K  . However, the BER incre-
ase due to increasing the value of K  is significantly 
lower for the generalized detector in comparison 
with the correlation detector and correlating detector 
Furthermore, upon comparing Figs. 7 and 8, we ob-
serve that the BER performance of the generalized 

 

 
 

Fig. 7. Simulation of the BER versus the SNR per bit, 0NbE , performance of  the correlation detector, decorrelating de-
tector and generalized detector for the space-time spreading broadband MC DC-CDMA using TF-domain spreading when 
communicating over the frequency-selective Rayleigh fading channels. 
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Fig. 8. Simulation of the BER versus the SNR per bit, 0NbE , performance of the correlation detector, decorrelating de-
tector and generalized detector for the space-time spreading based broadband MC DC-CDMA using TF-domain spreading 
when communicating over the frequency-selective Rayleigh fading channels. 

 

Fig. 9. Simulation of the BER versus the SNR per bit, 0NbE , performance of the correlation detector, decorrelating de-
tector and generalized detector for the space-time spreading based broadband MC DC-CDMA using TF-domain spreading 
when communicating over the frequency-selective Rayleigh fading channels. 

 
detector is closer to the BER performance without 
the multiuser interference, when using 8S  (Fig.8)  
instead of 4S (Fig.7). 
     In Fig. 9 we investigated the BER performance of 
the generalized detector in comparison with both the  
correlation detector and the decorrelating detector at 
various numbers of the transmit antennas, namely, at 

4,2,1T and 2,4,8S  F-domain spreading codes, 
while maintaining a constant TS value of eight. In 
our experiments, we assumed that 2K , i.e., that 

each set of T-domain space-time spreading codes 
was shared by two users. Let the maximum number 
of users supported by the T-domain spreading codes 
be maxK , while using the parameters of 2,4  ST . 
     Then for the broadband MC DS-CDMA wireless 
communication system having a constant system ba-
ndwidth, the maximum number of users, maxK supp-
orted by the T-domain codes and using the parame-
ters 8,1  ST or 4,2  ST is max25.0 K or max5.0 K , 
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respectively. In other words, there is a maximum of 
two, four or eight users sharing the same set of the 
orthogonal space-time spreading codes, correspond-
ing to the cases of ;2,4  ST 4,2  ST or ,1T   

8S , respectively. 
     From the results we infer the following observa-
tions: 

 All schemes achieve the same total diversity 
gain, 

 The number of transmit antennas has the sa-
me effect on the BER performance as the le-
ngth of the F-domain spreading codes, i.e., 
the same BER can be maintained, regardless 
of what values of T and S must be taken to 
provide that the product TS could be a cons-
tant. 

 The generalized detector significantly out-
performs the correlation detector and decor-
relating detector. The gain achieved at the 
BER equal to 310 by using the multiuser ge-
neralized detector is 6-7 dB in comparison 
with the multiuser decorrelating detector 
and by using the single-user generalized de-
tector is 8-9 dB in comparison with the cor-
relation detector. 

 The maximum number of users maxK shar-
ing the same set of space-time spreading or- 
thogonal codes is two, four or eight, when 
we use the parameters ,2;2,4  TST  

4S ; 8,1  ST . 
     Furthermore, since, according to Figs 7 and 8, 
the BER performance degrades upon increasing the 
number of users sharing the same set of the space-ti-
me spreading orthogonal codes, consequently, for a 
fully loaded system using the maximum values of 

maxK  , we can surmise that the broadband MC DS-
CDMA wireless communication system employing 
the parameters 2,4  ST outperforms the one used 
the parameter combinations 4,2  ST and ,1T  

8S .   
     Furthermore, the broadband MC DS-CDMA wi-
reless communication system using the parameters 

4,2  ST outperforms that employing the param-
eters 8,1  ST . The above arguments suggest that 
the best broadband MC DS-CDMA wireless comm-
unication system will only use the transmit diversity 
and no frequency diversity at all, i.e., use the param-
eters 1,8  ST , which simultaneously suggests 
that no multiuser detection is required.  

5 Conclusions 
In the present paper, we have investigated the perfo- 

rmance of the broadband MC DS-CDMA wireless 
communication system using the space-time sprea-
ding assisted transmit diversity when the frequency-
selective Rayleigh fading channels are considered. 
The issue of parameter design has been investigated 
motivated by the objective to ensure the same bro-
adband MC DS-CDMA wireless communication sy-
stem is equipped to provide efficient communicati-
ons in various fading channels having different gra-
de of frequency selectivity. The BER performance 
of the broadband MC DS-CDMA wireless commu-
nication system using the space-time spreading has 
been evaluated both analytically and by simulation. 
     Furthermore, we have considered the capacity 
extension achievable by the space-time spreading 
assisted broadband MC DS-CDMA wireless comm-
unication system with the aid of TF-domain spread-
ing. The corresponding BER performance has been 
investigated in the context of the multiuser and sin-
gle user generalized detectors, single user correlati-
on detector and multiuser decorrelating detector for 
transmissions over the frequency-selective Rayleigh 
fading channels. In summary, the broadband MC DS 
-CDMA wireless communication system using spa-
ce-time spreading assisted transmit diversity has the 
following characteristics. 

 By appropriately selecting the system para-
meters, the same broadband MC DS-CDMA 
wireless communication system using the 
space-time spreading-assisted transmit dive-
rsity is rendered capable to achieve the simi-
lar BER performance in various communi-
cation environments characterized by differ-
ent grades of frequency selectivity. 

 It is capable to mitigate the peak-to-average 
power fluctuation experienced, since with 
the advent of direct sequence spreading of 
the subcarriers we require only a decreased 
number of subcarriers. 

 Using multiple transmit antennas in the bro-
adband MC DS-CDMA wireless communi-
cation system becomes capable to provide 
the transmit diversity and, simultaneously, 
suppress the multiuser interference. The as-
sociated space-time spreading transmit di-
versity scheme used in the broadband MC 
DS-CDMA wireless communication system 
can be designed to maintain the constant di-
versity gain in various fading channels hav-
ing a different grade of frequency selectivi-
ty. 

 When the space-time spreading assisted bro-
adband MC DS-CDMA wireless communi-
cation system employs both the T-domain 
spreading and the F-domain spreading, the 
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maximum number of users supported beco-
mes significantly higher than that employ-
ing solely the T-domain spreading. The hig-
her number of users supported is achieved 
without any trade off imposed on the achie-
vable diversity order. 
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