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Abstract––Space-time spreading (STS) is a promising scheme 
combining the ubiquitously employed code division multiple 
access (CDMA) with the emerging space-time block coding 
(STBC) technique. Almost all research results reported so far 
mainly focus on the STS schemes based on the full-rate STBC, 
which use either only two transmit antennas or real-modulations. 
However, the complex-modulation based STS systems with more 
than two transmit antennas, despite their much better spectrum 
efficiency and error performance, hardly receive any attention. 
To remedy this deficiency, in this paper we propose a complex-
modulation based STS scheme with more than two transmit 
antennas for MC-DS-CDMA systems. We also develop the 
performance analysis frameworks to evaluate the bit-error-rate (BER) 
and throughput of the proposed scheme and other representative 
schemes. The simulation results obtained verify the analytical 
findings. Both analytical and simulation results show that our 
proposed scheme can achieve much lower BER and much higher 
throughput as compared to their counterparts using real-
modulation based STS systems.  

Keyword––Space-Time Spreading (STS), Multicarrier-Direct-
Sequence-CDMA (MC-DS-CDMA), Bit-error-rate (BER), 
Throughput analysis, Rayleigh fading channel.  

I. INTRODUCTION 
Multicarrier code division multiple access (MC-CDMA) 

integrating orthogonal frequency division multiplexing 
(OFDM) with spreading spectrum transmission emerges as a 
promising technique for the next-generation wireless 
communication systems [4][10]. A number of MC-CDMA 
schemes have been proposed including multi-tone (MT) DS-
CDMA, MC-DS-CDMA, and MC-CDMA using the 
frequency domain spreading. Among them, MC-DS-CDMA, 
employing direct-sequence (DS) spreading in time domain for 
each subcarrier signal, is capable of circumventing many 
problems encountered by other CDMA schemes [9] and 
therefore receives much research attention. 

On the other hand, a novel technique called space-time spreading 
(STS), which combines the widely adopted CDMA with space-time 
block coding (STBC), has recently received a great deal of research 
efforts [1][2][3][8][9]. STS was first proposed in [3] and thoroughly 
studied in [1] in the DS-CDMA context. In [9], STS is introduced to 
MC-DS-CDMA based systems. All the aforementioned works 
mainly focus on STS schemes based on the full-rate STBC, which 
employ either only two transmit antennas with both real- and 
complex-modulations [2][8] or real-modulations using an arbitrary 
number of transmit antennas [9]. We call this type of schemes the 
full-rate STS. However, there has been hardly any research reported 
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on STS schemes based on the non-full-rate STBC, which use 
complex-modulation with more than two transmit antennas. We call 
this type of schemes the non-full-rate STS. The investigation on non-
full-rate STS is of significant importance because the complex-
modulations and increased space diversity due to more transmit 
antennas used can greatly improve the spectrum efficiency and error 
performance.  

To remedy this deficiency, in this paper by using the half-
rate STBC we propose an efficient complex-modulation based 
STS scheme with more than two transmit antennas for MC-
DS-CDMA systems, which can achieve the same transmission 
rate without demanding extra bandwidth as compared to the 
full-rate STS schemes. We implement this scheme by just 
using one more spreading code, where each user is assigned 
two spreading codes. In addition, we develop the performance 
analysis frameworks to compare the bit-error-rate (BER) and 
throughput of the proposed scheme with those of the other 
existing schemes. The analytical results are verified by the 
extensive simulations. Both numerical and simulation results 
show that our proposed scheme can achieve much lower BER 
and much higher throughput as compared to its counterparts 
using the real-modulation based STS systems. 

The paper is organized as follows. Section II describes the 
MC-DS-CDMA system model as well as the proposed 
complex-modulation based STS scheme. Section III derives 
the analytical performance frameworks to evaluate the BER 
and throughput of the proposed scheme and the other 
representative complex- and real-modulation based STS 
schemes. Section IV describes the analytical performance 
comparison and simulation results which confirm the 
analytical findings. The paper concludes with section V. 

II. SYSTEM MODEL 

In this paper, we consider the STS orthogonal MC-DS-
CDMA system with TN ( )2TN > antennas at the transmitter 
and RN antennas at the receiver. The total number of 
orthogonal subcarriers is V U P= ⋅ , which will be defined and 
described in the following section with more details. To 
simplify the presentation, we only investigate the scheme of single 
user transmission.  However, the results derived from the single user 
case can be readily extended to the cases of multi-user synchronous 
transmissions.  

A. Transmitter Model and Space-time Spreading Scheme 

The structure of our proposed transmitter is shown in Fig. 1. 
A block of P K⋅ complex-modulated symbols each with 
symbol duration of ST is converted to P parallel sub-streams 



 

using Serial-to-Parallel (S/P) converter, where each sub-stream 
consists of K symbols. Thus, the symbol duration ST ′ after S/P 
conversion becomes S ST PT′ = . The pth sub-stream vector ps  
consisting of K symbols can be expressed 
as ( ),1 ,2 ,...

T

p p p p Ks s s=s ,  1,2,...p P= , where ( )T• represents 
the transpose of ( )• . After S/P, each parallel sub-stream is space-
time spreaded (STS) by 2 normalized orthogonal spreading 
codes 1c and 2c , which are given by ( ),1 ,2 ,...

T

i i i i Gc c c=c ,  
1,2i = , where G denotes the spreading gain of the codes. The codes 

satisfy H
k l k lδ=c c , 1,2k l∀ = , where ( )H• represents the conjugate-

transpose of ( )• and k lδ is Kronecker Delta function. The chip 
duration CT of the spreading codes satisfies C S ST T G PT G′= = . 

Without loss of generality, we choose 4TK N= = to present 
our proposed STS scheme. The proposed scheme and 
structure can be applied to other systems satisfying 

2TK N≥ > . For complex-modulated symbols belonging to the 
pth sub-stream, the half-rate STBC [6] is given by: 
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Theoretically [1], we need 8 different orthogonal codes 
each having a period of 4 ST ′ to realize STS, which implies that 
the scheme of one spreading code per user cannot satisfy the 
orthogonal requirement. Thus, we implement the STS scheme 
by using one extra spreading code. The 8-column spreading 
codes are arranged as follows: 

( )

1 2

1 2

1 2 8

1 2

1 2

...

⎛ ⎞
⎜ ⎟
⎜ ⎟

= = ⎜ ⎟
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

c c
c c

C c c c
c c

c c

00   (2) 

Then, the spreaded vectors of the pth sub-stream are given by: 
( ),1 ,2 ,3 ,4p p p p p p=D d d d d CS             (3) 

where 
     ( )1 2 4

, , , ,
G T

p i p i p i p id d d=d ， 1,2,3,4i =        (4) 
denotes the sampled data flow with a period of 4 ST ′ belonging 
to the pth sub-stream assigned to the ith antenna. Note that the 
chip duration remains to be CT , retaining the same bandwidth 
as that used in the full-rate STS based systems. 

Using STS, each sub-stream is further split into TN  
parallel flows assigned to TN transmit antennas. At each 
antenna, a number of P flows perform frequency-domain 
interleaving with a depth of U , which duplicates each flow to 
U  subcarriers with frequency space of P ⋅ ∆ to achieve the 
frequency-diversity, where ∆  denotes the frequency 
separating interval between two adjacent subcarriers. Then, all 
V U P= ⋅ flows on each antenna modulate V different 
subcarriers by using the operation of V-point IFFT. The 
adjacent subcarrier frequency separating interval ∆ is set 
to 1/ CT , guaranteeing the orthogonal subcarrier condition. 
Then, after performing the Parallel-to-Serial (P/S) conversion, 
a cyclic prefix (CP) is added to eliminate the effect of inter-
symbol interference (ISI). Finally, the signal is transmitted by 
the ith ( )1,2,..., Ti N=  antenna, see Fig. 1. 

The transmitted signal ( )ix t through the ith transmit antenna 
iTx (see Fig. 1) within the block duration 4 ST ′ is determined by: 

( ) ( )
( ) ( )

,
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U P 4G
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where 1,2,..., Ti N= ; TP denotes the total average transmission 
power; the coefficient ( )2T TP N V indicates that the system 
has the same total average power regardless of how many 
transmit antennas and subcarriers are used; the coefficient of 2 
appearing in front of TN in Eq. (5) is due to the fact that the 
half-rate STS scheme transmits each symbol twice at each 
antenna to satisfy the orthogonal design requirement; ,

k
p id is 

given in Eq. (4); ( )g t is a normalized pulse shaping function 
which has the finite duration [ )0, CT and GT is the guard interval 
to generate cyclic prefix (CP). 

Thus, the transmitted signals over all transmit antennas can be 
expressed in a vector form as follows: 

( ) ( ) ( ) ( )( )1 2 ...
T

T

Nt x t x t x t=x .                   (6) 

B. Channel Model 
The multipath Rayleigh channel impulse response 

( ), ,i jh t τ between the ith antenna at the transmitter and the jth 
antenna at the receiver can be characterized by 

( ) ( ) ( )( ), , ,, l l
i j i j i jh t t tτ α δ τ τ= −∑

RL

l =1
                 (7) 

where RL denotes the number of resolvable paths; ( ),
l
i j tα  

denotes  the  fading  coefficient  over  the  lth path, which  is 
modeled as independent zero-mean complex-Gaussian process; 
and ( ),

l
i j tτ denotes the delay of the lth path. We assume that the 

channel is frequency-selective, but the delay-spreads mT of the 
channel satisfy m CT T such that each subchannel conforms to 
the flat fading. Thus, the vth subchannel frequency response 

( ),i j
vh t is determined by: 

( ) ( ) ( )( ), , ,exp 2v l l
i j i j v i jh t t f tα π τ= −∑

RL

l =1
                (8) 

where 1,2,...,v V= and vf denotes the center frequency of the 
vth subcarrier. Furthermore, the channel is assumed to be 
quasi-static, i.e., the fading coefficients are invariant over a 
block interval and vary from one block to another. Thus, 
during each block interval, the fading ( ),i j

vh t can be denoted 
by [ ],i j

vh n , 1,2,...n = , where n is the discrete time index for the 
nth block interval. Since we focus on the discussion within a 
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Fig. 1. Block diagram of the space-time spreading transmitter ( )2TN > .



 

block interval, we drop the time index n  for simplicity in the 
rest of the paper.  

As mentioned in Section II-A, the interleaving operation 
duplicates each input sub-stream to U subcarriers. We denote 
the U  subchannel frequency responses corresponding to the 
pth input sub-stream, between the ith transmit antenna and the 
jth receive antenna, by ( ),1 ,2 ,

, , ,...
Tp p p U

i j i j i jh h h . Under the 
condition where we appropriately select the system 
parameters, the subchannel responses { },

, | 1,2,...,i j
p uh u U=  

become independent. Specifically, { },
, | 1,2,...,i j

p uh u U= are 
independent if the frequency space P ⋅ ∆ between these 
interleaved subcarriers is larger than the coherent bandwidth 
of the channel, i.e. 1C mP T T> . Under such a condition, 
{ },

, | 1,2,...,i j
p uh u U= can be modeled as i.i.d. complex-Gaussian 

variables with zero-mean and variance of 2Ω per dimension, 
i.e., 2

,[ ]v
i jE hΩ = . 

C. Receiver Model 
The schematic of our proposed receiver is shown in Fig. 2. 

We assume that the channel information can be perfectly 
estimated by the receiver. First, we describe the decoding 
scheme for the case with 1RN = receive antenna. Then, we will 
generalize the scheme to the cases with more receive antennas.  

The received signal ( )r t at the receive antenna can be 
expressed as follows: 

( ) ( ),
,2

p u kT
i p i C

T

P
r t h d g t kT

N V
= −∑∑∑ ∑

TN U P 4G

i=1 u=1 p=1 k =1
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× +                      (9) 
where we drop the subscript j from the subchannel frequency 
response ,

,
p u

i jh for simplicity (and similarly, we drop the other 
subscripts j from channel responses for the case of 1RN =  
receive antenna); and ( )w t is complex additive Gaussian white 
noise (AGWN) with variance equal to 0 2N per dimension. 

Performing the inverse operation of the transmitter, the 
receiver removes the cyclic prefix (CP), converts the serial 
data stream to V parallel flows (S/P), and conducts V-point 
FFT to obtain the frequency-domain signals. On the vth 
subcarrier, where ( )1 , 1,2,..., ; 1,2,...,v u P p u U p P= − + ∀ = ∀ = , 
the sampled signal vector vr at the receiver is determined by: 

,2
T

p p u
T

v v
P
N V

= +r hD w                        (10) 

where pD is given in Eq. (3), ( ),
, , , ,

1 2 3 4
T

p u
p u p u p u p uh h h h=h , 

and ( )1 2 4...
TG

v v v vw w w=w  denotes frequency response of 
sampled ( )w t on the vth subcarrier. Then, the space-time de-
spreading (De-STS) using the similar approach to [1] is 
applied at each subchannel. The decision variable vy  obtained 
from De-STS can be expressed as: 

,
H H
p uv v=y H C r                             (11) 

where 

                              ,
,

,
*
p u

p u
p u

⎛ ⎞
= ⎜ ⎟

⎝ ⎠

H
H

H
                            (12) 

and 

            

, , , ,
1 2 3 4

, , , ,
2 1 4 3

, , , , ,
3 4 1 2

, , , ,
4 3 2 1

p u p u p u p u

p u p u p u p u

p u p u p u p u p u

p u p u p u p u

h h h h
h h h h
h h h h
h h h h

⎛ ⎞
⎜ ⎟

− −⎜ ⎟= ⎜ ⎟− −
⎜ ⎟⎜ ⎟− −⎝ ⎠

H .           (13) 

Then, all U decision variables belonging to the pth input sub-stream 
are combined to achieve the frequency diversity, which is the 
procedure of maximal-ratio combining (MRC). The new decision 
variable pz is specified by: 

( ),1 ,2 , ( 1)...
T

p p p K u P pp z z z − += = ∑z y
U

u=1

.         (14) 

Substitute Eqs. (10)-(13) into Eq. (14) and apply the 
properties of the orthogonal design [1][6], we obtain 'spz  
expression as follows: 

2 T
K

T
p p p p

P
N V

= Θ +z I s n                     (15) 

where 
2,

1 1

p u
p i

u i
h

= =

Θ = ∑∑
4U

 is  a  random   variable, KI  denotes   the 

K K× identity matrix, and pn is the noise vector with zero-
mean and variance equal to 0p NΘ per dimension. Thus, a 
diversity of 4U is achieved. In general, a diversity of TN U can 
be achieved by using TN transmit antennas. 

In case of more than one receive antennas, each receive block 
applies the same procedure and then sums up all the corresponding 
decision variables. Thus, random viable pΘ in (15) becomes: 

2,
,
p u

p i jhΘ = ∑∑∑
T RU N N

u=1 i=1 j=1
                                   (16) 

through which a diversity of T RUN N is achieved. 
Finally, the maximum-likelihood (ML) detection to each symbol 

,ˆp ks is simplified as a linear processing, which is expressed by: 
( ){ }2

, ,ˆ arg min ,p k p ks S
s d z s

∈
=                      (17) 

where S represents the entire symbol set, ( )2 ,d a b denotes the 
square Euclidean distance between symbols a and b, and ,p kz is the 
kth element of the vector pz . 

III.  BIT-ERROR RATE AND THROUGHPUT ANALYSIS 

As mentioned in Section II-B, the subchannel fading factors 
{ },

, | 1,2,...i j
p uh u U= are modeled as independent identical 

distributed (i.i.d.) complex-Gaussian variables with zero-mean 
and variance of 2Ω per dimension. Thus, the random variable 

. . .

1,1ŝ
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Θ (we drop the subscript p for simplicity) given in Eq. (16) 
follows 2χ  distribution with a degree of freedom 2 T RUN N . The 
probability density function ( )f θ for Θ is given by: 

( ) ( )
1

, 0

0, 0

e
L

L

f L

θ
θ θθ

θ

− Ω
−⎧

⎪⎪ ≥= ⎨ Ω Γ
⎪

<⎪⎩

                    (18) 

where ( )Γ • denotes the gamma function and T RL UN N= . 
In the following, we first derive the closed-form 

expressions of BER for a set of representative complex- and 
real-modulation based STS systems. Then, we derive the 
equation for the system throughput. 

A. BER of M-ary PSK Modulation 
From Eq. (15) and according to [5], the symbol error 

probability of M-ary PSK complex-modulation can be 
characterized by a random variable MP , which is specified by: 

0

22 sinS
M

EQ
N M

π⎛ ⎞Θ
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⎝ ⎠
P                      (19) 

where ( )Q • denotes the Q-function defined by: 

( )
2

21

2

t

x
Q x dte

π

+∞ −

∫                        (20) 

and SE denotes the average transmission energy per symbol 
per subcarrier per antenna, namely: 

 ( )T T S
S S

T T

P P TE PT
N V N U

= =                      (21) 

where SPT denotes the symbol duration after S/P at the 
transmitter. When applying Gray-coding scheme [5], the bit-
error probability can be well approximated by: 

2

1
logb MM

=P P                               (22) 

We calculate the BER as the expectation bP of bP with 
respect to the random variable Θ , which is determined by: 
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Letting 2φ θ= Ω  and 1 sinS M
πσ γ⎛ ⎞= ⎜ ⎟

⎝ ⎠
, where 

0S SE Nγ = Ω , Eq. (23) can be rewritten as the following 
expression: 
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Using the analytical property-35 of Q-function, see p.102 of 
[7], we can obtain the closed-form of the BER, i.e., bP  for 

-aryM PSK modulation, which is given by: 
1
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12 1 1
log 2 2

L L

b
i

iL i
P
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µ µ−
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∑           (25) 

where 2 2sin 1 sinS SM M
π πµ γ γ⎛ ⎞= +⎜ ⎟

⎝ ⎠
. 

B. BER of  M-ary PAM Modulation 

The symbol error probability expression of M-ary PAM is 
given by [5]: 

( )2
0

612
1

S
M

EM Q
M M N

⎛ ⎞Θ−⎛ ⎞ ⎜ ⎟= ⎜ ⎟ ⎜ ⎟−⎝ ⎠ ⎝ ⎠
P                (26) 

Similarly, we need to calculate the expectation bP of bP with 
respect to the random variable Θ . We omit the derivations of 

bP for lack of space. The BER bP for M-ary PAM modulation 
is determined by: 

1
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12 1 1 1
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b
i

iL iMP
iM M

µ µ−

=
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where ( )23 1 3S SMµ γ γ= − + and 0S SE Nγ = Ω . 

C. BER of M-ary QAM Modulation 
The symbol error probability of M-ary QAM is determined 

by [5]: 

( )2
1 1M M

⎡ ⎤= − −⎢ ⎥⎣ ⎦
P P                           (28) 

where
M

P represents the symbol error probability of 
-aryM PAM. By employing the results of Eq. (27) obtained 

from Section III-B, we can derive the BER bP for M-ary QAM 
modulation as follows: 

( )2

2

1 1 1
logb M

P P
M

⎡ ⎤= − −⎢ ⎥⎣ ⎦
                      (29) 

where 
1
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11 1 12
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∑ (30) 

and ( )3 2 1 3S SMµ γ γ= − +⎡ ⎤⎣ ⎦ and 0S SE Nγ = Ω . 

D. BER of  BPSK Modulation 
By applying the similar procedure used in the above, we 

can obtain the BER bP for BPSK, which is given by: 
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b
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i
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where ( )1b bµ γ γ= + and 0b bE Nγ = Ω . Note that the 
similar expression of BER for BPSK modulation can also be 
found in [10], thus verifying the correctness of Eq. (31). 
However, the derivations of the BER for BPSK modulation in 
[10] differ from ours for Eq. (31). 
E. System Throughputs 

Applying the BER obtained above for different modulation 
schemes, we can derive the system throughput as follows. Let 
wireless data be transmitted in the unit of word, where each 
word consists of fL bits. Then, the system throughputη can be 
characterized by the number of words which are correctly received 
per second. Under the assumption of independent losses/errors, the 
system throughputη can be expressed as follows:  

( ) ( )2log
1 1f f

b b
f S

L LM
R P P

L T
η − = −                (32) 

where bP  is the BER determined by Eqs. (25), (27), (29), and (31), 
respectively, depending on which modulation scheme is used; 
and we define the system word-transmission rate R by: 

2log

f S

M
R

L T
                                   (33) 



 

where R varies as a function of M. 
The variable Sγ  used in Eqs.(25), (27), (29), and (31)  for 

BER bP , and indirectly used in Eq. (32) for throughput η , 
respectively, is the function of Signal-to-Noise-Ratio per 
bit bγ , which is determined by: 

2 0 2log log
T S T S

b
N U N U E

M N M
γ

γ
Ω

= =                       (34) 

where 2logT SN U E MΩ denotes the transmission energy per bit. 
Although this paper concentrates on half-rate STS based 
systems, the derivations described in this section can be 
applied to both full-rate and any non-full-rate STS based 
systems.  
 

IV. PERFORMANCE EVALUATIONS AND COMPARISONS 
We use both analytical results derived in Section III and 

simulation experiments to evaluate the BER and throughput 
performance of our complex-modulation based STS MC-DS-
CDMA systems. In all simulations, the spreading codes that we used 
are Walsh codes with spreading gain equal to 32G = . Also, we use 
Gray-coding for M-ary modulations. If the number of transmit 
antenna 1TN = , then no STS scheme is applied; if the number of 
transmit antennas 2TN = , then full-rate STS scheme is imple-
mented. In all the figures, the symbols represent the results collected 
from simulation experiments and lines represent the numerical 
results obtained from analytical analyses.  

Using Eq. (29), Fig. 3 plots the BER performance of 16-
QAM versus SNR per bit bγ with the number TN of transmit 
antennas varying from 1 to 8 as indicated by the arrow. The 
number RN of receive antenna and the depth U of interleaving 
are both set to 1. From Fig. 3, we observe that the BER 
performance is significantly improved by increasing TN . For 
instance, about 5dB diversity gain can be achieved 
when TN increases from 1 to 2 while setting BER equal 
to 210− and about 2.5dB diversity gain can be achieved 
when TN increases from 2 to 3 with BER equal to 310− . 
However, when TN becomes too large, the improvement rate 
starts dropping, which is because the system approaches to its 
maximum capacity. Thus, considering trade-off with the 
complexity of the system due to the increased TN , Fig. 3 
suggests that TN not be larger than 8. Fig. 3 shows that the 
analytical results represented by lines agree well with the simulated 
results indicated by dot symbols, verifying the validities of our 
analytical results.  

Employing Eq. (25), Fig. 4 compares the BER perfor-
mance between transmit diversity and frequency-interleaving 
depth with QPSK modulation. The depth U of interleaving is 
set to 1, 2 and 3, and the number TN of transmit antennas is set 
to 1, 2, and 4, respectively. In Fig. 4, we use digit 
pair ( ),TN U to denote that the specific line is drawn by 
using TN transmit antennas and applying interleaving depth 
equal toU . Fig. 4, as well as the analytical analyses in Section 
III, shows that the diversity obtained from the increased 
numbers of transmit antennas and from frequency-interleaving 
has the same effect on BER performance. For example, the 
scheme with 1TN = and 2U = denoted by (1,2) achieves the 
same BER as the scheme with 2TN = and 1U = denoted by 
(2,1); also, 4TN = and 1U = achieve the same BER 
as 2TN = and 2U = when other conditions remain the same. 
One interesting question is: “can we just increase the depth of 
interleaving while keeping 1TN = unchanged since the two 
parameters have the same effect?” In fact, for a given symbol 
rate and system bandwidth, in order to guarantee the 
conditions of flat fading subchannels and independence of 
interleaved-repetitions described in Section II-B, the depth 
U is limited. Thus, we cannot merely increase the depth of 
interleaving to achieve the diversity without a limit. Again, the 
simulations confirm the analytical results, as shown by circle 
symbols being consistent with lines in Fig. 4.  

Applying Eq. (25), Fig. 5 shows the BER performance 
comparison between transmit diversity and receive diversity with 8-
PSK, where the solid and dotted lines represent analytical results for 
cases of 1RN = and 2RN = , respectively, and the symbols with 
thicker and thinner drawings represent simulation results for 
cases of 1RN = and 2RN = , respectively. The number TN of 
transmit antennas is set to 1, 2, 4 and 8, and the number RN of 
receive antennas is set to 1, 2, respectively. The depth of 
interleaving is set to 1U = . From Fig. 5, we observe that the 
scheme with 1TN = and 2RN = has 3 dB advantage in bγ over 
the scheme with 2TN = and 1RN = ; the scheme with 2TN =  and 2RN = has 3dB advantage in bγ over the scheme 
with 4TN =  and 1RN = . These observations are consistent with 
the well known fact that the receive diversity has 3dB gain 
in bγ over the transmit diversity [11], thus also verifying the 
correctness of our analyses derived in Section III. However, 
due to the complexity limitation of the mobile handset, the 
transmit diversity is practically more attractive. Fig. 5 also 
shows that the analytical results denoted by lines and simulation 
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results denoted by various symbols agree well with each other, 
verifying the correctness of our analytical results.  

Using BER equations derived in Section III, Fig. 6 presents the 
BER performance comparisons between complex- and real-
modulation based STS schemes . The number of transmit antennas, 
the number of receive antennas, and the depth of interleaving are set 
to 4, 1, and 2, respectively. Since we have already verified in 
previous figures that the simulations and analytical results agree well, 
we only present numerical solution plots to evaluate the BER 
performance for simplifying presentation of Fig. 6 and Fig. 7. Using 
just one more spreading code than the real-modulation based STS, 
we can observe from Fig. 6 that the complex-modulation based STS 
schemes significantly outperform the real-modulation based schemes. 
For instance, about 6dB gain in bγ can be achieved by 
employing 8-QAM instead of 8-PAM, and 9dB gain in bγ can 
be achieved by using 16-QAM instead of 16-PAM given BER 
equal to 310− . On the other hand, if we need to maintain the 
same BER, the transmission rate of real-modulation based 
STS is lower than complex-modulation based STS. For 
example, BPSK and QPSK provide the exactly same BER 
performance but the bit rate of QPSK is 2 times higher than BPSK; 
4-PAM and 16-QAM have very similar BER performance but the 
bit rate of 16-QAM is also 2 times higher than 4-PAM. Thus, our 
proposed system can provide higher transmission rate than the 
corresponding full-rate STS based systems given the same BER 
requirement. 

Using Eqs. (32) and (33) and the same parameters as in Fig. 6, 
Fig. 7 plots the throughputs of different STS systems, where we set 

100fL = bits. In Fig. 7, all throughputs (words/sec) are normalized 
by, i.e., divided by, BPSK’s system word-transmission rate 

( )BPSK 1 f SR R L T= (words/sec). We observe from Fig. 7 that all 
complex-modulation based STS schemes can achieve higher 
throughputs than the corresponding real-modulation based STS 
systems, given the same value bγ of SNR per bit. In addition, as M 
increases, the improvement is more significant. For instance, to 
obtain the same system throughput, about 6dB gain in bγ is achieved 
by using 8-QAM instead of 8-PAM, but about 9dB gain in bγ is 
achieved by using 16-QAM rather than 16-PAM. When comparing 
the performance of different complex-modulation schemes, 
M-ary QAM generally outperforms M-ary PSK, e.g. 8-QAM 

has the better performance than 8-PSK, which can be 
observed from Fig. 6 as well. 

V. CONCLUSION 
We proposed a complex-modulation based space-time 

spreading scheme with more than two transmit antennas for 
MC-DS-CDMA systems, which significantly improve both 
spectrum efficiency and error performance. We also developed 
the performance analysis frameworks to evaluate the BER and 
throughput performance of our proposed scheme and the other 
existing schemes. Moreover, we conducted simulation 
experiments which verify the analytical results. Both 
analytical analyses and simulation experiments show that the 
proposed scheme can retain the same order of diversity as 
full-rate STS based systems. However, with just one extra 
spreading code, our proposed scheme can achieve much lower 
BER and much higher throughput as compared to its full-rate 
STS based counterparts, provided that the two systems have 
the same bandwidth capacity and the same transmission rate. 
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