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Abstract—This paper presents an analytical study on the 
variable spreading factor (VSF) orthogonal frequency and code 
division multiplexing (OFCDM) system over a fast fading 
channel. Hybrid multi-code interference (MCI) cancellation and 
minimum mean square error (MMSE) detection is proposed in 
the system as an efficient way to eliminate MCI. It is shown that 
the optimum power ratio of pilot channel to one data channel is 
about 0.25K, where K is the total number of data channels. When 
the Doppler frequency fD is less than 200Hz, the effect of the 
Doppler on the system performance is negligible. However, 
increasing fD from 200Hz degrades the system performance 
rapidly. Although the gap in BER between the hybrid and pure 
MMSE detection decreases as fD increases, the gap is still large as 
long as fD is less than around 800Hz. For a wide range of Doppler 
shift, a larger frequency domain spreading factor (NF) is 
expected, whereas a smaller time domain spreading factor (NT) 
provides better performance when fD increases. 

I. INTRODUCTION  
In future wireless communication systems, a huge 

bandwidth is needed to support high data rate transmission. 
An orthogonal frequency and code division multiplexing 
system (OFCDM) has been proposed for future broadband 
wireless communications [1]. Based on conventional 
orthogonal frequency division multiplexing (OFDM), 
OFCDM systems can combat the severe multi-path 
interference. Two dimensional spreading with both time and 
frequency domain spreading is employed in the OFCDM 
system. The total spreading factor (N) is the product of time 
domain spreading factor (NT) and frequency domain spreading 
factor (NF), i.e., T FN N N= × . Moreover, in order to work in 
different cell environments, orthogonal variable spreading 
factor (VSF) is adopted for two-dimensional spreading, and 
the resultant OFCDM system is called VSF-OFCDM system.  

Multi-code transmission is employed in the VSF-
OFCDM system as an efficient way to achieve high speed 
transmission. However, in a realistic mobile channel, the code 
orthogonality no longer remains in time domain because of 
possible fast fading or in frequency domain because of 
independent fading among interleaved sub-carriers. In order 
to improve performance, MCI should be mitigated as much as 
possible. Hence, the MCI cancellation is considered for the 
VSF-OFCDM system. 

Employing minimum mean square error (MMSE) 
detection, a hybrid MCI cancellation and MMSE detection 
scheme is proposed for the VSF-OFCDM system. In the 
hybrid detection scheme, since the weights of MMSE are 

related to the input signal plus interference power, they should 
be updated stage by stage due to the reduction of MCI after 
cancellation. The objective of this paper is to analytically 
investigate the performance of VSF-OFCDM with hybrid 
MCI cancellation and MMSE detection in a fast fading 
channel. 

The remaining of this paper is organized as follows. 
Section II introduces the two-dimensional spreading and the 
system model. Section III presents the theoretical analysis on 
the performance of the VSF-OFCDM system, while hybrid 
detection and fast fading are described. Section IV is devoted 
to discussing the BER for the hybrid detection. Section V 
presents some representative numerical results. Finally, 
Section VI draws conclusions.  

II. SYSTEM MODEL 

A. Two Dimensional Spreading 
To track the channel variation in a fast fading channel, a 

code-multiplexed pilot channel is employed. It is one-
dimensionally spread only in time domain with the spreading 
factor NT. Without loss of generality, the code with all 1+ , i.e., 

( )0
TNC , is assigned for the pilot channel. On the other hand, all 

data channels in VSF-OFCDM are two-dimensionally spread 
with the total spreading factor T FN N N= × . The time and 
frequency domain orthogonal spreading codes are denoted as 

( ) ( ) ( ){ },0 , 1, ,T T T

T T T T

k k k
N N N NC c c −=  and ( ) ( ) ( ){ },0 , 1, ,F F F

F F F F

k k k
N N N NC c c −= , 

respectively. All chips in the codes take 1+  or 1− . Suppose 
the kth data channel employs the two-dimensional spreading 
code ( ) ( ){ },T F

T F

k k
N NC C , then ( ) ( )1 1 1T T Tk k k N N= −  −  ⋅ − +   and 

( )1F Tk k N=  −   , where kT=1~ 1TN − , kF=0~ 1FN − , and x    
is the integer portion of x.  

For the data channels, assuming that the kth data channel 
with the code ( ) ( ){ },T F

T F

k k
N NC C  is the desired one, the other 1K −  

data channels can be divided into two subsets, given by 
( ) ( ){ }, , 0 ~ 1,  , 0FT

T F

kk
F FA N N F F TC C k N but k k kΩ = = − ≠ ≠   (1) 

( ) ( ){ }, , 0 ~ 1, 1 ~ 1, 0T F

T F

k k
F T TB N N F T TC C k N k N but k kΩ = = − = − ≠ ≠  

         (2) 
respectively. The code channels from AΩ  are orthogonal to 
the kth data channel only in frequency domain, while code 
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channels from BΩ  must be orthogonal to the kth data channel 
in time domain. Basically, even in a fast fading channel, the 
MCI in frequency domain is much more serious than in time 
domain due to independent fading on interleaved sub-carriers. 
Thus, the time domain spreading should have higher priority 
than frequency domain spreading. Hence, the number of 
interfering code channels in AΩ  for a desired code channel is 
at most ( ) ( )1 1A TK K N=  − −    and the number of code 
channels in BΩ  is 1B AK K K= − − . 

B. System Model 
At the transmitter (Fig. 1), information bits on each data 

channel are first QPSK-modulated, then serial-to-parallel (S/P) 
converted into M/NF streams, where M is the total number of 
sub-carriers. Every symbol will be two-dimensionally spread. 
At the same time, known QPSK-modulated pilot symbols are 
S/P converted into M streams, each one of which is spread 
into NT chips in only time domain. Then all data and pilot 
code channels are combined by a code multiplexer and 
scrambled. A frequency interleaver is employed to provide 
frequency diversity. Then, totally M chips should be up-
converted to M sub-carriers and transmitted in parallel. The 
IFFT block realizes this operation. After IFFT, an effective 
OFCDM symbol with M samples and duration of Ts is 
obtained. A guard interval is inserted between OFCDM 
symbols to prevent inter-symbol interference (ISI). Finally, 
the complete OFCDM symbol with duration of T passes 
through a pulse shaping filter, which gives rise to a 
transmitted baseband signal. 

The receiver block diagram is shown in Fig. 2. With 
perfect symbol timing, the received equivalent baseband 
signals are firstly processed by a matched filter. The resultant 
signals further input to FFT block, which realizes the M-sub-
carrier down conversion. After FFT, the M obtained chips are 
deinterleaved and descrambled. On one hand, the output of the 
descrambler passes through the time domain summation for 
channel estimation. On the other hand, using the phase 
information of the estimated channels, the output of the 
descrambler is weighted by equal gain combining (EGC) and 
accumulated by the time domain despreader for data channels. 
When the MCI cancellor is employed, the output from the time 
domain despreader for data channels is subtracted by a 
regenerated MCI. After MCI subtraction, signals are 
multiplied by weights obtained from MMSE algorithms and 
combined at the frequency domain despreader. QPSK symbols 
are recovered by a hard decision, parallel-to-serial (P/S) 
converted and demapped. Finally, information bits at the 
desired code channel are obtained. The recovered information 
bits from all other code channels will be used to regenerate the 
MCI for the desired code channel. Basically, the interference 
regenerator performs the operation as the transmitter except 
channel information. This cancellation process will continue in 
an iterative way until a specified number of stages is reached.  

III. PERFORMANCE ANALYSIS 
A. Transmitted Signal 

In forward link, the baseband transmitted signal of the mth 
sub-carrier on the ith chip of time domain can be expressed as 

( ) ( ) ( )
11

, , ,
0 0

TNM

m i P m i
m i

S t S t S t
−−

= =

 = + ∑ ∑            (3) 

where ( ) ( ) ( )
1

2
, , ,

0

m
K

j f t iT
m i k m i

k
S t P a e p t iTπ

−
−

=

= −∑  is the data signal 

and ( ) ( ) ( )2
, , , ,

mj f t iT
P m i P m iS t P a e p t iTπβ −= ⋅ ⋅ −   is the code 

multiplexed pilot signal. Here, P is the signal power on one 
sub-carrier, mf m f= ⋅ ∆ is the baseband equivalent frequency of 
the mth sub-carrier and ak,m,i is the product of data symbol, two-
dimensional spreading codes and scrambling code. p(t) is 
assumed to be a rectangular pulse with unity amplitude and 
duration of T. Furthermore, β  is the power ratio of pilot to 
one data channel and aP,m,i is the product of pilot symbol, time 
domain spreading code and scrambling code.  

B. Channel Model and Received Signal 
In forward link, all code signals are synchronized and 

experience the same multi-path fading channel with the low 
pass equivalent impulse response 

( ) ( ) ( )
1

0

L

l l
l

h t h t δ τ τ
−

=
= −∑                           (4) 

where hl(t) is the complex time-varying channel fading and lτ  
is the delay of the lth path. When Doppler frequency exists, the 
autocorrelation function of the lth path is defined as 

( ) ( ) ( ){ } ( )* 2
0 2l l l l Dt E h t t h t J f tφ σ π∆ = + ∆ ⋅ = ∆       (5) 

where ( ){ }22
l lE h tσ = , ( )*⋅  stands for the conjugate operation, 

fD is the maximum Doppler frequency and ( )0J ⋅  is the zeroth-
order Bessel function of the first kind [2]. 

After experiencing the multi-path channel, the baseband 
received signal inputs to the matched filter. With ideal symbol 
timing and no ISI, the output of the matched filter on the m th 
sub-carrier in the i th time chip duration can be expressed as 

     
( ) ( ) ( ) ( )

( ) ( ) ( )

2

1 1

, , , ,
0 0

1

,

s m
i T T j f t i T

m i T
s

M K
m

k m i P m i m
m k

r i r t e p t i T dt
T

Pa Pa i N m i

π

β λ

⋅ + − − ⋅

⋅

− −

= =

= ⋅ − ⋅

 = + ⋅ + 
 

∫

∑ ∑
             

(6)
 

where ( )r t  is the received baseband signal. When m m= , 
( ) ( )m
m

iλ  is the factor of interference, whereas when m m= , 
( ) ( ) ( )m

m m
i iλ λ=  tends to be the factor of the useful component 

from the m th sub-carrier. ( ),N m i  is the noise component. 

C. Channel Estimation 
In order to demodulate the data signal, the channel 

estimation is discussed first. The output of the descrambler 
inputs to the time domain summation for the pilot channel. 
Actually, the summation is to take simple average of the output 
of the descrambler over TNγ  chips duration, where γ  is an 
odd integer. Therefore, the resultant output of the summation 
for pilot is given by 

( ) ( )
( )

( )1 2 1

,
1 2

1 T

T

N

P m m i
i NT

r m r i s
N

γ

γγ

+ −

=− −

= ⋅∑                         (7) 

Since the pilot symbol is known, the channel estimation for 
NT chips ( 0,1, , 1Ti N= − ) is given by 
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( ) ( )
( )

( )1 2 1

1 2

1 T

T

N
P

m Pm
i NTP

r m
i I

NPd

γ

γ

λ λ
γβ

+ −

=− −

= = +∑                (8) 

where PI  is the total interference plus noise. 

Defining the channel estimation error ( )mi m
e iλ λ= − , 

0 ~ 1Ti N= − , the autocorrelation function of ei is given by 

( ) { }1 2

*
1 2,err i iR i i E e e= ⋅ . Therefore, the variance of the 

estimation error, ei, is given by ( ) { } ( )22 ,err i erri E e R i iσ = = . 

D. Time Domain Spreading forData Channels 

Suppose the k th code channel is the desired data channel. 
A simple EGC is employed in time domain despreading to 
collect useful signal from different chips. The phase of the 
channel estimation mλ  is denoted as mϕ . Assuming that the 

k th code channel employs two-dimensional spreading code 
( ) ( ){ },T F

T F

k k
N NC C , the signal at the output of the time domain 

despreader is given by 

( ) ( )1

, , ,
0

1 T
T

m

T

N
kj

k m m N i m i
iT

r r i e c s
N

ϕ
−

−

=

= ⋅ ⋅ ⋅∑            (9) 

E. Frequency Domain Despreading 
In frequency domain despreading, the outputs of the time 

domain despreader will be weighted by MMSE weights, 
multiplied by a frequency domain spreading code and then 
summed over NF interleaved sub-carriers. However, in the 
despreading process, MCI is caused by independent fading on 
interleaved sub-carriers, so MCI cancellation plus MMSE 
detection must be employed. 

E.1. Pure MMSE Detection 
The weights of pure MMSE are given by [3] 

( ) ( )
( ) ( )

2 22
1 mICI n

A
T

m
m

K m
P N P

α
ω

σ σα
=

+ ⋅ + +

                       (10) 

where ( ) mmα λ= . For the first symbols on the k th code 

channel, Bm m N= ⋅  ( B FN M N= ) and 0 ~ 1Fm N= − . The 
output of the frequency domain despreader is given by 

( ) ( )
1

,,
0

1 F
F

FB

N
k

N m Bk k m N
mF

y r c m N
N

ω
−

⋅
=

 = ⋅ ⋅ ⋅  ∑              (11) 

Finally, hard decision will be made on the output, 
k

y , and 
tentative decision ( )0

k
d  will be obtained, where the superscript 

“0” stands for the 0th stage.  

E.2. Hybrid MCI Cancellation and MMSE Detection 
Using the tentative decision from the previous stage, the 

regenerated MCI at the sth stage for the ( )Bm N⋅ th sub-carrier is 
given by 

( ) ( ) ( ) ( )1
,

F

B F
A

s s k
m N k N m B

k

Q P d c m Nα−
⋅

∈Ω

= ⋅ ⋅ ⋅∑          (12) 

The output of the MCI cancellation is given by 

( ) ( )
, ,, , B B B BB B

s s
m N A m N B m N m Nk m N k m N

r S MCI MCI ICI N⋅ ⋅ ⋅ ⋅⋅ ⋅
= + + + +      (13) 

where ( )
,B

s
m N AMCI ⋅  is the residual MCI, given by 

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

F

B F

A

s s k
m N A k B k B N m

k
MCI P d m N d m N cα α−

⋅
∈Ω

 = ⋅ ⋅ − ⋅ ⋅ ⋅ ∑       (14) 

The variance of residual MCI is given by 

( ) ( ) ( ) ( ),
1 2

1 1
212

1 22
0 0

4 ,
T T

m N AB

N N
s A

MCI b A B err
i iT

PKs P P K m N R i i
N

σ α
⋅

− −
−

= =

≈ ⋅ ⋅ ⋅ ⋅ + ∑ ∑  (15) 

where ( )1s
bP −  is the BER of the ( )1s − th stage. 

Therefore, the new weights of MMSE with MCI 
cancellation can be expressed as: 

( ) ( ) ( )
( )( ) ( ) ( )

1 2

21 1 221
1 22

0 0

1 4 ,
T T

m NB

s B
B N N

ICIs nA
b A B err

i iT T

m N
m N

KP K m N R i i
N P N P

α
ω

σ σα ⋅
− −

−

= =

⋅
⋅ =

+ ⋅ ⋅ + + +∑ ∑

 

              (16) 
Finally, the output signal of the frequency domain 

despreader after hybrid detection is expressed as 
( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

1

,,
0

1

     

F
F

FB

N
ks s s

N m Bk k m N
mF

s s s s
A Bk k

y r c m N
N

S MCI MCI ICI N

ω
−

⋅
=

 = ⋅ ⋅  

= + + + +

∑
                

(17)
 

where ( )s
k

S  is the desired signal component, ( )s
AMCI  is the residual 

MCI caused by code channels from AΩ , ( )s
BMCI  is the MCI caused 

by code channels from BΩ  and the pilot channel, ( )s
k

ICI  is the ICI 

component and ( )s
k

N  is the background noise. 

IV. PERFORMANCE ANALYSIS 
When the number of code channels in BΩ  is large, 

conditioned on { }Bm Nλ ⋅  and ( ) ( ){ },T F

T F

k k
N NC C , ( )s

BMCI  in (17) 

can be modeled as a Gaussian random variable with variance 
( )2

BMCI sσ . Therefore, there are three independent Gaussian 

random variables in ( )s
k

y , i.e., ( )s
BMCI , ( )s

k
ICI  and ( )s

k
N .  

Defining the decision error for the kth data channel as 
( ) ( ) ( ) ( )1 1 1 1

, ,
s s s s

k k k I k Q ke d d e j e− − − −= − = + ⋅ , the error probabilities of 
the real and imaginary parts are supposed be equal and given 
by ( )( ) ( )1 1

, 0 1s s
I k bP e P− −= = −  and ( )( ) ( )1 1

, 1s s
I k bP e P− −= = , respectively. 

Conditioned on { }Bm Nλ ⋅ , { },k Ad k ∈Ω  and ( ){ }1 ,s
k Ae k− ∈Ω , 

the conditional error probability at the sth stage is given by 

( ) { } { } ( ){ }
( ) ( )( )
( )

( ) ( )( )
( )

, ,

, ,

1

1

1, 1

Re1, ,
2 2

Re1                                               
2 2

B

A

I k Q k

I k Q k

s s
Aks s

m Nb k k
k

d d

s s
Ak

d d

S MCI
P d e Q

s

S MCI
Q

s

η

η

λ
σ

σ

−
⋅

∈Ω
= =

= =−

 
+   = ⋅   

   
 

 
+ 

+ ⋅  
 
 

      

 (18)

 

where ( )
2

21 2
t

z
Q z e dtπ

−+∞
= ∫  for 0z ≥ .  

In order to obtain the average bit error rate, (18) must be 

averaged over all conditions. Defining ( ){ }1
, ,

s
I k n i

e −  , 1 AK
i

n
 

=  
 
∼ , 
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as the ith order error vector with n bit errors, where 
( )

!
! !

A A

A

K K
n K nn

 
=  − 

, 

the probability of the ith order error vector with n bit errors out of KA 
codes is given by 

( ) ( )( ) ( )( )1 11
An K ns s

b bP n P P
−− −= ⋅ −           (19) 

The average of (18) over ( ){ }1
, ,s

I k Ae k− ∈Ω  is given by 

( ) { } { } ( ){ }

( ) ( ) { } { } ( ){ } ( ){ }
( )

1
,

1 1
, , ,0 1

, ,

, , ,

B
A

A
A

B

A

s s
m Nb k Q k

k

K
nK

s s s
m Nb k Q k I k n i kn i

P d e

P n P d e e

λ

λ

−
⋅

∈Ω

− −
⋅

∈Ω= =

 
  

 
=  

 
∑ ∑

      

(20)

 

Similarly, the average of (20) over ( ){ }1
, ,s

Q k Ae k− ∈Ω  is given by 

( ) { } { }

( ) ( ) { } { } ( ){ }
( )

1
, ,0 1

,

, ,

B
A

A
A

B

A

s
m Nb k

k

K
nK

s s
m Nb k Q k n i kn i

P d

P n P d e

λ

λ

⋅
∈Ω

−
⋅

∈Ω= =

 
  

 
=  

 
∑ ∑

      

  (21)

 

Then (21) should be averaged over all possible KA interference 
data 

( ) { }( ) ( ) { } { }
4 1

0
,

KA

B B

A

s s
m N m Nb b k j kj

P P dλ λ
−

⋅ ⋅
∈Ω=

 
=  

 
∑                (22) 

Finally, ( ) { }( )B

s
m NbP λ ⋅  is averaged over all { }Bm Nλ ⋅ , which can 

be numerically evaluated by a Monte Carlo Approach [4].  

V. NUMERICAL RESULTS 
Some representative numerical results are presented in this 

section. A broadband system with 100MHz is employed. 
Totally, M=1024 sub-carriers are used. The effective OFCDM 
symbol duration is 10.24 sµ and the guard interval is set to 
1.76 sµ . Furthermore, the average received signal-to-noise 
ratio (SNR) per bit is 14dBbSNR =  and the system load is 
defined as K N . The times γ  of NT for channel estimation is 
set to be 3γ = . All the numerical results are based on these 
assumptions unless noted otherwise. 

Fig. 3 illustrates the effect of power ratio β  on the 
performance of a two-dimensionally spreading system with 
various system loads. The Doppler shift fD is 500Hz. It can be 
seen from the figure that when β  is small, the system 
performance degrades by the poor channel estimation. When 
β  increases, BER performance improves as the quality of 
channel estimation improves, and BER reaches a minimum for 
a particular value of β . Further increasing β  beyond that 
value increases BER due to the low transmit power efficiency 
and more interference caused to data channels by the pilot 
channel. When the system load is 0.25K N = , the optimum 
β  is around 12dB. However, when system load is 0.75K N = , 
the optimum β  is around 18dB. Generally speaking, the 
optimum β  can be set to be about 25% of the total number of 
data channels, i.e., 0.25Kβ = . Moreover, the significant 
improvement in BER performance can be achieved by making 
use of the hybrid detection. For either heavy or light system 
load, the most significant reduction in BER is obtained by the 

1-stage hybrid detection, then the improvement decreases 
when the number of stages increases. For the light load, a 1-
stage hybrid detector is sufficient, whereas for the heavy load, 
2-stage hybrid detection is necessary. 

The BER is plotted in Fig. 4 as a function of fD with 
16 16N = × , 0.75K N = , and 0.25Kβ =  for pure MMSE, 1-

stage, 2-stage and 3-stage hybrid, respectively. It can be seen 
from the figure that when fD is small ( 200HzDf ≤ ), the 
performance of each detection is very stable and the 
performance of the hybrid is much better than that of the pure 
MMSE. Considering 2-stage hybrid is sufficient. When fD 
increases from 200Hz, the performance of any detection 
degrades dramatically due to poor channel estimation. 
Furthermore, the degradation in performance is much rapid for 
hybrid than for pure MMSE. This is because when fD increases, 
MCI in time domain increases, which cannot be cancelled out 
by the hybrid detection. When fD becomes large ( 1000HzDf ≥ ), 
the BER performances of the pure MMSE and hybrid 
detection are approaching closely. In general, as long as fD is 
less than 800Hz, improvement in BER with hybrid detection is 
still significant. 

The BER of the 2-stage hybrid is plotted in Fig. 5 as a 
function of NF for various values of fD. For similar channel 
estimation, γ  is assumed to be 3 and 5 for 16TN =  and 8TN = , 
respectively. It can be seen that for a given fD when NF 
increases, the system performance improves. This is because 
with hybrid detection, when NF increases, the frequency 
diversity gain increases and overcomes the increased MCI in 
frequency domain. Note that for 16TN =  and 1000HzDf = , 
the system performance degrades slightly when NF increases 
from a small value and keeps stable. Furthermore, when fD is 
small, the performance difference between 16TN =  and 8TN =  
is negligible. However, the difference increases with fD. When 

500HzDf ≥ , the system with 8TN =  performs much better 
than that with 16TN = . This is because the MCI in time domain 
is larger with 16TN = . This MCI increases with fD and cannot 
be cancelled out by the hybrid detection. In summary, with 
similar channel estimation quality, a larger frequency domain 
spreading factor is preferred, irrespective of the Doppler shift 
fD. But a shorter NT is more favorable when fD increases. 

VI. CONLUSIONS 
An analytical study is presented in this paper on the effect 

of fast fading on performance of the VSF-OFCDM system 
with hybrid MCI cancellation and MMSE detection. The 
following conclusions are drawn: 

1) The optimum power ratio ( β ) between pilot and one 
data channel takes a value around 0.25K for a wide range of 
the systems load. 

2) The hybrid detection outperforms the pure MMSE. 1-
stage hybrid is sufficient when the system load is light 
whereas 2-stage hybrid is necessary for heavy system loads. 

3) When the Doppler frequency 200HzDf < , the effect of 
the Doppler on the system performance can be negligible. 
When 800HzDf < , the hybrid detection still provides 
significant improvement in performance compared to the pure 
MMSE detection. 
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4) In order to achieve good performance for a wide range 
of Doppler shifts, a larger NF is preferred, while a shorter NT  
should be employed, especially when Doppler frequency is 
high. 
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