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Abstract 

Ultra-Wideband Impulse Radio (UWB-IR) technologies, although are relatively easy in transmission but 
they present difficulties in reception, in fact the reception of such waveform is a quite complicated matter. 
The main reason is that in fully digital receiver the received waveform must be sampled at a rate of several 
GHz. This paper focuses on the impact of the Analog to Digital (A/D) conversion stage that is used to sam-
ple the received waveform. More specifically we focus on the impact of the two main parameters that affect 
the performance of the Software Defined Radio (SDR) system. These parameters are the bit resolution and 
the time jittering. The influence of these parameters is deeply examined. 

Keywords: UWB, Impulse Radio, ADC, Jitter Error, Quantization Error 

1. Introduction 
 
UWB transmission has recently received great attention 
in academia and industry for applications in wireless 
communications. A UWB system is defined as any radio 
system that has a 10 dB fractional bandwidth larger than 
20% of its center frequency, or has a 10 dB bandwidth 
larger than 500 MHz. It is expected that many ap-
proaches used for short-range wireless communications 
will be revaluated and a new industrial sector with high 
data rate will be formed. Fully digital receiver for 
UWB-IR requires the use of A/D conversion and SDR 
techniques as described below. The RF waveform re-
ceived from the antenna is directly digitized from the 
antenna via an A/D conversion stage. Then the digital 
information derived from the UWB waveform is handled 
and processed by a DSP. However, this process, intro-
duce new signal distortions, due to the new uncertainties 
introduced, that are the jitter error and the quantization 
error. The latter comes exclusively from the bit resolu-
tion of the A/D converter, while time jittering comes 
merely from the aperture jitter of the ADC, and from 
clock jitter of the sampling circuitry [1,2]. In this paper 
we examine the impact of those two parameters on the 
bit error rate performance of an UWB-IR fully digital 
receiver. In UWB-IR systems a pulse train, consisting of 
very short pulses and occupying very large spectrum [3], 

is transmitted. Several modulation schemes are used such 
as Bi-phase, Pulse Position, On-Off keying etc. [4]. In 
this paper we choose Binary Pulse Position Modulation 
(BPPM). We consider transmission through indoor mul-
tipath environment [5], in the presence of white Gaussian 
noise. The performance of the system is evaluated by the 
bit error probability (BEP) in terms of jitter and quanti-
zation noise. An expression of BEP is derived and nume- 
rically results are presented. 
 
2. Analog to Digital Conversion 
 
During the A/D conversion additional noise is produced 
at the output of the A/D converter due to two main rea-
sons: Quantization and Jitter error. The first is illustrated 
in Figure 1 (a) and it is a result of the difference be-
tween the analog, continuous input signal and the digi-
tized output of the ADC. The finite ADC resolution 
gives the form of the stairs-like signal. If an ADC has a 
bit resolution of N  bits, it means that the output signal 
is coded at 2N  different binary numbers, from 0 to 
2N –1. Let assume that the input signals peak to peak 
amplitude ( ppV ) is the same with the ADC full-scale 
voltage range. Then the corresponding quantization step 
is / 2N

ppQ V . An amplitude value at the input is 
mapped to the nearest N  bit binary number and the 
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absolute difference between input-output can be from 
zero to / 2Q , thus the quantization error is from 

/ 2Q  to / 2Q . We assume that the input signal can 
take any random value within a quantization step, with 
equal probability. Therefore the distribution of quantiza-
tion error is uniform and its probability density function 

( )f x , is shown in Figure 1(b). Obviously, it has a mean 
of zero and it is easy to prove that the standard deviation 
of quantization error is / 12q Q  , as follows, 

3 2
2 2 2 22 2

0
2

1 2 2
( )

24 12

Q Q

q Q

Q Q
x f x dx x dx x dx

Q Q Q




 
        

The second error that concerns our study is called jitter 
error and it is a result of the non infinite timing precision 
of the sampling procedure and the ADC imperfections. 
The fact is that there is an uncertainty at the sampling 
time which causes an uncertainty at the input voltage of 
the signal. This effect is shown in Figure 2. Let the input 
signal at an A/D converter be ( )V t . We focus at the  
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Figure 1. (a) Digitization of an analog continuous signal 
(dotted line) to discrete and quantized signal (normal line); 
(b) Uniform distribution ( )f x  of quantization error x . 

time 1t , corresponding at a multiplicate of sampling 
period. Due to jitter effect the sample taken by the ADC 
is the one at the time 1 jt t  , where jt  is a random 
variable, assuming normally distributed with zero mean 
and standard deviation j . The corresponding voltage 
error is then, 1 1( ) ( )j jV V t t V t     . By rewriting this 
expression we have, 

1 1
1 1

( ) ( )
( ) ( ) j

j j j
j

V t t V t
V V t t V t t

t

   
       

  
  (1) 

For small jt  we can approximate the expression in 
the brackets with the first derivative of ( )V t  [6], and 
obtaining, 

1

'
1

( )
( )j j j

t t

dV t
V t t V t

dt 

       
           (2) 

 
3. Signal Model Description 
 
The transmitted pulses have the form of a Gauss mono-
cycle, i.e. the first derivative of a standard Gauss pulse. 
Figure 3 shows a schematic representation of the BPPM 
modulated transmitted signal. The bit period is fT  (fra- 
me period) and the time offset   represents the modu-
lation index. Time is divided into frames, the period of 

 

 
V(t)

∆Vj

t1  t1 + ∆tj           t 
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Figure 2. Jitter error effect. 
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Figure 3. BPPM signaling. 
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the frames is fT . We determine the symbol by its posi-
tion within each frame. A logic “0” is a pulse at the be-
ginning of the frame, while a logic ‘1’ is delayed by a 
small amount of time  . The modulated pulses wave-
form ( )s t is expressed by Equation 3 below, 

1

0

( ) ( )
N

b f j
j

s t E w t jT b




               (3) 

where, ( )w t  is the pulse shape (first derivative of a 
Gaussian pulse) normalized to have total energy 

2
( ) 1w t dt




 , bE  is the energy per bit, fT  is the 

frame period, jb  is the j-th bit,   is the BPPM modu-
lation index, N  is the total number of transmitted 
pulses. w  is related to the pulse width with the rela-
tionship 2p wT  , where pT  represents the width of 
the pulse. The modulation index   is chosen to satisfy 
the orthogonality of the transmitted symbols, i.e., 

( ) ( ) 0w t w t dt



   . We choose   greater than the 

pulse duration, i.e., pT  . 
 
4. Theoretical Analysis of Error Probability 
 
In order to derive an expression for the probability of 
error, we consider the transmit and receive system model 
shown in Figure 4. The transmitted signal, ( )s t , de-
scribed above, propagates through a multipath channel 
with impulse response ( )h t . Then it is converted from 
analog to digital using an A/D converter. As mentioned 
above the input signal is sampled at the ADC frequency 
and quantized with corresponding ADC resolution. For 
the detection of the symbols, a matched filtering tech-
nique is used. The matched filter is constructed by two 
correlators. The received signal is correlated with the 
expected symbols and the output is the difference of 
those. The output is sampled every frame period. 

We assume perfect channel estimation and synchroni-
zation. From this point, the analysis continuous for the 
first frame period, i.e., 0 ft T  . We use vector notation, 
which represents the sampled versions of the signals. 

 

 

Figure 4. System transmission-reception model. 

All the vectors has length, f f sN T f  , where fT  is 
the frame period and sf  is the sampling frequency. The 
templates for the two symbols ( 0 1,x x ) are the transmit-
ted symbols for ‘0’ and ‘1’ respectively after the channel, 
n  is Gaussian process, representing total additive noise,  
with a mean value of zero and a double side power spec- 
tral density, 0 / 2N . 

The channel impulse response, corresponding to the 
IEEE 802.15.3a model [5] for indoor multipath environ-
ments, is given by 

1

0
( ) ( )

L

l ll
h t t  


  , where L  is 

the total resolvable channel paths, ,l l   are the gain 
coefficient and time delay, respectively, for the corre-
sponding l  path. Thus the transmitter signal after the 
channel is expressed as follows, 

1

0

( ) ( )( ) ( )
L

l l
l

x t s h t a s t 




              (4) 

where (*)  denotes convolution. 

The received discrete signal r  is given in Equation 5 
below, 

j q  r = x n n n              (5) 

where, 2 2
0(0, ), / 2n nN N  n   is the total additive 

noise at the receiver, jn  is the noise vector due to jitter 
error and by using Equation 2. we have: 2(0, ),j jitN n  

 T2 2 ' '
jit j  x x  and qn  is the noise term due to  

quantization noise i.e. ( , ),
2 2 12

q q

Q Q Q
U  n . 

The derivative 'x  is calculated from Equation 3 and 
Equation 4, as follows, 

1

0

1 1

0 0

( ) ( )
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L

l l
l

N L

b f j l
j l

d d
x t a s t

dt dt

d
E w t jT b

dt









 

 

 
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

 
     (6) 

and by taking the discrete (sampled) vector. The wave-
form ( )w t  as mentioned before is the first derivative of 

a gauss monopulse, thus ( )
d

w t
dt

 is the second deriva 

tive of the pulse. To obtain an expression for the prob-
ability of error on symbol detection, we must first define 
the decision metric at the output of the correlators in 
Figure 4 at time ft T . For simplicity we consider the 
transmission of a ‘0’ and in the same way we can derive 
an expression for the ‘1’. The decision metric is then, 

     

     

   
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and we obtain, 

0 (0) ( )xx xx n qD R R N N               (7) 

where, ( )xxR   is the autocorrelation function of vector 

 x  at time  ,    T

0 1n jN  n n x - x  is a gaussian 

random process including thermal noise and jitter noise 

i.e.,    T2 2 2 2
1 1 0 1 0 1(0, ), ( )n g g n jitN N      x - x x - x ,  

and  T
0 1q qN  n x - x  is the noise term due to quantize- 

tion which is a summation of fN  terms of uniformly 
distributed random variables. Because of the fact that 

fN  is usually a sufficiently large number we may use 
the central limit theorem [7], and approximate this term 
with a Gaussian process with variance 2

2g  i.e., 

   T2 2 2
2 2 0 1 0 1(0, ),q g g qN N    x - x x - x  

Therefore the decision metric is a Gaussian r.v. with 

mean (0) ( )xx xxR R   and standard deviation 2 2
1 2g g  , 

thus the probability of error is expressed as follows: 

2 2
1 2

(0) ( )xx xx
e

g g

R R
P Q

 

   
  

             (8) 

 

5. Numerical Results 
 
After the above analysis we calculate the error probabil-
ity numerically using simulation program to evaluate 
Equation 8 and by averaging over 1000 channel realiza-
tions corresponding to IEEE 802.15.3a model CM1. The 
parameters that used are: width of the pulses 200pT   
psec , modulation index 1nsec  , frame period fT   
100 nsec , sampling frequency 20GHzsf  , yielding a 
channel time resolution of 50 psec. Figure 5 shows the 
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Figure 5. Bit error probability as a function of signal to 
noise ratio (Eb/N0) for different values of jitter standard 
deviation (psec), with 6 bit ADC resolution 

bit error probability (BEP) as a function of signal to 
noise ratio with 6 bit ADC resolution and with different 
number of jitter standard deviation. We can see that jitter 
is a significant factor to the performance especially when 
noise has lower power. Beyond 10 dB of signal to noise 
ratio, jitter is the main cause of performance degradation. 

Figure 6 shows the error probability as a function of 
jitter standard deviation. On top of the graph we set the 
bit resolution of A/D at 4 bits and the curves correspond 
to several signal to noise ratios. Again we can see that in 
cases of higher SNR, the error probability has strong 
dependence on jitter. In the graph at the bottom, we set 
SNR to 10 dB and we change the bit resolution of ADC. 
It is interesting to notice that an increase of bit resolution 
more than 4 bits doesn’t improve performance. The de-
pendence of error probability of bit resolution is shown 
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Figure 6. Bit error probability as a function of jitter stan-
dard deviation (psec), varying signal to noise ratio, with 4 
bit ADC resolution (top graph) and varying ADC resolution 
with Eb/N0=10dB (bottom graph). 
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Figure 7. Bit error probability as a function of ADC bit 
resolution with 1psec jitter, and with different values of 
signal to noise ratio (Eb/N0). 

 
in Figure 7, with jitter standard deviation at 1 psec and 
varying SNR. In all cases there is a limit at bit resolution 
and it is obvious that a use of 4 bits is adequate to lead to 
a sufficient performance. 
 
6. Conclusions 
 
In the present paper we have studied the impact of the 
two parameters that affect the performance of the digi-
tizing stage. These parameters are the jitter error and the 
quantization error. The error probability dependence fr- 

om both parameters was investigated and presented. 
Both of them are critical to error performance of Ultra- 
Wideband Impulse Radio systems. Jitter error plays an 
important role especially when additive noise is not very 
strong. Quantization error is also a significant factor for 
the BEP improvement for bit resolution below 4 bits. For 
more than 4 bits of ADC resolution the improvement is 
negligible. From the above study in order to assure low 
BEP, the jitter must be kept as low as possible (2-3 psec) 
and the ADC resolution above 4 bits. 
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Abstract 

This letter analyzes the outage probability of opportunistic amplify-and-forward relaying over asymmetric 
and independent but non-identically distributed (i.n.d) fading environments. The work investigates the sce-
narios where cooperative nodes are located at different geographical locations. As a result, the different sig-
nals are affected by different i.n.d fading channels, one may undergo Rician fading distribution and others 
may undergo Rayleigh fading distribution. In this letter, a lower bound of the outage probability for various 
asymmetric fading environments is derived at high SNR by applying the initial value theorem. The analytical 
model is validated through Monte-Carlo simulation results. 

Keywords: Outage Probability, Opportunistic Relaying, Amplify-and-Forward Relaying, Rayleigh and Rician 
Fading Channels, Asymmetric Fading Channels, Independent and Non-Identically Distributed 

1. Introduction 
 
Cooperative relaying is a promising technology for fu-
ture wireless communications. It can benefit most of the 
leverages of multiple input multiple output (MIMO) wit- 
hout using the conventional MIMO schemes [1]. Among 
the cooperative techniques, the opportunistic relaying, in 
which only one relay (R) node forwards the source’s (S) 
data to the destination (D) has shown its efficiency com-
pared to other techniques [2]. 

The outage performance of opportunistic amplify-and- 
forward (AF) relaying over a symmetric fading environ-
ment is widely investigated in [1,3,4]. However, in prac-
tice, cooperative nodes are usually located in different 
geographical location environments and at different dis-
tances with respect to S and D. Therefore, one link could 
be either in line-of-sight (LOS) situation or in non-LOS 
(NLOS) situation. For example, the fixed relay nodes 
used for forwarding source’s data to a specific region 
(e.g. tunnel, behind the building) often use directional 
antenna, so the R-D link is usually in a LOS situation. 
However, we cannot assume such a situation in all 
transmission environments especially when D is in a 
deep shadowing region with respect to S. The outage 

performance analysis of opportunistic relaying for mixed 
and i.n.d fading environments is, therefore, of practical 
importance. 

The asymmetric fading channel is introduced in [5]. 
However, the authors of this work assume additive white 
Gaussian noise (AWGN) channel of the R-D link. In [6], 
an approximation of the outage performance over asym-
metric fading channel, i.e., Rayleigh and Rician, is given. 
However, to the best knowledge of the authors, no clo- 
sed-form expression is provided. In this letter, the ana-
lytical model of the outage probability of opportunistic 
AF relaying over asymmetric and i.n.d fading environm- 
ents is given. Then, the lower bound of the outage prob-
ability for high SNR values is deduced and verified thro- 
ugh Monte-Carlo simulations. 
 
2. System Model and SNR Evaluation 
 
In this framework, we consider a general 2-hop AF re-
laying network consisting of S, m relays, Ri, 1 2i , ,...,m  
and D. We assume that D performs maximum ratio com-
bining at the receiving side. The equivalent instantaneous 
end-to-end signal-to-noise ratio (SNR) for opportunistic 



S. MAJHI  ET  AL. 
 

Copyright © 2010 SciRes.                                                                               IJCNS 

431

AF relaying is given as [3]: 
2 2

2

2 2

1

i i

i i

i i

i i

s sr s r d

sr r ds sd
d

i
sd s sr s r d

sr r d

P h P h

N NP h
SNR max

N P h P h

N N

 

 
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where 
2

abh represents the channel gain of the a-b link, 

aP  is the power transmitted by the node a. As mentioned 
in [3], we assume that AWGN variance is 01abN /  , 

a,b  where 0  is proportional to the system SNR. 
For simplicity reasons, we use different notations of 

the random variables of the different fading distributions. 

For the Rayleigh fading, let 
2

ab a abP h be the instant- 

taneous signal power and for the Rician fading, the in-
stantaneous signal power is denoted as ab . The prob-
ability density function (PDF) of ab  and ab  are ex-
pressed respectively as: 
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where, { }ab abE   { }ab abE   and abK  is the 
Rician factor. {.}E  holds for expectation value. 

The upper bound of the instantaneous SNR of (1) for 
the opportunistic AF relaying is defined as: 

 2 22

0 i iub s sd s sr s r d
i

SNR P h max min P h ,P h    
 

  (4) 

This instantaneous SNR value will be used in the fol-
lowing section to evaluate the outage probability. 
 
3. Analysis of Outage Probability 
 
In this section, we provide the lower bound of the outage 
probability of opportunistic AF relaying for different 
channels given in Figure 1. 
 
3.1. Asymmetric Channel I 
 
Theorem 1: If S-D link is Rayleigh fading channel and 
S-R and R-D links are Rician fading channels, then the 
lower bound of the outage probability over asymmetric 
channel I is: 
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 (5) 

 
Figure 1. Different asymmetric fading channels of a coop-
erative network. 
 

Proof: By using
2

sd s sdP h , 
2

i isr s srP h  and 
2

i ir d s r dP h  in [4], the outage probability over the 

asymmetric channel I can be written as: 

[ ]I I
out ubp Pr               (6) 

where ubSNR is derived to I
ub sd max    ,   

 2
02 1R /  ,  1 2maxmax m, ,...,     and i   

 min
i isr r dξ ,ξ . 

The cumulative distribution function (CDF) of the 
random variable i  over i.n.d is given as: 
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where  1Q ,  is the 1st order Marcum Q-function and the 
PDF of i  is obtained by differentiating above as: 
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The CDF of the random variable max  over i.n.d fad-
ing channel can be expressed as: 

   
1

max i

m

i

F F


                (9) 

and the corresponding PDF of max  is obtained by dif-
ferentiating the above as: 



S. MAJHI  ET  AL. 
 

Copyright © 2010 SciRes.                                                                                IJCNS 

432 

     
11

max i j

mm

ji
j i

f f F



              (10) 

Since  0 0
i

F  , the  1 thm   order derivative of 
(10) at high SNR i.e., at 0  as 0  , can be 
written as: 
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The outage probability given in (6) is a CDF of I
ub , 

which can be evaluated by using the initial value theorem 
(IVT) of the Laplace Transformation (LT). The LT of the 
PDF of the random variable I

ub  can be expressed by 
using Equation 15 in [3] and, then (11), as: 
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Since  0
sd

f  and  0
i

f  are constant with respect 
to the variable s , the PDF of I

ub  is obtained by apply-
ing the inverse LT (ILT) on (12) as: 
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We complete the proof by integrating (13) and substi-
tuting the vale of  0

sd
f  and  0

i
f . 

 
3.2. Asymmetric Channel II 
 
Theorem 2: If S-D and S-R links are Rician fading 
channels and R-D link is Rayleigh fading channel, then 
the lower bound of the outage probability over asymmet-
ric channel II is: 
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Proof: For the asymmetric channel II, we use 
2

sd s sdP h , 
2

i isr s srP h  and 
2

i ir d s r dP h . The 

outage probability can be expressed as: 

[ ]II II
out ubp Pr               (15) 

where II
ub sd maxg   ,  1 2maxmax mg g ,g ,...,g  and 
 min

i ii sr r dg ,  . The CDF of the random variable ig  
over i.n.d fading channel can be written as: 
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where  
r di

F   is the CDF of the random variable 
ir d . 

The corresponding PDF of ig  is expressed as: 
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Similarly, by using the IVT and the ILT, the PDF of  
II
ub  can be derived as: 
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By integrating (18), we complete the proof. 
 
3.3. Asymmetric Channel III 
 
Theorem 3: If S-D link is Rician fading channel and S-R 
and R-D link are Rayleigh fading channels, the corre-
sponding lower bound of outage probability is: 
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Proof: For the asymmetric channel III, we use 
2

sd s sdP h , 
2

i isr s srP h  and 
2

i ir d s r dP h . 

The outage probability can be written as: 
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where III
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and  i ii sr r dmin ,   . The corresponding PDF of the 
random variable i  is given by: 
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Again by using the IVT and ILT, the PDF of III
ub  is 

obtained as: 
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By integrating (22), we complete the proof. 
Similarly, the outage probability of other possible 

asymmetric channels can be derived by using the above 
procedure. The upper bound of the outage probability of 
the opportunistic AF relaying can be derived simply by 
using the above method and Equation 8 in [7]. 
 
4. Numerical Examples 
 
In this section, analytical and Monte-Carlo simulation 
results are presented. Since the channels are i.n.d, we 
set different means for different S-Ri/Ri-D links. In the 
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Rician fading channel, the Rician factor abK  is uni-
formly distributed in [2,3] and the mean ab of the 
NLOS components are uniformly distributed in [0,1]. 
The LOS components are derived for a given abK  and 

ab . 
It is clear from (5), (14) and (19) that the outage 

probability over Rician fading channel is obtained by 
substituting  1 1 sdK

sd sd sd/ K e /    in (5) and the 
outage probability over Rayleigh fading channel is ob-
tained by substituting 0sdK   in (19). Figure 2 shows 
the lower bound of the outage probability over the sym-
metric and asymmetric fading environments. Due to the 
presence of LOS signal, the outage performance over 
Rician fading channel outperforms all other scenarios. 
Inversely, due to the absence of direct signal, the Ray-
leigh fading channel has poorer outage performance than 
the other scenarios. 

The opportunistic relaying provides better outage per-
formance than without cooperation. It implies that the 
outage performance of opportunistic relaying depends 
mainly on cooperative links (S-R and R-D links). For 
this reason, asymmetric channel I provides better outage 
performance than the asymmetric channel II and asym-
metric channel III due to the presence of LOS signal 
inboth S-R and R-D links. 

We also note that asymmetric channel II provides bett- 
er outage performance than asymmetric channel III. Si- 
nce S-D and R-D links undergo the same fading in both 
scenarios, the LOS component existing in S-R link of 
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Figure 2. The outage probability over asymmetric channel 
I, asymmetric channel II and asymmetric channel III. Due 
to the high SNR approximation for the analysis, analytical 
results converge with Monte-Carlo simulation results at 
medium and high SNR regime. 

scenario II highly improves the outage performance. It is 
clear from the above discussion that S-R is a dominating 
link, therefore, it is better to localize the opportunistic 
relay node in LOS environment with respect to S in order 
to improve the overall outage performance. Finally, the 
Monte-Carlo simulation results provided in Figure 2 
shows that the analytical outage probabilities are a tight 
bound at medium and high SNR regime. 
 
5. Conclusions 
 
In this letter, the outage performance of opportunistic AF 
relaying over asymmetric and i.n.d fading environments 
has been investigated. A lower bound of the outage 
probability has been derived and validated through 
Monte-Carlo simulation results. We show that the outage 
performance is better when the relay is in LOS situation 
with respect to the source rather than to the destination. 
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Abstract 

In the present paper, design and analysis of a 2.4 GHz printed dipole antenna for wireless communication 
applications are presented. Measurements on return loss and radiation pattern of this antenna configuration 
are included in this investigation. The printed dipole is combined with the feeding structure of a microstrip 
via-hole balun and is fabricated on an FR-4 printed-circuit-board substrate. Two inevitable discontinuities 
are introduced by this antenna architecture in the form of right-angle bends in the microstrip feed line and in 
the dipole’s gap, respectively. The impact of mitering these bends in the reflection coefficient, resonance 
bandwidth and radiation pattern of antenna has been investigated by means of simulation and experiment. 

Keywords: Printed Dipole, Integrated Balun, S-Parameters, Radiation Pattern 

1. Introduction 
 
The microstrip antenna architecture, in general, offers 
inherent narrow bandwidth and quite low gain. These 
limitations do not provide wide usage of these antennas 
in wireless applications systems. Besides, the evolution 
of wireless communications leads to more compact and 
small equipment that demanding antennas with smaller 
size and profile. Hence, the scientific community has 
started to investigate methods to improve this antenna 
architecture and provide better quality of services on 
wireless communication systems. In this way, many re-
search activities were based on the printed dipole an-
tenna because it has low profile, simple structure and 
omnidirectional radiation pattern. In order to develop this 
antenna configuration a printed dipole antenna with inte-
grated balun and microstrip line as feeding structure was 
proposed [1-3]. Based on these considerations, we design 
and fabricate a 2.4-GHz printed dipole antenna with in-
tegrated microstrip balun. This antenna design offers all 
the advantages of printed circuits and the corresponding 
geometry characteristics have been in detail studied and 
investigated [4-5]. In order to improve the bandwidth and 
the gain of this architecture we study and investigate the 
impact on variations of the l and w geometrical parame-
ters on antenna performance. The first corresponds to the 
right angle bend in the microstrip balun and the second 
affects the dipole’s arms. Details of the structure and 

design process are presented in the next section (Section 
2). The corresponding simulated and measured results 
are presented and discussed in Section 3. The paper con-
cludes in Section 4. 
 
2. Design Process and Structure 
 
The geometry and design parameters of the 2.4 GHz prin- 
ted dipole antenna are drawn in Figure 1. It is a modified 
antenna design that was introduced by the corresponding 
literature [1-4]. 

This printed dipole antenna was etched on Fr4 sub-
strate with thickness h = 1.5 mm and permittivity εr = 
4.4. The ground plane of the microstrip line and the di-
pole strips were printed at the bottom layer. A microstrip 
via-hole balun acts as an unbalance-to-balance trans-
former from the coaxial line to the printed dipole strip. 
The lengths of the dipole—arm strips and the microstrip 
balun are approximately a quarter—wavelength [4-6]. 
Based on matching techniques theory, the integrated 
balun affects the current flow at each dipole—arm, be-
cause of cancellation of the current flow to ground on the 
outside part of the outer conductor in corresponding co-
axial line. In fact, the balun configuration ensures that 
the currents which flow the dipole arms become quite 
identical without eliminating the radiation efficiency [6]. 

The structure parameters of the proposed dipole for 
2.4 GHz frequency point are listed as follows: 
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Dipole strips: length L1 = 20.8 mm, width W1 = 6 mm, 
dipole gap: g1 = 3 mm; 

Microstrip balun: length L2 = 32 mm, L3 = 16 mm, 
L4 = 3 mm, L5 = 3 mm, width W2 = 3 mm, W3 = 5 mm, 
W4 = 3 mm, gap g2 = 1mm; 

Via radius: r = 0.375 mm; 
Ground plane: length L6 = 12 mm, width W5 = 17 

mm; 
Side of microstrip bend: l variable; 
Side of dipole strip bend: w variable. 
Accurate dimensions of each part of dipole and inte-

grated balun have numerically been computed and inves-
tigated [4,5,7]. These parameters were specified to 
achieve desired performance of the printed dipole an-
tenna in the frequency of 2.4 GHz. Both simulated and 
experimental results introduce this performance. The 
prototype printed dipole antenna is shown in Figure 2. 

This prototype dipole on which the discontinuities are 
not investigated (l and w unchanged) has frequency re-
sonance at about 2.45 GHz and an efficient bandwidth 
for wireless applications at 2.4 GHz – ISM band. 

An interesting approximation for these discontinuities  

 
 

Bottom Layer  

 

Top Layer  

Figure 1. Geometry of printed dipole antenna with integra- 
ted microstrip balun. 

 

 

Figure 2. Prototype printed dipole. 

is proposed. As already mentioned, the right—angle ben- 
ds at the microstrip feed line and at the strip arms of the 
printed dipole are inevitable discontinuities and can 
cause degradation in circuit performance. This is due to 
the fact that such discontinuities introduce parasitic re-
actances which can lead to phase and amplitude errors, 
input and output mismatch and possibly spurious cou-
pling [8]. Based on discontinuities’ forms, microwave 
engineering theory has proposed thoughts to face the 
difficulties. One approach in order to eliminate this effect 
is to compensate the discontinuity directly, by chamfer-
ing or mitering the conductor. That way, the excess ca-
pacitance at the bend is reduced [8]. It is generally 
known that the optimum value of the miter length de-
pends on the characteristic impedance and the bend angle. 
This is the purpose of the proposed procedure. The varia-
tion’s impact of the corresponding parameters l and w on 
return loss, resonance bandwidth and radiation pattern 
have been investigated. About resonance bandwidth def- 
inition is specified as the frequency range in which return 
loss is less than –10 dB. 

These variations on the values of the l and w parame-
ters introduce geometrical modifications in the prototype 
dipole architecture so as to obtain the corresponding dif-
ferent printed dipole antennas. Therefore, based on the 
prototype antenna design (Figure 2) sixteen different 
printed dipole antennas have been designed and imple-
mented. Each of them has different value of l and w pa-
rameter. Both these values are ranged from 0 mm to 3 
mm, respectively. The return loss and radiation pattern of 
the corresponding printed dipole antenna in each case 
were investigated. 
 
3. Results and Discussion 
 
The defined variations of l and w parameters in the pro-
totype printed dipole cause an interesting amount of si-
mulated and measured results. More precisely, the return 
loss measurements are presented in four groups of 
printed dipole antennas. Each of them corresponds to 
four dipoles that have the same value of w parameter, but 
also have different value of l parameter, ranging from 0 
mm to 3 mm. The corresponding simulated results are 
presented in Figures 3, 4, 5 and 6 respectively. 

These curves provide that the return loss characteris-
tics of the printed dipole are affected only by the value of 
l parameter. In fact, the resonance of them is independent 
of the value of l and w parameters. Moreover, in the fre-
quency range of the resonance bandwidth the form of the 
curve becomes quite more flat as the value of l parameter 
increases. On the other hand, the length of w geometrical 
parameter does not affect the form of these curves. These 
observations are also indicated by the corresponding ex-
perimental results. 
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Figure 3. Simulated return loss of the printed dipole ante- 
nna for 4 l parameter values and for w parameter equals to 
0 mm. 

 

 

Figure 4. Simulated return loss of the printed dipole ante- 
nna for 4 l parameter values and for w parameter equals to 
1 mm. 

 

 

Figure 5. Simulated return loss of the printed dipole anten- 
na for 4 l parameter values and for w parameter equals to 2 
mm. 

These are provided by a Network Analyzer and are 
also presented in Figures 7, 8, 9 and 10, respectively. 

From these curves a relatively good agreement betw- 
een the simulated and measured return loss was observed. 
For each value of l and w parameters the measured fre-
quency point of minimum return loss is approximately 
2.45GHz and the corresponding resonance bandwidth 
ranges from 2.20 GHz to 2.75 GHz. Another issue is that 
the experimental results of return loss presents a reso-
nance point on frequency range of 4 GHz. This result is 
not in good agreement with the simulation results. This 
difference may be due to effects of coaxial–to–microstrip 
transition, included in the measurements but not taken 
into account in the simulated results. In addition, the im-
pact of l and w parameters seems not to have important 
interest in the frequency range of 4 GHz. 

 

 

Figure 6. Simulated return loss of the printed dipole ante- 
nna for 4 l parameter values and for w parameter equals to 
3 mm. 

 

 

Figure 7. Measured return loss of the printed dipole ante- 
nna for 4 l parameter values and for w parameter equals to 
0 mm. 
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Figure 8. Measured return loss of thfde printed dipole ante- 
nna for 4 l parameter values and for w parameter equals to 
1 mm. 

 

 

Figure 9. Measured return loss of the printed dipole ante- 
nna for 4 l parameter values and for w parameter equals to 
2 mm. 

 

 

Figure 10. Measured return loss of the printed dipole ante- 
nna for 4 l parameter values and for w parameter equals to 
3 mm. 

On the other hand, both simulated and experimental 
return loss results indicate that as the value of l parame-
ter increases, the shape of the corresponding curve be-
comes flat for wider frequency range but the frequency 
point of minimum remains quite stable, simultaneously. 
This observations shows that return loss may be demon-
strated for a specific frequency range as parameter l is 
adjusted. Therefore, for better operation of printed dipole 
antenna at frequency point of interest, some of its geo-
metric characteristics have to be modified. Both simu-
lated and measured results indicate that a value of l pa-
rameter may be considered to be important to achieve 
efficient return loss measurements for the printed dipole 
antenna design. Instead, this observation for the w pa-
rameter does not exist. Return loss and resonance band-
width seem to be independent of w parameter variation. 
Figures 11 and 12 present the simulated and experimen-
tal results of return loss for l = 0 mm and w variation 
from 0 mm to 3 mm with step 1 mm. These curves con-
firm the corresponding independence. 

 

 

Figure 11. Simulated return loss of the printed dipole ante- 
nna for 4 w parameter values and for l parameter equals to 
0 mm. 

 

 

Figure 12. Measured return loss of the printed dipole ante- 
nna for 4 w parameter values and for l parameter equals to 
0 mm. 
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Based on these criteria, the proposed investigation of l 
and w parameter offers a way to implement printed di-
pole antenna elements with the same geometric charac-
teristics and without declinations between them on the 
return loss characteristics. This observation provides an 
attractive solution on antenna array implementations at 
modern wireless applications which are constituted by a 
specific number of usually same antenna elements. In 
fact, it is observed that as the resonance bandwidth be-
comes more flat and uniform, the agreement between the 
corresponding return loss figures of geometrically iden-
tical dipoles become more practicable and realized. From 
this, it is also provided that the l parameter is proposed to 
approximate the value of 2 mm, as an optimum value for 
better performance. These observations are also rein-
forced by the unchanged frequency range of the reso-
nance bandwidth in each case. 

 

 

 
(a) 

 

 
(b) 

Figure 13. Simulation: Printed dipole antenna radiation 
patterns for 4 l parameter values and for w parameter 
equals to 0 mm, (a) E – plane, (b) H - plane. 

Besides, the radiation patterns of printed dipole an-
tennas as l and w parameters vary are also presented. 
Figures 13, 14, 15 and 16 show these radiation diagrams 
 

 

 
(a) 

 

 
(b) 

Figure 14. Simulation: Printed dipole antenna radiation 
patterns for 4 l parameter values and for w parameter 
equals to 1 mm, (a) E – plane, (b) H - plane. 

 

 

 
(a) 
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(b) 

Figure 15. Simulation: Printed dipole antenna radiation 
patterns for 4 l parameter values and for w parameter 
equals to 2 mm, (a) E – plane, (b) H - plane. 

 

 

 
(a) 

  

 
(b) 

Figure 16. Simulation: Printed dipole antenna radiation 
patterns for 4 l parameter values and for w parameter 
equals to 3 mm, (a) E – plane, (b) H - plane. 

at 2.45 GHz. Each of them corresponds to a defined val-
ue of w parameter and four different values of l parame-
ter, too. From these figures, the corresponding results do 
not indicate differences as the radiation element remains 
the same (w = constant), so the values of l and w pa-
rameters do not affect the radiation characteristics of 
printed dipole antenna. 
 
4. Conclusions 
 
A printed dipole antenna with integrated balun is studied 
and investigated. The complete structure has imple-
mented, simulated and experimentally measured for sev-
eral values of l and w parameters. Good agreement be-
tween simulated and measured results on return loss and 
resonance bandwidth has been achieved. Simulated ra-
diation pattern has also been specified for each value of l 
and w parameters. Return loss seems to be affected by 
the variation of l parameter, but resonance bandwidth 
and radiation diagram do not depend on it. Moreover, the 
w parameter variation on dipole’s geometry does not 
provide changes on reflection coefficient values and po-
lar curves of radiation pattern. A proposed value of l pa-
rameter is also specified for identical return loss charac-
teristics among printed dipole antennas with similar ge-
ometry characteristics. In general, as the value of l in-
creases, the return loss of the antenna becomes more flat 
for wider frequency range. This effect is crucial for in-
novator wireless communication engineering and espe-
cially antenna array design. 
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Abstract 

In this paper we propose an automatic bandwidth control method for the performance improvement of Bi-
nary Amplitude Shift Keying (BASK) system for Giga-bit Modem in millimeter band. To improve the per-
formance of the BASK system with a fixed bandwidth, the proposed method is to adjust a bandwidth of low 
pass filter in receiver using the fuzzy system. The BASK system consists of a high speed shutter of the 
transmitter and a counter and a repeater of receiver. The repeater consists of four stage converters, and a 
converter is constructed with a low pass filter and a limiter. The inputs to the fuzzy system are the reminder 
and integral of remainder of counter, and output is a bandwidth. We used a Viterbi algorithm to find the op-
timum detection from output of the counter. Simulation results show that the proposed system improves the 
performance compared to the fixed bandwidth. 

Keywords: BASK, Giga-Bit MODEM, Bandwidth, Low Pass Filter, Fuzzy System 

1. Introduction 
 
The 60 GHz band still being free and unlicensed, a large 
bandwidth, for example of the order of 1 GHz, and easily 
be used. In digital modulation of the 60 GHz band, a 
problem is ISI (Inter Symbol Interference) [1]. Digital 
base band signals often are rectangular pulse train. When 
rectangular pulses are passed through a band limited 
channel, the pulses will spread in time, and the pulse for 
each symbol will smear into the time intervals of suc-
ceeding symbols. This causes ISI and leads to an in-
creased probability of the receiver making an error in 
detecting a symbol. There are many methods to minimize 
ISI as likelihood sequence estimation, whitened matched 
filters and decision-feedback equalization [2]. One ap-
proach to minimizing ISI is to use pulse shaping tech-
niques. The most popular pulse shaping filter used in 
mobile communications is the raised cosine filter. How-
ever, the maximum value of the RF waveform and raised 
cosine filtered pulses do not always match [2-4]. Also, in 
Heterodyne method, IF process is given gain of receiver, 
but an increase in analog conversion steps, the more the 
price will also increase. The BASK system consists of a 
high speed shutter and a mixer of the transmitter, and a 
counter and a repeater of the receiver for solves these 
problems. The high speed shutter of the transmitter is 

introduced for pulse shaping, which can minimize ISI. 
Using repeater for improve SNR and make rectangular 
pulse train. The repeater consists of few stage converters. 
A converter is constructed with a low pass filter and a 
limiter. 

In this paper propose an automatic bandwidth control 
method for performance improvement of BASK system. 
Propose method is that adjust a bandwidth of low pass 
filter in receiver using the fuzzy logic system. The fuzzy 
logic system is normally used to formulate human know- 
ledge, but here we create the membership functions and 
the fuzzy rule base by means of the simulation results. 
The inputs of the fuzzy logic system are the reminder 
and integral of remainder of counter, and output is band- 
width. We use 8 bit counter and Viterbi algorithm with 
soft decision. Rule base inference was accomplished 
using the max-min inference procedure. Defuzzification 
of the bandwidth output was achieved the center of grav-
ity computation. In order to verify the effectiveness of 
the proposed method, simulations were performed by 
fixed bandwidth and BER. 
 
2. BASK System with a Fixed Bandwidth 
 
In millimeter wave band, BASK system with a fixed 
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bandwidth of Giga-bit MODEM without IF process us-
ing high speed shutter for pulse shaping of input signal 
and minimize ISI in the transmitter, and using repeater 
for improve SNR and make rectangular pulse train in 
receiver. Figure 1 shows the block diagram of BASK 
system with a fixed bandwidth. 

In the transmitter, RCS is raised cosine signal genera-
tor. The transmitter uses a high speed shutter that can 
truncate the side lobe of the raised cosine filter. A shutter 
performs switching window. The output of a shutter is 
given by 

sin( / )
( ) , 1

( )
0 , 0

s

s

t T
t n

h t t
n

 







       (1) 

Where ( )t  is a gain for the symbol period,   is 
the roll off factor, t  is the time, ST  is the symbol pe-
riod, and n  is the state of the symbol. A shutter func-
tion is to make a constant envelope. 

The receiver uses a repeater without IF (Intermediate 
Frequency) that consists of two stage converters. A con-
verter is constructed with the LPF and the limiter. Design 
parameters of converters are bandwidth of the LPF 
(BLPF) and stiffness of the limiter (SL: Stiffest Limiter). 
The theoretical solution is given by 

( ) ( ( ))i iy t SL x t G                (2) 

Where ( )ix tG  is the input of the limiter, ( )iy t  is 
the output of the converter, SL  is a transfer function of 
the limiter. The block diagram of a converter is shown in 
Figure 2. 

 
 

Pulse train 
Viterbi 

Encoder Shutter Mixer LPF 

Antenna

Amp

RCS Ac cos(2 )if t   
(a) The transmitter 

 Antenna 

BDF Amp Rectifler LPF Amp 
DC cut
filter

Pulse 
train 

Viterbi 
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nth 
Converter 

1th 
Converter

Un U1

Repeater  
(b) The receiver 

Figure 1. The block diagram of BASK system with a fixed 
bandwidth. 

The repeater can improve signal-to-noise ratio (SNR), 
and make rectangular pulse train. 
 
3. Proposed Method 
 
The block diagram of proposed automatic bandwidth 
control is shown in Figure 3. 

The proposed method is that adjust the bandwidth of 
low pass filter in receiver using a fuzzy logic system. 
The output of counter in receiver depends on the pattern 
sequence deeply, so we need the controls for the ranges 
of bandwidth to improve the performance of the system. 
The inputs to the fuzzy logic system are the remainder 
and integral of remainder of counter, and output is a 
bandwidth. In order to create the membership functions 
and fuzzy rule base, we simulated on reminder and inte-
gral of reminder of counter. The simulation results of the 
reminder and integral reminder of 8 bit counter is shown 
in Figure 4. 

In Figure 4, we can study that the sum of reminder 
jumps if a big reminder happens in negative or positive. 
Therefore we apply the bandwidth control using the 
fuzzy logic system due to such situations. 

The inputs are fuzzified according to the input mem-
bership functions and output membership functions in 
Figures 5 and 6. 

The fuzzy rule-base consists of a total of 15 rules. The 
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Figure 2. The block diagram of a converter. 
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Figure 3. The block diagram of proposed bandwidth con-
trol system. 
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(a) Narrow bandwidth 
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(b) Optimal bandwidth 
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(b) Broad bandwidth 

Figure 4. Simulation of counter for bandwidth control. 

 

 
(a) Remainder 

 
(b) Integral of remainder 

Figure 5. The membership function of fuzzy input. 

 

 

Figure 6. The membership function of fuzzy output. 

 
input/output fuzzy relation is chosen on the basis of the 
simulation results as shown in Table 1. 

In Table 1, R and IR are remainder and integral of 
remainder. Linguistic Variables are NB (Negative Big), 
NM (Negative Medium), NS (Negative Small), N (Nega-
tive), Z (Zero), P (Positive), PS (Positive Small), PM 
(Positive Medium) and PB (Positive Big). 



K.-H. EOM  ET  AL. 
 

Copyright © 2010 SciRes.                                                                                IJCNS 

444 

Table 1. Fuzzy rules. 

    IR 
R 

NB NS Z PS PB 

N PB PM PS Z NS 

Z PM PS Z NS NM 

P PS Z NS NM NB 

 
Rule base inference was accomplished using the max- 

min inference procedure. Defuzzification of the band-
width output was achieved the center of gravity compu-
tation [5]. 
 
4. Simulation 
 
In order to verify the effectiveness of the proposed met- 
hod, Simulations were performed using MATLAB. The 
carrier frequency was 60 GHz and message data rate was 
1 Gbps. In order to improve SNR, it is better to change 
angle of limiter as θ1 < θ2 < θ3 < θ4, and these parameters 
are not required exact value. Viterbi algorithm parame-
ters are constrain length k = 7, coding rate = 1/2, and 
generator polynominals for octal codes are 171, 133 [6]. 

Figure 7 shows the average BER for the signal prior 
to repeater and the signal posterior to repeater using Vi-
terbi algorithm. 

In Figure 7, SNR of non-shutter, the non-repeater, and 
the repeater is 31 dB, 30 dB, and 22 dB respectively 
when the BER is 10-3. 

Figure 8 shows the average BER for the fixed band-
width and automatically controlled bandwidth by fuzzy 
logic system. 

In Figure 8, the proposed automatic bandwidth con-
trol method by fuzzy logic system is improved the SNR 
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Figure 7. BER performance for the repeater. 
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Figure 8. Simulation of BER performance. 

 
about 8 dB at BER of 10-3 against the case of fixed 
bandwidth. 
 
5. Conclusions 
 
In this paper proposed a method for improving the per-
formance of the BASK system for automatically tuning 
the bandwidth of LPF. The BASK system was con-
structed a high speed shutter of transmitter and a repeater 
of receiver. The shutter was introduced for pulse shaping 
to improve the intersymbol interference and the repeater 
consists of few stage converters, and a converter was 
constructed with a low pass filter and a limiter. Proposed 
method was using fuzzy logic system. Fuzzy inputs were 
remainder and integral of remainder of counter. Output 
was bandwidth. In order to verify the effectiveness of the 
proposed method, simulations were performed by fixed 
bandwidth and BER. The simulation results are summa-
rized as follows: 

• Fuzzy System has 2 inputs, 1 output, 15 the number 
of fuzzy rules. So that can be configured simply. 

• SNR of non-shutter, the non-repeater, and the re-
peater is 31 dB, 30 dB, 22 dB, respectively at BER of 
10-3. 

• The proposed method is improved the SNR about 8 
dB at BER of 10-3 against the case of fixed bandwidth. 
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Abstract 

This paper analyzes and compares two time interpolators, i.e., time replica and time linear interpolator, for 
pilot aided channel estimation in orthogonal frequency division multiplexing (OFDM) systems. The mean 
square error (MSE) of two interpolators is theoretically derived for the general case. The equally spaced pilot 
arrangement is proposed as a special platform for these two time interpolators. Based on this proposed plat-
form, the MSE of two time interpolators at the virtual pilot tones is derived analytically; moreover, the MSE 
of per channel estimator at the entire OFDM symbol based on per time interpolator is also derived. The ef-
fectiveness of the theoretical analysis is demonstrated by numerical simulation in both the time-invariant 
frequency-selective channel and the time varying frequency-selective channel. 

Keywords: OFDM, Channel Estimation, Time Replica, Time Linear Interpolation, Virtual Pilots 

1. Introduction 
 
Orthogonal frequency division multiplexing (OFDM) 
[1-3] has been widely used in high-speed wireless com-
munication systems, such as broadband wireless local 
area networks (WLANs) [4], wireless metropolitan area 
networks (WMANs) [5] and worldwide interoperability 
for microwave access (WIMAX) [6], due to its advan-
tages of transforming frequency-selective fading chan-
nels into a set of parallel flat fading sub-channels and 
eliminating inter-symbol interference [7]. 

Channel estimation is one of the most essential tasks 
in compensating distortion from channels and perform-
ing coherent detection in OFDM systems. Estimation is 
usually performed by using pilot tones [8, 9] and is based 
on inserting known pilot tones in each OFDM symbol, 
where interpolation in time-frequency grid [10] plays an 
important role in the estimation process. The usage of 
virtual pilot tones [11-13] and time interpolation can 
reduce the redundancy and guarantee a higher transmis-
sion bit rate. Among time interpolation methods, time 
replica [14, 15] is widely used in time-invariant or slow 
time-varying channel, which is simple to implement and 
also efficient for subcarrier usage; time linear interpola-
tion [16-18] is widely used in slow or fast time-varying 
channel, because it is simple to realize and usually can 

give a satisfactory performance. However, some inter-
esting questions are raised as follows: 1) what kind of 
time-varying channel is slow enough to utilize time rep-
lica? 2) Conversely, what kind of time-varying channel is 
so fast that we have to employ time linear interpolation 
instead of time replica? And 3) how much does time lin-
ear interpolation perform better than time replica by for a 
time-invariant channel? 

To answer these questions above, this paper analyzes 
and compares the performances of time replica and time 
linear interpolator in both the time-invariant frequency- 
selective channel and the time varying frequency-selec- 
tive channel. The MSE of both time interpolators is theo- 
retically derived for the general cases. The equal spaced 
pilot arrangement is employed as a special platform for 
both time interpolators, where the positions of virtual 
pilot tones in one OFDM symbol correspond to those of 
pilot tones of its last and next OFDM symbols. Channel 
state information (CSI) [19] at pilot tones is estimated by 
least square (LS) estimator. CSI at virtual pilot tones in 
one OFDM symbol is obtained by either of time interpo-
lators, where time replica is to completely replicate the 
CSI at pilot tones of its last OFDM symbol while time 
linear interpolator is to linearly interpolate values by 
using the estimated CSI at the corresponding pilot tones 
of both its last and next OFDM symbols. CSI at data 
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tones is finally obtained by frequency linear interpolation 
[20]. 

This paper is organized as follows. In Section 2, the 
MSEs of two interpolators, i.e., time replica and time 
linear interpolation, are theoretically derived for the gen-
eral case. In Section 3, the equally spaced pilot arrange-
ment is proposed as a special platform for analyzing 
these two time interpolators. In Section 4, based on the 
proposed platform, the MSE of two time interpolators at 
the virtual pilot tones is derived analytically; moreover, 
the MSE of channel estimators at the entire OFDM 
symbol based on these two time interpolators is also de-
rived, respectively. Numerical results are reports in Sec-
tion 5, followed by conclusion in Section 6. 

Notation: 2g  denotes the modulus. 2g  is the 
2-norm operation. { }kE g  is the expectation operation 
on k. { },k lE g  means the expectation on both k and l. 

{ }kVar g  means the variance on k. , ( )m i m j k− +δ  denotes 
the variation of the CSI of the thk  tone from the 
( ) thm i−  OFDM symbol to the ( ) thm j+  OFDM 
symbol. ( )m kδ  denotes the variation of the CSI of the 

thk  tone from the thm  OFDM symbol to the 
( )1 thm +  OFDM symbol. ( )R

me k  and ( )L
me k are the 

channel estimation errors of the thm  OFDM symbol at 
the thk  tone where time replica or time linear interpo-
lation are employed for CSI estimation at the virtual pilot 
tones, respectively. 
 
2. MSE of Two Time Interpolators 
 
Assume that each OFDM symbol has N subcarriers 
where pilots occupy P subcarriers. Denote the set of pilot 
tones by PI . By LS estimation, the CSI at pilot tones in 
the thm  OFDM symbol can be obtained as 

( )ˆ ( )
( )

m
m

m

Y k
H k

X k
=                  (1) 

where ( )mX k  and ( )mY k  are the transmitted and re-
ceived pilots of the thm  OFDM symbol, respectively. 
Assuming the pilot tones ( ) 1mX k =  for convenience of 
analysis, we have 

ˆ ( ) ( ) ( )m m mH k H k W k= +            (2) 

where ( )mH k  represents the true value and ( )mW k  is 
a complex-valued sample of additive white Gaussian 
noise (AWGN) process at the thm  OFDM symbol, 

( )2( ) ~ 0,mW k CN σ . 
Assuming that along the time axis in Figure 1, the da-

ta tones in the thm  OFDM symbol correspond to the 
pilot tones in both the ( ) thm p−  and the ( ) thm q+  
OFDM symbol, the CSI at the data tones in the thm  
OFDM symbol can be obtained by time interpolation by 
using the estimated CSI at the pilot tones of both the 

( ) thm p− and the ( ) thm q+  OFDM symbol, which is 
thus called the virtual pilot tones. Denote the set of vir-
tual tones by PPI . In this section, we will analyze and 
compare the MSE performance of two time interpolators: 
time replica and time linear interpolator. 
 
2.1. Time Replica 
 
Time replica at the virtual pilot tones in the thm  sym-
bol is to replicate the CSI at the pilot tones in the 
( ) thm p−  symbol, 

ˆ ˆ( ) ( ),m m p PPH k H k k I−= ∈ .           (3) 

By (2) and (3), the estimation error of time replica at 
the thk  tone can be expressed as 

-

- -

ˆ( ) ( ) - ( )

( ) - ( ) ( ).

R
m m p m

m p m m p

e k   H k   H k
 H k   H k  W k
=

= +
        (4) 

The MSE using time replica can thus be obtained as 

{ } { }
{ }

2 2 2
-

2 2
,

( ) ( ) - ( )

( ) .

R
R k m k m p m

k m p m

E e k E H k   H k

E k−

= = +

= +

ξ σ

δ σ
  (5) 

 
2.2. Time Linear Interpolation 
 
However, if using time linear interpolation, the estimated 
CSI can be obtained as follows, 

-
ˆ ˆ ˆ( ) ( ) ( )m m p m q

p qH k H k H k
p  q p  q += +

+ +
    (6) 

for PPk I∈ . By (2) and (6), the estimation error of time 

linear interpolation at the thk  tone can be expressed as 

( )

( )

- -( ) ( ) - ( ) ( )

( ) - ( ) ( ).

L
m m p m m p

m q m m q

p qe k H k   H k W k
p  q p  q
p qH k   H k W k

p  q p  q+ +

= +
+ +

= +
+ +

  (7) 

 

 

Figure 1. The virtual pilot tones in the thm  OFDM sym-
bol are time-interpolated by using the pilot tones at both 
the ( ) th−m p  and the ( ) th+m q  OFDM symbol. 
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Based on (7), the MSE of time linear interpolation can 
thus be obtained as 

{ }

( )

2

2 2 2
, , 2

2

( )

( ) ( )
.

L
L k m

m p m m m q
k

E e k

p k q k p qE
p  q p  q p  q

− +

=

  + = − + 
+ + +  

ξ

δ δ
σ

(8) 

 
2.3. Comparison 
 
Subtracting (8) from (6), the difference between Rξ  and 

Lξ  can be expressed as 

{ } ( )
2 2

, 2

2
, ,

2( )

( ) ( )
.

R L k m p m

m p m m m q
k

pqE k
p  q

p k q k
E

p  q p  q

−

− +

− = +
+

  − − + +  

ξ ξ δ σ

δ δ
     (9) 

From (9), one can conclude that 
1) In a time-invariant frequency-selective channel, Lξ  

is always lower than Rξ  by ( )2

10 log
2

p  q
pq

+ dB; while 

in a time-variant frequency-selective channel, the per-
formance comparison depends on the specific channel 
variation; 

2) Considering a real-valued channel variation, in low 
noise environment, when , ,( ) ( ) 0m p m m m qk k− + <δ δ  and 

, ,( ) ( )m m q m p mk k+ −>δ δ , R L<ξ ξ ; 
3) Considering a real-valued channel variation, in 

noisy environment, when , ,( ) ( ) 0m p m m m qk k− + ≥δ δ  or 
, ,( ) ( ) 0m p m m m qk k− + <δ δ  but , ,( ) ( )m m q m p mk k+ −<δ δ , 

R L>ξ ξ . 
 
3. Special Case: Pilot Arrangement and 

Channel Estimators 
 
Assume that each OFDM symbol has N subcarriers 
where pilots occupy P subcarriers and virtual pilots su-
perimposed with data samples also occupy P subcarriers. 
Figure 2 shows the proposed pilot arrangement as a 
platform, which is a special case but not loss of general-
ity, where along frequency axis, the pilot spacing is 2L 
and the spacing between pilot and adjacent virtual pilot is 
L. From Figure 2, one can see that along time axis, the 
pilot spacing is 2 and the spacing between pilot and ad-
jacent virtual pilot is 1. Also, by LS estimation, the CSI 
at pilot tones can be obtained by (1). 
 
3.1. Time Interpolation at Virtual Pilot Tones 
 
Denote the set of virtual tones by PPI . The CSI at vir- 

 
Figure 2. The proposed pilot arrangement as a special plat-
form, where the pilot tones in one OFDM symbol correspond 
to the virtual pilot tones in its adjacent OFDM symbol. 

 
tual pilot tones is obtained by time interpolation. In this 
special pilot arrangement, since the virtual pilot tones at 
the thm  symbol corresponds to the pilot tones at the 
( )1 thm −  symbol, time replica at the virtual pilot tones 
in one symbol is to replicate the CSI at the pilot tones of 
its last symbol, 

-1
ˆ ˆ( ) ( ),m m PPH k H k k I= ∈ .             (10) 

On the other hand, if using time linear interpolation, 
we can get 

-1 1
ˆ ˆ( ) ( )ˆ ( ) ,

2
m m

m PP
H k H k

H k k I++
= ∈ .     (11) 

 
3.2. Frequency Interpolation at Data Tones 
 
Denote the set of data tones as DI . Using frequency 
linear interpolation [20], the CSI at the whole OFDM 
symbol can be expressed as 

( )

( )

ˆ ˆ( ) ( )

1 1 2 2ˆ ( )
ˆ ( )

1 2 1 .

m m

m

m

L l lH k H k L
L L

when k L PH k l
H k

when k L P

− + +
 ≤ ≤ + −+ = 


 = + −

  (12) 

where ( ) Dk l I+ ∈ , P PPk I I∈ ∪ , 1 1l L≤ ≤ − . Note 
that the CSI for data tones located on the right side be-
yond the ( )1 thPL+  pilot/virtual pilot tone is decided 
by the edge interpolation. 
 
4. Performance Analysis for the Special Case 
 
This section analyzes the performance of this special 
case in terms of the MSEs of time interpolators and the 
MSEs of the corresponding channel estimators. 
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4.1. MSE of Time Interpolators 
 
For this special case, the MSE of time replica in (5) be-
comes 

{ }2 2
1( ) .R k mE k−= +ξ δ σ              (13) 

On the other hand, the MSE of time linear interpola-
tion in (8) becomes 

2
21( ) ( ) .

2
m m

L k
k kE −

 − = + 
  

δ δ
ξ σ       (14) 

So, based on (13) and (14), the difference between Rξ  
and Lξ  can be obtained as follows, 

{ }
2

2 2 1
1

( ) ( )1( ) .
2 2

m m
R L k m k

k k
E k E −

−

 − − = + −  
  

δ δ
ξ ξ δ σ  

(15) 

And, from (15), one can conclude that 1) in a time- 
invariant frequency-selective channel, Lξ  is always 
lower than Rξ  by 3 dB; in a time-variant frequency- 
selective channel, the performance difference depends on 
the specific channel variation; 2) in most situations, as 
the general case in (9), R L>ξ ξ , i.e., time linear inter-
polation is better than time replica. 
 
4.2. MSE of Channel Estimation 
 
4.2.1. Time Replica 
By LS estimation on pilot tones, time replica on virtual 
pilot tones and frequency interpolation on data tones, the 
corresponding MSE of channel estimation can be ex-
pressed as 

2 ,LRL P R RF
P P N P
N N N

−
= + +ξ ξ ξ ξ       (16) 

where Pξ  is the MSE of LS estimation and RFξ  is the 
MSE of frequency interpolation when using time replica 
at virtual pilot tones. 

As an average of both odd and even OFDM symbols, 
except for the right side ( )1L −  tones using the edge 
interpolation, a half of other data tones with the index 
( ) Dk l I+ ∈  have Pk I∈  while ( ) PPk L I+ ∈  for fre-
quency linear interpolation; for the remaining data tones, 

PPk I∈  while ( ) Pk l I+ ∈  for frequency linear inter-
polation. Hence, using (12), we can get RFξ  in (17), 

where ( ) ( ) ( ) ( )F m m m
L l le k l H k H k L H k l

L L
−

+ = + + − + ,  

P PPk I I∈ ∪ , ( )1 1 2 2k L P≤ ≤ + − , and (1 (2 -1) )Fe    L P   l+ +  
(1 (2 -1)) - (1 (2 -1) )m m H  L P   H   L P   l= + + + , are the inher-

ent errors by frequency interpolation, Fξ  is the inherent 
MSE of frequency interpolation. 

By substituting (17) into (16), LRLξ  can be expressed 
as the following (18), 

{ }

{ }

2

,

2

, 1

2

, 1

2

ˆ ( ) - ( )

1 11 ( ) ( ) ( )
2 2

1 11 ( ) ( ) ( )
2 2

1 (1 (2 1) )
2

2 1 11
6 2

RF k l m m

k l F m m

k l F m m

l F F

E H k l   H k l

L L l lE e k l  W k  k
N P L L

L l L lE e k l  W k  k
N P L L

L E e L P l  
N P
L L

L N P

−

−

= + + =

 − −  − + + +  −    
 − −  + − + + +  −    

−
+ + − + =

−
− −+ − −

ξ

δ

δ

ξ

{ }

2

2
1

2 1 11 ( ) ,
6 2 k m
L L E k

L N P −





− − + − − 

σ

δ

 

(17) 

( )( ) { }22
1

2

2 1 2 1
( ) .

6

LRL P R F

k m

P P N P
N N N

L N P L
E k

NL −

−
= + +

− − − +  + +  

ξ ξ ξ ξ

σ δ
  (18) 

 
4.2.2. Time Linear Interpolation 
By LS estimation on pilot tones, time linear interpolation 
on virtual pilot tones and frequency interpolation on data 
tones, the MSE of channel estimation can be expressed as 

2 ,LLL P R LF
P P N P
N N N

−
= + +ξ ξ ξ ξ       (19) 

where LFξ  is the MSE of frequency interpolation when 
using time linear interpolation at virtual pilot tones. Us-
ing (12), LFξ  can be obtained as shown in (20). 

Substituting (20) into (19), LLLξ  can be expressed as 
the following (21), 

{ }

{ }

2

,

2
1

,

2
1

,

2

ˆ ( ) - ( )

1 11
2 2

( ) ( )( ) ( )
2

1 11
2 2

( ) ( )
( ) ( )

2

1 (1 (2 1) )
2

LF k l m m

m m
k l F m

m m
k l F m

l F

E H k l   H k l

L
N P

k kL l lE e k l  W k  
L L

L
N P

k kl L lE e k l  W k  
L L

L E e L P l  
N P

ξ

δ δ

δ δ

−

−

= + + =

− − − 
 −− + + + 
  

− + − − 
 −− + + + 
  
−

+ + − + =
−
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2

2
1

2 1 11
6 2

( ) ( )2 1 11 .
6 2 2

F

m m
k

L L
L N P

k kL L E
L N P

ξ σ

δ δ−

− − + − − 
 −− −   + −   −    

 

(20) 

( ) ( )

2
2 1

2

2 1 2 1
6

( ) ( ) .
2

LLL P R F

m m
k

P P N P
N N N

L N P L
NL

k kE −

−
= + +

− − − +
+

  −  +  
    

ξ ξ ξ ξ

δ δ
σ

          (21) 

 
4.2.3. Comparison 
Subtracting (21) from (18), the difference between LRLξ  
and LLLξ  can be obtained as 

( )( )

{ }

2

2
2 1

1

2 1 2 1
2 6

( ) ( )
( ) .

2

LRL LLL

m m
k m k

L N P LP P
N N NL

k k
E k E −

−

− − − + 
− = + + 

 
  −  × −  
    

ξ ξ σ

δ δ
δ

 

(22) 
From (22), one can notice that 

1) Since N >> P, 2

2
P
N

σ  is negligible and the dif-

ferential MSE using (22) is approximately independent 
with noise; 

2) In a time-invariant frequency-selective channel, 
LRLξ  is approximately equal to LLLξ ; while in a 

time-variant frequency-selective channel, the perform-
ance comparison depends on the specific channel varia-
tion; 

3) Considering a real-valued channel variation, in low 
noise environment, when 1( ) ( ) 0m mk k− <δ δ  and ( )m k >δ  

1( )m k−δ , LRL LLL<ξ ξ ; 

4) LRL LLL R L− < −ξ ξ ξ ξ . 

 
5. Numerical Results 
 
The OFDM system under consideration is with N = 512 
subcarriers, and 2L = 8 equispaced pilot tones in each 
symbol. The length of cyclic prefix is 32. The interpola-
tion distances p = q = 1. The modulation is QPSK. The 
pilot tones are all 1. For 0 63j≤ ≤ , in the odd OFDM 
symbols, the pilot is inserted at the ( )1 8 thj+  tone; 

while in the even OFDM symbols, the pilot is inserted at 
the ( )5 8 thj+  tone. The six-ray multipath Rayleigh 
fading channel is considered. The average power delay 
profile is selected as 

5

0

exp( )
l

l
l

l

=

−=
∑

λ
λ

, 0 5l≤ ≤ .          (23) 

Figure 3 shows the MSE performance of time inter-
polator and channel estimation in the time-invariant fre-
quency-selective channel, where one can see that time 
linear interpolator generating less noise has a 3 dB lower 
MSE than time replica at the virtual pilot tones. However, 
for the corresponding channel estimation at the whole 
OFDM tones, time linear interpolator performs similarly 
to time replica due to a negligible noise. 

Figure 4 shows the MSE performance in a time vary-
ing channel where the parameters are { }1( )k mE k−δ  

0.001= , { } 6
1( ) 10k mVar k −

− =δ , { }( ) 0.002k mE k = −δ , and 

{ } 6( ) 10k mVar k −=δ , respectively. For interpolation at vir-
tual pilot tones, when 25SNR ≤  dB, time linear inter-
polator performs better than time replica due to better 
noise reduction; when SNR > 25 dB, time replica, which 
guarantees a more accurate interpolation in a low noise 
environment, performs better than linear interpolator. 
While for the corresponding channel estimation, when 

25SNR ≤ dB, time linear interpolator performs very 
similarly to time replica due to better noise reduction; 
when SNR > 25 dB, time replica also performs better 
than time linear interpolator. 

Figure 5 shows the MSE performance in the time va-
rying channel where the parameters are { }1( )k mE k−δ  
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Figure 3. MSE of time interpolator and channel estimation 
in time-invariant frequency-selective channel. 
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Figure 4. MSE of time interpolator and channel estimation 
in time-variant frequency-selective channel, where the ex-
pectation is equal to { }1( ) 0.001k mE kδ − = , the variance is 
equal to { } 6

1( ) 10k mVar kδ −
− = , the expectation { }( )k mE kδ  

0.002= − , and variance { } 6( ) 10k mVar kδ −= , respectively, 
0 512k≤ ≤ . 
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Figure 5. MSE of time interpolator and channel estimation 
in time-variant frequency-selective channel, where the ex-
pectation is equal to { }1( ) 0.001k mE kδ − = , the variance is 
equal to { } 6

1( ) 10k mVar kδ −
− =  , the expectation { }( )k mE kδ  

0.002= , and variance { } 6( ) 10k mVar kδ −= , respectively, 
0 512k≤ ≤ . 
 

0.001= , { } 6
1( ) 10k mVar k −

− =δ , { }( ) 0.002k mE k =δ , and 
{ } 6( ) 10k mVar k −=δ , respectively. Time linear interpola-

tor always performs better than time replica for both in-
terpolation at the virtual pilot tones and the correspond-
ing channel estimation at the entire tones. 

6. Conclusions 
 
Time replica and time linear interpolation were analyzed 
and compared, especially under our proposed pilot ar-
rangement. The MSEs of both time interpolators were 
derived analytically for both interpolations at the virtual 
pilot tones and their corresponding channel estimation at 
the entire OFDM symbol. Numerical simulation results 
were demonstrated to reach an agreement with theoreti-
cal analysis. From the given results, one can see that, in a 
time-invariant frequency-selective channel, when the 
interpolation distances p = q =1, time linear interpolator 
has a 3 dB lower MSE than replica at the virtual pilot 
tones while they provide a similar performance at the 
entire OFDM symbol. Moreover, one can also see that, 
in a time varying frequency-selective channel, time lin-
ear interpolator outperforms time replica except the case, 
in a low noise environment, the CSI variation from the 
last OFDM symbol to the present symbol is negative to 
and has a smaller absolute value than that from the pre-
sent symbol to the following symbol. 
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Abstract 

Motion estimation is the most important module in H.264 video encoding algorithm since it offer the best 
compression ratio compared to intra prediction and entropy encoding. However, using the allowed features 
for inter prediction such as variable block size matching, multi-reference frames and fractional pel search 
needs a lot of computation cycles. For this purpose, we propose in this paper an Application Specific Instruc-
tion-set Processor (ASIP) solution for implementing inter prediction. An exhaustive full and fractional pel 
combined with variable block size matching search are used. The solution, implemented in FPGA, offers 
both performance and flexibility to the user to reconfigure the search algorithm. 

Keywords: Motion Estimation, Half Pel, Quarter Pel, ASIP 

1. Introduction 
 
The fast growth of digital transmission services has cre-
ated a great interest in digital transmission of image and 
video signals. These signals require very high bit rates in 
order to guarantee good video quality. Therefore, com-
pression is used to reduce the amount of data needed for 
representing such signals. Compression is achieved by 
exploiting spatial and temporal redundancies in signals 
[1]. 

H.264 video coding standard currently allows an ap-
proximately 2:1 advantage in terms of bandwidth savings 
over MPEG-2, and it has the potential to allow further 
bandwidth savings of 3:1 and beyond. In other words, an 
H.264 coded stream needs roughly half of bit-rates to 
provide the same quality got by an MPEG-2 encoder. It 
also includes a video coding layer, which efficiently re- 
presents the video content independently of the targeted 
application. A network adaptation layer which formats 
the video data and provides header information in a 
manner appropriate to a particular transport layer is used. 
Finally, in order to decrease the decoder complexity, 
several application-targeted profiles and levels are de-
fined which enable its successful use in different video 
applications and markets [2]. 

Despite the fact that it has kept the same coding aspect 
as previous standards based mainly on prediction, trans-
form and entropy encoding, H.264 has introduced some 
key feature modules that have increased considerably the 

coding efficiency as well as more flexibility in most of 
the coding process. 

However, H.264 is also a substantially more complex 
standard than MPEG-2; and both the H.264 encoders and 
decoders are much more demanding in terms of compu-
tations and memory than their MPEG-2 counterparts [3]. 
This, coupled with the substantial amount of research 
needed to properly implement and optimize the entire 
relevant H.264 features, makes the development of 
high-quality H.264 encoders a daunting task. 

In addition to the complexity added by H.264 standard, 
low power consumption, high performance and scalabil-
ity are the major constraints imposed to designers in the 
development of video encoders and decoders [4]. In fact, 
with the diversity of configurations supported by this 
standard in terms of resolutions and applications, scal-
able architectures for video encoders are much appreci-
ated by service providers. In this context, neither hard-
ware implementation solutions are efficient since they 
lack flexibility, nor software solutions present good per-
formance since processors are no longer satisfying the 
high computational processing tasks [5]. 

To meet all these constraints, processor characteristics 
can be customized to match the application profile. Cus-
tomization of a processor for a specific application holds 
the system cost down, which is particularly important for 
embedded consumer products manufactured in high 
volume. Application Specific Instruction set Processors 
(ASIPs) are in between custom hardware architectures 
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offering good processing performance and commercial 
programmable DSP processors with high programmabil-
ity possibilities. They offer good programmability and 
performance level but are targeted to a certain class of 
applications as to limit the amount of hardware area and 
power needed [6]. 

This paper is organized as follows: Section 2 presents 
a complexity analysis of the different encoder’s modules 
followed by the description of motion estimation stan-
dardized by H.264. In Section 3, we will present the pro-
posed algorithm for multi resolution motion estimation. 
Section 4 presents the proposed ASIP solution. In Sec-
tion 5 we will present implementation results. Finally, 
we enclose the paper by Section 6 in which we will con-
clude this work. 
 
2. H.264 Video Encoder Study 
 
2.1. Main Innovations of H.264 
 
To achieve the required performance, H.264 allows some 
key features that ensure good coding efficiency. The 
main innovations of this standard are: 

- Intra prediction process. 
- Tree structured motion estimation, weighted predic-

tion, multiple resolution search. 
- Spatial in loop deblocking filter. 
- Integer DCT like Transform.  
- Efficient Macro Block Field Frame coding  
- CABAC which provides a reduction in bit-rate from 

5% to 15% over CAVLC. 
 
2.2. Complexity Analysis of H.264 Video Encoder 
 
In order to analyze the complexity of the H.264 encoding 
procedure, some profiling tasks were done on the several 
modules of the encoder mentioned above. For this reason, 
some implementations were performed on single chip 
DSP using CIF resolution in baseline profile to get the 
most accurate results since we have to avoid inter-chip 
communication that can bother the profiling results. 
Figure 1 presents the profiling results of UBVideo en-
coder implemented on DM642 DSP of Texas Instru-
ments [7]. 

We can see that the most consuming video tasks are 
motion search which is using about 30% of the process-
ing time while the intra prediction, motion compensation 
and encoding (including transform, quantization and en-
tropy encoding) are using only 23% of the system re-
sources. Motion search includes only the best matching 
search while all load and store tasks are included in data 
transfer task which is using about 32% of system re-
sources. The remaining 15% of the resources are used by 
other tasks such as rate control, video effect detection 
and bitstream formatting. 

Hence, we can see that motion estimation is a bot-
tle-neck for video encoding algorithms which is taking 
most of system resources. However, motion estimation is 
the most important module in the compression procedure 
due to its efficiency. In this context, some video encoders 
are using FPGA solutions for implementing motion es-
timators as hardware accelerators since DSPs cannot 
handle the processing required by such tasks. 
 
3. Proposed Motion Estimation         

Implementation 
 
3.1. H.264 Motion Estimation 
 
Luminance component of each macro-block (16 × 16 
samples) may be split up in 4 ways: 16 × 16, 16 × 8, 8 × 
16 or 8 × 8 as shown in Figure 2. Each of the sub-divided 
regions corresponds to a macro-block partition. If the 8 × 
8 mode is chosen, each of the four 8 × 8 macro-block 
partitions within the macro-block may be split in a fur-
ther 4 ways: 8 × 8, 8 × 4, 4 × 8 or 4 × 4 as presented in 
Figure 3. Partitions and sub-partitions give rise to a large 
number of possible combinations within each macro- 
block. This method of partitioning macro-blocks into 
motion compensated sub-blocks of varying size is known 
as tree structured motion compensation. 

In addition to the variable block size matching, H.264 
defines multi resolution search process in order to pro-
vide better quality especially for non translational motion 
and aliasing caused by camera noise. Experimental ana- 
lysis shows that the half and quarter-sample-accuracy 
 
 

23%

15%

32%
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Intra Prediction/Motion
Compensation/Encode

Others
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Motion Search

 
Figure 1. UbVideo encoder profile. 
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Figure 2. Macro-block partition. 
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Figure 3. Macro-block sub partition. 
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motion search adopted by H.264/AVC provide a coding 
gain of 2 dB compared with MPEG-2 and H.263, which 
corresponds to a bit-rate savings of up to 30% [8]. Half 
pel search is performed on pixels interpolated using a 6 
tap low pass filter. Furthermore, a quarter pel resolution 
search is established using a bi-liner filter applied on half 
pel interpolated pixels. 
 
3.2. Proposed Motion Estimation Algorithm 
 
The first step of the proposed ME algorithm consists in 
full pel resolution search. Current MB is searched in a 
predefined search area in the reference frame. In order to 
avoid unused computations and data load, the search is 
performed on 4 × 4 partitions base of the MB. For each 4 
× 4 block, we search for the best matching position in the 
reference area. Every 4 × 4 block is independently parsed 
in all reference area. After that, a merging process is 
started in order to determine the best partition to be used 
for the current MB based on the best position which is 
stored relative to the top left pixel of the 4 × 4 block. The 
merging process is first used to determine if the current 
MB can be coded in partitions above than 4 × 4. So, we 
compare the best positions of adjacent blocks for all 8 × 8 
partitions: if all blocks have the same best position, cur-
rent sub partition is 8 × 8, otherwise, it could be 8 × 4, 4 × 
8 or 4 × 4. If 8 × 8 mode is selected, a best position of the 
top left pixel is stored. 

After that, we determine the MB prediction type that 
can be 16 × 16, 16 × 8, 8 × 16 or 8 × 8. A merging process 
similar to the previous one is also used: if all 8 × 8 sub 
partitions have the same type and the same best position, 
MB prediction type is 16 × 16; otherwise it could be 16 × 
8, 8 × 16 or 8 × 8. After fixing the MB prediction type, a 
motion vector is stored for each partition. Obviously, the 
more we use sub partitions, more data to be transferred 
increases. We note that at least 40% of inter prediction 
data is used to code motion vectors. For this reason, it is 
better to use bigger partitions when possible. So, a pre-
diction cost can be added by making conditions for the 
merge process based on tolerance of one or two pixels in 
the best positions: for example, if two 8 × 8 blocks have 
the best positions displaced of 1 pixel, we can decide to 
merge them into one 16 × 8 partition. 

After searching for the best matching and the best par-
tition, we start fractional pel search. According to the 
best position, for each MB partition we interpolate the 
possible 8 half pixels positions around the selected parti-
tion as shown in Figure 4. The interpolation is equiva-
lent to an up-sampling of the frame pixels using 6 tap 
low pass filter. 

After that, a further search is performed in quarter pel 
accuracy using another interpolation process. Based on 
the best position obtained in half pel search, we generate 
pixels of all the 8 possible positions around the best loca-

tion. We note that motion vectors are multiplied by 4 in 
order to mention to the decoder if it has to interpolate 
pixels for motion compensation or not. 
 
4. Proposed ASIP Solution 
 
4.1. Analysis of the Proposed Motion Estimation 

Algorithm 
 
In our work, we will adopt instruction selection method-
ology based on hardware architecture: first the hardware 
architecture is fixed containing selected functional units 
(FU) and then, instruction set architecture is determined 
according to the FUs. For this purpose, proposed algo-
rithm is analyzed in order to pick up the most complex 
modules. These modules will be implemented in inde-
pendent hardware blocks (dedicated FUs). 

Proposed algorithm is composed mainly of 3 parts: 
full pel search, half pel interpolation and its associated 
search and finally quarter pel search with its final search. 

In full pel search, the MB parses the whole reference 
area and 4 × 4 SADs are computed. In this step, the most 
complex process is the SAD computation since it in-
cludes difference computation, absolute value determina-
tion and accumulation. In [9], an analysis was performed 
on a motion estimation algorithm using SAD as a distor-
tion measure; we found that SAD computation is using 
more than 97% of system resources. 

In addition, sub pel motion estimation is also complex. 
In fact, the interpolation process for half pel is using 
6-tap filter. Half samples are calculated through a 6-tap 
Wiener filter in both horizontal and vertical dimensions. 
The interpolation is processed as represented in Figure 5: 
dashed pixels correspond to full pixels in an 8x8 bloc. 
Non dashed pixels are half pixels that are calculated. For 
example, to interpolate half pixel ‘b’, we use E, F, G, H, 
I and J as full pixels. Calculation process is done as fol-
lows: b = Clip1 (((E − 5 × F + 20 × G + 20 × H − 5 × I + J) 
+ 16) >> 5); clip function is used to provide result in the 
interval [0 , 255]: if result is less than 0 we affect 0 to ‘b’ 
and if it is more than 255 we affect 255 to ‘b’. The same 
calculation process is done for vertical rows as ‘h’. 
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Figure 4. Fractional accuracy pixel search. 
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Figure 5. Half pel interpolation process. 

 
Hence, half pel interpolation, as any filtering process 

is a very time consuming task and needs a lot of data 
load and store. Similarly, quarter pel interpolation is us-
ing bilinear filter to generate quarter pixels. Although the 
simplicity of the filter, this process also needs a lot of 
timing since it is applied to a large number of data. 

In conclusion, the main complex modules in our pro-
posed algorithm are the motion search, half pel interpo-
lation and quarter pel interpolation. In our architecture, 
we will use hardware accelerators for these modules for 
better performance for our ASIP. 
 
4.2. Functional Unit Selection 
 
In our proposal, 3 hardware accelerators are used: SAD 
calculator, half pel interpolator and quarter pel interpo-
lator. 

The SAD calculator will be used to handle all SAD 
computation process including data load from internal 
memory and SAD calculation. The result is stored in a 
general purpose register. 

Half pel interpolator module is used to interpolate half 
pixels according to the standardized filter. This module 
loads data from internal memory and interpolates pixels. 
Due to the complexity of interpolation, half pixels are 
stored in an internal memory to be used in further pos-
sessing tasks such as quarter pel interpolation or even 
half pixels. Finally, quarter pel interpolator loads data 
from internal memory and applies bilinear filter to gen-
erate quarter pixels. In order to avoid storing quarter pix-
els in memory, a SAD calculator is integrated in this 
module: reference pixels are loaded and quarter pel 
resolution SAD is computed. In motion compensation 
process, these pixels are re-computed since their compu-
tation is not as complex as half pixels. 

In addition to the hardware accelerators for video 
processing, an Arithmetic and Logic Unit is used in the 
solution in order to accumulate SADs, generate pixel 
locations and memory addresses. 

4.3. Instruction Set Selection 
 
4.3.1. Video Instructions 
• SAD4Pix(DestReg,Curr_Pix_Addr,Ref_Pix_Add
r,Pitch): this instruction is used to compute SAD of 4 
pixels based on current and reference pixel location and 
Pitch value. The choice of the 4 pixels size is based on 
the fact that the smallest partition allowed is 4 × 4; so to 
avoid using SAD instructions for all partitions, we call 
this instruction as much as the current partition contains 
4 pixel lines. Since we adopt RISC (Reduced instruction 
Set Computer) architecture, current and reference pixel 
locations as well as Pitch value are stored in Special 
Purpose Registers (SPR). These registers are used only 
for video instructions since they need more than 2 input 
operands. Output of this instruction is stored in a General 
Purpose Register (GPR), DestReg in order to be accu-
mulated to constitute the required SAD. The choice of 
the SAD computation size offers the flexibility to the 
user to choose block lines to be compared. In fact, we 
can compute only some specific lines in order to mini-
mize the processing (for example odd lines or even 
lines).  

• Interp4HafPix(RefPixAddr,Pitch): interpolates 4 
half pixels and stores the result in internal memory. Input 
operands include the reference pixel address which refers 
to the first full pixel from which we start interpolation 
and a pitch value that is used for data load in case of ver-
tical interpolation. This value is used to give the pro-
grammer the flexibility of modifying the search window 
size. These operands are loaded from SPRs while output 
interpolated pixels are stored in half pel memory since 
there is no need to store them in registers. In our motion 
estimation algorithm, after calling this instruction to in-
terpolate half pixels of 1 MB, SAD4Pix instruction can 
be called in order to compute SAD in half pel resolution. 
For this reason, the pitch value is used in this instruction 
since the loading step in half pel memory is equal to 2. 
Hence, we avoid the use of 2 SAD instructions (one for 
full pel SAD and the other for half pel SAD).  

• Interp4QpixSAD(DestReg,Ref_pix,Curr_pix,Pitch): 
used to interpolate 4 quarter pixels and compute quarter 
pel resolution SAD. We have chosen to separate half pel 
interpolation from quarter pel interpolation in order to 
give the user the flexibility to stop the search at any 
resolution according to the complexity of the algorithm. 
However, quarter pels are not stored and the corre-
sponding SAD is immediately computed. In fact, quarter 
pels are no longer used by the system except the best 
match that is used for motion compensation where the 
best matching pixels are used. So, to avoid using huge 
memory size corresponding to store all interpolated pix-
els, we made the choice not to store them and to recom-
pute the best matching pixels when required in motion 
compensation since their re-computation is easy as op-
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posed to half pels. This instruction returns the SAD of 
the current position and the ALU decides for the best one 
to be used in motion compensation. Input operands to 
this instruction, reference and current pixels positions as 
well as pitch value are stored in SPRs. The output is 
stored in GPR, DestReg to be processed by the ALU for 
further decisions.   
 
4.3.2. Memory Instructions 
Memory instructions are used to transfer data between 
memory and registers or inter register transfer. Four in-
structions are used for this purpose: 

• MOVSG(Src,Dest) is used to move data from spe-
cific to general purpose register. The operands of this 
instruction are formed by the addresses of registers to be 
manipulated.   

• MOVGS(Src,Dest) is used to perform the inverse 
operation performed by MOVSG.   

• LOAD(SrcAddr,DestReg) is used to load data from 
data memory to general purpose register. SrcAddr is the 
source address of data to be loaded while DestReg in the 
destination register ID. 

• STORE(SrcReg,DestAddr) is used to store the 
content of a general purpose register in memory. The 
operands are SrcReg corresponding to the source register 
ID and DestAddr is the destination memory address.  
 
4.3.3. Arithmetic and Logic Instructions 
The main goal of these instructions is the accumulation 
of SAD values computed for each 4 pixels, computing 
pixel addresses, compare MB SADs and provide data for 
conditional jump. ALU instructions are processing only 
data from general purpose registers. We defined 3 arith-
metic instructions: 

• ADD, SUB and MUL are used respectively for addi-
tion, subtraction and multiplication operations. These 
instructions have 3 operands: the first one is the destina-
tion register ID containing the operation result while the 
2 remaining operands are the IDs of registers containing 
source data to be processed. 

• SHIFT(SrcReg1,SrcReg2,SrcReg3) is used for shi- 
fting data contained in SrcReg1 by the number of bits 
contained in SrcReg2. The shift direction is indicated by 
SrcReg3.  
 
4.3.4. Control Instruction 
The instruction JUMP introduces a change in the control 
flow of a program by updating the program counter with 
an immediate value that corresponds to an effective ad-
dress. The instruction has 2 bits condition field (cc) that 
specifies the condition that must be verified for the jump: 
in if case the outcome of the last executed arithmetic is 
negative, positive or zero. Not only this instruction is 
important for algorithmic purposes, but also for improv-
ing code density, since it allows a minimization of the 
number of instructions required to implement a ME al-

gorithm and therefore a reduction of the required capac-
ity of the program memory. 
 
4.4. Architecture of the Proposed ASIP 
 
4.4.1. Data Word Length 
Data word length is a tradeoff between performance and 
complexity. In fact, the data word length corresponds to 
the instruction word length which is stored and manipu-
lated by the processor. Hence, in case of longer instruc-
tion word length, we have the possibility of using more 
instructions and more registers which will accelerate the 
processing since memory access will be reduced. How-
ever, the instruction decoder will be more complex as 
well as the interconnection between components; there-
fore, the processor area will be larger. 

In our proposal, we have only 12 instructions which 
can be coded on 4 bits. In order to simplify the hardware 
architecture, we have chosen to use 16 bits to code all 
instructions. So, 12 bits can be used to address the regis-
ter file. 
 
4.4.2. Register File Size 
Since the instruction length is 16 bits and 4 bits are used 
to code instructions, the 12 remaining are used to code 
the different registers used. Since arithmetic instructions 
are using 3 GPPs, we will code each register on 4 bits, so 
16 GPPs can be used in our architecture. On the other 
side, video instructions are using both GPPs and SPPs. 
So, 8 bits only can be used to code 3 registers in the in-
struction call: each register is addressed on 2 bits. So, 4 
SPPs are used. At this stage, we can see the importance 
of the use of GPPs and SPPs: if we use only one register 
type, when calling video instruction, 12 bits are used to 
code 4 registers: 3 bits are used per register as a conse-
quence. Therefore, only 8 registers are used in this case 
while in our design we are using 20 registers with the 
same instruction length. Table 1 presents the different  
 
Table 1. Instruction set architecture of the proposed ASIP. 

Instrution 15  12  11  10  9  8 7  6 5  4 3  2 1  0 

SAD4Pix 0000 RestReg R1 R2 R3 - 
Interp4HafPix 0001 - R1 R2 - 
Interp4QpixSAD 0010 DestReg R1 R2 R3 - 

MOVSG 0010 - Src DestReg 
MOVGS 0011 SreReg  Dest 
LOAD 0100 #addr DestReg 

STOR 0101 SreReg #addr 
ADD 0110 DestReg SreReg1 SreReg2 
SUB 0111 DestReg SreReg1 SreReg2 

MUL 1000 DestReg SreReg1 SreReg2 
SHIFT 1001 SreReg1 SreReg2 SreReg3 
JUMP 1010 CC #addr 
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instructions with the corresponding codes, operands with 
their corresponding size. 
 
4.4.3. Micro Architecture 
Figure 6 presents the micro architecture of the proposed 
ASIP. 

The solution is composed of an instruction fetch mod-
ule to load instructions from program memory, instruc-
tion decoder to enable the several functional units and a 
register file to store processed data. Video functional 
units are connected to the internal data memory and the 
ALU. Data load from external memory to internal mem-
ory is handled by a direct memory access controller. 
 
5. Implementation Solution and Results 
 
The proposed ASIP was implemented and synthesized on 
Virtex II Pro FPGA. 
 
5.1. Memory Management 
 
In our motion estimation algorithm, the search region 
area is fixed to 31 × 23 pixels. We note that we need to 
extend this search region by 16 pixels in both sides (right 
and bottom) since the last right-bottom position must be 
displaced of a (15, 12) vector from the centre. Further-
more, to interpolate boundary pixels, an extension of 
three pixels is needed for each side. Figure 7 describes 
the search area with the several extensions. 

Hence, the total search area has to be 53 × 45; so 2385 
pixels have to be loaded from external to internal mem-

ory. Internal memory is designed to be 2 × 18 Kb block 
RAM integrated in Virtex II FPGA. We note also that a 
further 1 × 18 Kb block RAM is also needed to store the 
current MB. Internal memory is 8 bits width for imple-
mentation constraints: since we adopt exhaustive search, 
the whole reference area is parsed in order to search for 
the best matching MB; so, if we load more than one pixel 
from reference area, we will be faced to an alignment 
problem. To avoid such problems, we have chosen to 
load one pixel in each cycle assuming that this procedure 
is more consuming in time. Data load to internal memory 
is ensured by Direct Memory Access controllers which 
handles the transfer process while the CPU is running. 
When transfer is finished, an interrupt signal is men-
tioned. 

Synthesis results of the DMA controller shown in Ta-
ble 2 presents that this module using roughly 10% of the 
available FPGA resources and can be run at 205 Mhz 
clock frequency. 
 
5.2. SAD Engine 
 
This engine is used to compute the SAD of 4 pixels. This 
module loads reference and current pixels from the in-
ternal memory and performs the SAD of 4 pixels in one 
call. The SAD module can be used in the SAD computa-
tion of the full pel or half pel search. 

As described in Figure 8, the SAD engine is providing 
the output after 9 cycles from the start signal. The output 
is finally returned to the register file. We note that 
TMS320C64 DSP is providing SAD of 4 4 × 4 blocks 

 

 
Figure 6. Architecture of the proposed ASIP. 
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Figure 7. Search area organization. 

Table 2. Synthesis results of DMA controller. 

Device utilization summary 
Number of Slices 190 out of 1408 13% 
Number of Slices Flip Flops 178 out of 2816 6% 
Number of 4 input LUTs: 300 out of 2816 10% 
Number of GCLKs 1 out of 16 6% 

Timing Summary: 

Minimum period/Maximum Frequency 4.877 ns/205.025 MHz 
Minimum input arrival time before clock 5.294 ns 
Maximum output required time after clock 4.968 ns 
Maximum combinational path delay No path found 

 

        
Figure 8. Timing diagram of SAD engine. 

 
(split_sad8 × 8) in 200 cycles in the best case: when all 
data paths are fully used [10] while our system can pro-
vide the same result after 144 cycles without using pipe-
line. 
 
5.3. Half Pel Interpolator 
 
In our implementation, the proposed algorithm is derived 
by minimizing the number of memory access. The for-
mulas to compute half-pixel interpolations are proposed 
by using the symmetry of the 6-tap FIR filter coefficients, 
resulting in significant reduction of the multiplications 
[11]. 

This engine is providing 4 interpolated pixels in each 
call. Input pixels are stored in 6 registers; the size of each 
one is 32 bits as described in Figure 9: 

We note that pixels P3 to P6 form a line of a selected 4 
× 4 block to be interpolated. The output pixels are H0 to 
H3. A Single Instruction Multiple Data scheme is ado- 
pted in our implementation. In this mode, adders and 
multipliers are applied simultaneously to the pixels of 
registers in order to get all interpolated pixels at the same 
time. All control signals are provided by an FSM. 

We note that the interpolation takes 15 cycles includ-
ing the load process from internal memory. Synthesis 
results are shown in Table 3. 

 
Figure 9. Input registers for halfpel interpolation. 

 
Table 3. Synthesis results of half pel interpolator. 

Device utilization summary 

Number of Slices 354 out of 1408 25% 
Number of Slices Flip Flops 460 out of 2816 16% 
Number of 4 input LUTs: 343 out of 2816 12% 
Number of MULT18X18s 4 out of 12 33% 
Number of GCLKs 1 out of 16 6% 

Timing Summary: 

Minimum period/Maximum Frequency 5.504 ns/181.689 MHz 
Minimum input arrival time before clock 4.679 ns 
Maximum output required time after clock 3.638 ns 
Maximum combinational path delay 3.802 ns 
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Figure 10. Timing diagram of Quarte pel interpolator. 

 
5.4. Quarter Pel Interpolator 
 

When receiving Interp4QpixSAD(Ref_pix,Curr_pix,Pitch) 
instruction, quarter pel interpolation and SAD computa-
tion are started. First, pixels loaded from half pel mem-
ory are fed into the interpolator module, then, the result-
ing quarter pixels are transmitted to the SAD module to 
be compared to the current pixels. We note that QP in-
terpolator interpolates and generates the SAD of 4 pixels 
in each call. 

Quarter pel SADs are returned after 14 cycles as 
shown in the timing diagram shown in Figure 10. 
 
6. Conclusions 
 
This paper has presented efficient instructions for im-
plementing motion estimation process using most of the 
key features standardized in H.264. First, we analyzed 
the complexity of typical H.264 encoder. From this step, 
we concluded that ME is a bottle neck for the implemen-
tation. Then, we presented and analyzed an algorithm for 
ME. Based on the analysis, we proposed efficient accel-
erators for some modules which need most of the proc-
essing time. Based on the suggested hardware architec-
ture, we fixed the instruction set architecture providing to 
users large coding flexibility ensuring scalability and 
multi-standard support. Proposed ASIP was implemented 

on Virtex II pro FPGA with a total area use about 61% of 
the FPGA Slices and 43% of the total LUTs. The imple-
mented modules can be run on 172 MHz clock. 
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Abstract 

It is a time-consuming and often iterative procedure to determine design parameters based on fine, accurate 
but expensive, models. To decrease the number of fine model evaluations, space mapping techniques may be 
employed. In this approach, it is assumed both fine model and coarse, fast but inaccurate, one are available. 
First, the coarse model is optimized to obtain design parameters satisfying design objectives. Next, auxiliary 
parameters are calibrated to match coarse and fine models’ responses. Then, the improved coarse model is 
re-optimized to obtain new design parameters. The design procedure is stopped when a satisfactory solution 
is reached. In this paper, an implicit space mapping method is used to design a microstrip low-pass elliptic 
filter. Simulation results show that only two fine model evaluations are sufficient to get satisfactory results. 

Keywords: Implicit Space Mapping Optimization, Microstrip Low-Pass Elliptic Filter, Surrogate Model 

1. Introduction 
 
Considering the development of computer-aided design 
methods, optimization has become a widely used tech-
nique in design of microwave circuits. A typical design 
problem is to choose the design parameters to get the 
desired response. The space mapping (SM), introduced 
in [1], is a powerful technique to optimize complex mod-
els. The aim of this technique is to make a shortcut using 
a cheaper but less accurate model, coarse model, to gain 
information about the optimal parameter setting of the 
expensive but accurate model, fine model. To obtain the 
optimal design for the fine model, the SM establishes a 
mapping between the parameters of the two models it-
eratively [1,2]. In some cases, this mapping is not ex-
plicit and it is hidden in the coarse model. The implicit 
space mapping (ISM) [3], described below, addresses 
this issue. 

First, the coarse model is optimized to obtain design 
parameters satisfying the design objectives. Second, an 
auxiliary set of parameters in the coarse model, which 
always remain fixed in the fine model, is calibrated to 
match coarse and fine models’ responses. This step is 
known as the parameter extraction step. Examples of the 
auxiliary parameters are physical parameters, such as 
relative dielectric constant, and geometrical parameters, 
such as substrate height. The coarse model with updated 
values of auxiliary parameters is known as the surrogate, 

calibrated coarse, model. Considering the re-calibrated 
auxiliary parameters fixed, then, the calibrated coarse 
model is re-optimized to obtain a new set of design pa-
rameters. These design parameters are given to the fine 
model to evaluate its performance [4]. The design pro-
cedure is stopped when a satisfactory solution is reached. 

In this paper, an optimization procedure based on ISM 
technique is applied to a microstrip low-pass elliptic fil-
ter. Agilent ADS and ADS Momentum [5] are employed 
to simulate coarse and fine models, respectively. 
 
2. Implicit Space Mapping Approach 
 
The design objective is to calculate an optimal solution 
for the fine model, as follows 

  arg min
f

f f f
x

x R x             (1) 

where   is a suitable objective function. The fine 
model’s response, fR , is, for example, 11S  at selected 

frequency points. fx   is the optimal fine model pa-

rameters to be determined. It can be found using the fol-
lowing iterative procedure 

  1 arg min ,
f

k K
f s f

x
x R x p        (2) 

where sR  refers to the surrogate model’s response. To 
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solve Equation (1), a two-step procedure is employed. In 
the first step, the auxiliary parameters are calibrated so 
that the surrogate and fine models’ responses become 
similar enough. The auxiliary parameters are calculated 
using the following equation 

   arg min ,k K K
f f s f

P
p R x R x p        (3) 

where 0p  refers to the initial auxiliary parameters. 
Considering the re-calibrated auxiliary parameters fixed, 
then, the new surrogate model is re-optimized to obtain a 
new set of design parameters, new

fx , in the second step. 
If the fine model’s response for this new set of design 
parameters satisfies the design specifications, the algo-
rithm is stopped. Otherwise, it re-calculates the auxiliary 
parameters for the current design parameters [4,6]. 
 
3. Microstrip Low-Pass Elliptic Filter 
 
Low-pass filters are components, which are used to elim- 
inate unwanted harmonics. Low-pass elliptic filters can 
provide a fairly sharp cut-off frequency [7]. In this paper, 
ISM technique is applied to the optimization problem of 

a low-pass elliptic filter with a cut-off frequency of 7 
GHz. The structure of this filter is illustrated in Figure 1. 

The coarse model is composed of empirical models of 
simple microstrip elements, as shown in Figure 2. The 
design specifications are as follows: 
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Figure 1. Microstrip low-pass elliptic filter structure. 
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Figure 2. Coarse model simulated by ADS. 
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| S12 | 0.964,0.001GHz 7 GHz
| S12 | 0.0025,11.65GHz 11.7 GHz

   
   

      (4) 

The filter structure is made of a perfect conductor on 
the top of a substrate with a relative dielectric constant of 
10 and a height of 635 µm, backed with a perfect con-
ductor ground plane. When designing a coarse model in 
ADS, its parameters could be tunable. This tuning capa-
bility allows one to graphically see how the parameters 
affect the responses. As a result, design parameters for 
the design procedure and parameter extraction step can 
appropriately be chosen. We set 4 1693 mL   , 5L   
2403 m  and 8 18 mL    because ADS tuning process 
shows that these parameters do not have significant ef-
fects on design specifications. Now, the design parame-
ters and auxiliary parameters are given by fx   
 1 2 3 4 1 2 3 6 7, , , , , , , ,W W W W L L L L L and 1 2 3 4 1p [ , , , , ,rh h h h   

2 3 4, , ]r r r   , respectively, where ih  and riε  refer to 
the height and relative dielectric constant for each micro-
strip line having a width of 

iW . 
In the parameter extraction step, we use ADS qua-

si-Newton optimization algorithm to match the fine and 
surrogate models’ magnitude of scattering parameters. 
The optimal coarse model is obtained using the ADS 
gradient optimization algorithm. The main advantage of 
implicit space mapping optimization technique is that, in 
this example, the design algorithm requires only one it-
eration, i.e., two fine model simulations. The coarse and 
fine models’ responses for the initial and final design 
parameters are demonstrated in Figure 3 and Figure 4, 
respectively. 

Table 1 shows the initial and final values of design 
parameters. The original and final values of auxiliary 
parameters are given in Table 2. 
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Figure 3. Coarse and fine models’ responses for initial solu-
tions. 
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Figure 4. Coarse and fine models’ responses for final solu-
tions. 

 
Table 1. Design parameters. 

Design parameters Initial values Final values 

1W  ( m ) 638.215 559.408 

2W  ( m ) 421.246 437.354 

3W  ( m ) 351.031 336.444 

4W  ( m ) 333.715 343.167 

1L  ( m ) 690.834 647.674 

2L  ( m ) 1536.79 1443.19 

3L  ( m ) 811.063 820.294 

6L  ( m ) 1646.5 1705.57 

7L  ( m ) 774.116 766.248 

 
Table 2. Auxiliary parameters. 

Auxiliary parameters Original values Final values 

1 ( m)h   635 610.787 

2 ( m)h   635 764.68 

3 ( m)h   635 625.413 

4 ( m)h   635 781.898 

1r  10 10.3323 

2r  10 10.8587 

3r  10 10.6504 

4r  10 11.6629 

 
4. Conclusions 
 
Using implicit space mapping method, the design pa- 
rameters for a microstrip low-pass elliptic filter were 
determined. It was shown that this technique led to de-
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creasing the number of fine model evaluations. First, the 
coarse model was optimized to obtain design parameters 
satisfying the design objective. Second, auxiliary pa-
rameters were calibrated in the coarse model to match 
coarse and fine models’ responses. Third, the improved 
coarse model was re-optimized to obtain a new set of 
design parameters. Finally, the resulting design parame-
ters were given to the fine model to evaluate its per-
formance. The design procedure was repeated by the 
time a satisfactory solution was obtained. Simulation 
results showed that only two evaluations of the fine 
model were sufficient to get satisfactory results for the 
given case-study application. 
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Abstract 

Orthogonal Frequency-Division Multiple Access (OFDMA) systems have attracted considerable attention 
through technologies such as 3GPP Long Term Evolution (LTE) and Worldwide Interoperability for Micro-
wave Access (WiMAX). OFDMA is a flexible multiple-access technique that can accommodate many users 
with widely varying applications, data rates, and Quality of Service (QoS) requirements. OFDMA has the 
advantages of handling lower data rates and bursty traffic at a reduced power compared to single-user 
OFDM or its Time Division Multiple Access (TDMA) or Carrier Sense Multiple Access (CSMA) counter-
parts. In our work, we propose a Particle Swarm Optimization based resource allocation and scheduling 
scheme (PSORAS) with improved quality of service for OFDMA Systems. Simulation results indicate a 
clear reduction in delay compared to the Frequency Division Multiple Access (FDMA) scheme for resource 
allocation, at almost the same throughput and fairness. This makes our scheme absolutely suitable for han-
dling real time traffic such real time video-on demand. 

Keywords: OFDMA, Resource Allocation, Scheduling, Quality of Service, Delay 

1. Introduction 
 
TDMA and FDMA used for distributing subcarriers in 
OFDM systems form static subcarrier management sche- 
mes. While in OFDM-TDMA, one of the users is as-
signed all the subcarriers for the entire scheduling inter-
val, in the OFDM-FDMA, each user is assigned prede-
termined number of subcarriers. However, neither of 
these techniques is time or frequency efficient: TDMA is 
a time hog and FDMA is a bandwidth hog. OFDMA is a 
multi-user OFDM that allows multiple access on the 
same channel (a channel being a group of evenly spaced 
subcarriers, as discussed above). WiMAX uses OFDMA, 
extended OFDM, to accommodate many users in the 
same channel at the same time. In OFDMA, the OFDMA 
subcarriers are divided into subsets of subcarriers, each 
subset representing a subchannel (see Figure 1). Dy-
namic subcarrier allocation schemes which consider the 
instantaneous channel conditions have been the main 
area of research interest recently. The resource allocation 
is usually formulated as a constrained optimization pro- 
blem, to either 1) minimize the total transmit power with 
a constraint on the user data rate [1,2] or 2) maximize the 
total data rate with a constraint on total transmit power 

[3-5]. The first objective is appropriate for fixed-rate 
applications, such as voice, whereas the second is more 
appropriate for bursty applications, such as data and 
other IP applications. 

In the downlink, a subchannel may be intended for 
different receivers or groups of receivers; in the uplink, a 
transmitter may be assigned one or more subchannels. 
The subcarriers forming one subchannel may be adjacent 
or not. The standard indicates that the OFDM symbol is 
divided into logical subchannels to support scalability, 

 

 

Figure 1. OFDMA frame structure. 
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multiple access and advanced antenna array processing 
capabilities. The multiple access has a new dimension 
with OFDMA where in a downlink or an uplink user will 
have a time and a subchannel allocation for each of its 
communications. 

The main motivation for adaptive subcarrier allocation 
in OFDMA systems is to exploit multiuser Diversity. In 
a K-user system in which the subcarrier of interest ex-
periences i.i.d. Rayleigh fading—that is, each user’s 
channel gain is independent of the others, as the number 
of users’ increases, the probability of getting a large 
channel gain increases. Further, it was observed that ma-
jority of the gain is achieved from only the first few users. 
Adaptive modulation is the means by which good chan-
nels can be exploited to achieve higher data rates. 

WiMAX systems use adaptive modulation and coding 
in order to take advantage of fluctuations in the channel. 
The basic idea is quite simple: Transmit as high a data 
rate as possible when the channel is good, and transmit at 
a lower rate when the channel is poor, in order to avoid 
excessive dropped packets. While Lower data rates are 
achieved by using a small constellation, such as QPSK, 
and low-rate error-correcting codes, such as rate convo-
lutional or turbo codes, the higher data rates are achieved 
with large constellations, such as 64 QAM, and less ro-
bust error correcting codes; for example, rate convolu-
tional, turbo, or LDPC codes. However, a key challenge 
in AMC is to efficiently control three quantities at once: 
transmit power, transmit rate (constellation), and the 

coding rate. 
In theory, the best power-control policy from a capac-

ity standpoint is the so-called waterfilling strategy, in 
which more power is allocated to strong channels and 
less power allocated to weak channels [6]. In practice, 
the opposite may be true in some cases. For example, in 
regions of low gain, the transmitter would be well ad-
vised to lower the transmit power, in order to save power 
and generate less interference to neighboring cells [7]. 

As mentioned earlier, OFDMA thus facilitates the ex-
ploitation of frequency diversity and multiuser diversity 
to significantly improve the system capacity. In a multi-
user System, the optimal solution is not necessarily to 
assign the best subcarriers seen by a single chosen user 
since the best subcarrier of one user is also the best sub-
carrier for another user who has no other good subcarri-
ers. Hence, a different approach should be considered for 
scheduling the best user. We consider the problem where 
K users are involved in the OFDMA system to share N 
subcarriers. Each user allocates non overlapping set of 
subcarriers Sk where the number of subcarriers per user 
is J(k). The allocation module of the transmitter assigns 
subcarriers to each user according to some QoS criteria. 
QoS metrics in the system are rate and BER. Each user’s 
bit stream is transmitted using the assigned subcarriers 
and adaptively modulated for the number of bits assigned 
to the subcarrier. The power level of the modulation is 
adjusted to meet QoS for given fading of the channel 
(see Figure 2). 
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Figure 2. Downlink OFDMA System architecture. 
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If k,n  is the indicator of allocating the nth subcarrier 

to the kth user, the transmission power allocated to the 
nth subcarrier of kth user can be expressed as 

2
, , ,= ( ,  )/k n k k n k k nP f C BER   where  k k,nf C  is the re-

quired received power with unity channel gain for reli-
able reception of c bits per symbol. Therefore, the re-
source allocation problem with an imposed power con-
straint can be formulated as 

,

N

, , ,n 1
max ,

k nk n k k n k nC γ R C γ


   for all k 

subject to 
K N ,

, max2k 1 n 1

( , )

α
k k n k

r k n
k,n

f C BER
P γ P

 
    

The limit on the total transmission power is expressed 
as maxP  for all   {1,  . . . , }n N ,   {1,  . . . , }k K  

and ,   {1,  . . . , }k nC M . The proposed method uses the 

Particle Swarm Optimization for resource allocation and 
scheduling in a multiuser scenario, considering the rate, 
power and the subcarrier allocation constraints. 
 
2. Particle Swarm Optimization 
 
Particle Swarm Optimization (PSO) is motivated from the 
simulation of social behavior of animals’. It was intro-
duced by Eberhart & Kennedy in 1995. In PSO, potential 
solutions (particles) move dynamically in space. PSO is 
similar to the other evolutionary algorithms in which the 
system is initialized with a population of random solutions. 
A list of Genetic algorithms is given in [8-12]. Each po-
tential solution, call particles, flies in the D-dimensional 
problem space with a velocity which is dynamically ad-
justed according to the flying experiences of its own and 
its colleagues. The location of the ith particle is repre-
sented as 1 ( , , , , )i i id iDX x x x   . The best previous 
position (which giving the best fitness value) of the ith 
particle is recorded and represented as iP   

1( , , , , )i id iDp p p  , which is also called pbest. The in-
dex of the best pbest among all the particles is represented 
by the symbol g. The location Pg is also called gbest. The 
velocity for the ith particle is represented as 

1 ( , , , , )i i id iDV v v v   . The particle swarm optimization 
concept consists of, at each time step, changing the veloc-
ity and location of each particle toward its pbest and gbest 
locations. The particle swarm optimization concept con-
sists of, at each time step, changing the velocity and loca-
tion of each particle toward its pbest and gbest locations 
according to the equations = w c1 rand()id idv v     
   c2 rand()id id gd idp x p x     and xid + id idx v  re-
spectively.where w is inertia weight, c1 and c2 are ac-
celeration constants [13] which is responsible for keep-
ing the particle moving in the same direction, and rand() 

is a random function in the range [0, 1]. For the first 
equation, the first part represents the inertia of pervious 
velocity; the second part is the “cognition” part, which 
represents the private thinking by itself which causes the 
particle to move to regions of higher fitness; the third 
part is the “social” part, which represents the cooperation 
among the particles [14]. Thus the social component 
causes the particle to move to the best region the swarm 
has found so far. 

The PSO algorithm consists of just three steps, which 
are repeated until some stopping condition is met [15]: 

1) Evaluate the fitness of each particle 
2) Update individual and global best fitnesses and po-

sitions 
3) Update velocity and position of each particle 
Further, velocity clamping is used to prevent the parti-

cle to move too much away from the search space, the 
limits being confined to [–Vmax, Vmax ] if the search space 
spans from [–Pmax, Pmax][16]. 
 
3. The Proposed System 
 
In this work, we propose a Particle Swarm Optimization 
(PSO) Approach combined with Credit based scheduling 
to guarantee QOS in WiMAX. 

Formal definition of our scheduling model: 
1

i 1
1

Minimize =

PpN

i ik
k k K

ik

r x
Z D

x


 

 
   
 

  

Subject to 
1

,1
N

i iki
t x u k K


               (1) 

and 

1
,1 ,1 ;

N

ij ik ji
p x m j M k K


           (2) 

where terms 1 and 2 refer to the time and power con-
straints during scheduling respectively. 

xik are decision variables, where 1 ≤ i ≤ N and 1 ≤ k ≤ 
K, xik is 1 if a subcarrier has been allocated, 0 otherwise. 
The decision of whether to grant the subchannel to the 
subcarrier is based on whether the subcarrier lies within 
the range of existing subcarriers for a subchannel. A cri-
teria such as rejection of the subcarrier if it is directly 
adjacent to a previously allocated subcarrier within the 
same subchannel and acceptance if not so is used. This 
results in an improvement of SINR. N is the total number 
of subcarriers per user and K total number of users, ri is 
the rate of each allocated subcarrier, D is the target rate 
for each user, ti is the allocation time for the subcarrier, u 
is the allowable deadline for a user, pi is the power allo-
cation for each subcarrier, m is the maximum power al-
location for user. Ci is the maximum allowable credits for 
a user. We define different penalty factors as follows: 
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Penalty factor for violating time constraint 

1 1
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Penalty factor for violating power constraint 
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In addition, in the third equation, we also define a 
constraint on the user using a large portion of a subcar-
rier repeatedly because this will deny opportunities to 
other users over this subchannel. We refer to such users 
as ‘selfish users’. We initially assign some credits δk to 
each user k, which are incremented when each user gains 
additional subcarriers and decremented when the user 
loses them. We define credit thresholds δmin and δmax such 
that δmin ≤ δk ≤ δmax and γ is the penalty factor for violat-
ing the credit usage. 

The fitness function of each user can be evaluated as: 

k 1 2 3Minimize H(x) = Z  + w  + w  + w     , where w1, 
w2, w3 denote the weights for the penalty terms. For gen-
eration of the initial swarm, the particle gives more pref-
erence to items that have a closer rate to the target rate. 

The mapping of the velocities to the probabilities can 
be carried out by the sigmoid function ( ) = 1 (1+ e )ij-v

ijS V  
where positive velocities drive the bit towards 1 value 
while negative velocities towards the 0 bit values (see 
Figure 3). 

The particle generation is based on the selection rule 
-ir D  is minimum subject to S(vij) = 1 .Hence it gives 

more selection probability to users that have closer rate 
to the target rate and are represented by particles with 
positive velocities (see Figure 4). 
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Figure 3. Sigmoid function for probability-velocity mapping. 
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Figure 4. Subcarrier allocation and scheduling in PSORAS. 
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4. The Simulation Model and Results 
 
We consider the downlink of an OFDMA system with N 
subchannels and K users. The time axis is divided into 
frames. A frame is further divided into S time slots, each 
of which may contain one or several OFDM symbols. 
The duration of a frame is set to be 5 ms, thus we can 
assume that the channel quality remains constant within 
a frame, but may vary from frame to frame. In our simu-
lation, there are 1024 subcarriers, 1 to 50 users in the IE- 
EE 802.16 OFDMA system. Each user transmits 80 bits in 
an OFDMA symbol. The modulation type in the OFDMA 
system is confined to QPSK, 16-QAM, 64-QAM. (see 
Figures 5-7) 

Following are the simulation results for the variation 
in average throughput, fairness index and the average 
delay with the number of users. The results clearly indi-
cate a reduction in the delay with the proposed swarm 
based approach compared to the Naïve allocation of 
subcarriers, i.e. allocation on availability basis in FDMA 
without considering variation in channel conditions. The 
results have been evaluated for different sets of target 
rates and target powers for the subcarriers and the priori-
ties of users are varied after every 5 ms based on the 

 

 

Figure 5. Number of users Vs. Average Throughput. 

 

 

Figure 6. Number of users Vs. Throughput Fairness Index. 

 

Figure 7. Number of users Vs. Average Delay. 

 
calculated fitness. The throughput fairness index has 
been calculated as max min min= ( - ) /nτ Th Th Th , where 

minTh  and maxTh  are the minimum and maximum val-

ues of throughput of each user over ‘n’ frames measured 
in bits. 
 
5. Conclusions 
 
Swarm optimization is increasingly finding its place in 
multiuser downlink MIMO scheduling, smart Antenna 
array systems etc. In our work, we have proposed a 
PSO-based fair Resource allocation and scheduling algo-
rithm for the IEEE 802.16 System. We have compared 
our results with the static FDMA algorithm and have 
found it offers better delay characteristics with increasing 
number of users while still maintaining the fairness and 
throughput utilization. This makes the proposed scheme 
absolutely useful for real-time applications. 
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Abstract 

Fourth generation wireless communication systems feel the necessity of transparent and seamless user 
roaming with end-to-end connectivity. These systems also demand higher data rate, higher mobility support 
and QoS guarantees due to rapid development of wireless and mobile networks. These requirements open 
potentials for the operators to increase their service portfolio and for the users to experience context-rich and 
personalized services. Consequently the interoperability between different wireless network platforms 
emerges as a crucial necessity. Here focus is given to the significance of the network interoperability aspect 
based on layered approach and its role in the development towards 4G. This paper also gives an overview of 
the major 4G features and differentiating characteristics from other generations. 

Keywords: 4G, Interoperability, Reconfigurability, Cooperativeness, Cross Layer 

1. Introduction 
 
Different generations of wireless communication impro- 
ve the facilities for users day by day. The generations are 
classified into three groups namely 1G, 2G and 3G. 1G 
was completely analog and used for only voice trans- 
mission [1]. 2G networks were built mainly for voice 
services and slow data transmission. The cellular servi- 
ces combined with GPRS became 2.5G. This generation 
provides services such as Wireless Application Protocol 
(WAP) access, Multimedia Messaging Service (MMS) 
and for Internet communication services such as email 
and World Wide Web access. Although 2G is very pop- 
ular and successful but it lacks single worldwide radio 
band technology standard as well as inefficient use of sp- 
ectrum resources for bursty data. 3G networks represent 
the natural evolution from previous standards. In this 
case the networks enable network operators to offer users 
a wider range of more advanced services while achieving 
greater network capacity through improved spectral eff- 
iciency. 3G networks offer a greater degree of security 
than 2G predecessors. This generation (3G) allows sim- 
ultaneous use of speech and data services and higher data 
rates. The services provided by 3G are wide-area wireless 
voice telephone, video calls, and wireless data, all in a 
mobile environment [2]. However 3G performances may 
not be sufficient to meet needs of future high quality 

applications. 3G does not provide mobility and service 
portability since it is based on primarily a wide-area con- 
cept. For this facility hybrid network (wireless LAN con- 
cept and cell or base-station wide area network design) is 
required. We need all digital packet networks that utilize 
IP in its fullest form with converged voice and data capa- 
bility. And this great opportunity will be fulfilled by 4G 
wireless communications. In this paper we mainly deal 
with interoperability—the most important and special 
characteristic of 4G wireless communications. Section II 
describes the characteristics of 4G and the motivation for 
4G other than 3G. This section also differentiates 4G 
from other generations. Section III focuses how 4G 
based on layered modification provide interoperability. 
Section IV describes about the role of cross layer at in-
teroperable issue by 4G. 
 
2. Journey towards 4G from 3G 
 
The limitations of previous generation lead to improved 
generation. Their characteristics vary depending on some 
demanding features. Some of the differentiating charac-
teristics are given in Table 1. The first generation of 
cellular networks consisted of analog systems capable of 
carrying only voice. 2G were packet switched transfer-
ring voice only. 3G is basically a circuit switched cellu- 
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lar network and so they have their own gateway to inter-
pret IP from the back bone network. They also have their 
own protocol and interfaces for communication within 
themselves. To make this problem end, the only solution 
is 4G networks. Moreover, 3G is lacking from the fol-
lowings: limitation of spectrum allocation, challenging 
gradually increasing bandwidth and high data rate for 
multimedia service, difficulty to roam across distinct 
service environment, lack of end environment, and lack 
of end to end continuous transmission mechanism [3]. To 
face these challenges, the new level of mechanism, 4G 
communications is introduced. 

4G is an all IP packet switched network. This genera-
tion is the upgrade strategy in world of wireless commu-
nications. 4G system is expected to provide a compre-
hensive and secure IP based solution with facilities like 
voice, data and streamed multimedia. The key character- 
istics of 4G are global mobility, service portability, sca- 
lability and seamless handoff. It will be very friendly to 
comprehensive like “Anytime, Anywhere, Anyhow and 
Always-on” basis and at much higher data rates compa- 

red to previous generations. This will secure IP based 
solution with facilities like voice, data and streamed mul- 
timedia. Another special characteristic of 4G is the in-
teroperability with existing wireless standards [4]. This 
generation provides integration across different network 
topologies i.e., hybrid network architecture that inte-
grates wireless wide area networks wireless. 
 
3. Interoperability 
 
With the rapid development of various wireless commu-
nication systems worldwide, there are also gradual chan- 
ges in users’ expectation and demand. Consequently the 
corresponding wireless networks work many fold at their 
capacity limits. So there is every chance of emergency 
crisis and/or disasters at the peak and crucial period. Th- 
us interoperability can offer network providers with a 
possibility to switch between alternative wireless access 
networks. The basic theme of interoperability will yield 
the necessity of (user transparent) reconfigurability and  

 
Table 1. Comparison of different generations. 

Properties 2G 3G 4G 

Network Architecture LAN, Wide area cell-based Hybrid -  

Driving Architecture Only voice dominantly voice; also data Converged data and voice over IP 

Switching Packet switched Circuit and Packet All digital with packetized voice 

Radio Access FDMA, TDMA, CDMA WCDMA, CDMA2000, IWC-136 MC-CDMA, OFDMA 

Database HLR,VLR, EIR, AuC EHLR, VLR, EIR, AuC EHLR, VLR, EIR, AuC 

Data rates 9.6 to 384 kbps Up to 2 Mbps 100Mbps 

Roaming  Restricted Global Global  

Compatible Not compitable to 3G 
Compitable to 2G, 2G+ and blu-
tooth 

Compatible to 3G 

Handsets 
Dual mode TDMA and CDMA 
Voice and data terminals 

Multiple mode voice, data, vedio 
terminals 

Multiple mode voice, data streamed 
video at higher data rates. 

Applica- 
tions 

SMS, Internet Internet, SMS 
Internet, MMS, Mutimedia,  
HDTV, M TV 

Bandwidth 25 MHz 5-20 MHz 100 MHz 

Frequency Band Tri Band800, 900,1800,1900 MHz 
Dependent on country (1800-2400 
MHz)  

Higher frequency bands (2-8 GHz) 

Component design Optimized antenna design 
Optimized antenna design, 
multi-band adapters 

Smarter Antennas, software multiband 
and wideband radios 

FEC tech Convolutional coding Convolutional rate 1/2, 1/3 Concatenated coding scheme 

IP 
No IP  
Connection 

A number of air link protocols, 
including IP 5.0 

All IP (IP6.0) 
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cooperativeness in various communication systems tun-
neling towards the 4G journeys. 
 
3.1. Reconfigurability 
 
The reconfigurable interoperability can be done at the 
network level, the user level or both. This will be very 
helpful for both the network providers and the users’ 
perspective. The reconfigurable interoperability will pro-
vide selection between alternative wireless access net-
works. The selection could be based on several recon-
figurable interoperability issues such as:  
 Channel state; 
 Outage probability; 
 Vertical handover probability;  
 Users’ QoS requirements;  
 Context awareness; 
 Load sharing and distribution between different 

spatially coexisting wireless networks; 
 Efficient spectrum sharing; 
 Preferred gateway selection and network dis-

covery and 
 Congestion control. 
The mechanism of reconfigurability refers not only to 

the physical layer, but span across the entire protocol 
stack (including cross-layer optimizations). The recon-
figurable interoperability of the heterogeneous 4G sys-
tem will lead to more efficient end-to-end connectivity 
and service delivery in heterogeneous environments, ea- 
sier worldwide roaming and dynamic adaptation to re-
gional contexts, enhanced personalization and richer ser-
vices. At the network level, the reconfigurable interop-
erability will offer network providers with a possibility 
to choose between alternative wireless accesses networks 
at minimal cost. At the user level, the interoperability of 
the heterogeneous 4G systems will provide more effi-
cient end-to-end connectivity and service delivery in 
heterogeneous environments, easier global roaming and 
dynamic adaptation to regional contexts, enhanced per-
sonalization and enriched services [5]. 
 
3.2. Cooperativeness 
 
3G specify the PHY and MAC of the radio link. This 
alone is not adequate to build an interoperable broadband 
wireless network. Interoperable networks involve the 
following issues: 
 End-to-end service such as IP connectivity; 
 Session management;  
 Security;  
 QoS;  
 Mobility; 
 Connectivity issues;  
 Self organization; 

 Authentication, Authorization, and Accounting. 
Cooperativeness comes to ensure these issues. This 

means connectivity between all the entities of a network 
in a consistent manner across all access technologies for 
any service. In 4G, a cooperative network (CoNet) con-
sists of three distinct layers such as application, connec-
tivity and access that form logically separate subsystems. 
Each of the layers can be further divided into different 
sub layers as shown in the Figure 1. The layers should 
have well defined interfaces and be functionally inde-
pendent of each other for an approach is required to ens- 
ure easy adaptation of heterogeneous access technologies, 
related technology changes, and flexible support for rap- 
id service innovation. Actually the connectivity layer pl- 
ays an important role for cooperation across various real- 
izations of networks, which in turn ensures the interoper- 
ability. This layer will be independent of the various tra- 
nsport technologies used to link the nodes of the network 
together. Finally, the user will enjoy seamless roaming 
across different access technologies and administrative 
domains without any manual user intervention [6]. 

One of the 4G’s major goals is integration, which of-
fers seamless interoperability of different types of wire-
less networks with the wire line backbone. Some of the 
available attempted heterogeneous interoperable inte-
grated architecture are: a loosely-coupled, Mobile IPv6 
(MIPv6)-based GPRS/WLAN/LAN heterogeneous net-
work, implementation of IPv6-based mobility-enabled 
network architecture with Authentication, Authorization, 
Accounting and Charging (AAAC) services and support 
for Quality of Service (QoS) [7]. 
 
3.3. Access Network 
 
From the point of view of access network, 3G access 
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Figure 1. Layers of 4G providing interoperability. 
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network uses WCDMA, cdma 2000. But these are com- 
plicated and require more protocol for system structure 
coverage. On the other hand, 4G access network uses the 
OFDMA, 3  RTT and MIMO antennas. Also hybrid 
multiple access technique is used for high speed mobile 
or nomadic user, data or voice traffic, call centre or 
boundary conditions [8]. But the abovementioned access 
techniques currently do not interoperate LAS CDMA 
(Large area synchronized CDMA) access technique 
solves this problem. LAS CDMA will be compatible 
with all current and future standards and there is a 
relatively easy transition from the existing system to 
LAS CDMA. Link air emphasizes that LAS CDMA will 
accommodate all the advanced technology planned for 
4G. LAS CDMA will also further improve the prevailing 
the techniques like WCDMA, 3  RTT [1]. 
 
4. Cross Layer 
 
In wireless network, interoperable systems provide coor-
dination among layers. Cross-layer design or “cross-lay- 
ering” provides functionalities associated with the origi-
nal layers to allow coordination, interaction and joint 
optimization of protocols crossing different layers. In 
order to provide improvement in terms of some per-
formance metric, the cross-layer approach to system de-
sign derives from the interaction among protocols oper-
ating at different layers of the protocol stack. The main 
advantage deriving cross layering paradigm is the modu-
larity in protocol design, which enables interoperability 
and improved design of communication protocols. An 
example of cross layer approach for interoperability is 
shown in Figure 2. 

MAC-PHY Cross Layer: The physical layer transmits 
power, which can be tuned by the Medium Access Con-
trol (MAC) layer to increase the range of transmission. 

NET–MAC Cross Layer: Network layer could use 
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Figure 2. Cross-Layer approach for Interoperability. 

MAC layer events like handoff to reduce Mobile-IP 
hand-off latency for seamless connectivity. 

NET-MAC-PHY Cross Layer: This layer provides 
seamless connectivity and enhanced transmission range 
[9]. 
 
5. Conclusions 
 
For higher data rates, higher mobility support and seam-
less communication 4G utilizes a common platform that 
will unify a variety of evolving access technologies, un-
interupted internetworking and interoperability solutions 
and adaptive multimode user terminals. Reconfigurable, 
co-operative and cross layer architecture based on laye- 
red approach for interoperability are mentioned here. The 
co-net architecture also provides end to end services, 
security and self organization. More over using multiple 
descriptions coding at application layer combined with 
orthogonal frequency division multiplexing at the link 
level provides robustness against hostile wireless chan-
nels. Negotiation between application, data link control 
and physical layer is exploited to increase user quality of 
service in terms of picture signal to noise ratio and 
bandwidth efficiency. 4G networks suffer from the lack 
of Layer 2 QoS provisioning in heterogeneous networks, 
mainly due to the non-uniform nature of the QoS models 
and service interfaces among different wireless tech-
nologies. Other problem is the lack of coordination of L3 
QoS with L2 QoS and mobility. All these problems can 
be solved by introducing QoS abstraction layer in be-
tween layer 2 and 3 in the control plane which will be 
discussed in our next paper. 
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Abstract 

Analysis is done on the inter-carrier interference (ICI) that caused by multi-carrier communication system 
frequency offset. The application model of DFT/IDFT in ADSL access network is analyzed further; the 
hardware detection and software analysis scheme of the system are proposed for the accessing network. Ex-
periments have proved that monitoring system can filter the network data flow and carry on statistical and 
analysis, achieving real-time monitoring. 

Keywords: DMT, ICI, Intrusion Detection, DFT/IDFT 

1. Introduction 
 
The Discrete Multi-Tone DMT () technology has been 
applied successfully on the ADSL (Asymmetric Digital 
Subscriber Line) transmission system, and has developed 
the broadband transmission system that based on Twist- 
Pair. The problems of network detection and monitoring 
will be inherent in the development of network, yet the 
rapid development of the network has been ahead of the 
real-time monitoring. To solve it, data detection system 
based on DMT technology has been studied systemati-
cally, and data acquisition equipment has been devised, 
which can achieve filtering analysis and statistics of the 
network data stream with no influence on the user and 
the phone company end of the line. 
 
2. Multi-carrier Communication System 

Modeling 
 
QAM (Quadrature Amplitude Modulation) is the basis of 
DMT, Model use multiple QAM constellation diagram 
encoders, and each constellation diagram encoder use a 
different carrier frequency, The DMT code element that 
were formed by summing all the carries transmitted 
through the channel. If the receiver can separate sine 
waves from cosine waves on different frequencies, each 
wave can be decoded independently, the method of en-
coded and decoded are consist with the QAM signals; to 
ensure no interference from f1 to fn sub-channel, we must 
make sure that a sine and cosine wave in one sub-chan-

nel are orthogonality with any other sub-channels, and its 
formula is as follow [1,2]: 

0
cos( )cos( ) 0

T
n t m t dt    

0
cos( )sin( ) 0

T
n t m t dt    

0
sin( )sin( ) 0

T
n t m t dt    

n and m are unequal integers, and ω is the base rate. 
By the expression of orthogonality, we concluded the 

each sub-channel frequency must be an integral multiple 
of base frequency, and the code element period T is re-
ciprocal of the base frequency or an integral multiple of 
the reciprocal of the base frequency. Two situations wo- 
uld appear: First, the frequency offset is an integral mul-
tiple of sub-carrier; second, the frequency offset is not an 
integral multiple of sub-carriers; both of two situations 
will make system characteristics deteriorate. Assuming 
the number of carrier is limited, Figure 1 is a block diagram 
of a DMT communication system model [3], and ac-
cording to the system, we make the following discussion: 

During the ‘i’ symbol cycle, Assuming the original 
data symbol is｛a0,i, a1,i ,…, an-1,i｝, after IDFT calculate, we 
can get: 

1

, ,
0

1 2
exp

N

k i l i
l

j lk
b a

N N





   
 

             (1) 

Therefore, we can get the output signal x(t) as follow: 

1

,
0

x( ) exp( 2 )
N

c k i
k

kT
t j f t b p t

N






   
 

        (2) 
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Figure 1. Multi-carrier communication system modeling. 

 
fc represent the carrier frequency, p(t) represent the im-
pulse response of low-pass filter used in the transmitter 
system, but there is the frequency deviation Δf at the re-
ceiving end, after down-conversion and low-pass filter 
the y(t) signal is : 

1

0 ,
0

( ) exp( 2 )
N

c k i
k

kT
y t j f t b q t

N
 





    
 

      (3) 

q(t) represent the combination impulse response get by 
multiplying low-pass filter of the transmitter and band- 
pass filter of the receiver, θ0 is the phase difference be-
tween receiver local oscillator and RF carrier. If q(t) can 
meet the Nyquist criterion at the moment kT/N, then we 
sample y(t) at the same time. 

We can get: 

0, ,

2
exp( ) expk i k i

j fkT
y j b

N

    
 

         (4) 

According to the DFT formula, 

1

, ,
0

2
exp , ( 0,1, , 1)

N

m i k i
k

j km
Z y m N

N





     
 

     (5) 

Substituting (1) and (4) into (5), we can get: 

1 1

, 0 ,
0 0

1 2 ( )
exp( ) exp

N N

m i l i
l k

j k l m fT
Z j a

N N


 

 

     
 

  (6) 

According to the sum formula
1

0

N
k

k

u



 =

1

1

Nu

u




, (1-6) 

can be simplified: 

  
 

1

, 0 ,
0

1 exp 21
exp( )

2
1 exp

N

m i l i
l

j l m fT
Z j a

N j l m fT

N


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





 
        
   
   

 (7) 

From: 
1 exp( 2 ) [exp( ) exp( )]exp( )

2 sin exp( )
j j j j

j j
   

 
   

     (8) 

Make:  1 l m fT      

 
2

l m fT

N




  
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(8) can be express as follow： 

1
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1
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exp( )
N
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l
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



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Among of them, 

1 sin( ( )) ( 1)( )
exp

( )
sin( )

l m

l m fT N l m fT
c j

l m fTN N
N

 

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(10) 

0

1 sin( ) 1
 = exp

sin( )

fT N
c j fT

fTN N
N

 

     

           (11) 

c0, c1, …, cn-1 are complex weighting coefficients, corre-
sponding to input data symbols 0. 1, 1,, , ,i i n ia a a    , then 
we can get the symbols transmitted in mth sub-channel as 
follow (N is the number of coefficients): 

1
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0
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The first item of the formula is data symbol of weig- 
hted mathematical expectation, the second item is the ICI 
caused by Δf. If Δf = 0, then Zm,i = exp(jθ0) am,i, (m = 0, 
1,…,N – 1). Note: Each complex symbol will be influ-
enced by the phase deviation factor θ0. If Δf ≠ 0, the in-
ter-channel interference (ICI) will occur. Figure 2 shows 
the relationship between the real part, imaginary part, 
modulus of the complex weighting coefficient and the 
sub-carrier number N in case of the two kinds of Δf T. 
When the frequency deviation increases, the stable zone 
quickly narrows, the modulus value rapidly increases, 
indicating ICI increases significantly 
 
3. ADSL System Based on Multi-carrier 

Technology 
 
According to the model [3,4], assume T is the cycle, we 
derive the waveform expression that added up sine and 
cosine waves : 

X cos( ) Y sin( ) 0
( )

0
n nn t n t t T

S t
else

    


  (13) 

The waveform shows the influence that a single sub- 
channel n operate on DMT code element, according to 
Nyquist theorem, sampling the signal, sampling frequ- 
ency is 2Nf, sampling value is: 

X cos( ) Y sin( )
2 2

X cos( ) Y sin( ) 0 2 1

K n n

n n

k k
S n n

Nf Nf
nk nk

k N
N N

 

 

 

    
 (14) 

Make the Discrete Fourier Transform (DFT) to these 

2N points as follow: 
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(15) 

From (14) and (15), we conclude that the output can 
be mapped to a complex number by making DFT to the 
signal, the value of encoder X-axis (cosine amplitude) 
represents the real part of the complex number, the value 
of Y-axis (sine amplitude) represents the imaginary part 
of the complex number, then it is a way to generate DMT 
code element. If make Inverse Fourier transform to Sm, 
we can deduce Sk: 
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(16) 
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Figure 2. Carrier frequency deviation and synchronization features. 
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The DMT modem can be achieved with DFT and 

IDFT. From (13) it can be derived the complex number 
N(Xn - jYn) to the n th sub-channel, express that a com-
plex number can represents a sub-channel of DMT, N 
sub-channels have N complex numbers, plus N conjugate 
complex numbers (Xn + jYn), we can get 2N complex 
numbers, from (14) ,we can get Sk through making IDFT 
to 2N complex numbers. So we can get DMT modulation, 
demodulation program, this program has been applied to 
ADSL modem. In the ADSL, ATU-C downstream 
modulator uses 256 windows, which is 256 complex 
numbers, the interval of windows is 4.1325 kHz. Fre-
quency range is from 4.3125 kHz to 1.104 MHz, accord-
ing to code analysis, the IDFT of downstream DMT can 
be expressed as: 

511
/256

0

, 0, ,511j mk
K m

m

S S e k



          (17) 

Sm is the complex number value or expanded conjugate 
complex number made by QAM constellation encoding 
for each sub-carrier, Sk is the time-domain sample sequ- 
ence after DMT modulation, and the time-domain wave-

form can be generated after parallel-serial conversion 
and DAC. 

The upstream DMT modulation of ATU-R uses 32 
windows, 32 complex numbers represent the coding re-
sults of each sub-channel constellation, the audio interval 
is 4.3125 kHz, frequency range from 4.3125 kHz to 138 
kHz. According to the code analysis that the DMT of 
IDFT in the upstream can be expressed as: 

63
/64

0

, 0, ,63j mk
K m

m

S S e k



         (18) 

 
4. Research on Intrusion Detection System 
 
The principle is shown in Figure 3. The structure of col-
lector mainly consists of the DSLAM Simulation Module 
[5-7], Modem Simulation Module and Data Interface 
Module and so on. The end of ADSL Modem accesses to 
the DSLAM simulation module of data acquisition 
equipment, the end of Telecommunications Bureau ac-
cesses to the ADSL Modem Simulation Module of data 
acquisition. After the upstream signals input DSLAM  

 

 USB 

CY7C68001 Data Interface 
Module 

FPGA

MTC MTC 

Driver Driver

POTS 
splitter 

POTS
splitter

XTAL XTAL

Memory Memory 

Modem 
Simulation 
Module 

DSLAM
Simulation 
Module 

the Central office end-user 

U
T

O
PI

A
 

C
T

R
L

_E
 

U
T

O
PI

A
 

C
T

R
L

_E
 

 

Figure 3. Hardware block diagram of data acquisition system. 
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Figure 4. System software descriptions. 

 
simulation module, we complete DMT demodulation and 
send the demodulated signal to the interface module, 
then send to the computer by USB interface. Meanwhile, 
the upstream signal is also sent to the ADSL Modem 
Simulation Module, complete the transmission of up-
stream data to Telecommunications Bureau. After down-
stream signals input the ADSL Modem Simulation Mod-
ule, we complete DMT demodulation and send the de-
modulated signal to the interface module, and then send 
to the computer through USB interface. Downstream sig- 
nal is also sent to DSLAM Simulation Module, and 
complete the transmission of downstream signal to the 
user. The normal signals of consumer are connected di-
rectly with the dedicated POTS access between the two 
simulation modules. So, the device joined Telecommu-
nications Bureau and user ADSL Modem, it will not af-
fect the user’s normal voice and data communications, 
both of them are not aware of the existence of the device. 
Through the UTOPIA interface [8,9], we extract the cell, 
and encapsulate the cell to get USB packets, and transmit 
to the computer through the USB interface to analyses 
the data, the process includes two parts (data processing 
and protocol analyzer), in order to restore the data effec-
tively and accurately from the obtained data, we must 
make out the software , according to the system request 

the software hierarchy is shown in Figure 4. 
 
5. Conclusions 
 
The distance of data transmission on the Twist-Pair is 
limited, and the variety of circuit characteristics will af-
fect the status of circuit connection which may cause 
normal users can’t explore the Internet, Meanwhile net-
work data transferring is bidirectional and the upstream 
and downstream data transferring are asymmetry that 
makes a great deal of difference from other wired or 
wireless audio and video signal transmission. In this pa-
per, the data acquisition system is a data receiving sys-
tem. In process of the upstream and downstream data 
processing, there are several technical difficulties in data 
extraction, separation, storage, etc, and our program can 
solve these problems well. It brings new solutions to the 
data acquisition system for detecting network data tra- 
nsmission and eliminating network failure, particularly it 
can solve the problems of monitoring the real-time. 
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Abstract 

In this paper a frequency offset estimation technique for Wireless Local Area and Wireless Metropolitan Ar- 
ea Networks is presented. For frequency offset estimation, we have applied a low-complexity frequency off-
set estimator for simple AWGN channels to fading channels for MIMO-OFDM systems. Simulation results 
have shown that the performance of the proposed estimator is better than the low complexity frequency off-
set estimator designed for AWGN channels. 

Keywords: Synchronization, Multiple Input Multiple Output, Orthogonal Frequency Division Multiplexing, 
Wireless Local Area Networks, Wireless Metropolitan Area Networks, Stanford University   
Interim Channels 

1. Introduction 
 
A lot of research has been carried out in carrier frequ- 
ency offset estimation for Single Input Single Output 
(SISO) Orthogonal Frequency Division Multiplexing 
(OFDM) systems but comparatively less work has been 
done in Multiple Input Multiple Output (MIMO) OFDM 
systems. In [1], timing metric for frame synchronization 
and frequency offset estimation in OFDM is proposed in 
the downlink. In [2], a coarse timing synchronization is 
carried out by using autocorrelation and then Carrier 
Frequency Offset (CFO) is estimated by performing pre-
cise autocorrelation only on samples that have been 
compensated for coarse timing synchronization. Both [1] 
and [2] have sufficiently explored OFDM but they do not 
incorporate MIMO. However, in [3], a novel frequency 
synchronization scheme is presented which uses repeated 
pseudo-noise training sequences to correct CFO in MI- 
MO-OFDM systems. Also, in [4], integer CFO and 
fractional CFO are estimated for MIMO-OFDM sys-
tems through special training sequences by solving 
complex or real polynomial corresponding to the cost 
function. Although both [3] and [4] have dovetailed 
MIMO with OFDM systems but they lack the practical-
ity as they have not incorporated any particular standard. 
In this paper we have extended the work of Luise & 
Reggia- nnini (L & R), [5], by adapting their AWGN 
single channel frequency estimator to multipath fading 

channels using IEEE 802.16-2004 Standards [6], and 
IEEE 802.11n Standards [7]. The technique used is 
non-recursive as realistic MIMO scenarios entail chang-
ing channels with information being sent in bursts corre-
sponding to the duration of the coherence time of the 
channel. 

The remaining paper is organized as follows. Section 2 
covers the details of system model. Section 3 gives the 
description of the proposed frequency offset estimator 
and Section 4 explains the results obtained through si-
mulations. Section 5 finally gives the conclusion. 
 
2. System Model 
 
A frequency offset can be introduced by relative motion 
between the transmitter and the receiver (Doppler spread) 
and by the inaccuracies in the Local Oscillator (LO). 
Channel estimation in MIMO-OFDM system is very 
sensitive to any frequency offset in the down converted 
signal because frequency offset introduces a time depen- 
dant factor that degrades the estimation of channel res- 
ponse matrix H. Therefore accurate frequency offset es-
timation would result in a better channel estimate and a 
more robust system. 

Generally, a multipath fading channel is changing the- 
refore the transmission is done in packets with the packet 
length being governed by the coherence time of the 
channel, i.e., the time for which the channel response 
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does not change. In packet based communications, the 
channel response matrix H must be estimated for each 
packet. This is generally done by using a training se-
quence known to the receiver. We have used SUI Chan-
nels, [8], here as multipath fading channels and a pream-
ble specified in IEEE 802.16-2004 and IEEE 802.11n as 
a training sequence for WMAN and WLAN respectively. 
Our proposed algorithm estimates a constant frequency 
offset over a length of symbols for every packet. 

In MIMO, the signal received at each receiving ante- 
nna is the superposition of the transmitted signals that 
from different transmit antennas. Thus, the training signal 
for each transmit antenna needs to be transmitted without 
being interfered by the others. Figure 1 shows three 
transmission patterns that avoid interfering with one an-
other: independent, scattered and orthogonal patterns. For 
the sake of brevity we will only discuss the independent 
pattern. The independent pattern transmits training signal 
from one antenna at a time while the other antennas are 
silent, thus guaranteeing orthogonality, in the time dom- 
ain, between each training signal. The independent pattern 
is often the most appropriate for MIMO-OFDM, since the 
preamble is usually generated in the time domain. 

To encode the training sequence we have used the in-
dependent pattern and assigned to each transmit antenna 
a standard training sequence. This means that at a given 
time only one transmit antenna is transmitting the train-
ing sequence as shown in Figure 2. We have also as-
sumed that the distance between transmitting antennas is 
less than λ/2 and they all encounter the same channel 
statistics. 
 
3. Proposed Frequency Offset Estimation 

Technique 
 
The training sequence symbol is transmitted from the mth  

 

transmit antenna and received on any of the receive an-
tenna. The kth sampling index of this received symbol 
can be written as: 

[ ]2
( ) ( ) 1 .m k

j vkT
r k h c e n k for k N

π θ+
= + ≤ ≤   (1) 

In the above equation, hm denotes the complex channel 
coefficient between the mth transmit antenna and a spe-
cific receive antenna, v is the frequency offset that needs 
to be estimated and nk is the complex white Gaussian 
noise with variance No. 
In general, there would be multiple receive antennas and 
each receive antenna would have a separate LO that 
would introduce some frequency drift; this means that 
frequency estimation needs to be done separately for 
each receive antenna. The frequency offset v could pos-
sibly be different for different sub-carriers because Dop-
pler induced frequency shifts depend on the wavelength 
of the transmission. Data modulation can be removed by 
multiplying r(k) with ck

*, because for PSK constellations 
ck ck

* = 1 and the training sequence z(k) is known(The 
training sequence symbols, taken from IEEE Standards 
802.11n and 802.16, are assumed to be a Phase Shift 
Keying (PSK) constellation such as Quadrature Phase 
Shift Keying). 

2*( ) ( ) ( ).
j vkT

z k r k c h e n kmk
π θ 

 +
= × = +     (2) 

The autocorrelation of the z(k) sequence is defined as: 

( ) ( ) ( ) ( ) .
1

1 ,
1

N
R zp k k p for k p N

k pN p
z∗≡ − ≤ ≤∑

=+ −
 

(3) 
Substituting (2) in (3) we get the following expression 

for R(p): 

 
Figure 1. Three different patterns for transmitting training signals in MIMO-OFDM systems [9]. 
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Figure 2. Space Time Encoding of the training sequence. 

 

( ) 2 ( ),R j pvTp e n pπ ′′≡ +           (4) 

where |hm|2 is normalized to be equal to 1 and n''(p) 
represents the noise related(noise-noise and noise-signal) 
terms after substitution. 

We can find a frequency offset estimate now using the 
formula of L&R given below: 

1
( )

1
arg .

( 1)

N

p
p

N T
v R

π

∧

=

  
∑ 

  
=

+
       (5) 

The summation of R(p) in (3) serves to smooth out the 
noise as it is a moving average filter which is low pass 
and ideal for noise smoothing. In our MIMO-OFDM 
system we propose to go one step further and cross-cor- 
relate R(p) with a training sequence transmitted from the 
second antenna in the next time slot with the same chan-
nel coefficient hm as shown in Figure 3.The packet 
length is assumed to be longer than multiple time slots 
and the channel remains constant over a packet length. 

The cross-correlations give a greater noise-averaging 
gain. For this case the term within the summation in Eq-
uation (3), z(k)z*(k-p) is replaced by auto correlations and 
cross- correlations of the symbol transmitted from first 
and second antenna, respectively: 

( )( ) ( ) ( )1
.

4 ( ) ( ) ( ) ( )

z k k p l l p

k l p l k p

z z z

z z z z

∗ ∗

∗ ∗

− + − +

− + −

 
 
  

       (6) 

 

( )z k

( )z k m−

( )z l

( )z l m−

mh  
Figure 3. Auto and cross correlations of the training se-
quences of two transmit antennas. 

For a general case of MIMO systems, N transmit an-
tennas would results in N2 terms in our proposed correla-
tions. 
 
4. Simulation Results 
 
Here we explore the performance of proposed frequency 
offset estimator for multipath fading channels using Me- 
an Square Error (MSE) as a performance metric. We 
have used SUI channel 1 and SUI channel 3 as multipath 
fading channel for our simulations. Initially we discuss 
the results of WLAN and then the results of WMAN will 
be discussed subsequently. 

For WLAN we have used 5 GHz licensed band with 
nominal channel bandwidth of 20 MHz. The transmitted 
carrier frequency of both the base station and subscriber 
station should have accuracy better than ± 20 × 10-6 as 
per IEEE Standards 802.11 n. The value should remain 
valid over a given temperature range and time of opera-
tion i.e., ageing of equipment. Keeping aforementioned 
in view the maximum carrier frequency offset comes out 
to be 200 kHz. A packet size of 1KB is assumed. Unit 
delay of channel is assumed to be the same as OFDM 
sample period. 

In Figure 4 the original curves refer to estimating the 
frequency offset by taking autocorrelations of the z(k) 
sequences whereas the modified curves refer to using 
auto and cross correlations of z(k) and z (l) , respectively 
for SUI 1 channel. The curves in this figure are generated 
for the cases of two transmit antennas. The modified cur- 
ves, as per the proposed algorithm, provide a 2 × log (N) 
dB noise averaging gain in AWGN conditions. However, 
in the presence of multipath fading, it is not possible to 
see the complete noise averaging gain, especially for  

 

 
Figure 4. Performance of the proposed estimator for SUI 1 
channel. 
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high Eb/N0 values. This is because signal attenuation due 
to fades overshadows the effects of noise. 

Similarly the performance of the proposed algorithm 
for MIMO-OFDM system for the case of SUI 3 channel 
is shown in Figure 5 below. Same simulation parameters 
are used for both SUI 1and SUI 3 channel. 

For WMAN We have used 3.5 GHz licensed band 
with nominal channel bandwidth of 3.5 MHz The trans-
mitted carrier frequency of both the base station and 
subscriber station should have accuracy better than ± 10 
× 10-6 as per IEEE Standard 802.16 d and the maximum 
carrier frequency offset comes out to be 70 kHz. A 
packet size of 1 KB is assumed. 

In Figure 6 below the original curves refer to estimat- 

 

 
Figure 5. Performance of the proposed estimator for SUI 3 
channel. 

 

 
Figure 6. Performance of the proposed estimator for SUI 1 
channel for WMAN. 

ing the frequency offset by taking autocorrelations of the 
z(k) sequences whereas the modified curves refer to us-
ing auto and cross correlations of z(k) and z(l), respec-
tively for SUI 1 channel. The curves in this figure are 
generated for the cases of two transmit antennas. 

Similarly the performance of the proposed algorithm 
for MIMO-OFDM system for the case of SUI 3 channel 
is shown in Figure 7 below. Same simulation parameters 
are used for both SUI 1 and SUI 3 channels. 

The salient aspects of the simulated results are ana-
lysed as under:- 

1) The modified curves, as per the proposed algorithm, 
provide a 2 × log (N) dB noise averaging gain in AWGN 
conditions. However, in the presence of multipath fading, 
it is not possible to see the complete noise averaging gain, 
especially for high Eb/N0 values. This is because signal 
attenuation due to fades overshadows the effects of 
noise. 

2) It is quite evident that the modification suggested in 
this paper can reduce the MSE significantly for lower va- 
lues of Eb/N0. The complexity of the system may have 
increased but it may be traded-off for more accurate fre-
quency offset estimation. 

3) Performance of the proposed algorithm is depend-
ent, apart from other factors, on the length of the training 
sequence. The training sequence used for WLAN is grea- 
ter in length as compared to the training sequence of 
WMAN. Resultantly the results of WLAN are better as 
compared to WMAN especially for higher values of Eb/N0. 

4) Complete execution of the proposed algorithm re-
quires the symbols transmitted in adjacent time slots to 
be received at the receiver. 
 
5. Conclusions 
 
In this paper an efficient frequency offset estimation 

 

 
Figure 7. Performance of the proposed estimator for SUI 3 
channel for WMAN. 
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technique for MIMO-OFDM systems in multipath envi-
ronment is presented. Simulation results have shown that 
synchronization problems in MIMO-OFDM systems can 
be solved with proposed algorithm which gives good 
performance and tends to be limited only by multipath 
fading. Since our extension of the simple L & R estima-
tor to the MIMO-OFDM case deals with data encoding 
and not with the final estimation step, we have preserved 
the optimality property of the L & R estimate. 
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Abstract 

To improve spectrum efficiency (SE), the adaptive modulation and coding (AMC) and automatic repeat re-
quest (ARQ) scheme have been combined for MIMO systems. In this paper, we add variable power subject 
to power constraint in each AMC mode. We use KKT optimization algorithm to get the optimal transmit 
power and AMC mode boundaries. The numerical results show that the average SE is increased by about 0.5 
bps/Hz for 2 × 2 MIMO systems with Nakagami fading with parameter m = 2 when SNR is around 15 dB 
and the ARQ retransmission is twice. 

Keywords: Transmitter Power Control, Spectrum Efficiency 

1. Introduction 
 
The demand for high data rate and quality of service 
(QoS) in wireless networks requires cross layer approach 
[1]. The adaptive modulation and coding (AMC) are al-
ready considered for implementation in many wireless 
system standards. In order to improve the average spec-
trum efficiency (SE), a combining constant-power AMC 
scheme in physical layer and truncated automatic repeat 
request (ARQ) protocol which provides a trade-off be-
tween the average coding rate and the probability of un-
detected error at the data link layer (DLL) in single-input 
single-output (SISO) system [2]. 

In this paper, we add power adaptation proposed in [3] 
to the constant-power AMC and ARQ in MIMO systems 
in [4]. In the proposed adaptive-power AMC and ARQ in 
MIMO systems, the power can be changed to increase 
average SE. The packet error rate (PER) in [2,3] which is 
much smaller than the target PER, so we are motivated to 
increase the PER, make PER as close to the target PER 
as possible. In this way, the switching SNR level of each 
rate boundary of each rate shift left in the SNR axis and 
we move to higher mode earlier as using higher order 
modulation, or higher code rate and the average SE can 
be improved. However the leftmost part of one each 
SNR region can have PER exceed limit, so we need 
adaptive power to compensate it. In [4] the Lagrangian 
multipliers λ is only one. In the propose method, the La-
grangian multipliers λ is different according to each 
AMC mode. 

Numerical results indicates that the proposed optimi-
zation algorithm which combine adaptive power AMC 
scheme at physical layer and truncated ARQ protocol at 
data link layer can increase the average SE. 

This paper is organized as follows: Section 2 descri- 
bes the system model. Section 3 presented our proposed 
scheme with adaptive power. Numerical results are pre-
sented in Section 4, and our conclusion is in Section 5. 
 
2. System Model 
 
We consider a SISO system which combining the AMC 
scheme with power control at the physical layer and the 
truncated ARQ module at the data link layer, as shown in 
Figure 1. 

We assume channel gains remain invariant during a 
packet, but vary from packet to packet. Let nR  be the 
rate of the mode. S  denotes the average transmit power, 
γ denotes the pre-adaptation received SNR which the 
receiver feed back to the transmitter, and ( )nS   denotes 
the allocated power in the AMC mode n. The AMC is 
performed by dividing the range of the channel SNR into 
N + 1 non-overlapping consecutive interval, denoted by 

1[ , ), 0,1,..., ,n n n N     0 ,    1N     and N is 
the number of AMC modes. No data is sent at 0 1[ , )   
SNR range which corresponds to the outage mode. Con-
sider of power adaptation, we modify the PER expres-
sion in the mode n [2,3] as follows: 
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  (1) 

The mode dependent parameters { , , }n n pna g   are 
given in Table 1. The mode-switching SNR values in 
[2,3] (without power adaptation) can be found by as-
suming ( ) / 1nS S   and  n tPER P   where tP  is 
the target PER (0.01 usually) in (1). If considering adap-
tation power, we have two unknown elements, ( )nS   is 
the adaptive power inside the mode n and   is the 
switching SNR to mode n. So we need to solve adaptive 
power under each mode first, then we can look for the 
mode-switching SNR values. 
 
3. Adaptive-Power AMC 
 
Because the AMC algorithm is the same for all SISO 
sub-channel, so we only discuss the AMC scheme with 
truncated ARQ protocol in the ith sub-channel in this 
section. 

Here, we propose adaptive-power AMC to find the 
optimal SNR switching level that maximize SE under the 
PER constraint. The instantaneous PER is smaller than 

 

target PER, ( )
n

i
tPER P  , 

1
;

n n

i i  


   1,...,n N  , 
where tP  denotes the target PER, so average PER will 
lower than target PER, too. We now propose that, 

( )
n

i
tPER P  , and add power factor to make the average 

SE larger. From (1), we can find the power adaptation 
with PER constraint in mode n is 

1
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Using (2), we now have the PER constraint as follows 
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We want to find the close form of the above equation, 
so we first find the close form of the following: (differ-
ence from traditional, addition 1/   factor) 
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Figure 1. System model. 

 
Table 1. Transmission modes in TM2 AMC scheme with convolutional coded M-QAM modulation. 

 Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6 

Modulation BPSK QPSK QPSK 16-QAM 16-QAM 64-QAM 

Coding rate 1/2 1/2 3/4 9/16 3/4 3/4 

nR  (bit/sym.) 0.5 1 1.5 2.25 3 4.5 

na  274.72 90.25 67.62 50.122 53.399 35.351 

ng  7.9932 3.4998 1.6883 0.6644 0.3756 0.09 

pnγ  (dB) -1.533 1.094 3.972 7.702 10.249 15.978 

Con-Power 1.0677 4.1537 7.1797 11.0799 13.5891 19.5801 

Adapt-Power -1.2437 1.6448 5.8601 9.5942 11.9965 16.8863 
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when ( ) /t

x
Ei x e tdt

 


   is the exponential integral 

function, and has no close form. The optimization pro-
gram can be formulated as 
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The constraint in (5) is from (3) and (4). Using the 
KKT solution to solve , we got that: 
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where   are the Lagrangian multipliers. The optimal 
solution * * *

1 2( , ,..., )i i i
N    and the corresponding Lagran-

gian multipliers, *
n  must satisfy the following condi-
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so that he optimal SNR switching level, * * *
1 2( , ,..., )i i i

N    
will larger than the bound point constraint, pn . The 
general form of the optimal mode switching levels can be 
written as 
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(8) 

we have the optimal mode switching levels, checking the 
switching levels, * * *

1 2( , ,..., )i i i
N    satisfy the constraint 

in (5), and the optimal mode switching levels. Finally, 
the proposed algorithm is summarized in Figure 2. 

 

Change optimal parameter

check the constraint in (5)

Using (2) to decide the value 
of adaptive-power in each mode 

failure

Have the maximum average SE

failure

Using [2,(11)]decide the target PER by the number of ARQ

Use the (8) to decide the

*
nλ

Using [2,(9)]  to check the average PER 
conform the target PER or not

( )i* i* i*
1 2 Nγ ,γ , ...,γ

pass

pass

( )nS γ
S

 

Figure 2. Flowchart. 
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4. Numerical Results 
 
Here, we present numerical results for average spectral 
efficiency, power adaptation and PER using the optimal 
solution. We find the constraint in (5) when Nakagami 
channel m = 1 is a special case that ( )Ei x  in (4) has no 

close-form and can’t give the value of constraint in (5). 
So we use Nakagami channel fading parameter with m = 
2 instead. We use the parameters of AMC scheme that is 
listed in Table 1 from [5]. In Figure 3, we can see power 
switching in each mode and the leftmost power in each 
AMC mode is largest that make the average PER to 

conform PER constraint in each AMC mode. Figure 2 
shows the flowchart of optimal search algorithm. We use 
a Nakagami fading with parameter m = 2 2 × 2 MIMO 
channel model, and assume a target PLR of lossP  = 0.01. 

In Figure 4, depict the average spectral efficiency for 
TM2 AMC scheme in Table 1, and we observed that 
using the truncated ARQ protocol helps increase the sys-
tem SE ( ARQN  = 2 vs. ARQN  = 0). Also in Figure 4, 

we can observe that our proposed scheme SE of rN  = 0 

has a significant SE improvement over the one of ARQN  

= 2 in [2]. 
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Figure 3. Adaptive power in each mode for Table 1 AMC scheme for sub-channel, target PER = 0.01. 
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Figure 4. Table 1 AMC scheme 2 × 2 MIMO channel, target PER = 0.01. 
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But the maximum ARQN  not always bring the best 

average SE, 11 21SNR   in Figure 4, we can see the 
average SE in 2 × 2 MIMO channel at ARQN  = 2 is 
smaller than ARQN  = 1. Because increasing ARQN , we 
alleviate the error bound to improve the average SE, but 
retransmission the same packet too many times will also 
degrade the average SE, so we try to balance rN  with 
target PER, such as 1ARQN   in 0.01tP  , and have 
the maximum average SE in our proposed system. 

In Figure 5, we show the different combinations of 
two sub-channel for different SNRs in bar diagrams to 
the ARQ. We consider these 8 combinations and map 

 

them to integer numbers on x-axis [3]: 

{1=(c1=0,c2=0),2=(c1=1,c2=1),3=(c1=2,c2=1) 
4=(c1=1,c2=2),5=(c1=2,c2=2),6=(c1=3,c2=2) 
7=(c1=2,c2=3),8=(c1=3,c2=3)} 

where ci is the i sub-channel. 
In Figure 5, we can see the case 2 which have better 

SE than the other cases. This is consistent with the con-
clusions of the Figure 4. 

Figure 6 compares the PER in [2] and the PER of our 
proposed scheme. We can see we increase the PER to the 
maximum (target PER = 0.01) at the left most of the 
SNR axis. 

 

1  2  3  4  5  6  7  8
average SNR=5

1  2  3  4  5  6  7  8
average SNR=10

1  2  3  4  5  6  7  8 1  2  3  4  5  6  7  8
average SNR=15 average SNR=20

1  2  3  4  5  6  7  8 1  2  3  4  5  6  7  8
average SNR=25 average SNR=30

2 

1 

0 

SE
 

4

2

0

SE
 

S
E

 

10 

5 

0 

10

5

0

SE
 

S
E

 

10 

5 

0 

S
E

 

10

5

0

 

Figure 5. Different combinations of two sub-channel for different average SNRs. 
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Figure 6. PER for Table 1 AMC scheme with adaptive power. 
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5. Conclusions 
 
In this paper, we considered optimized rate and power 
adaptation at the physical layer aiming at maximizing the 
average SE, while satisfying a target PER constraint at 
the data link layer in MIMO channel. We proposed that 
increasing the PER makes it approach PER constraint, 
and the optimal mode switching level of each rate will 
shift to the left in the SNR axis, so we can use the higher 
order modulation to improve the average SE. The nu-
merical results shows that the adaptation power within 
each SNR mode can improve the average spectrum effi-
ciency by 0.4 ~ 0.7 (bits/symbol) in mid-SNR range for 2 
× 2 MIMO systems, and ARQ 1ARQN   is optimal for 
target PER = 0.01 to have the maximum average SE. We 
also show that each transmit antenna can have different 
maximum retransmission number due to independence of 
the sub-channels. 
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