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ABSTRACT 

In the present paper, a 70 MHz LiNbO3 SAW filter device is designed, modelled and simulated. The frequency 

sampling methods and the windowing methods are adopted, and using a user-defined MATLAB® simulation tool was 
employed for developing the algorithms. A computationally simulated frequency response of 70 MHz SAW filters has 

compared with the experimental device result. These device responses utilized and implemented during the design and 

development stage of these devices for their potential applications in mobile communication systems 

(GSM/CDMA/WCDMA) for filtering the higher order as well as intermediate frequencies. 
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1. INTRODUCTION 

Surface Acoustic Wave (SAW) devices such as 

SAW delay lines, SAW filters, SAW resonators etc., are 

performed a vital role in different fields. Among these 

devices, the SAW filter is one of the basic needs of 

digital signal processing (DSP) applications: digital 

signal filtering, image processing techniques (Parker, 

2014), noise reduction, frequency analysis, multimedia 

compression radio frequency identification tags (RFID), 

fibre optics, micro radio and satellite transmission 

devices, etc. They are the main components to obtain 

the high performance in the communication systems: 

cellular radio, mobile, cordless and portable telephone, 

wireless systems and touchscreen devices (Luo et al. 

2016). For mobile phones, it contains two or more 

distinct SAW filters are used for filtering both radio 

frequency (RF) and intermediate frequency (IF) 

(Campbell, 1989a). These filters are attempted in 

telecommunication systems such as mobile telephone 

transceivers, Environmental sensors, cable TV repeaters 

and converters (Hikita et al. 2006). Thus, SAW filter 

devices have become indispensable and gaining 

importance in the modern electronics industry as the 

world goes wireless (Venkatesan and Haresh,  2013). 

Generally, filters are classified into four 

categories. There are (i) low pass filter, (ii) high pass 

filter, (iii) bandpass filter and (iv) band-stop filter. 

Particularly, a SAW filter is a bandpass filter category, 

and it passes some desired signal to reduce or enhance 

the features of the given signal and more than others. A 

typical SAW bandpass filter device range values are 

given in table 1. The choice of the piezoelectric 

substrate is basic: to the realization of filter 

specifications, including tradeoffs between insertion 

loss, fractional bandwidth, temperature stability, shape 

factor (= 1 is ideal) etc.,(Campbell, 1989a). These filter 

specifications used to pass the frequency signals 

according to the specified requirements: bandpass filter, 

stop-band rejection, low insertion loss and high sidelobe 

suppression. The response of a bandpass filter consists 

of a passband, the transition bands in which the signal 

attenuation falls to the required rejection level, and the 

stopband (SB). The width of the passband is typically 

defined as either the relative bandwidth to the minimum 

insertion loss or the absolute 3dB bandwidth. 

SAW bandpass filters are aided as front-end 

receivers in the VHF and UHF regions (Hikita et al. 

2006). Moreover, it can be made to operate very 

efficiently at higher harmonic frequencies. Thus, the 

performance of the SAW filter is important in the 

device design parameters. 

This paper discusses the concepts and ideas of 

digital signal processing (DSP) techniques. Then, they 

are inferred and applied to the design of the SAW 

device and traces the device simulation process (Laker 

et al. 1978). These processes are adopted by the impulse 

response model, including windowing and frequency 

sampling methods (Hartmann, 1973). However, the 

majority of known optimization algorithms are effective 

for apodized IDTs with a large number of electrode 

pairs and a bandwidth of 1% or less (Bausk and 

Yakovkin, 1996). This limitation is caused by accepted 

approaches to optimization of the device structure for an 

approximation of a desired IDT impulse 
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response(Hartmann, 1973; Laker et al. 1978; Yatsuda 

and Yamanouchi, 2000). When the number of electrode 

pairs is large enough (>100), this method guarantees a 

good coincidence of IDT frequency response with the 

desired shape, atleast in frequency regions close to 

passband (Bausk and Yakovkin, 1996).  

Table 1. Types of a SAW bandpass filter and their parameter 
values 

Parameter 
Bidirectional 

Filter 

Low-

loss 

Filter 

Low-loss 

Wideband 

filter 

Fractional 

Bandwidth 

% (BW) 

0.1 to 67% 
0.1 to 

8% 
1 to 67 % 

Insertion 

loss 
-15 to -35 dB 

-2 to -

15 dB 
-5 to -15dB 

Ultimate 

Rejection 
40 to 70 dB 

25 to 

60 dB 
40 to 60 dB 

Shape 

Factor 
1.15 to 4.0 

1.5 to 

4.0 
1.15 to 4.0 

 

 In this context, the computer simulation 

method provides fast response, reliable and inexpensive. 

This method utilized to enhance the SAW filter device 

performance. It can also make repeated modifications of 

the design parameters with ease to obtain the desired 

frequency response. In the present research study, the 

input parameters optimized for the device design to give 

a complete response of 70 MHz SAW filter. The SAW 

filter was codified using the MATLAB® algorithm by 

realizing the impulse response model equations. Then, 

the theoretically modelled responses compared with 

available experimental results online. 

2. SAW FILTER DESIGN, MODELLING AND 

SIMULATION PROCESS 

2.1 Basic SAW Theory for Simulation by Impulse 
Response Model 

An impulse response is created by impulse 

signals fed to the input transducer, which again appears 

as an impulse at the output transducer (Venkatesan and 

Haresh, 2013; Fall et al. 2015). Thus, the impulse signal 

strength depends mainly on the interdigital transducer 

(IDT) electrode geometry and its periodicity(p). 

However, it is including the amount of SAW energy 

radiated and is proportional to the finger overlap or 

aperture (w) of the IDT (Morgan, 1973). The impulse 

response is basically a function of the time period and 

represented in the time domain. The time-domain 

response obtained corresponding to each IDT 

finger/electrode location. Fig. 1, shows the relation 

between the time domain response obtained at different 

finger/electrode locations (Peroulis et al. 2016). An 

alternatively, the device response is looking in terms of 

its frequency response in the frequency domain, which 

is obtained mathematically from the time-domain 

impulse response by performing a Fourier transform 

(Harris, 1978), (Priya et al. 2016) since the low signals 

can be resolved in the frequency domain because it 

would never be visible in the time-domain by using the 

logarithmic amplitude scale. The relation between the 

time domain and the frequency domain function shown 

in fig. 2. 

 

 

Fig. 1: The relation between time samplings and metal 
electrode 

 

 

Fig. 2: The relation between time domain and frequency 
domain function 
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The time domain is consisting of N cycles of 

device operating frequency f0. It includes the number of 

finger pairs (N) in the IDT, periodicity or the uniform 

electrode spacing of the IDT structure (λ0), the surface 

wave velocity (v) and the length of either input/output 

IDT (Nλ0). Therefore, the time domain T is  

 

0

0

NN
T Nt

f v


    

 

If the impulse response of the device is represented as 

h(t) in the time domain and H(f) in the frequency 

domain, then since both of them are equivalent 

representations, mathematically, they formed with a 

Fourier pair. The impulse response h(t) can be 

mathematically represented as 

    21

2

j fth t H f e df







 
 

 

 The frequency response H(f) is mathematically 

represented as 

    2j ftH f h t e dt






 
 

 

Where the evaluation of the impulse response h(t)and 

the frequency response H(f) is over the range of

f    and t     respectively. 

 To obtain the desired frequency response, the 

inverse Fourier transform of the steady-state frequency 

response taken, which provides the impulse response in 

the time domain. A sampling of this result yields the 

sampling times tn. The electrodes can then be 

conveniently positioned (xn) at the zero crossings of the 

impulse response at time tn given by
n nx vt . 

It 

generates the complete spatial and geometric pattern of 

the IDT device with exact details of electrodeposition 

and periodicity (fig. 1). 

2.1.1 Sampling Theorem 

 The IDT finger location can be constructed 

efficiently by means of the sampling theorem, which is 

also called as Nyquist Sampling Theorem (Atzeni and 

Masotti, 1973; Panasik and Hunsinger, 1976). It states 

that “the frequency of signal sampling fs must be at least 

twice faster than the highest signal frequency 

component (denoted as fh)to accurately reconstruct the 

original continuous-time signal, i.e. fs>2fh” (Nyquist 

1928). 

2.1.2 Fast Fourier Transforms (FFT) 

Fourier Transforms is a mathematical as well as 

computational algorithm. It is developed to improve 

computational efficiency and is the most popular 

method used in spectral analysis and digital signal 

processing (DSP) techniques (Harris, 1978). Thus, the 

SAW filter frequency response can be established by 

using the discrete Fourier transforms (DFT), and fast 

Fourier transforms (FFT). DFT is compared with FFT, 

and it has a high computation time. Any computation 

using DFT, it requires 2N2 calculations to be done. For 

example, a 2000 point DFT requires 4 million 

calculations. Therefore, DFT is a slow process 

algorithm (Cooley and Tukey, 1965). This problematic 

DFT can be avoided by the utilization of the Fast 

Fourier Transform (FFT). FFT perform as remedies the 

DFT speed problem by skipping over portions of the 

summations that they produce redundant information 

(Cooley and Tukey, 1965). In FFT, it's required only 

that the proper implementation of the mathematical 

algorithm. It includes the number of sample points N be 

a power of 2 (2N). Thus, the computing time also found 

to be proportional to  2logN N . 

2.2 Design of SAW filter 

In the design of the SAW filter, apodization or 

finger overlap is the most flexible and suitable method 

for the realization of specified IDT frequency response. 

The input apodized IDT can provide a very low-

frequency response shape factor, but its experimental 

stopband rejection doesn't exceed 30-35 dB (Bausk and 

Yakovkin, 1996).In case a uniform electrode structure 

output IDT and unweighted time response has a poor 

frequency selectivity (Bausk and Yakovkin,  1996). 

Because of bad frequency response, it adds a significant 

value to stopband rejection of input transducer only in 

frequency regions far from its passband (Bausk and 

Yakovkin, 1996). Therefore, the usage of apodized IDT 

improve the selectivity of unapodized transducers. 

In this case, the SAW filter includes only two 

selective elements: input and output apodized IDTs used 

with respect to the window functions. The IDT 

structures served to suppress the spurious sidelobe 

levels in the frequency response. These responses 

produced by the electrodes and/or the area are varied. 

The principle of varying electrode length is used in 

bandpass filters, whereas that for changing areas is used 

in chirp filters (Fig. 4). With the limitations of 

fabrication technology, any desired frequency response 

can be realized in the SAW filter (Venkatesan and 
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Pandya, 2013). Thus, the SAW device can be enabled to 

process an applied electrical signal by rejecting the 

unwanted frequency components. Therefore, the 

electrode lengths varied by using window functions in 

the fabrication process. 

 

Fig. 3: A Sinc Window of IDT and Frequency Response 

 SAW filter designs with different types of 

standard window functions are used in the IDT 

geometry to enhance the desired frequency response. 

The window functions are Bartlett window, Blackman 

window, Hamming Window, Hanning Window, Kaiser 

window, Rectangular window, Taylor window, 

Triangular window etc., (Harris, 1978; Parker, 2014; 

AVCİ, 2016; Kaur and Sangeet, 2016), can be 

incorporated in the designing process of the IDT 

structure as shown in fig.3. Moreover, each window 

functions have their own properties with including the 

mathematical equations. Some mathematical relation of 

the window function is given below.  

 Hamming Window Equation (Harris, 1978): 

( ) 0.54 0.46cos 2 ,0
n

w n n N
N


 

    
 

 

 Hanning Window Function (Harris, 1978): 

( ) 0.5 1 cos 2 ,0
n

w n n N
N


  

     
  

 

Where N is the number of sampling of the input IDT 

sequence and the number of frequency points in the FFT 

output, N can be any positive integer, but the order of 2N 

is usually chosen, i.e., 128, 256, 512, 1024, etc., and n is 

the time domain index of the input sampling, and its 

values can be taken as0, 1, 2,3,…, N-1. 

 Sinc window function is 

sin
sinc

X

X

 
  
 

, where 0

0

P

f f
X N

f

 

  
 

 NP is 

the number of IDT finger pairs and f is the instantaneous 

frequency at any instant of time t. 

 Therefore, the impulse response model based 

SAW filter frequency response has been evaluated by 

time-domain response equation(Hartmann et al. 1973) 

and is given by, 

 

2 3/2

0 0( ) 4 ( )sin(2 )sh t K C f t f t  

 Where K2is the coupling coefficient of the 

piezoelectric material, CS is the IDT electrode pair static 

capacitance per unit length (pf/cm-pair) and f0is the 

center frequency of operation. Now, taking the Fast 

Fourier Transform (FFT) of equation (5) we get,  
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 Where W is the window function of the IDTs, D 

is the delay length in wavelengths between the IDTs. 

For example, a schematic diagram of SAW filter IDT 

with time domain and frequency domain responses of 

input IDT (as unapodized) and output IDT (as apodized) 

are shown in fig. 4.  

 

The above equations are effectively used to 

obtain the frequency response of a SAW filter device 

with the help of a MATLAB® simulation tool. The 

basic parameters need to design the SAW filter as 

follows, 

  

(i) Structure of electrode geometry types, split or 

double electrode, 

(ii) Number of finger pairs in the input IDT ‘M’, 

(iii) Number of finger pairs in the output IDT ‘N’, 

(iv) Finger gaps between adjacent electrodes ‘D’, 

(v) IDT center to center distance ‘L’, 

(vi) Type of apodization or window function ‘W(n)’ 

(Ex. Hamming, Hanning and Sinc). 

 

The frequency response of the experimentally 

fabricated SAW device has tested using a vector 

network analyzer (VNA) to confirming the device 

design parameters. 



 

 

 

 Fig. 4: Time and Frequency Domain Response of SAW filter IDT 

 

 

The above equations are effectively used to 

obtain the frequency response of a SAW filter device 

with the help of a MATLAB® simulation tool. The 

basic parameters need to design the SAW filter as 

follows, 

  

(vii) Structure of electrode geometry types, split or 

double electrode, 

(viii) Number of finger pairs in the input IDT ‘M’, 

(ix) Number of finger pairs in the output IDT ‘N’, 

(x) Finger gaps between adjacent electrodes ‘D’, 

(xi) IDT center to center distance ‘L’, 

(xii) Type of apodization or window function ‘W(n)’ 

(Ex. Hamming, Hanning and Sinc). 

 

The frequency response of the experimentally 

fabricated SAW device has tested using a vector 

network analyzer (VNA) to confirming the device 

design parameters. 

 

2.3 Modelling of SAW filter 
 

 The following steps are involved in the 

modelling of the SAW filter, 

 

(i) To define the SAW filter specifications (like 

bandpass).  

(ii) To specify the window functions according to 

the filter specifications. 

(iii) To compute the filter order required for a given 

set of specifications. 

(iv) To compute the SAW filter according to the 

obtained window function. 

(v) If the resulting SAW filter has too wide or too 

narrow transition region, it is necessary to 

change the SAW filter order by increasing or 

decreasing it according to the needs, and after 

that, the step (iii) and (iv) are iterated as many 

times as needed for the requirement. 

 

2.4 Modelling Strategy of the present study 
 

A few numbers of steps adapted for modelling of SAW 

filter devices are highlighted as follows: 

1. The realization of a good selectivity in SAW filters 

on good piezoelectric material as lithium niobate 

(LiNbO3) is preferable (Bausk and Yakovkin, 

1996). The penetration of the SAW into the 

piezoelectric is about one acoustic wavelength λ. It 

has a good surface wave velocity to travel the 

waves long time period with negligible passband 

ripple (Peach and Dix, 1978). Moreover, compared 

to other substrates, LiNbO3 substrate has 

affordable for utilization of a SAW filter 

construction with input and output apodized IDTs 

(Bausk and Yakovkin, 1996). Hence, a high-

quality YZ-LiNbO3 substrate was selected 

(Campbell,  1989b). 

2. The structure of IDT has designed in the form of 

Hamming window, Hanning Window and Sinc 

Window. The IDT is made up of Aluminium (Al) 

material because it serves as good inert and 

adhesive metal (Budreau 1971). 

3. In the analysis of the Fourier transform of these 

different window functions, for the fixed-length, 

the Hamming, Hanning and Sinc window have 

significantly lower sidelobe amplitude, but the 

main lobe width is wider compare to the 

Rectangular window. 

4. Before implementation of the Impulse Response 

model chosen by the device designer, the 
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following input parameters have to be chosen to 

analyze the SAW device. The basic input 

parameters in the present study are tabulated in 

table 2, and the MATLAB® algorithm was 

developed for 70 MHz SAW Filter. 

Table 2. Input Parameters for the Modelling Study 

3. RESULTS AND DISCUSSION 

MATLAB® algorithms are codified using the 

above-given equations through an impulse response 

model for the optimization of SAW filter design. Then, 

the modelled algorithms are generated the output 

response of the 70 MHz SAW filter. In the present 

modelling study, three types of SAW filter device 

simulations were carried out, including double electrode 

geometry having 100 electrode pairs in both input and 

output IDTs. The SAW filter output responses are 

graphically obtained, and the magnitude values are 

found for the insertion loss, 3dB bandwidth, fractional 

bandwidth and shape factor. 

In the first study, the SAW filter was modelled 

for the apodized IDTs, i.e. the input IDT is a hamming 

window function, and the output IDT is the Sinc 

window function. The modelled output response of the 

SAW filter is used to filtering the wideband device, 

including ultimate rejection as shown in fig. 5. 

 

Fig. 5: Modelled Output Frequency Response for 70 MHz SAW 
Filter 

In the second study, the SAW filter was 

modelled for the same apodized IDTs, but the input IDT 

is chosen as Hanning window function only. The 

modelled output response of the SAW filter is shown in 

fig. 6. The Hanning window function result gives much 

less than the previous device response, and they reduce 

the filtering capacity of the desired frequencies in the 

SAW filter.  

 

Fig. 6: Modelled Output Frequency Response for 70 MHz SAW 
Filter 

In the third study, the SAW filter was modelled 

for both IDTs are apodized as Sinc window function. 

The modelled output response of the SAW filter is 

shown in fig.7. The Sinc window function result is 

given a greater responsibility which is compared to 

other modelled device responses. It produces a larger 

bandwidth and lower insertion loss in the desired 

frequency.  

S.No 
Name of the 

parameter 
Symbol Value 

1 
Coupling 

coefficient 
K2 0.049 (YZ 

LiNbO3) 

2 Surface Velocity vs 3488 m/s 

3 

The capacitance of 

Finger pair/unit 

length 

Cs 
4.5 x 10-10 

F/m 

4 Central Frequency F0 70MHz 

5 
Number of IDT 

Finger Pair 
Np 100 

6 
Width of Finger or 

Gap in IDT 
d 

12.4571x 

10-6m 

7 Load Resistance RL 50Ω 
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Fig. 7: Modelled Output Frequency Response for 70 MHz SAW 
Filter 

3.1 Experimental Results and Comparison: 
 

The obtained modelled results are compared with 

experimental results available from Advanced 

Microwave Technologies (AMT), Korea (web resource 

([CSL STYLE ERROR: reference with no printed 

form.])) for a 70 MHz YZ-LiNbO3 SAW filter device 

which has been developed for mobile communication 

systems is represented in fig. 8. 

 

 

Fig. 8: Experimentally calculated Frequency Response for 70 
MHz SAW Filter ([CSL STYLE ERROR: reference with no 
printed form.]) 

Table 3 summarizes the performance of the 

theoretically presented and the experimentally tested 

insertion loss and 3dB bandwidth values of the 70 MHz 

YZ-LiNbO3 SAW filter. It shows that this work realizes 

a much wider bandwidth and low insertion loss of the 

SAW filter.  

 

Table 3. Comparison of Modelled and Experimental 

Output Results 

 
Insertion 

Loss 

(dB) 

3dB 

Bandwidth 

(MHz) 

Fractional  

3dB 

Bandwidth 

Shape 

Factor 

Study I - 6.952 36.82 52.6% 1.42 

Study II - 6.981 36.42 52.0% 1.43 

Study III - 1.131 24.61 35.1% 3.25 

Experimental  

Result ~ - 24.30 ~8.00 ~11.5% ~1.25 

 

From the comparative analysis, it is clearly 

evident that the modelled SAW filter response has a 

wider 3dB bandwidth and low insertion loss than the 

experimental result. Moreover, the spurious responses 

are rejected in the upper stopband. It has suppressed or 

removed by modifying the IDT structure in the SAW 

device. Thus, SAW filters became a small miniaturized 

size in practical applications. Therefore, it can be 

implemented in the mobile communication 

(GSM/CDMA/WCDMA) systems for perfect digital 

signal transceivers without any signal loss. Though 

these devices are implemented in amplifier circuit using 

electronic components, they are served as good low 

noise amplification as well as signals transceivers 

perfectly without noise and high power output. Thus, 

these SAW filter devices can also be used in wireless 

communication systems. The SAW filter device 

fabrication process is much complex than the other 

SAW devices. At present, the modelled results of the 70 

MHz YZ-LiNbO3 SAW filter device clearly shows that 

the device can acts as a Low loss Wideband SAW filter 

device. Therefore, only SAW filters can realize such 

unique functions in communication systems, and this 

technology will be hopefully applied to the practical 

application soon. 

4. CONCLUSION 

In the present work, a 70 MHz YZ-LiNbO3 SAW 

filter had been successfully designed, modelled and 

simulated with the help of MATLAB®simulation tool 

by using different window functions, namely Hamming 

Window, Hanning Window and Sinc Window function. 

The insertion loss and 3dB bandwidth values of the 

modelled SAW filter devices had been compared 
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effectively with the experimental result available online. 

The modelled results show that the device responses 

with various window functions have a wide main lobe 

with minimum insertion loss. Therefore, the modelled 

device can be effectively used as a low loss wideband 

SAW filter device and hence these types of SAW filters 

are preferable for Digital Signal Processing (DSP) 

applications. Therefore, it is possible to obtain low loss 

wideband SAW filters with constant group delay, linear 

phase characteristic and good square shape of the 

absolute value of the transceivers ratio with the help of 

the obtained modelling results. These effects should be 

compensated for, especially in low loss filters, if the 

desired response is to be achieved. 
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