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Abstract—Propagation characteristics of surface acoustic waves 
(SAWs) in IDT/(100) AlN/diamond structures are analyzed in 
this study using the finite element method (FEM). The extracted 
coupling-of-mode (COM) parameters are employed to calculate 
the frequency responses of two-track SAW filters using the 
transmission matrix method. To enhance the sideband 
suppression, Chebyshev function is adopted to modify the 
reflectivity distributions of reflectors, which can be realized 
using width-modulated reflectors. The copper electrode is used 
to retain a sufficiently high reflectivity. Simulation results show 
that a two-track SAW filter applicable for the CDMA system can 
be tailored using IDT/(100) AlN/diamond structures. 
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I.  INTRODUCTION 
Communication devices with designed specifications for 

various applications such as duplexers, IF and RF filters are 
widely used in daily situations. There are several major 
requirements of high-quality IF filter and RF filters as follows. 
First, low insertion loss is required to retain a good signal-to-
noise ratio. Second, shape factor and sidelobe level have to be 
maximally optimized to against the interference from spurious 
signals. Third, the proper frequency control of filters is 
important to prevent overlapping between adjacent channels. 
Furthermore, the group delay has to be constant at the 
passband to avoid phase distortion. In addition, 
communication components with miniature size, high 
integration, rugged structure, and ease of mass production are 
feasible and can be fitted into the state-of-the-art wireless 
communication systems. Surface acoustic wave devices 
(SAWs) are one of several suitable candidates to design IF and 
RF filters for wireless applications [1–4]. 

Code division multiple access (CDMA) system uses spread 
spectrum technology to wider the transmit band, hence, a flatly 
broad passband is ensured signal against distortion. Moreover, 
passband with steep skirt is required to minimally the 
undesired loss. The specifications of a current CDMA IF filter 
including the following: 5dB bandwidth of at least 1.25 MHz, 
an attenuation of more than 30 dB out of 1.8 MHz, and the 
maximum insertion loss of less than 15 dB. In this study, two-
track SAW filters are proposed for CDMA IF filters due to its 
no triple-transit influence (TTI) properties. The detailed 

information about the two-track SAW filters was presented in 
elsewhere [5]. In the two-track SAW filters, the input 
interdigital transducers (IDTs) are out of phase while output 
IDTs are in phase therefore the forward signals will eliminate; 
in other words, the TTI effect can be diminished. This implies 
that the frequency responses of such special configurations are 
mainly dominated by the performances of the reflectors. For a 
uniform reflector, its reflection characteristics, 5dB bandwidth 
and sidelobe suppression cannot meet the specifications for the 
CMDA IF filter. To overcome this problem, some researchers 
employed different window functions to modify the 
reflectivity or line width distributions of reflectors to design IF 
filters [5–7].  

Recently, surface acoustic wave (SAW) devices using 
layered structures had been proven to be the mainstream for 
super high frequency applications. SAW operating in the 
second mode in the (100) AlN/diamond structure exhibits 
high phase velocity 10780 m/s and relatively large 
electromechanical coupling coefficient (K2) 2.4% [8]. The 
increase of phase velocity diminishes the line width limitation 
and, hence, improves the feasibility of SAW devices with 
width-modulated reflectors such as double mode SAW (DMS) 
filters, two-track SAW filters, and ladder filters [9-11].  

In this study, width-modulated reflectors with Chebyshev 
distributions in the (100) AlN/diamond structure are 
employed to design the two-track SAW filter applicable to the 
CDMA system. Copper (Cu) IDT is chosen due to its 
reflectivity is two times larger than aluminum (Al) IDT. The 
finite element method (FEM) model is established to calculate 
the mutual-coupling coefficients and effective phase 
velocities of each electrode region with various metallization 
ratios (MRs) and different electrode thicknesses. The 
transmission matrix method is then applied to evaluate the 
frequency responses of two-track SAW filters [5]. 

 

II. METHODOLOGY 
The schematic of a two-track SAW filter on the layered 

piezoelectric structure which consists of an AlN film of 
thickness hF and a diamond substrate is presented in Fig. 1. In 
Fig. 1, input IDTs in both track are identical but out of phase 
while identical output IDTs are in phase, which indicates that 
if there is no reflector in each track, the transmission 
coefficients will vanish and hence the TTI effect can be 
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diminished. This implies that the frequency responses of a 
two-track SAW filter are mainly dominated by reflectors. 

 

 

Figure 1.  Schematic of a two-track SAW filter with weighted reflectors. 

In this study, the FEM is employed to compute the 
effective phase velocity, Veff, and mutual-coupling coefficient, 
k, of each electrode region with various MRs and different 
electrode thicknesses, hE. The FEM model of the layered 
piezoelectric structure is presented in Fig. 2. Two vibration 
modes of surface acoustic waves (SAWs), a symmetric mode 
and an asymmetric mode, as shown in Fig. 3, can be observed 
in the corresponding frequency ranges [12]. The resonance 
frequencies of these two modes are employed to evaluate k and 
Veff as given by [2] 
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where p is the electrode pitch and fsym and fasym are the 
resonance frequencies of the symmetric and asymmetric 
modes, respectively. For a free or metalized surface, both 
modes have the same resonance frequency; i.e., fsym = fasym. In 
addition to Veff and k, the constructed FEM model can also be 
used to calculate the rest coupling-of-mode (COM) parameters 
such as K2 and static capacitance, C0, of the layered sturcture. 
 

 

Figure 2.  FEM model of the layered piezoelectric structure. 

 
(a)                                 (b) 

Figure 3.  Two vibration modes of SAWs: (a) asymmetric mode (b) 
symmetric mode. 

The extracted COM parameters are then applied to evaluate 
the frequency responses of reflectors and two-track SAW 
filters using the transmission matrix method. Detailed 
discussion of the transmission matrix method can be found in 
reference 5. Through some manipulation, the admittance 
matrix of the two-track SAW filter can be given by 
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where Iin and Iout are the currents at the input and output IDTs 
and Vin and Vout are the voltages at the input and output ports. 
The corresponding S-parameter for the two-track filter can be 
easily obtained from (3). 

 

III. SIMULATION RESULT  AND DISCUSSION 
In this study, Cu IDT/(100) AlN/diamond structure was 

adopted to design the two-track SAW filters applicable for the 
CDMA system. The material properties of AlN and diamond 
used in the FEM model can be found in references 13 and 14. 
The extracted parameters and geometrical configurations of 
the input and output IDTs are given as follows: coupling 
coefficient K2 = 1.71% at the thickness ratio of the AlN film 
hF/λ = 0.3, static capacitance C0 = 1.08 pF/cm, delay lines D1 
= D3 and D4 − D2 = 0.25 λ, center frequency f = 100MHz, and 
the wavelength at center frequency λ = 106.28μm. The 
number of electrode pairs for both input and output IDTs with 
100 λ overlap were 15 and 10, respectively. Both source and 
load impedances were 50Ω for system matching.  

Because the sidelobe suppression level of reflectors with 
uniform width can’t meet the requirements for CDMA system, 
width-modulated reflectors are employed to modify their 
reflection characteristics. The effective phase velocity and 
reflectivity of an electrode with different electrode thicknesses 
calculated using the FEM are presented in Fig. 4. As the 
electrode thickness increases, the maximum value of the 
reflectivity increases while the effective phase velocity 
decreases. For the 0.2, 0.6, 0.8, and 1.5% curves, the 
maximum reflectivity values are 0.0129, 0.0152, 0.0177, and 
0.0391 with MRs being equal to 0.2, 0.325, 0.4, and 0.6, 
respectively.  
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Figure 4.  Reflectivity and effective phase velocity of an electrode with 
different electrode thickness ratios versus MR.  

To enhance the sidelobe suppression of grating reflectors, 
the Chebyshev function is applied to modulate the reflectivity 
distributions of reflectors. In this study, the number of 
electrode for grating reflectors was assumed to be 240 and the 
sidelobe level (SLL) was 60dB [5]. The generated reflectivity 
distributions with different electrode thicknesses are presented 
in Fig. 5. The maximum value of each reflectivity curve in Fig. 
5 is determined using the FEM as presented in Fig. 4. To 
retain the reflective distribution with a Chebyshev function, 
the MR of each electrode can be obtained numerically from 
Fig. 4 by using an interpolation technique. The MR 
distributions of the reflectors with different electrode 
thicknesses are shown in Fig. 6. And the corresponding 
effective phase velocities calculated using the FEM are also 
presented in Fig. 6. 
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Figure 5.  Reflectivity distribution, a Chebyshev function, of the reflector 
with different electrode thickness ratios. 

With given effective phase velocity and reflectivity of each 
electrode, the reflection coefficients of width-modulated 
reflectors calculated using the transmission matrix method are 
plotted in Fig. 7. Note that the period of each electrode has 
been adjusted according to the corresponding effective phase 
velocity such that the operating frequency for each electrode 
is identical. It can be seen that the 1.5% curve has the largest 
bandwidth among all four cases in Fig. 7 but with poorest 
sidelobe suppression level. As shown in Fig. 4 or 5, the 1.5% 

curve has the largest maximum reflectivity among all cases 
studied in this research. This implies that the larger the 
maximum reflectivity, the larger the bandwidth and the poorer 
the sideband suppression. The corresponding transmission 
coefficients of the two-track filter with these width-modulated 
reflectors calculated using the transmission matrix method are 
presented in Fig. 8. For the 0.2, 0.6, 0.8, and 1.5% curves, the 
5dB bandwidth values are 2.65, 1.4, 1.25, and 1.15MHz and 
the sidelobe suppression are 50.42, 54.69, 56.3, and 57.46dB, 
respectively. These simulation results can not meet the 
requirements for the CDMA system. 
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Figure 6.  The retrieved MR distribution and calculated effective velocity 
curve for the reflector to retain the reflectivity distribution with a Chebyshev 
function as presented in Fig. 5.  
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Figure 7.  Reflection coefficient of width-modulated reflectors. 

As mentioned above, the value of the maximum reflectivity 
will affect the bandwidth as well as the sideband suppression 
level of the width-modulated reflectors and the transmission 
characteristics of the two-track SAW filters. Therefore, by 
trial and error, we multiple the reflectivity distributions in Fig. 
5 by different scaling factors and then recalculate MR 
distributions and effective phase velocity curves of the 
reflectors with different electrode thickness ratios. It is found 
out that if the maximum reflectivity of reflectors is around 
0.014 the tailored two-track SAW filters are applicable for the 
CDMA system. The corresponding transmission coefficients 
are presented in Fig. 9. Table I lists the transmission 
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characteristics of the tailored two-track SAW filters with three 
different electrode thickness ratios. 
 

-80

-60

-40

-20

0

95 97 99 101 103 105

Frequency (MHz)

Ta
rn

sm
is

so
n 

Co
ef

fic
ie

nt
 (d

B
) h E/λ  = 0.2%

h E/λ  = 0.6%
h E/λ  = 0.8%
h E/λ  = 1.5%

 
Figure 8.  Transmission coefficient of two-track filters with width-modulated 
reflectors.  
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Figure 9.  Transmission coefficient and group delay of two-track SAW 
filters with width-controlled reflectors when the maximum reflectivity of an 
electrode is around 0.014. 

TABLE I. THE TRANSMISSION CHARACTERISTICS OF TWO-TRACK SAW 

FILTERS. 

hE/λ 
(%) Shape factor Insertion loss (dB) Sidelobe 

suppression (dB) 
Group 

delay (μs) 
0.6 1.48 14.38 54.85 1.04–1.57 
0.8 1.48 14.55 55.47 1.06–1.56 
1.5 1.48 14.47 56.82 1.05–1.56 

 

IV. CONCLUSION 
In this paper, the FEM is employed to calculate 

propagation characteristics of SAWs in the Cu IDT/(100) 
AlN/diamond structure. The extracted COM parameters are 
used to evaluate the frequency responses of the two-track 
SAW filters. The Chebyshev function is applied to design the 
MR distributions of width-modulated reflectors. Simulation 
results indicate that if the maximum reflectivity of width-
modulated reflectors is around 0.014 the tailored SAW filters 
can meet the specifications of a current CDMA IF filter. 
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