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Abstract: In this paper we propose a practical approach to develop a SAW parameter extraction 
technique and simulation method, contrary to the frequently used FEM/BEM numerical simulation 
technique. The new approach allows for accurate SAW device modelling through a versatile finite 
element method to automatically include the second order effects in the device by considering the 
complete set of partial differential equations. The eigenmodes and the harmonic admittance of a 
periodic structure obtained from the FEM simulations are used to extract the COM/P-matrix 
parameters based on a fitting technique that is already published in the literature. Comparison between 
the extracted parameters, using this technique, with currently published parameters for the same device 
specification was carried out and showed good agreement. As an example, a two dimensional delay 
line with 10 finger pairs per IDT was modelled using this approach, to outline the mechanical and 
electrical response of the device for variable acoustic modes and substrate thicknesses.  
Copyright © 2008 IFSA. 
 
Keywords: Finite element analysis (FEA), Surface acoustic wave (SAW) devices, Bulk acoustic wave 
(BAW), Leaky surface acoustic wave (LSAW), Interdigital transducer (IDT), Coupling of modes 
analysis (COM), P-matrix model, Periodic boundary conditions (PBC) 
 
 
 
1. Introduction 
 
SAW devices have expanded into a multitude of products and applications in fields as diverse as 
microelectromechanical systems (MEMS), telecommunications, chemical sensing, and biotechnology 
[1, 2]. Precise characterization of SAW propagation parameters based on the device geometry and 
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material characteristics is crucial for designing a SAW device. This is commonly performed by 
manufacturing a test structure, and then extracting the needed parameters through measurements. Such 
approach is both time consuming and expensive as each device optimization would require fabricating 
a test structure. On the other hand, precise numerical methods, mostly BEM/FEM analysis methods 
have been developed to optimize the design process [3, 4, 5]. In FEM/BEM models, the finite elements 
are used to account for the electrode shapes and the substrate is modelled as boundary elements. This 
is carried out by replacing the differential equations in the piezoelectric substrate by an integral 
equation at the boundary using Green’s functions. Even though this results in a reduced computational 
time, the effects of mechanical perturbation, piezoelectric perturbation and energy storage caused by 
non-radiating bulk waves are not taken into consideration [6]. 
 
Considering the dramatic increase in computer performance, available at lower costs, switching from 
FEM/BEM analysis to finite element modelling (FEM) appears to be a logical choice, where the 
device is modelled by considering all the partial differential equations. In this paper FEM is used to 
model a periodic SAW structure to obtain the eigenmodes and harmonic admittance. However, it is 
important to keep using approximate analytical models like COM or P-matrix models in parallel, both 
to understand the basic physical behaviour and to validate the results obtained from finite element 
modelling. Therefore, apart from experimental validation, the extracted parameters of the periodic 
structure in FEM are in turn substituted in the analytical model to obtain the admittance response of a 
SAW component with longer length. 
 
The FEM modelling of SAW devices was previously limited to either periodic structures or simple 
structures with few IDT electrodes [7, 8, 9]. With the availability of software packages with large node 
handling capability and an increase in computing performance and memory capacity, using direct FEM 
for numerical simulation of delay line with 10 finger pairs per IDT is feasible. In this paper the 
response of a delay line for different acoustic modes are analyzed through harmonic analysis. In 
addition to that, the effect of the piezoelectric substrate thickness on the output signal strength for Bulk 
and Leaky SAW (LSAW) modes are also discussed. 
 
In Section 2, we discuss briefly the COM analysis and P-matrix model and highlight the parameters 
needed in this modelling approach. After the description of the periodic structure, we present the 
simulation results in Section 3, using modal and harmonic analysis. Then, in Section 4, we discuss how 
the needed parameters are extracted and compared to the experimental results in the literature. Finally, 
in Section 5, we present a 2-dimensional, 5 finger pairs per IDT delay line design. The admittance, 
output voltage response graphs and contour plots of displacement in the frequency domain are 
presented to illustrate the effect of all the acoustic modes on the delay line performance for two 
different piezoelectric substrate thicknesses. 
 
 
2. COM and P-matrix Models 
 
2.1. COM Model 
 
Various numerical approximation and simulation techniques are available for the modelling and 
analysis of SAW devices. Coupling-of-modes (COM) is an accurate modelling approach where the 
excitation, propagation and scattering of surface acoustic waves are considered. The COM analysis is 
based on the Bragg condition, which states that the coupling between the incident and the reflected 
wave is strong if the period of the grating, p, is equal or close to half of the wavelength, λ, i.e λ = 2p. 
These waves form a stopband by interfering constructively and destructively at two discrete 
frequencies, where the propagation into the medium is minimum. As the incident wave and a reflecting 
wave have significant amplitudes compared to other harmonics only these waves may be considered in 
a stopband, resulting in a coupling of modes approximation. 
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In Fig. 1 K(x) and L(x) represent the counter propagating modes in the positive and negative x direction 
of the structure and I(x) the current caused by the induced charges in the electrodes when the 
transducer is driven by a Voltage V. 
 

 
 

Fig. 1. SAW transducer with counter propagating modes. 
 
 
Then the first order differential equations derived from the COM model are [10, 11]: 
 
 

,)()()( VjxLjxKj
dx

xdK ακδ ++−=  (1)

 
,)()()( VjxLjxKj

dx
xdL ∗∗ ++−= αδκ  (2)
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where the independent parameters κ, α, ν, γ and C are reflectivity due to perturbations, transduction 
coefficient, SAW velocity, attenuation, and capacitance per unit length, respectively. The asterisk 
denotes the complex conjugate. 
 
In the above equations j is the imaginary term and δ is the detuning parameter given by 
 
 

ν
πδ )(2 0ff −

=  

 
The centre frequency f0 is given by f0 = V/2p, where p is the period of the metal grating. 
 
 
2.2. P-matrix Model 
 
In some applications, the use of individual electrodes with varying properties is needed. Modelling 
such devices using COM model is ineffective. In such structures P-matrix model is an efficient 
modelling technique where the linear COM equations for each component are expressed as the 
elements of a matrix called P-matrix. The total response of the device can be determined by the 

y 

  p 

x 

K(x) L(x)
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cascading the P-matrices of all the individual components. These matrix elements and cascading 
techniques are explained in detail in [10, 12]. 
 
One of the important elements of the P-matrix is the admittance PA, which depicts the electrical 
behaviour of a uniform bidirectional structure (IDT or a reflector) by relating the current I in the 
structure to the voltage V and given by [10]. 
 
 .E

A
M

AA PPP +=  (4)
 
Here, PA

M is the homogeneous component of the admittance which is determined by the eigenmodes, 
 
 

,
)sin()cos(
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where L is the length of the device and n is the slowly varying wavenumber of the eigenmode. While, 
PA

E is the particular solution component of the admittance caused by the excited field, and given by 
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2
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A ω
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The PA

E component dominates the admittance for long structures. This component of admittance is 
analyzed in the next section by substituting the extracted parameters from FEM simulations in Eqn. (6) 
for a specific device length. 
 
 
3. Finite Element Modeling (FEM) 
 
Field theory is the most appropriate theory for the design of SAW devices as it involves the resolution 
of all the partial differential equations for a given excitation. The Finite element model (FEM) is the 
most appropriate numerical representation of field theory where the piezoelectric behaviour of the 
SAW devices can be discretized and numerically solved [13]. As the standing waves are spatially 
periodic in SAW and BAW devices with the same grating shape and substrate, simulating a periodic 
substructure of the device to reduce the complexity and size of the numerical model might suffice. 
With the use of Periodic Boundary Conditions (PBC’s) each mode that can be excited within the 
periodic structure can be modelled. As the periodic structure is part of the parent structure, the 
displacement and electric potential at both the left and right periodic boundaries are made equal. Due 
to large electrode apertures and predominantly lateral propagation of the surface acoustic waves, a 
plain strain condition is assumed to reduce the model to a 2D model [14]. In the following subsection 
we will discuss the simulation results. 
 
 
3.1. Simulation Results 
 
The simulations were carried out using ANSYS FEM package. For this purpose we consider a periodic 
structure, as shown in Fig. 2, having a 128º YX-cut LiNbO3 piezoelectric substrate of length  
1λ (λ = 4 µm), two Aluminium electrodes with a metallization ratio MR of 0.4, and an electrode 
thickness (h/ λ) of 3%. The material properties of the 12λ thick substrate were obtained from Ref. [15]. 
The PBC's are applied to the geometry as explained before and the results of the modal analysis and 
the harmonic analysis are presented in the following subsections. 
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Fig. 2. Periodic structure. 
 
 
3.1.1. Modal Analysis 
 
The homogeneous solution of the differential equations involved in the FEM can be calculated using 
modal analysis to observe the eigenmodes propagating in the structure. The electrodes are shorted for 
this case and no external drive voltage is applied. By studying the mode shapes of the periodic 
structures the surface acoustic modes can be identified due to the confinement of the displacement at 
the top surface. 
 
Two SAW modes were observed at frequencies of 907.4 MHz and 915.3 MHz for the periodic 
structure as shown in the Figs. 3(a) and 3(b). The differences in the deformation of the IDT's in both 
the modes can be used to identify the symmetric (fM-) and anti-symmetric mode frequencies (fM+) as 
explained in [14,16]. The IDT of the anti-symmetric SAW mode vibrates symmetrically about its 
centreline. The anti-symmetric SAW mode has a slightly higher frequency than the symmetric SAW 
mode as that type of vibration requires more strain energy. So from the SAW modal deformation in the 
Figs. 3(a) and 3(b), fM- is 907.4 MHz and fM+ is 915.32 MHz. 
 
 

  
 

(a) 
 

(b) 
 

Fig. 3. SAW modes (a) Symmetric SAW mode (fM-) at 907.4 MHz 
(b) Anti-symmetric SAW mode (fM+) at 915.3 MHz. 

 
 
3.1.2. Harmonic Analysis 
 
The particular solution corresponding to the excited field of the differential equations can be obtained 
by using harmonic analysis. A drive voltage is applied across the electrodes and a steady state response 
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is examined around the stopband edge frequencies, obtained from the modal analysis. All the nodes of 
the electrodes are coupled to keep the electric potential on the nodes constant. The displacement 
contour of the periodic structure is shown in the Fig. 4 when driven by a 2 Vpp voltage at a frequency 
of fM+. It can be observed that the displacement is confined to the top surface of the structure with a 
maximum value of 0.644 nm close to the electrodes. 
 
 

 
 

Fig. 4. Displacement Contour. 
 
 
The harmonic admittance which characterizes the electrical behaviour of the SAW device can be 
determined from the complete charge distribution of the electrodes. If q is the complex charge of the 
electrode then the admittance Y is given by [8], 

 
 

,
V

qjY ω
=  (7)

 
where ω is the angular frequency. 
 
The admittance magnitude curve obtained from the FEM is depicted in the Fig. 5. It can be observed 
that the resonant peaks in the admittance curve coincide exactly with the stopband edge frequencies 
obtained from the modal analysis. 
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Fig. 5. FEM Admittance magnitude curve. 
 
 
4. Parameter Extraction 
 
The parameters in the COM equations (Eqn.(1) - (3)) are influenced by the material properties of the 
structures, crystal cut, shape of the electrodes, metallization ratio and aperture. To maintain a scale-
invariant constants these parameters can be normalized to the periodicity and aperture A of the 
structure, as shown in Table 1. By computing the projection of FEM analysis onto the set of the field 
distributions predicted by the coupled-mode theory, we can derive the parameters corresponding to 
COM equations [6]. 
 
 

Table 1. Normalized COM Parameters [5]. 
 

Parameter Symbol 
Velocity ν 
Reflectivity κp = κ λ0 
Transduction coefficient αp = α λ0 
Normalized transduction αn = αp /

0λ
A  

Attenuation γp = γ λ0 
Capacitance Cp = C λ0 
Normalized Capacitance Cn = Cp/A 

 
 
The obtained short grated stopband edge frequencies (fM+ & fM-) from the modal analysis can be 
substituted in Eqn. (8) and (9) to extract the velocity and reflectivity parameters for one period of the 
structure [10]. The sign of the reflectivity κp determines the location of the symmetric and anti-
symmetric SAW modes. 
 
 )( +− += MM ffpν  (8)
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All the other COM parameters can be determined from the characteristics of the curve, which is a 
direct representation of the electrical admittance of the experimental structure. A curve fitting 
technique is used to extract the parameters from the FEA computed admittance curve. This technique 
was employed earlier to determine the parameters of Green’s function model [5]. The equations 
corresponding to this technique are presented below. 
 
The PA

E component in Eqn. (6) dominates the admittance for the infinitely long structures considered 
here. So the admittance for a periodic structure can be expressed as 
 
 

.4 0
2

pCjLjY ω
κδ
λα

+
+

−=  (10)

 
Let Yr and Yi denote the real and imaginary parts of the admittance in Fig. 6, respectively. The resonant 
frequency fR, which is frequency at the peak of the real admittance Yrmax is given by 
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2

1(0 π
κ p
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and the peak of the real admittance part is 
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Fig. 6. FEM admittance curve with real and imaginary parts at fM+ mode frequency. 
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If ∆f is the width of the real admittance peak at YR = Yrmax /2 then 
 
 

π
γ pf

f 0=∆  (13)

All the information contained in the curve is described by the quantities in the above equations, from 
where the transduction coefficient αp and the attenuation γp can be obtained. 
 
The real and imaginary parts of the admittance can be expressed as: 
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As the imaginary part of the admittance crosses zero at the antiresonance frequency fAR then Eq. (18) 
can be equated to zero at that frequency to find Cp 
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where Q = fR/ ∆f is the quality factor. 
 
All the COM parameters can be extracted by applying the Eqns. (10) - (16) to the observed quantities 
in the admittance curve of Fig. 6. The extracted parameters for SAW on 128º Y-cut X-propagating 
LiNbO3 with rectangular aluminium for a metallization ratio (MR) of 0.4 and electrode thickness (h) of 
3% are presented in the Table 2 and compared with those in the literature [10] for the same device 
specifications. The velocity and the coupling constant are close to the corresponding values, which 
were reported in [10] and which were obtained using FEM/BEM analysis. The differences in the 
values of velocity can be attributed to mass loading effect and small SAW propagation in to the 
substrate. As there is no attenuation on the free surface in numerical simulations a small attenuation 
was introduced externally, which does not effect other parameters. The parameters αn and Cn could not 
be compared with the one's in the literature because of the differences in the aperture length. 
 
 

Table 2. COM Parameters for 128º YX-cut LiNbO3 with 
MR of 0.4 and h of 3%. 

 
Parameter Current 

Work 
[10] Units 

ν 3828 3885 m/s 
κp -0.024 -0.026  
αn 41.5х10-5  Ω-1/2 
Cn 115.6 х 10-5  pF/µm 
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The extracted parameters are substituted in Eqn. (9) for a structure length of 150λ to get the COM/P-
matrix admittance curve as shown in Fig. 7. The location of the resonant peak at centre frequency is in 
excellent agreement with the FEM simulations. 
 
 

 
 

Fig. 7. Admittance curve from P-matrix using the extracted parameters. 
 
 
5. Delay Line Optimization 
 
Bulk and Leaky SAW mode characterization using FEM have been addressed considerably in the past 
using periodic structures [13, 17]. However, quantitative understanding of the effect these modes have 
on the correlator gain and the electromechanical coupling of a complete acoustic device remained to be 
a challenging problem in FEM. This is mainly due to huge constraint such modelling techniques 
placed on the available computational resources. With the rapid improvements made on the 
computational front recently it has become a possibility to model a complete delay line by neglecting 
features that contribute diminutively to the final output. Here we present an analysis of the effects 
various acoustic modes have on performance of a delay line and the way in which the response of the 
device can be optimized using the same direct finite element model developed for the characterization 
of surface acoustic waves and extraction of Coupling-Of-Modes (COM) parameters. In this paper the 
response of the delay line for different acoustic modes will be analyzed by performing a frequency 
sweep. In addition to that, the effect the piezoelectric substrate thickness would have on the output 
signal strength for bulk and Leaky SAW (LSAW) modes will also be presented. 
 
 
5.1. Delay Line Modelling 
 
A simple form of 2-dimensional 128° Y-cut X-propagating lithium niobate delay line comprising of 
two uniform input and output IDT’s, as shown in the Fig. 8, is modelled in FEM. Both the input and 
the output transducers, having 20 electrodes each, were defined with a MR of 0.4, and an electrode 
thickness (h/ λ) of 3%. The separation between the input and the output transducer is taken to be  
2λ (λ = 40 µm). The depth of the structure was chosen to be 10λ. Periodic boundary conditions were 
applied to allow minimal acoustic reflection at the finite-element model boundaries. The input IDT 
was driven by an alternating voltage of ±1V (2V peak to peak) to obtain the frequency response of the 
delay line. The harmonic analysis was carried out for a wide frequency range. Depending on the 
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excitation frequency, various acoustic modes like the surface acoustic waves or bulk acoustic waves 
(BAWs) were excited. The admittance, output voltage response graphs and contour plots of 
displacement in the frequency domain are presented to illustrate the effect of bulk and leaky-SAW 
modes on the delay line performance for two different piezoelectric substrate thicknesses. 
 
 

 
 

Fig. 8. Delay Line structure with 5 finger pairs per IDT. 
 
 
The complex admittance of the device was computed based on the accumulated charge in the 
electrodes, as can be seen from the Fig. 9. The two admittance peaks to the left of the admittance 
curve, at frequencies of 90.6 MHz and 91.4 MHz, are the one's corresponding to the symmetric and 
anti-symmetric surface acoustic wave modes. The other admittance peaks correspond to bulk and leaky 
SAW modes can be verified with the help of contour plots. The displacement contours for SAW and 
LSAW modes are presented in the Figs. 11 & 12 respectively. From the LSAW mode displacement 
contour it can be clearly observed that the particle displacement is not just confined to the top surface 
as there are bulk wave components propagating through out the thickness of the substrate asserting the 
propagation characteristics of a LSAW mode. 
 
Fig. 10 shows the output voltage response of the delay line for different acoustic modes determined by 
the excitation frequency. The modes definitely impact the response of the delay line and as can be seen 
from the Fig. 10, the output response is high for modes other than the SAW modes. Hence, it is 
desirable to operate the delay line at those bulk and LSAW modes to achieve high electromechanical 
coupling. Moreover, the impact of the variation of the substrate thickness on the delay line response is 
described in the following subsection. 
 
 
5.2. Substrate Thickness Effect 
 
A LSAW propagating along a piezoelectric material with finite thickness is composed of an electric 
field term and the partial wave components corresponding to the SAW and to the two quasi-shear 
BAWs. The coupling between these partial waves depends on the properties and orientation of the 
layer material, the propagation direction as well as on the boundary conditions. When fabricating these 
devices, the thicknesses of the piezoelectric material layer need to be controlled precisely to obtain the 
correct delay line operating frequency. The proposed modelling approach is used to demonstrate how 
the thickness of the piezoelectric substrate is affecting the response of the delay line. 
 
 
 

 10λ 

 2λ    λ 
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Fig. 9. FEM Admittance magnitude curve. 

 
Fig. 10. Magnitude of voltage across the output IDT. 

 
 

 

 
Fig. 11. SAW displacement contour at 91.24 MHz. 

 
Fig. 12. Leaky SAW displacement contour at  

103.84 MHz. 
 
 
From the above discussed delay line structure, the piezoelectric substrate thickness was reduced to 5λ 
and harmonic analysis was carried out for a similar frequency range. The electromechanical coupling 
has improved considerably, as is reflected by the increase in the peak values of the voltage across the 
output IDT for the LSAW and BAW modes in Fig. 13. As the particle displacement for the SAW 
modes is mostly confines to the top surface, no considerable changes in the output response was 
observed with the alteration of substrate thickness. 
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Fig. 13. Magnitude of voltage across the output IDT for a substrate thickness of 5λ. 
 
 
6. Conclusions 
 
In this paper, finite element modelling approach is used to obtain the eignmodes and the admittance 
curve for a periodic SAW structure. Then COM/P-matrix parameters are extracted from simulation 
results using a fitting technique which are in good agreement with measured parameters for similar 
device specifications, published in the literature. As an example, the practicality of the proposed 
approach is demonstrated by the modelling of a 2 dimensional delay line with 10 finger pairs per IDT. 
This allowed the consideration of the complete set of partial differential equations for the calculation 
of the frequency response of the device for various acoustic modes. The delay line model clearly 
shows the effect of piezoelectric substrate thickness on the electrical response of the structure. Hence, 
allowing for device optimisation using different substrate depths. 
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