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Abstract
Surface acoustic wave devices apart from being small, rugged and reliable can also be used as wirelessly
interrogatable and completely passive devices in hostile environments. As complex signal processing functions can
be performed with a simple structure through the variation of electrode patterns they can power wireless sensors
and actuators in a secure manner. It is important to develop exact SAW parameter measurement techniques and
simulation methods that are able to model the SAW devices accurately. Contrary to the frequently used FEM/BEM
numerical simulation techniques, in this paper a versatile finite element modelling is employed 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 with the help of a fitting technique. The extracted parameters are compared
to the ones in the literature for the same device specifications. Moreover, a SAW transducer is modeled for a
specific device length from the extracted parameters.

Keywords: Finite element analysis (FEA), Surface acoustic wave (SAW) devices, Bulk acoustic wave (BAW)
devices, 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 material characteristics is crucial for
designing a SAW device. This is commonly performed
by manufacturing a test structure, and then extract
the needed parameters from the measurements. Such
approach is both time consuming and expensive as
each device optimisation 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 coupling
of modes analysis or P-matrix models in parallel,
both to understand the basic physical behaviour and
to validate the results obtained from finite element
modelling. This approach is taken in this paper where
the parameters of the periodic structures are extracted
from finite element analysis and the simulation results
are compared with the analytical model results.

In this paper, in Section 2, we discuss briefly the
COM analysis and P-matrix model and highlight the
parameters needed in this modelling approach. Then,
in Section 3, we use FEM to simulate a periodic
structure and identify the SAW eignmodes and obtain
the admittance curve. In Section 4, we discuss how
the needed parameters are extracted and used in a P-
matrix model to model a SAW transducer. Section 4,
presents extracted parameters and compares parameters
obtained from modelling with measured results in the
literature.

2 COM and P-matrix Models
2.1 COM Analysis
Various numerical approximation and simulation
techniques are available for the modelling and analysis
of SAW devices. Coupling-of-modes (COM) is an
appropriate modelling approach where the excitation,
propagation and scattering of surface acoustic waves is
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
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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. Only the
incident wave and a reflecting wave may be considered
in a stopband resulting in a coupling of modes
approximation as they have significant amplitudes
compared to other harmonics.

The are two ways of deriving the COM equations.
First is the algebraic approach where a few hundred
harmonics are considered and solved using numerical
simulations. We use this approach for modelling
the period SAW structures using FEM to derive
the COM parameters in this paper. The other
approach is the differential method where the truncated
algebraic expressions are transformed into linear
differential equations and solved. This approach can
be easily extended to non-uniform finite structures
as the amplitude changes of a very limited number
of interacting waves is considered. The derived
parameters from the FEM along with this differential
approach can be used to model the various SAW
components.

Figure 1: SAW transducer with counter propagating
modes.

As shown in Fig. 1 if 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 . Then the first order
differential equations derived from the COM model are
[7, 8]:

dK(x)
dx

= −jδK(x) + jκL(x) + jαV, (1)

dL(x)
dx

= −jκ∗K(x) + jδL(x)− jα∗V, (2)

dI(x)
dx

= −2jα∗K(x)− 2jαL(x) + jωCV. (3)

Where j is the imaginary term and δ is the detuning
parameter given by

δ =
2π(f − f0)

ν
− jγ.

The centre frequency f0 is given by f0 = V/2p, where
p is the period of the metal grating. Even though j is
present in all the terms of Eqn. (1) - (3) the detuning

parameter ensures that they have a real and imaginary
part.

In the above equations 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.

The COM parameters are constant for uniform
SAW structures hence the general solution for
the COM equations (Eqn. (1) - (3)) can be
taken as the sum of homogeneous and particular
solutions. The homogeneous solution corresponds
to the shorted-grated eigenmodes and the particular
solution corresponds to the excited field. By excluding
the excitation term, i.e by shorting the transducer, the
homogeneous solution is obtained. The lower and
upper frequencies (fM−&fM+) of the stopband can be
obtained by neglecting the attenuation parameter γ [7],

fM− = f0(1− |κ|p
π

) (4)

fM+ = f0(1 +
|κ|p
π

). (5)

In our work the stop band edge frequencies are
determined by using modal analysis in the FEM as will
be shown in the latter section.

The particular solution is the excited field caused by
the drive voltage V applied to the transducer. The
amplitude of the excited field is expressed as

(
KE

LE

)
=

1
δ2 − |κ|2

(
δα + κα∗

δα∗ + κ∗α

)
V. (6)

The amplitudes interfere constructively at one edge
of the stopband causing resonance and interfere
destructively at the other edge according to the sign
of κ. The values of κ and α are real for symmetric
structures.

2.2 P-matrix Model
In the design of complex devices the need might arise
to use individual electrodes with varying properties,
which renders the COM model 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 cascading the P-matrices of all the
individual components. These cascading techniques
and matrix elements are explained in detail in [7, 9].

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 [7]

PA = PM
A + PE

A . (7)
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Here, PM
A is the homogeneous component of the

admittance determined by the eigenmodes,

PM
A = −4α2(δ + κ)

n3
×

(δ + κ)(1− cos (nL))− jn sin (nL)
n cos (nL) + jδ sin (nL)

, (8)

where L is the length of the device and n is the slowly-
varying wavenumber of the eigenmode.

Here, PE
A is the particular solution component of the

admittance caused by the excited field.

PE
A = −j(

4α2

δ − κ
L− ωLC). (9)

The PE
A component dominates the admittance for long

structures. These responses are analysed by using
harmonic analysis explained in the next section and the
admittance curves obtained from the FEA and the P-
matrix model are compared.

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 [10].
With the availability of software package’s with large
node handling capability and increase in computing
performance and memory capacity, switching to a
direct FEM for numerical simulation of SAW devices
appears to be efficient and straightforward. In the
following subsection we will discuss the boundary
conditions for periodic structures and the simulations
using ANSYS.

3.1 Periodic Boundary Conditions
As the standing waves are spatially periodic in SAW
and BAW devices with the same grating shape and
substrate it might suffice to simulation just a periodic
substructure of the device to reduce the complexity and
size of the numerical model. With the use of Periodic
Boundary Conditions (PBCs) each mode that can be
excited within the periodic structure can be modelled.
This analysis of a periodic substructure yields the
frequency response and other design characteristics of
the whole structure.

One wavelength or even a half wavelength of the
device is enough to model the standing wave of the
whole structure. 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 [11].

3.2 Simulation Results
The simulation of a periodic array which involves
solving the system of coupled partial differential
equations governing the mechanical and electric
fields, in a geometry consisting of the semi-infinite
piezoelectric crystal and the periodic electrode array
was carried out using ANSYS.

Figure 2: Periodic structure.

For this purpose we consider a periodic structure,
as shown in Fig. 2, having a 128◦ 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 [12]. 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.

3.2.1 Modal Analysis
The homogeneous solution of the differential equations
involved in the FEM can be calculated using modal
analysis so as 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 it can be seen
that the surface acoustic modes are confined to the top
surface. They can be identified and differentiated from
the bulk acoustic wave modes, where the displacement
and the potential occur in the bulk of the structure.

Figure 3: Symmetric SAW mode (fM−) at
907.4 MHz.

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 and 4. The differences in
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Figure 4: Anti-symmetric SAW mode (fM+) at
915.3 MHz.

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
[11, 12]. 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 and 4, fM− is 907.4 MHz
and fM+ is 915.32 MHz.

3.2.2 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
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. 5 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.

Figure 5: Displacement Contour.

The harmonic admittance which characterises 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 [13],

Y = j
qω

V
, (10)

where ω is the angular frequency.

Figure 6: FEM Admittance magnitude curve.

The admittance magnitude curve obtained from the
FEM is depicted in the Fig. 6. It can be observed that
the resonant peaks in the admittance curve coincide
exactly with the stopband edge frequencies obtained
from the modal analysis.

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. These parameters can
be normalized to the periodicity and aperture A of the
structure, as shown in Table 1, so that they remain
scale-invariant constants.

Table 1: Normalized COM Parameters [5]

Parameter Symbol
Velocity ν

Reflectivity κp = κλ0

Transduction coefficient αp = αλ0

Normalised transduction αn = αp/
√

A
λ0

Attenuation γp = γλ0

Capacitance Cp = Cλ0

Normalized capacitance Cn = Cp/A

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]. Hence Eqns (4)
and (5) can be rewritten as

ν = p(fM− + fM+) (11)

κp = π
fM+ − fM−
fM+ + fM−

. (12)
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The obtained short grated stopband edge frequencies
(fM+ & fM−) from the modal analysis can be
substituted in Eqn (11) and (12) to extract the velocity
and reflectivity parameters for one period of the
structure. The sign of the reflectivity κp determines
the location of the symmetric and anti-symmetric SAW
modes.

The admittance curve obtained from the harmonic
analysis in the previous section corresponds to the
particular solution in Eqn (6) caused by the excited
field. 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.

The fitting technique used by [5] to determine the
parameters of Green’s function model is utilised
to extract the parameters from the FEA computed
admittance curve. The equations corresponding to this
technique are given below.

The PE
A component in Eqn (9) dominates the

admittance for the infinitely long structures considered
here. So the admittance for a periodic structure can be
expressed as

Y = −j
4α2λ0

δ + κ
L + jωCp. (13)

Let Yr and Yi denote the real and imaginary parts of
the admittance in Fig. 7, respectively. The resonant
frequency fR, which is frequency at the peak of the
real admittance Yrmax is given by

fR = f0(1− κp

2π
). (14)

and the peak of the real admittance part is

Yrmax ≡ YR(fR) =
4αp

2

γp
. (15)

If ∆f is the width of the real admittance peak at YR =
Yrmax/2 then

∆f =
f0γp

π
. (16)

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:

Yr(f) =
Yrmax

4Q2(f/fR − 1)2 + 1
, (17)

and

Yi(f) = −Yrmax
2Q(f/fR − 1)

4Q2(f/fR − 1)2 + 1
+ 2πfCp.

(18)

Figure 7: FEM admittance curve with real and
imaginary parts at fM+ mode frequency.

As the imaginary part of the admittance crosses zero at
the antiresonance frequency fAR then Eqn (18) can be
equated to zero at that frequency to find Cp

Cp =
Yrmax

2πfAR
× 2Q(fAR/fR − 1)

4Q2(fAR/fR − 1)2 + 1

where Q = fR/∆f is the quality factor.

All the COM parameters can be extracted by applying
the above equations to the observed quantities in the
admittance curve of Fig. 7. The extracted parameters
for SAW on 128◦ Y-cut X-propagating LiNbO3 with
rectangular aluminium for a metallisation ratio (MR) of
0.4 and electrode thickness(h) of 3% are presented in
the Table 2 and compared with those in the literature
[7] calculated by 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 128◦ YX-cut LiNbO3

with MR of 0.4 and h of 3%

Parameter Current work [7] units
ν 3828 3885 m/s
κp −0.024 −0.026
αn 41.5× 10−5 Ω−1/2

Cn 115.6× 10−5 pF/µm

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. 8. The
location of the resonant peak at center frequency is in
excellent agreement with the FEM simulations. These
simulation results and the extracted parameters from
the results match well with the ones in the literature
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Figure 8: Admittance curve from P-matrix using the
extracted parameters.

for the same specifications. The simulation results in
the literature were in turn validated with physical SAW
devices.The next step would be to validate the results
using experimental test devices, which the authors
would like to consider as future work.

5 Conclusion
In this paper we demonstrated the use of finite element
approach to model a periodic SAW structure where
the complete set of partial differential equations is
considered to include all the second order effects.
From the FEM simulations, the eignmodes and the
admittance curve for a periodic structure are obtained.
Then COM/P-matrix parameters are extracted from the
simulation results using a fitting technique. These
parameters are then used in obtaining the admittance
element of the P-matrix model for a specific SAW
transducer length. By extracting the needed parameters
from the admittance curve of a periodic substructure we
demonstrated that the admittance curve for a structure
can be found without the need to perform FEM for
the whole device length, which can be computationally
challenging for large device length.
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