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Simulation of Balanced Surface Acoustic Wave (SAW) Devices
Incorporating a Modified Four-port Mason’s Equivalent Circuit Model
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Abstract: - In the present work, a four-port model for inter-digital transducer was developed. This model was
modified from Mason’s equivalent circuit and was ideal for the simulation of balanced mode surface acoustic wave
devices. Inheriting the virtues of Mason’s model, this model included the energy storage effect and was capable to fit
arbitrary polarity configuration of transducers. Simulation results for an unbalanced-balanced longitudinal coupled
double mode SAW filter compared well, the experimental results showed, validating the proposed model.
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1. Introduction

Because of the nature of circuit topology,
symmetry and virtual ground, balanced circuits are
robust to poor radio-frequency (RF) ground, eliminate
electromagnetic interference (EMI), suppress the even
mode harmonics and possess excellent immunity from
variety of noise sources such as those from power
supplies, adjacent circuits, and other external sources.
These virtues support balanced devices and circuits,
such as balanced surface acoustic wave (SAW) filters,
differential mode amplifiers, balanced mixers and etc.,
to be widely applied in modern communication systems.
SAW filters, which have the merits of low insertion loss,
excellent shape factor and compact size, are key
components in many communication systems served as
an intermediate-frequency (IF) or RF stage filter [1-6].
Previous techniques used-- like Mason’s equivalent
circuit, coupling-of-modes (COM), and P-matrix--in
modeling SAW devices were originally for unbalanced
circuit structure for all these techniques model the
inter-digital transducer (IDT) as a three-port device
[7-11]. And there were many publications [12-15], in
which the model for IDT was further developed and
modified based on original Smith model developed in
1972 [8], most of them either focused on equivalent
circuit parameters of IDTs derived from SAW in
periodic metal gratings [12] or equivalent networks for
SAW gratings [13], and some applied in one-port
resonator or unbalanced SAW filters [14][15]. Although
unbalanced devices may be converted to balanced
circuitry by inserting a baluns as adapters between
balanced and wunbalanced ports, the expanse is
increasing circuit complexity and cost. In spite balanced

SAW filter becomes more and more popular and various
types of balanced SAW filters have come to the market,
such as balanced lattice-ladder filters [4][16], five-IDT
type longitudinal multi mode SAW (LMMS) filter [17]
and longitudinal coupled double mode SAW (DMS)
filter [2][3][18][19], few of these papers detailed on
simulation techniques but emphasized on structures and
performances. For SAW filters that directly operate in
balanced mode, it is more convenient to treat IDT as a
four-port device. Hence, a modified Mason’s equivalent
circuit model with four ports-- two acoustic ports and
two electrical ports-- was essential in this paper. As
inherited from Mason’s model, the effect of energy
storage and arbitrary polarity configuration of
transducers were taken into account in this work.
Simulation results for an unbalanced input and balanced
output DMS SAW filter showed good agreement with
experiments.

2. Simulation of Balanced SAW Devices

2.1 Review of Mason’s Circuit Model and
Simulation of SAW Devices

On simulation of SAW devices, one of commonly
employed technique is to decompose the devices into
several building blocks and then use any circuit software
to obtain the entire performance of the devices. As
illustrated in Figs. 1 and 2, a simple SAW filter and a
one-port SAW resonator can be decomposed in to blocks
of IDT (Sipr), transmission path (Sg), reflection greeting
(Sr), and boundary block (or absorber) (Sg). By
knowing the characteristics of each block and circuit
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topology, the entire performance of the filter is readily
obtainable.

Absorber
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Fig. 1 A simple SAW filter: (a) The geometric structure,
(b) The building blocks.
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Fig. 2 A one-port SAW resonator: (a) The geometric
structure, (b) The building blocks.

Several methods can be applied to model IDT
and reflection grating among them COM and Mason’s
equivalent circuit are most commonly used. In Mason’s
equivalent circuit model, the single electrode is
described as a three-port network as shown in Fig. 3.
The network consists of three regions, one metallized
region and two unmetallized regions transversally which
are both modeled as a section of transmission line

T-network. The notations used in Fig. 3 are listed as
follows:

Z,, =Z, tanh(y, /2) Z,, =Z,csch(y,)
Z,, =Z, tanh(g,/2)  and Z,, =Z,csch(g, )
v,=v.Ls, ,=7,L, /2. L, and L, are the lengths of

the metallized and unmetallized portions, y,and ¥,

are propagation constants under metallized and
unmetallized portions, and Z, and Z, are characteristic
impedances for metallized and unmetallized region,
respectively. The energy storage effect at the junction of
metallized and unmetallized regions is expressed by
adding a radiation susceptance jB. The capacitor C; is
the static capacitance of IDT. The transformer ratio R,
models the excitation efficiency. To determine the
characteristics of a single electrode one can solve the
three-port equivalent circuit and the results are given as
a 3x3 admittance matrix in reference [8]. Once the
admittance parameters of single electrode are known,
the admittance parameters of entire IDT can be further
calculated by cascading each electrode in proper
polarization [8]. The equivalent circuit model of single
electrode for reflection grating is similar to the one used
in IDT, except the acoustic port is either short- or
open-circuited for short or open reflection grating.
Therefore, instead of three-port network, the reflection
grating is simply a two-port circuit.

PORT 1
Acoustic

PORT 2
Acoustic

3
PORT 3
Electric

Fig. 3 Three-port Mason’s equivalent circuit of a single
electrode including an acoustic impedance discontinuity.

2.2 Limitation of Three-Port IDT Model on
Simulation Balanced SAW Devices

Generally, the techniques mentioned in section 2.1
that use the three-port IDT model can be applied to
simulate the performance of unbalanced input to
unbalanced output SAW devices without any difficulty.
However, for devices in which balanced ports are
involved, one may encounter difficulties in constructing
the circuitry. Fig. 4(a) illustrates a one-track unbalanced
input and unbalanced output DMS filter. Three-port IDT
model can be applied to construct the circuitry of this
filter successfully, as shown in Fig. 4(b). As balanced
output is required, as shown in Fig. 5(a), constructing
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the filter circuit becomes unrealizable. Unfortunately,
the market demanding for such devices are increasing
for various reasons such as noise reduction purpose and
different impedance requirement at each terminal
balanced port. In Fig. 5(a), the unbalanced input is
applied to the electrical ports of the outer IDTs and the

balanced output is applied to two sides of the center IDT.

Apparently, equivalent circuit for IDT that contains only
one electrical port is not able to model the output of the
filter. It is necessary to treat the center IDT as a
four-port circuit with two acoustic ports and two
electrical ports. With an extra electrical port of the
center IDT, modeling the balanced output port becomes
an easy task as shown in Fig. 5(b).

Reflection Reflection
grating , N L grating
 bupubmy
Outer IDT -4 - Center IDT -4 t- Outer IDT
(a)

8

Input T (T1)

Sg 1S 7S?DT7 SG 7S§DT | SG 7S?DT7 Sk [1 S

N

Outputl (T2)
(b)

Fig. 4 A typical one-track unbalanced input and output
DMS filter: (a) The geometric structure, (b) The
building blocks.
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Fig. 5 A typical one-track unbalanced input and
balanced output DMS filter: (a) The geometric structure,
(b) The building blocks.

2.3 Derivation of Four-Port IDT Model

Fig. 6 shows a modified four-port IDT network
and the equivalent circuit of a single electrode. Unlike
the original Mason’s model, this modified circuit
includes two electrical ports, port 3 and 4. Exactly like
the Mason’s model, metallized and unmetallized regions
of a single electrode are described as transmission line
T-networks. The energy storage effect due to the
discontinuity between metallized and unmetallized
regions and the static capacitance of single electrode are
modeled by a susceptance jB and capacitor Ci,
respectively. The transformer ratio R, models the
excitation efficiency. As inheriting from Mason’s model,
this four-port model is capable of handling various
metallization ratio and most of the second order effects
such as attenuation, energy storage effect, and reflection
at junction of metallized and unmetallized regions.
Applying the definition of admittance parameters [20]
and solve the circuit, the 4x4 admittance matrices of the
unmetallized and metallized regions are derived as:

1
ylla _y220 - Zlo +lea
ZlZo
Yo == 5 75 5 )\
Zlo (Zlo + Z120)
Yizo = Vo =
Z, +27
lo 20 (2)
Vo = Voo —m
— — R"
V330 = Vaso 7 +27,
2R?
- jaC
V340 27, +7. Jot,
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1
= =—+JB
yllm y22m Zlm + lem ]
Zl2m
YViom =~
Zlm(Zlm + Zl2m)
p— —_— Rn
yl}m y23m Zlm + ZZZm
R 3
Viam = y24m - Zlm + 222’71
— — R"
y33m y44m Zlm + 222m
2R’
== jaC
y34m 222m + Zlm ] n
In Equations (2) and (3),

Z, :(Zlazzo )/(Zlo +Zzo) 4)

Zp, Z(Z]mZQm )/(Zlm +sz) (5)

Yy and y, are the admittance parameters of

unmetallized and metallized regions, respectively. Other
notations are the same as in section 2.1.

Once the admittance matrices of unmetallized and
metallized regions are obtained, the admittance
parameters of a single electrode of an IDT are readily
known by cascading networks according to Fig. 6(b).
Similarly, one can determine the admittance matrix of
the entire IDT by cascading each electrode in proper
position and polarization as shown in Fig. 7, that is the
terminal 1 of n™ section is cascaded to terminal 2 of
(n+1)™ section and all set of terminals 3 and 4 are
connected in parallel, respectively. For four-port
networks cascaded together, the cumulative admittance
parameters of n electrodes connected together can be
calculated by:

FO =" (6)
for n>1,
(n)
sip iy - L
J~}(n) ylz) (n K
12 P
(n)
~(n n y B
yl(3)_yl(3) IZA
(n)
] ] y -C
y14) y() £ (7
~ (n-1)
= B
~(n- 1)
~(n ~(n y B
=y - 22
~(n-1)
~(n ~(n y C
o = L€

~(n) (n-1) (n)
Vi =Yty

~(n) _

~(n-1) (n) _
Vs =V Vs

2

4
B-C

(7

2

~(n n n C
T =g+ -
where,
A=y + 7
B=y +55" (8)
C= y(”) 30D
y;.”) and y 'are the admittance parameters of the n"
electrode and n-connected electrodes, respectively.
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Fig. 6 (a) Representation of the SAW IDT as a four-port
network, port 1 and 2 are the “acoustic” ports and port 3
and 4 are the “electric” ports. (b) A modified equivalent
circuit model of a single electrode of the SAW IDT.
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Fig. 7 Cascaded model for N electrodes of a balanced
SAW IDT.
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3. Experimental Results

To demonstrate the usage of the four-port IDT
model, a one-track unbalanced-balanced DMS filter as
illustrated in Fig. 5 was fabricated. The geometrical
parameters of the fabricated filter are listed in Table 1.

3.1 Passband Characteristics

Since the amplitude and the phase difference
between balanced terminals affect the passband ripple
and stopband attenuation of balanced SAW devices [3],
it is of importance to know these characteristics. Figs. 8
and 9 show the simulation and experiment performances
of amplitude and phase differences between S21 and
S31 in passband. In the two figures, S21 is measured

between terminals T1 and T2 with terminal T3 grounded.

S31 is measured between terminals T1 and T3 with
terminal T2 grounded. The measured different
amplitude is small about within 0.75 dB in the passband
(f0 +/-6 MHz) and the phase is inverted. The phase
imbalance (£S21-£S31-180 degree) is +/-5 degree.

Table 1 Geometrical parameters of the fabricated
unbalanced-balanced DMS filter.

IDT period 3.67 pm
Number of center IDT fingers 22.5 pans
Number of outer IDT fingers 15.5 pansg
Aperture of IDT 107 jum
Number of reflectors 150 stups

Al electrode thickness 2520A (Wh~7%)
Substrate Y42°-X LiTaOs
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Fig. 8 Simulated  characteristics  of  the
unbalanced-balanced DMS filter, where S21 is in solid
line and S31 is in dot line.
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Fig. 9 Experimental characteristics of

unbalanced-balanced DMS filter, where S21 is in solid
line and S31 is in dot line.

3.2 Unbalanced-Balanced
Performance

The simulation and experiment performances of
the one-track unbalanced-balanced DMS filter are
shown in Fig. 10. The center frequency of the filter is at
1084MHz and the input/output impedance is 50Q/50€2.
As seen from Fig. 10, the overall performance obtained
from simulation well matched with experimental results.
The slight disagreement on pass band insertion loss is
caused by redundant testing layout so that the device
can fit in the test set of probe station.
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Fig. 10 Overall performance of the unbalanced-balanced
DMS filter, where simulated in solid line and
experimental in dot line
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4. Conclusions

A modified Mason’s equivalent circuit with four
independent ports for single electrode of IDT was
derived. Based on this model, a four-port IDT
admittance parameters were obtained by cascading each
electrode in proper position and polarization. The model
was verified with experimental results of an
unbalanced-balanced DMS SAW filter. By employing
the four-port model of IDT, the performances of most
balance type SAW filters can be easily simulated.
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