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ABSTRACT

The study presents three-port reflecting cell model for analyzing
SAW structures employing strong electrode reflections. Basic
objective is to analytically approximate all the p-matrix elements
for a SAW structure in terms of reflection, transduction, and
transmission strengths. This model is an approximate one and it
does not take into account the effects of bulk wave excitation,
diffraction, and propagation loss etc for convenience. This 3-
port reflecting cell model has been used to show that it is
possible to

realize Infinite Impulse Response (IIR) filters on SAW devices,
which can result in much smaller size as compared to very high
order Finite Impulse Response (FIR) SAW filters for given
specifications. Simulation results for this new 3-port reflecting
cell model and IIR filter realization are presented for validation

purpose.

1.  Introduction

Present day SAW devices utilize reflections to have improved
filter characteristics. Accurate analysis of SAW filters with
reflections is much more complex than the analysis of SAW
filters without reflections. The model that is often used for
analyzing SAW transducers is the Coupling —of —Modes
(COM) model [1]. COM model is an approximate one and it
represents the SAW IDT (which is discrete by nature) in terms
of smoothly varying quantities governed by differential
equations. Furthermore to relate the COM theory with
transducer physics is not easy. COM theory represents wave
parameters for COM, and then use COM for analysis of SAW
structures [4]. Morgan has proposed the Reflective Array
Modeling (RAM) [5] for SAW transducers that leads to a
model more accurate and better justified than the COM. RAM
can be used to analyze the reflections by cascading technique

and calculate the p-matrix parameters P> P2 P

analyses (to give P13 ’p23) RAM uses the method based on
quasi-static analysis. Quasi-static methods are basically
accurate for non-reflecting transducers, and therefore RAM can
amplitudes by differential equations [1, 2] and assumes weak
electrode reflections and narrow bandwidths. On the other hand
the complex models utilizing Finite Element Method (FEM)/
Boundary Element Method (BEM) [3] can be quite good
methods, but due to their complexity and large computation
time it is common to use these models to calculate the required

provide accurate transduction (p 13> P23 ) only for SAW
structures utilizing small electrode reflection coefficients.

SAW devices often include reflections for improved
characteristics and strong reflections can be utilized for many
additional advantages. The main attractiveness of 3-port
reflecting cell model (RCM) presented in this paper is that it can
be used to accurately model the reflection and transduction even
for SAW structures utilizing strong reflections. On account of
this RCM can be used to generate all p-matrix elements
accurately for SAW unit cells utilizing large electrode reflection
coefficients. Furthermore RCM retains the attractive simplicity
of cascading methods in calculating all p-matrix elements of
SAW structures. This model together with cascading formulas
for p-matrices demonstrates that rational transfer function on a
SAW structure can be realized using two or more reflectors.

Realization of Infinite Impulse Response (IIR) transfer function
on SAW devices leads to smaller size SAW filters as compared
to high order Finite Impulse Response (FIR) realizations for
same filter specifications. One can obtain IIR approximation for
given FIR specifications using different techniques proposed
already in literature [6-8].

2. Preliminaries and Basic
Assumptions

Let x(t) be a signal and X(a)) be its Fourier transform. The
m X(@)do/2r

te can be understood as the amplitude of
the exponential exp{ J a)t} in the signal x(t) or the

content of the frequency @ in the signal x(t) . Hence the
expression of the signal in terms of its Fourier transform can be

thought of as representation of the signal x(t) as weighted sum



©2010 International Journal of Computer Applications (0975 — 8887)

of exponentials. As we make an assumption that resulting SAW
filter is Linear—Time-Invariant (LTI), the output of an
exponential input is also same exponential with amplitude and
phase dictated by the frequency response of the resulting filter.
This is because exponentials are eigen functions of LTI Systems.
The approach for the analysis of SAW filters will be as follows:
the objective is to get analytical expression for all the p-matrix
elements by getting the output signals at three ports in terms of
input signals for a unit cell. The p-matrices for InIDT (i. e. input
IDT) and OutIDTs (i. e. output IDT) can be obtained by
cascading the p-matrices for their unit cells. For a SAW IDT p-

parameters P13 and/or P23 , which are the functions of
frequency (o = 2xf) can be assumed to give its transfer function.

Now we will briefly summarize various assumptions that will be
taken and also various transformations will be modeled. The
implications of these, wherever applicable, on the analysis are
also discussed here:

When an exponential exp{ J a)t} travels from a point A to a

. . X ! !
point B a distance ™ © vel
. t, =x,/vel
time lag of 0 0

, with a velocity , it undergoes a

. So the exponential received at point

expijo(t —t o

B becomes p {J ( 0)}. Note that this time lag does

not depend upon the frequency. Also, if we take into account

o' 'cexp{jo(t—t,)}

c , then it becomes © p{]CO( 0)} .
'

We will not consider attenuation € in present analysis, as it is

assumed to be negligible for convenience.

attenuation say

When an acoustic exponential wave strikes the finger pair with
opposite polarity, current proportional to the finger overlap
regenerates. This only constitutes the current flow by the
forward moving acoustic wave. The second component, which
contributes to induction to this current, is due to the acoustic
wave coming from the following stage, i.e. the backward
moving wave. Again the current induced by this component will
be proportional to the finger overlap. This will get added to the
component due to forward moving wave and a current
proportional to the sum of these components will flow. This
situation has been modeled as dependent current source. We
' '
assume that when an acoustic signal 4 reaches the finger pair
. . . '‘aa,' .
with opposite polarity, current equal to I will get

' '
generated, where s the transduction strength which is
proportional to the overlap length of fingers with opposite
polarity.

If the time taken by acoustic wave to travel through a unit cell (a
distance equal to acoustic wavelength A) is assumed to be

‘T , then exponential will get modified by a multiplicative

n- Transmission coefficient of the reflector

& - Transduction coefficient

§ : acoustic to electrical signal conversion coefficient
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' s '
factor of exp{ J a)T} > in traveling through one unit cell, as
is clear from point 1. We will consider this delay in signal as

-1
the unit delay, and will term this as Z . The frequency
dependence of the phase shift is clearly incorporated in the
above setting.

It is assumed that acoustic wave interacting with the reflector
gets reflected from its center. When an acoustic wave reaches

1 1
the reflector center, 4 times of the incident acoustic wave gets

1 '
reflected and n times get passes through the reflector. Here
1,0

L }
4 is the reflection coefficient, and n is the transmission
coefficient of the reflector. The reflected wave gets coupled (i.e.
added) to the backward moving wave, which is due to the
acoustic wave coming from the following stage. The same is
true for the acoustic wave coming from the reverse direction and
interacting the reflector.

The parameters 7>, and & have been taken to be constants
but it can be seen from the analysis that they can be easily
generalized to have frequency dependence.

3.  Three-port
Model

In this Section we present a novel approach to obtain p-matrix
for a unit cell of SAW transducer with reflector. This model
gives analytical expressions for all the p-matrix elements in
terms of reflection strength, transduction strength, and
transmission strength. The p-matrix for a SAW structure is
obtained by cascading the p-matrices for the unit cells that it is
comprised of. In the present analysis the reflection center is
taken at the center of the reflector (center of the wide electrode

of 310 /8 width), and the transduction center is taken at the
center of the space between opposite polarity electrodes. DART
structures [9] have been used for implementing the reflectivity
in SAW structures, where three electrodes per unit cell are used.

Reflecting  Cell

A
Narrow electrodes are of = ©

32,/8

0 width. Now we derive the expression for p-matrix for
the unit cell shown in Fig. 1 using three-port reflecting cell
model.

width, and reflectors are of

The symbols used in present modeling are as follows:

w= 27# , Where f is the frequency ( Hz)
T . is the time required for SAW signal in traveling a unit cell.

4 : Reflection coefficient of the reflector (wide electrode)
@ :Radiation conductance;

4 :is unperturbed radiation susceptance and can be obtained

by taking the Hilbert transform of G” [10].
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T . Capacitance per finger pair in pF that can be found by

=
L
/v%ﬂfz

First reference plane
at A0/2 distance from
reflection center

Line through

reflection center
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standard electro acoustic methods [10].

EY]

by

Mof2 v\

Second  reference
plane going through
transduction center

Fig. 1. A SAW unit cell with reflector.

In Fig.1 al and a2 (bl and b2) are input (output) acoustic signals
at port 1 and port 2 respectively. Let ‘v’ is the applied voltage,
and ‘i’ is the current at port 3, where port 1 and port 2 are
acoustic ports and port 3 is electrical port. To get the required p-
matrix elements we need to get expression for output signals in
terms of input signals at three ports of a unit cell. According to
the basic assumptions we can write from Fig. 1:

(1) ‘al” is the input acoustic signal at port 1,

'a, exp(—joT /2)

signal will reach the reflection center,
where it will split in transmitted and reflected signals from
reflector:

' s '
(a) The reflected part a, exp(—joT)y) will reach
the port 1 and will get added to outgoing acoustic signal from
port 1.

'a, exp(—joT /2)n'

(b) Signal will get transmitted

1 . 1
through reflector and signal a4 exp( J a)T)n will reach
the transduction center and will lead to the

' o '
faﬂ] exp( J a)T) equivalent current flow in the bus bar.

' S '
After that the signal a4 exp( J a)T)n will get added to the
outgoing acoustic signal at port 2.

' '
(2) Signal a, is the input acoustic signal at port 2, it will

' '
lead to faz current flow due to transduction center. After that

' . 1
signal 4, exp( J oT'/ 2) will reach the reflection center,
and it will get split in two parts, one is reflected part and other

one is transmitted:

' o '
(a) Reflected part a; exp( J CI)T)]/ will go to the
transduction center and will lead

' g) '
to 5612 eXp( J COT)}/ current flow, after that acoustic signal
'a; exp(—jol)y!

will go out from port 2 of unit cell.

'a, exp(—joT /2)n'

(b) The signal will transmit through

' o '
reflector, and a; exp( J Cl)T)?] will get added to outgoing
acoustic signal at port 1.

!
(3) On account of applied voltage V' the acoustic signal

' '
av traveling in forward direction will get added to outgoing

' '
acoustic signal at port 2. The acoustic signal AV will also
travel in backward direction. The acoustic signal
‘avexp(—joT /2) . . .
will reach the reflection center and it
will split in two parts:
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'avexp(—joT)y'

will reach
leading to the

(a) The reflected signal

at the transduction center,

' s '
fav CXp( J a)T)7 current flow (however, magnitude of
this regenerated current will be very small, and can be ignored)

‘avexp(—joT)y'

and then signal
outgoing acoustic signal at port 2.

will get added to

'avexp(—joT / 2)n'

(b) Signal will get transmitted

‘avexp(—joT)n'

through reflector and
outgoing acoustic signal at portl.

will get added to

As a result of (i), (ii) and (iii) one can write:

b, = a,yexp(—joT)+ a,nexp(—joT) + avnexp(—joT)
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Or we can write:

, Where * P is the p-matrix for unit cell in Fig.

1. Using the fact that Pz :_2p23,

5:—20:.

we can write

4. Realization of IIR Transfer
Function on SAW Structures:

Realization of poles in a SAW structure with two or more
reflecting electrodes results in rational transfer function for
SAW structures. This should be noted that reflecting electrodes

b2 =an exp(—ja)T) + azj/exp(—ja)T) +av+avy exp(—fEﬁF’j?" electrodes having 31.0/8 width. Negligible reflections

i=S&anexp(—jol)+S&a, +&a,y exp(—jol) + py;v

(M
where P33 = Ga (@) + B, (@) + joCr (@),
(1) can be written in matrix form as:

10], Eq

b, Pu P Pui||%
by |=| Py Pn DPul|%
i Py Pn Py |V

Where p-matrix elements are defined as:

Py =y exp(-] oT); p, =nexp(-j oT);
Py = an exp(-j oT); p, =nexp(j oT);

Pyn =rexp(—joT), p,; =a +ay exp(—joT)
Py =61 exp(sj @T); py, =&+ Sy exp(y) oT);

Py =G, (@) + jB, (@) + jolC, ()

Expressing exp (_-j wT] as unit delay and representing it as
-1
Z ( basic assumption 3), we

Can write p-matrix elements in mathematical form as:
Pu =7 Z_l;Pn =n 27

Pz =oan Z_l;le =nz’;

Py =r2ipy =atayz’

Py =Enztipy =&+ &z
p33 :Ga(w)+jBa(a))+ijT(a))

b

are assumed at narrow electrodes with A0/8 width. As a
consequence of this no poles will be generated for a SAW
structure having no wide electrode of 3A0/8 width. In this
section we show that the pole can be generated in a SAW
structure with two or more reflecting electrodes, or in other
words rational transfer function will be realized for a SAW
structure if there are two or more reflectors.

In order to get p-matrix for SAW structure, it is required to first
obtain p-matrices for its unit cells and then cascade these p-
matrices using cascading formulas as given by Abbott et. al. [1].
If p-matrix is obtained for a SAW structure having two or more
reflectors, a rational transfer function will be realized. This
shows that it is possible to realize IIR filter on a SAW device.

One of the most important factors in realization of IIR transfer
function on SAW devices is the realization of a proper second
order denominator polynomial in rational transfer function for a
SAW structure. If one could achieve this then it can be said that
realization of any rational transfer function is possible on a
SAW device. In this section we show that a proper second order
denominator polynomial in a rational transfer function given by

p-parameters Pis> (and/or p 23) can be realized. In particular
we show that the SAW structure shown in Fig. 2 realizes a
proper second order denominator polynomial for p-matrix

elements P (and/or P ). The p-matrix for this SAW
structure can be obtained by using the RCM modeling and
cascading formulas as already discussed. The analytic
expressions for p-matrix elements for structure in Fig.2 are as
follows:
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A G At 1/ i 7 etV e b /0 A v A 7 e A/ M

Pu (=722 -2z +(* — )z 7]

o nz? o —an’z?
12 1_2}/2271 + (}/4 _72772)272 13 1_272271 + (7/4 _7/2772)272

. all+(—y =27z +Qr +y' =y’n’ =)z + (=’ + 2’0’ —n'y)z”
23 — 2

1=2p227 4 (= y?n*)z”

— _q Realization of a proper second order denominator polynomial in
Where z exp( ]a)T) , is unit delay, which is equal to the prop Powy

delay on account of traveling a unit cell or a length A the p-matrix elements P13 and P23 establishes the claim that it is
acoustic wavelength, and all other parameters are as already possible to realize a pole on SAW device.
defined.

Reflectors

P33 can be calculated by the method used in RAM [10] as
explained earlier

First reference plane ’

of first unit cell

7\,()/ 2 E }\40/ 2 E }\,()/ 2 E 7\,()/ 2

Transduction center and Second ref plane

First reference plane of second unit cell .
of second unit cell

and second reference plane of first unit cell

Fig. 2. A possible SAW structure with reflectors to realize simplest poles
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S. Simulation and Validation of
Results

In order to validate RCM model presented in this paper the
results given by RCM model were compared with that given by
COM model. As the model is used to generate the p-matrix, all
the p-matrix elements were generated using RCM and COM
model for a number of SAW transducers. It has been shown by
simulation that all the corresponding elements of p-matrices
predicted by two models for SAW transducers on Quartz
substrate and two normalized film thicknesses shows excellent
P13 Pzsz
match. However, results only for p-parameters and are
given here. It has to be noted that basic objective of simulation
results presented here is to compare the results given by two
models COM and RCM.

45 : .
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Transducer 1: This transducer is having transduction and
reflection weighting coefficients as that obtained for IDT 1 of
SAW filter 1 in Reference [11]. This sequence of transduction
and reflection weighting coefficients has been analyzed by COM
and RCM modeling with two different normalized film
thickness ratios (h/A) equal to 1.16 % and 3.75 % for ST-quartz
substrate. The purpose to choose these two normalized film
thickness ratios was to compare the p-parameters for moderate
reflections (h/A=1.16 %) and strong reflections (h/A= 3.75 %).

Paisz a3
The magnitude of p-parameters and for this

transducer given by RCM and COM under unmatched condition
are given in Fig. 3 to Fig. 6. It can be seen from simulation
results that the p-parameters for two different normalized film
thicknesses (h/A) are quite different due to change in reflectivity
and other parameters. But the differences predicted by RCM and
COM are quite similar.
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Fig. 3 simultaneous plots of P, given by present model (RCM) and COM model for transducer 1 with (h/A)

equal to 1.16 %.



©2010 International Journal of Computer Applications (0975 — 8887)
Volume 1 — No. 3

—40 '
RCM
-501 —— — —  COM 1
’—-._60 B 1
fara) 7 [
= |
@ y i |
= -70Fh W |
= ! |
& I
= _so} Iy |
I ‘[
-gol
-100—778 1.8 1.85 1.9
Frequency (MHz) w 10°
Fig. 4 simultaneous plots of p,, given by present model (RCM) and
COM model for transducer 1 with (h/A) equal to 1.16 %.
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Fig. 5 simultaneous plots of p,, given by present model (RCM) and COM model for transducer 1

with (h/A) equal to 3.75 %.
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-80 55 1.8
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Frequency (MH=) » 10°

Fig. 6 simultaneous plots of p,, given by present model (RCM) and COM model for transducer 1 with (h/A)
equal to 3.75 %.

RCM model has been compared with COM for all p-matrices for
other transducers of Reference [11] and for other different SAW
structures. RCM has shown excellent match with COM for all
other SAW transducers also.

To validate the model for simple bi-directional transducers (with
no reflecting structures), the results for p-parameters for
transducer 2 of SAW filter 2 in Reference [11] with same
transduction coefficients and zero reflection coefficients have
been compared with COM. For bi-directional transducers one
can predict the original transfer function by simply taking the
Fourier transform of transduction coefficients. However, loss

cannot be predicted by this original transfer function. The three
transfer functions, the Original transfer function (given by

transduction coefficients), Pis predicted by RCM, and Pis
predicted by COM has been plotted simultaneously in Fig.7,
where loss in original transfer function has been matched with
that predicted by COM (under unmatched conditions) by
dividing the original transfer function with suitable real positive
value determined by the loss predicted by COM under
unmatched conditions. This can be seen from fig. 7 that there is
perfect match of three transfer functions for bidirectional
transducers.

—5

-50

-55

Magnitude (dB)
DN N O O
O 0o 0

0
0

0
0

Frequency (WMHZ=) 10"

Fig. 7 simultaneous plots of P, given by present model (RCM), COM model, together with original transfer

function (with loss matched to that given by COM model under unmatched conditions) for transducer 2, with
zero reflection coefficients.
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6. CONCLUSION

The 3-port reflecting cell model (RCM) has been presented
which can be used to analyze the SAW structures with/without
reflecting electrodes. This model can be used to get analytical
expressions of all the p-matrix elements in terms of reflection,
transduction and transmission strengths. The basic advantage of
this model is that it can be used to obtain all the p-matrix
elements accurately even for the SAW structures utilizing strong
reflection coefficients. Furthermore this model retains the
computational convenience in computing all the p-matrix
elements. Simulation results show excellent match for all the p-
parameters given by RCM and COM for SAW structures on
quartz with different normalized film thickness ratios (h/A).

However, results for p-matrix elements P13 and P23 are shown
only, as this represents the transfer function. Using RCM
together with cascading formulas for p-matrices, it has been
shown that IIR transfer function can be realized on a SAW
structure having two or more reflectors. Realization of proper
second order denominator polynomial on a SAW structure has
been shown, that establishes the claim that it is possible to
realize any rational transfer function on a SAW structure.
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