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Field Analysis of Surface Acoustic Wave Transducers
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Abstract

The transmission and reception characteristics of surface acoustic wave devices are analyzed by

introducing three diftferent tvpes of transducers. such as single<lectrode transducer. double-electrode

transducer and triple-electrode  transducer.

the output signal has been derived theoretically.

Utilizing an electromagnetic field theory technique,

The basic analysis used here can be extended for

other configurations. The surface acoustic devices have been shown promising as a means of improv-

ing the operation efficiency by modifying the geometric configuration of transducer strips.

Introduction

The analysis of surface acoustic wave (SAW)
generation and transmission has been a central pro-
blem in SAW technology since 1965 (1), (2) when
White and Voltmer demonstrated efficient SAW
Auld
analyzed the SAW phenomena theoretically in a

transduction by interdigital transducers (3).
variety of ways (2). Ever since, SAW devices have
been finding applications as delay lines, filters, digital
coding and holographic imaging in medicine, detection
of underwater objects, pulse compressors, pressure
transducers, and signal processing functions in radar,
navigation, electronic counter measures and communi-
cation systems (4), (5), (6), (7), (8), (9), (10). Exten-
sive research has been given to analyze the char-
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acteristics of interdigital transducers for efficient
applications by several workers (11), (12), (13), (14).
Recently, Kang analyzed SAW resonators by electro-
magnetic field theory (10).

Various application of SAW devices has been
accelerated by the demand of the electronics industry.
Commercially, band pass filters for AM and FM
receivers, delay lines which for example, 64 micro
seconds delay line in European color TV set, American
TV IF filters, ultrasonic propagation in water such as
depth-finders and fish-finders, and digital recirculating
memories are undergoing concentrated development.
In SAW devices, the wave is mainly propagated on the
crystal surface while in bulk acoustic devices the signai
is propagated through the bulk of the material. The
electric signal of input transducer, in both cases, is
converted to the acoustic wave by mechanical defor-
mation. The acoustic wave is propagated along the
active length of the device which is in between the
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input and output transducer, and is reconverted to the
electric signal at the output transducer.

The primary components involved with these
energy conversion are the transducers, and the geo-
metrical configuration of transducers determines
frequency selectivity of surface wave filters. Electro-
magnetic field theory is applied to analyze the wave
characteristics of various transducers, and to under-
stand the energy conversion scheme from the electric
signal to acoustic signal, or the acoustic signal to
electric signal. The transmission and reception of
the signal depend upon the number of strips of trans-
ducers and geometric configuration of strips. It is
assumed that there is no attenuation on the crystal
surface, interactions between input and output trans-
ducers, and energy conversion loss.

The output signal of the transducer is calculated by
adding all electric fields over all strips of the trans-
ducer. Three different types of transducer are in-
vestigated for the analytical purpose, i.e., single-
electrode transducer, double-electrode transducer and
triple-electrode transducer. Design criteria can be

obtained by the theoretical analysis.

Single-electrode Transducer

A sfngle—electrode transducer which generates SAW
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Fig. 1. Single-electrode transducer configuration.

The optimum frequency fg which gives maximum
surface energy is obtained by

fo =*}; ¢))

where v = acoustic surface wave velocity and
Ao = period of the pitch (or wavelength of the

acoustic wave)
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The surface wave velocity in Y cut LiNbO3 isv =3.4 x
105 cm/sec.

The transducer is analogous to antenna array which
has a definite directivity and therefore the frequency
selectivity of the transducer can be obtained by the
antenna analog. There is n half wavelength strips in
the transducer and take the first strip as a reference.
Then the progressive phase shift ¢ n may be obtained.

Yo =0 )

where ¢ is the phase shift of the first strip. The total
phase shift in the second strip becomes

Y1 =pdcosp +a 3

where 8 = wave propagation constant
d = distance between two strips
¢ = vertical pattern angle when the direction of
the output transducer is taken as 0°.
« = phase angle of currents between two strips
¥, can be written in terms of prequency as
\p1=6£cos¢+a=—w—cos¢+n “4)
2 2fy
The angle = between two strips arises from the fact
that alternate strips of the transducer are connected
to the input excitation with different polarity.

Similarly,
w
Ya =— cosp + 2n *)
fo
v 19 cos+ (ned) ©)
= — — ¢o -
n-1 2 fo 4 n-Lm

Introducing the frequency of input signal f close to
fg, the frequency departure

Af = f-fg %)

Using Eq. (7), and Eqs. (4) through (6) may be re-
written as

Af
vi = m(l+—)cosp +n @y
fo
af
V2 = 2n(l +—) cosp O
fo
af
Upp = 20-Dm(1 +——) cos¢ + (n-1)m ®y
fo

Let Eg be maximum electric field intensity from the
first strip of the transducer. The total output electric
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field intensity is obtained by

E=Bo+e¥1 +e¥2 4.0 +¥nl

. li_énﬂ7
=Eo _1 - ej1r‘7 8)
where o = (1 + Afffg) cose
e /2
or E= Eoe]"(n 1)7_.328_(22_/~)~ 9)

cos (nY/2)

the output electric field intensity in the direction of
propagation is,at¢ = 0,

jmaf(n-1) sin E £
. . 26o
E=Ege 0 —— (10$)
o owAf
sin
2o
Af Af
Since, if Af < fo, sin———— = ~—— and then
fo fo
+ 2§ - i Aff215)
£ ~ il dnof- )t Sin @ndf/260)
o (nmbif2to) (162)
Eq. (10) indicates that output response is of the s1.n =
in X

or% form and is a function of the propagation

angle. It can be seen that from Eq. (9) depending on
the direction, there are a transmitted wave into the
output transducer, a penetrating wave into the crystal
(or penetration loss and a radiation loss. On the way
of wave penetration into the crystal, some reflection

may arise on the surface of the transducer area.

(a) Transmitted wave in the direction of propagation.

To calculate the wave transmitted to the direction
of the output transducer, Eq. (10) is used. The
magnitude of E is then

. nmwAf
sin
E~ |_ Mo an
. naAf
sin
2%,
or
. nnaf
sin ———
E~nEy | o (12)
nnaf
YA

The output response can be plotted to see frequency
selectivity shown in Fig. 2.

TTTET - s T10 0.5

Fig. 2. Frequency selectivity for n = 4.

In Fig. 2, one can easily deduce that for large n,
all E components close at a small frequency departure
Af, so that the bandwidth is inversely proportional to
n. It can be seen clearly by sketching the output
response for n=20 shown in Fig. 3.

E/nE,
e
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Fig. 3. Frequency selectivity for n = 20.

For large n,

. nmaf
sin ———

im 2o (13)
0 g
2

lim 2fo (14)

naf _ 20k — =
To 0 ™
2fy k=123

. aaf 3n .
and the first maximum occurs atT =_-—. The maxi-
o n

mum amplitude is obtained as

. af 2
sin MA_f / sin f_.; = _" (1 5)
A Ao | wAf 3n 3

2 fo n

From Eq. (14), the first null occurs at
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naf  2#
fo n
or
fo
Af = -9 16
a2 (16)

From Eq. (15), the amplitude of the principal maxi-
mum was n, so the amplitude ratio of the first second-
ary maximum to principal maximum is g = 0.2/2.
This means that the first secondary maximum is about
13.5 db below the principal maximum and this ratio is
independent of the number of stripes in the circuit, as

long as the number is large.

When (nnaff2fy) =

Y

1 n

Eog — =—E, = 0.03 E 17
O nmaff2fy 2 ° ° an

The bandwidth are measured between the first nulls

and is twice the angle, then, from Eq. (16).

BW = 2Af = — (18)

It is mathematically confirmed that the bandwidth
is inversely proportional to n, number of strips. For
instance, a surface wave device for n=30 and fp=15
MHZ may be disigned as

A 2mk
@ Nulls: —— = T k=1234,--
n
2ok
af =222 = 08k

(b)f = fo + Cf = 12, 13, 14, 15, 16, 17, 18, - MHZ
© BW=~4;fQ= 2 MHZ

The output response for this example is plotted in
Fig. 4.-

WxI0T 12X100 BX10° 1Ux100 15x10° 16xW0° 17xi0t 18x10° ax10*

frequency

Fig. 4. Output Response at f, = 15 MHZ and n = 30.
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The main lobe of the response can be used as a
band pass region and the side lobes of large attenua-
tion as traps. The design of the surface wave device
depends on number of strips n and on the distance £
between input and output transducers.

The time delay between input and output trans-
ducer is

T = 19

. f
Since fr = constant,Tmay be written in terms of

the delay time 7 as

far+7af = 0
or
£ T
af T ar 20

It is noted that the wave is not only propagated in the
direction of receiver but also in the opposite direction
of receiver. To receive the signal effectively, reflectors
are usually used in the opposite direction (17).

(b) Wave propagation under the surface

As one can see from Eq. (9), there is an unwanted
wave propagation under the surface of crystal in
the range of 0 < ¢ < 180°. This wave undergoes down
to the surface first time and splits into two compon-
ents. One component decays with the depth of crystal
and approaches zero, and another component radiates
on the surface depending on the material property.

These components are varied with the number of
strips, applied frequency and the propagation angle.
The loss due to such effect may be calculated by
squaring the E field pattern from ¢=0° to ¢=180°.

(c) Wave Propagation normal to the surface

This component of propagation field is traveling
above the crystal in the range of 180° < ¢ <360°. The
traveling wave in this range constitutes mainly a
radiation loss. Note that the cases (b) and (c) are not

any more surface waves.

Double-electrode Transducer

A double-electrode transducer is shown in Fig.
5, which each finger strip is split into two electrically

interconnected strips.

— 20_
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Fig..5. Double-electrode transducer configuration.

Similar to the single-electrode transducer, the pro-

grassive phase shift ¢ n for each strip becomes

Yo =0 21)
oy = pdeosp+a = 22 copr0=Ty  (22)
v 4 2
Yy = 2fdcosp+ ¢ = w(Y+1) (23)
3
w3 = 3Bdcosp +a = ”(3 v+ 1) 24)
Y4 = 4Bdcosg+a = 2n(Y+ 1) = 2nY 25
Sm
\LIS = 5ﬁdcos¢+0£ = 77 (26)

The total output E can be obtained by adding all
vectors of E.

E=Eo(1+e¥1+eV2+e¥3 4 eV 4.t ed¥ny

O 3
=Eo[1 +e'27 4 IO JnQYHD)

+e—]2"7 + el 2 ]
. iZy iCy+ iy +1
:EO[Her (1+EJ(2 1r)+eJ(n )+__.)]
(27)

For simplicity, let S = (— + %ﬂ) cosp = 7 Y (28)

and then,

s cos B
(n-2) 2

B=Eo(1 +e%e 29)
cos s
The magnitude of E yields
ns
__ cosy
= Eg v/ 2(1 +coss) (30)
: cos s

When ¢ = 0, from Eq. (27)

£~ By(1 + jeiTA1I200) (1 4 (J2MATI20 , JAmaf/2fo

+eee)
Af n . (nrrAf: )
i wAf N sin (¢
- Eo(l +je’"Af/2f0) e] 26, (2 1) . 41I'f
sin (léf__)
2y
(EXD)
The magnitude of E in this case is
§ nrAf
T aaf I
E=E0\/2—(1‘—si.n";—f6‘) S T T BE P
o onAf
sin—— !
26y |
If Af<fy,
. mAf . nrAf
1 -sin T sin a1,
E=nEgy — > . | 20 (33)
2 nrAf
41,

Eq. (33) shows that the output selectivity is still of
the _s}.'l,ﬁ form. Comparing Egs. (33) with (12), the
output in the double-electrode transducer is reduced
to \/ > of the output in the single-electrode trans-
ducer, at the optimum frequency. However, as Af
increases, the amplides of sidelobes decrease as much
as \/_ - sih—(n—Af/TfOT in the double-electrode trans-
ducer.

That is the main feature of using double-electrode.
turther, we may expect less radiation loss and reflec-
tion loss by plotting E vs. ¢ from Eq. (30), similar to
the antenna arrays. Simultaneously, driving point
impedance is also smaller in the double-electrode type

than in the single-electrode type.

Triple-electrode Transducer

R
\ \

N

/

Fig. 6. Triple-electrode transducer.
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First evaluate the progressive phase shift.

Vo = 0 34)

)\0 n
Yy = pdcosgp + @ = 6—6— cosg + 0 =T’Y (35)

Let

R=" 1+ ycosp = T (36)
3 fo 3

Then
¥ = R 37
¥ = 2R (38)
Y3 = 3R+7 (39)
Vg = 4R+ 7 40)
Ys = SR+n 41)

Therefore, the total output E becomes

ﬁ:ﬁo (1+ej""1 +ej"/’2 +e—’-‘1‘3 +eee)

=K, (1+ elR + elzR) 3]5(“‘3) .

The magnitude of E is also obtained as

Y Y
E=E0\A+2COS%+ 2C0s7213L (l+SIN—%Y)SIN

When ¢ = 0, from Eq. (41),

11naf |
SIN (— )|
E=E,~/ AT+B? .| 6h (44)
J wA i
SIN (—-—)
’ (21_o ) |
where
V3

1
A=1+ ) (COSQ-COS 2Q) ~ ;(SIN Q+SIN 2Q)

=

1 3
B= (SINQ-SIN2Q) + \/i«(COS Q +COS 20)
nAf
T

It is noted that in the direction of surface-wave

reception, the output selectivity is of the form ?!?‘xl

B IEGE w176 H6H

which is required for bandpass filter, as one can be
seen from Eq. (44). However, there is a constraint
factor inside of square root in Eq. (44) and this factor
plays an important role to adjust the amplitudes of
side lobes. The main reason to use the triple-electrode
transducer is to control the output selectivity and to

achieve a chevychev type bandpass response.

Discussions and conclusions

We have analyzed three types of transducers such
as single-electrode transducer, double-electrode trans-
ducer and triple-electrode transducer, and have investi-
gated the feasibility of fabricating a small-size band-
pass filter which is compatible with integrated circuits.
The main purpose of this study was first to investigate
the characteristics of various types of surface-wave
sonic transducer configurations, second to search the
utilization of three types of transducers into practice
and finally to set up the theoretical criterion in
designing surface-wave devices.

As a result, the single-electrode transducer can be
used in the signal processing sections and communica-
tion systems which frequency domain sidelobe levels
smaller than 13.5 db below the passband level are
required, and which the main lobe of the output is

utilized to a bandpass region and the side lobes to

27 [cos (A7,
6 7 43)
no
COoS (—2~—) |
traps because the output response is of the S—lsr;ﬁn%

orm form without any constraint function.

B;mdpass filters for example are required with
frequency domain side lobe levels greater than 60 db
below the passband level in combination with shape
factors lesss than 2:1. This type of performance has
not yet been realized. It may be possible closely to
meet such delicate specifications by using the double-
electrode transducer and the triple-electrode trans-
ducer because the multi-electrode transducer has a
main feature of controlling the amplitudes of side
lobes.

The optimum frequency is proportional to the
wave velocity of the crystal used and inversely propor-
tional to the transducer pitch (Eq. 1). The bandwidth
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of the device is inversely proportional to the number
of the transducer strips (Eq. 18), and the stability and
Q are related to the device dimens Eq. 20). Further,
amplitudes, radiation loss, insertion loss, reflection
loss and impedances of the surface acoustic devices
can be adjusted by choosing various types of trans-
ducers.

Further significant developments in the surface
acoustic wave devices are expected, due to their
unique properties of small sizes, simple fabrication
techniques, high reliability, and satisfactory electrical
performance for specific applications when compared

with alternate techniques.
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