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The paper presents an analysis of surface acoustic wave delay line. The line consists of two simple interdigital
transducers placed on a ST-cut quartz plate. Mid-band operation frequency of the line is 74 MHz. The line will
be applied for surface acoustic wave vibration sensor. At the immovable end of the plate there are electric signal
feeds to both transducers. This is the cause of increase in signal value going directly between the transducers and
the cause of line losses. By means of equivalent electric model of interdigital transducer a loss analysis of the line
has been made at 50 Ω load. The analysis allows to minimize line losses by matching the transducers to 50 Ω
impedance. This has been practically achieved by a design of transducer geometry and con�guration matching
50 Ω impedance, by means of inductance. An analysis of repeated operation characteristics of two interdigital
transducers has been made. A signal going directly through capacitance between transducers and signals re�ected
from the edge of piezoelectric substrate have been presented. Results of theoretical analysis have been compared
with experimental examinations.

PACS: 43.25.Fe, 77.65.Dq, 68.35.Iv

1. Introduction

Surface acoustic waves (SAW) in piezoelectric sub-
strates are excited by interdigital transducers. The basic
area of technical use of SAW are band-pass �lters. They
operate at a wide range of frequencies from several MHz
to 2.5 GHz. They possess various frequency characteris-
tics. As passive devices, they introduce losses of several
dB. Loss value depends on �lter design and piezoelec-
tric substrate type. SAW �lters are widely applied in
telecommunications. SAW �lters are also applied in SAW
sensors measuring various physical quantities.
The sensors operation consists in measuring time delay

changes alteration of surface wave propagation in SAW
�lter cased by a parameter that is being measured. For
that reason, SAW �lter plays the role of SAW delay line.
Most researches are concerned with biochemical sensors
and gas concentration sensors [1�4], as well as tempera-
ture, pressure and moment of force sensors [5�8]. Fewer
focus on acceleration, vibration parameter, and stress
sensors [9�13].
SAW delay lines are the basic element of SAW sen-

sors. Depending on methods of measurement and type
of measured parameter, various designs of delay lines are
applied. Piezoelectric substrates of various physical prop-
erties are used to make the lines. Also, the lines are of
various electric parameters. Most line designs are based
on two cooperating interdigital transducers. In electri-
cal terms, such a line is a passive four-terminal network.
The distance between transducers is set by delay time of
SAW delay line. SAW �lter casing is encapsulated and
connected to the circuit mass. Modeling line parameters
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and parasitic e�ects in line operation are common prob-
lems that need to be solved when designing SAW sensors.

Designs of SAW delay lines for vibration, acceleration
and stress sensors di�er from lines applied for sensors of
other physical quantities. Figure 1a presents a sketch of a
classic delay line and a SAW vibration sensor delay line.
Figure 1b presents vibration sensor delay line. SAW de-
lay line is made on piezoelectric plate. One end of the
plate remains immovable. The other free end of the plate
can be loaded with seismic mass. The plate vibrates. Be-
cause of sensor plate movement, electrodes feeding elec-
tric signal to transducers (cumulative bars) should be
placed on the immovable part of the plate. That will
provide proper endurance of electric contacts to the elec-
trodes. The electrodes are long. They are of particular
e�ective resistance. Because of plate movement, its cas-
ing is larger than in classic SAW �lters. This causes in-
crease in signal going directly between input and output
of SAW delay line (electromagnetic radiation coupling).

Fig. 1. SAW delay lines: classic (a), for vibration sen-
sor (b).
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Quartz is often applied as piezoelectric substrate. ST-
-cut quartz has good temperature properties. Depen-
dence of relative alteration in surface wave delay ∆τ

τ on
temperature is described as follows:

∆τ

τ
= −34× 10−9(T − T0)

2, (1)

where T � temperature (K), T0 � return temperature
(295 K for ST-cut quartz).
This property has been decisive in choosing ST-cut

quartz as material for sensor plates. Quartz is a weak
piezoelectric. Its electromechanical coupling coe�cient
value is low and amounts to k2 = 0.16%. Relative di-
electric permittivity is ε = 4.5. The line has been de-
signed as two cooperating identical simple periodic inter-
digital transducers with double electrodes. Such a struc-
ture of transducers allows to apply their operation on the
third harmonic. Transducer electrode circuit is presented
in Fig. 2.

Fig. 2. Delay line transducer structure.

Low electromechanical coupling coe�cient value for
ST-cut quartz is the cause of considerable loss on mis-
match of its input impedance to 50 Ω. In order to min-
imize the loss, interdigital transducer operation in con-
ditions matching 50 Ω impedance at frequency 74 MHz
has been chosen.
Line design will be discussed. We will analyze its basic

parameters and parasitic e�ects in line operation. Re-
sults of experimental examinations of the line for vibra-
tion sensors will be presented.

2. SAW delay line model

Delay line composed of two cooperating interdigital
transducers is a passive four-terminal network. Its elec-
tric parameters are line input and output admittances
YN , Y0 and transadmittance of two cooperating trans-
ducers YW . The line cooperates with electronic units
as presented in Fig. 3. Parameters of electronic units are
described by their impedances: Rg and R0.
Equations describing cooperation of SAW delay line

with electronic units are as follows:

IN = YNEN + YWEO,

IO = YWEN + Y0EO,

EN = Eg − INRg,

EO = −IORO. (2)

From this system of equations we can determine fre-
quency characteristic of the line [14]:

Fig. 3. SAW delay line cooperation with electronic
units.

H =
E0

Eg
=

YWR0

(1+YNRg)(1+Y0R0)

1− Y 2
WR0Rg

(1+YNRg)(1+Y0R0)

, (3)

which can be presented in the following way:

H =
YWR0

(1 + YNRg)(1 + Y0R0)

×
∞∑

n=0

[
Y 2
WR0Rg

(1 + YNRg)(1 + Y0R0)

]n
. (4)

The �rst term of an in�nite series in form of

H1 =
YWR0

(1 + YNRg)(1 + Y0R0)
(5)

describes value of signal going between sending and re-
ceiving transducers in form of surface wave. It is an
impulse frequency characteristic of two cooperating in-
terdigital transducers. Whereas subsequent terms in an
in�nite series in expression (5) describe value of sig-
nals circulating between transducers and successively re-
ceived by the receiving transducer. Because of the way
they originated, we will call the signals multiple echoes.
Their source is surface wave re�ection from interdigital
transducer. Surface wave re�ection from receiving trans-
ducer coe�cient will be described by the following de-
pendence [14]:

Γ =
YWR0

1 + Y0R0
. (6)

Thus value [14]:

Y 2
WR0Rg

(1 + YNRg)(1 + Y0R0)
=

E0,n+1

E0,n
(7)

describes ratio of signal echo amplitude (n+1) to ampli-
tude of n-times echo.
Signals circulating between transducers deform ampli-

tude and phase characteristic of the line. That is why
they are parasitic signals. Their level should be low so
that their in�uence on �lter characteristic would be neg-
ligible.
In order to calculate SAW delay line frequency char-

acteristic presented in Fig. 3, it is necessary to calculate
line input and output admittance YN , Y0 and transad-
mittance of two cooperating transducers YW . Finding
relations between the values and transducer geometry
and piezoelectric substrate parameters is the fundamen-
tal issue connected with SAW �lter designing technique.
To solve the problem a Delta function model is used as
well as equivalent circuits model and coupled mode model
[15�17]. Out of the three basic methods of modeling only
the substitute diagram model is in the shape of an elec-
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tric unit. Thus it is possible to directly apply it to ana-
lyze interdigital transducer cooperation with an electric
matching unit. All mentioned electric parameters of in-
terdigital transducer can be calculated by applying the
substitute diagram model.
Let us present an analysis of delay line (Fig. 3) opera-

tion, made on the basis of equivalent circuits model [14].
One transducer has constant depth of electrode overlap.
The second transducer (weighed) has variable electrode
length. Transadmittance line is presented by the follow-
ing dependence [14]:

YW =
ωε0εk

2 sin2
(
α
2

)
2P 2

−α
π
(− cos∆)

×

{
N∑

n=1

µ(n) exp

(
− j

(
n− N + 1

2

)
α

)}

×

{
M∑
n=1

Bn exp

(
− j

(
n− M + 1

2

)
α

)}

× exp

(
− j

(
γ +

M +N

2

)
α

)
, (8)

where

α =
πω

ω1
, ∆ =

πr

p
, ω1 =

πV

p
,

r � transducer electrode area in section length, p �
section length, V � surface wave velocity, γ � wave
phase shift in the area between transducers, Bn � elec-
trode overlap depth in weighed transducer, µn takes val-
ues 1, 0, 1 depending on straight transducer electrode
polarization, P−α

π
(− cos∆) � the Legendre polynomial.

Simple transducer coe�cient of admittance is de-
scribed by the following expression:

YN = jωCN +
ωε0εk

2L

4P 2
−α

π
(− cos∆)

×

{
j sinα

N∑
n=1

µ2(n) + 2 sin2
(α
2

)

×

[
N∑
l=1

µ(l)
N∑

m=1

µ(m) exp(− j |m− n|α)

]}
. (9)

Transducer admittance is a parallel connection of con-
ductance GP of transducer static capacity CN and trans-
ducer dynamic capacity Cd:

YN = GP (ω) + jωCN + jωCd. (10)

For simple transducer of geometry presented in Fig. 2
conductance value is described by the following equation:

GP (f) = G0

(
sin(x)

x

)2

, (11)

where

x =
πN(ω − ω1)

ω1
, G0 =

4

π
k2Csω1N

2,

Cs � transducer electrode pair capacity, N � number
of transducer electrode pairs.
Transducer capacity CP is sum of its static C0 and dy-

namic Cd capacities. Dynamic capacity of simple trans-
ducer of geometry presented in Fig. 2 is described by the
following dependence:

ωCd = G0
sin(2x)− 2x

2x2
. (12)

The above dependences allow to calculate all electric pa-
rameters of SAW delay line.
There are various reasons for loss caused by SAW de-

lay line [15�17]. In the case of ST-cut quartz in given
transducer design, the main reason for loss is transducer
mismatch to impedance 50 Ω. To decrease the loss, in-
terdigital transducer operation in conditions matching
impedance 50 Ω at frequency 74 MHz. On the basis
of matching conditions analysis we can determine trans-
ducer electric parameters.

3. SAW delay line matching unit

The method of transducer matching is presented in
Fig. 4. The element matching transducer of conductance
GP and capacity CP to impedance Rg = 50 Ω is in-
ductance L1. Matching condition is emission of disposed
power on transducer conductance GP , taken from voltage
source Eg of internal impedance Rg = 50 Ω.

Fig. 4. Transducer matching circuit.

Power emitted on transducer conductance is changed
into surface wave. It is described by the following depen-
dence:

P =
E2

gGP

(1 +RgGP − ω2L1CP )2 + (GPωL1 +RgωCP )2
.

(13)

From the condition
dP

dL1
= 0 (14)

we can calculate maximum power emitted on transducer
conductance. Its value is described by the dependence:

P =
E2

gGP (G
2
P + ω2C2

P )

[Rg(G2
P + ω2C2

P ) +GP ]
2 , (15)

which takes place when the following condition is ful�lled:

L1 =
CP

G2
P + ω2C2

P

. (16)

Disposed power, i.e. the highest power input from the
source

Pdys =
E2

g

4Rg
. (17)

From quantity
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P

Pdys
=

GP (G
2
P + ω2C2

P )

4[(G2
P + ω2C2

P ) +GP ]
2 = 1 (18)

we get a condition determining values of transducer elec-
tric parameters, conductance GP and capacity CP at
which it is matched to impedance 50 Ω at frequency ω:

GP

G2
P + ω2C2

P

= Rg = 50 Ω. (19)

We want to obtain transducer matching for frequency
ω = ω1. From expression (19), using dependences de-
scribing conductance GP and capacity CP (10), (11), we
get quadratic equation regarding the amount of trans-
ducer electrodes N . After having solved the equation,
we can calculate the amount of transducer electrode pairs
from dependence

N =

√
π

4(50 Ω)k2CKAω1
−

( π

4k2

)2

, (20)

where A � transducer aperture, CK = 0.05 pF/mm for
quartz and assumed transducer design.

4. Experimental results

Using dependence (20), calculations of transducer ge-
ometry for ST-cut quartz have been made. Transducer
aperture A = 2.5 mm has been assumed. For such pa-
rameters, a transducer composed of N = 25 electrode
pairs has been obtained. Transducer operation on the
third harmonic at frequency 74 MHz has been applied.

Fig. 5. Theoretical dependence of conductance of sim-
ple transducer composed of 25 double electrode pairs on
ST-cut quartz.

Electrode width and gaps between electrodes amount to
16 µm, and acoustic surface wavelength is 37 µm. Fig-
ures 5 and 6 present results of theoretical calculations of
transducer conductance and capacity in the function of
frequency.
For frequency 74 MHz transducer conductance is

0.74 mS and capacity is 3.13 pF. For the quantities in
dependence (16) inductance value has been calculated
(L1 = 900 nH) for which transducer matching condi-
tion to impedance 50 Ω is ful�lled. Measuring coe�cient
of re�ection from matched transducer allows to control
matching interdigital transducer to impedance 50 Ω. Fig-
ure 7 presents alteration of re�ection coe�cient value
from matched transducer in a unit of impedance 50 Ω
in frequency function. Inductance value of L1 = 900 nH
has been used for matching.

Fig. 6. Theoretical dependence of capacity of simple
transducer composed of 25 double electrode pairs on
ST-cut quartz.

Fig. 7. Dependence of re�ection coe�cient from
matched transducer in frequency function.

Quick-changing inequalities of re�ection coe�cient lo-
cated around transducer operation frequency (74 MHz)
come from parasitic signals appearing in SAW delay line.
Parasitic signals are: signal going directly between line
input and output, multiple echoes, and signals re�ected
from crystal edge. These signals are received by receiving
transducer at di�erent times. To illustrate them, exami-
nations have been made in unit presented in Fig. 8.
A signal in form of wave packet at frequency 74 MHz

has been sent onto line sending transducer. Packet length
lower than line delay gives temporary separation of direct
signal from usable signal. Figure 9 presents time run of
signals in SAW delay line.
In Fig. 9, the following signals are presented, left to

right: direct, usable, and other parasitic signals. Time
run of signals in parasitic line after damping re�ections
from plate edge is presented in Fig. 10.
Liquidation of all signals with higher delay than us-

able signal attests to the lack of signals circulating be-

Fig. 8. Meter circuit for parasitic signals in SAW delay
line.
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Fig. 9. Time run of signals in SAW delay line.

Fig. 10. Time run of signals in delay line after damping
re�ections from plate edge.

tween transducers. Figure 11 presents alteration of value
of coe�cient of re�ection from transducer in a unit of
impedance 50 Ω in frequency function after signals re-
�ected from plate edge have been liquidated.

Fig. 11. Dependence of re�ection coe�cient from
matched transducer in frequency function after signals
re�ected from plate edge have been liquidated.

Experimental amplitude frequency characteristics of
SAW delay line is presented in Fig. 12.
Line losses after matching at frequency 74 MHz

amount to 24 dB. SAW delay lines in vibration sensor.

5. Conclusion

We have presented a design and electric parameters of
SAW delay lines on ST-cut quartz for vibration sensors.

Fig. 12. Amplitude frequency characteristic of SAW
delay line after transducer matching.

Simple periodic interdigital transducers operating on the
third harmonic are applied in the lines. At operating
frequency of 74 MHz, electrode width is 16 µm. Rela-
tively wide electrodes facilitate line making. Line oper-
ation in matching conditions allow to decrease line loss
to 24 dB. The line operation model assumes ideal match-
ing inductance and omits resistance of electrodes feeding
the signal (cumulative bars) to the transducer. This has
not in�uenced transducer matching to impedance 50 Ω
in any way. However, it can be the cause of higher line
losses. Transducer matching unit taking into account
coil magni�cation factor and resistance of cumulative
bars is presented in Fig. 13. Resistance Rk is a sum
of inductance resistance, contacts and cumulative bars
of the transducer. In the case of sending transducer,
it is connected in series with internal resistance of the
source modeling the cooperating electronic unit. In the
case of receiving transducer, it is connected in series with
load resistance. A signal feeding the interdigital trans-
ducer is decreased by voltage drop value on resistance Rk.
The losses are described by value of relation Rk to 50 Ω.
When Rk = 0.5 Ω, the losses reach 1 dB.

Fig. 13. Transducer matching circuit taking into ac-
count coil magni�cation factor and resistance of trans-
ducer cumulative bars.

Inductances used to match the transducer are of part
of Ω. Contacts made by ultrasonic welding are of similar
value. Resistance of cumulative bar is estimated a few Ω.
That is why value Rk is decisively higher for transducer
with considerably long cumulative bars. Because of that,
alteration of value of coe�cient of re�ection from trans-
ducer in a unit of impedance 50 Ω in frequency function
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for transducer with long cumulative bars is lower than
for transducer with short cumulative bars. It is caused
by lowering quality factor of matching unit by higher re-
sistance Rk. Losses caused by this resistance reach a few
dB. Resistance Rk lowers the level of multiple echo sig-
nal in SAW delay line. In delay line on quartz, the level
of multiple echoes is practically negligible. On the basis
of given results, it is possible to calculate multiple echo
distribution in time. Making the Fourier transform (4)
leads to dependence

h(t) =

∫ ∞

−∞

{
YWR0

(1 + YNRg)(1 + Y0R0)

×
∞∑

n=0

[
Y 2
WR0Rg

(1 + YNRg)(1 + Y0R0)

]n}
e j 2πftdf. (21)

For delay lines made on piezoelectric substrates the level
of multiple echoes can be high. Figure 14 presents exper-
imental run of multiple echoes of a line made on lithium
niobate substrate.

Fig. 14. Multiple echoes in a line made on niobate sub-
strate.

Multiple echoes in SAW �lters are parasitic signals.
In the case of SAW delay line in a sensor the situation
is di�erent. If meter circuit operates with constant sig-
nal, then multiple echo signals add together with usable
signal. Resultant signal is characterized by higher de-
lay and amplitude modulation. Increase in signal delay
leads to increase in sensor sensitivity. If meter circuit
operates with impulse signal, then multiple echo signal
can be applied as test signal. Such a solution increases
sensor sensitivity.
However, the signal going directly between output and

input of SAW delay line is parasitic signal. Decreasing its
level is one of the fundamental problems connected with
making SAW delay lines for vibration sensors. The pre-

sented lines have been made for SAW vibration sensors
applied in an electronic warning system [18].
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