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Surface Acoustic Wave (SAW) sensors demonstrate superior sensitivity in

detection of chemical agents. Due to their solid state design and

Marija F. Hribsek

Professor
Institute GoSa, Belgrade

Zoran Filipovi¢

Assistant Professor
Institute GoSa, Belgrade

fabrication compatible with modern technologies, SAW chemical sensors
are extremely reliable. The sensor is modeled as a two-port device with
parts represented by equivalent circuits. Change of output frequency as a
function of vapor concentration is calculated. The oscillator circuit with
SAW sensor in the feedback loop is designed. The SAW sensor is used for
madifying the oscillator frequency. The presence of chemical vapor is then

detected by monitoring this frequency shift.
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1. INTRODUCTION

In the last two decades surface acoustic wave (SAW)
chemical vapor sensors have found numerous
applications due to their compact structure, high
sensitivity, small size, outstanding stability, low cost,
fast real-time response, passivity, and above all their
ability to be incorporated in complex data processing
systems [1-3].

The basic principle of the SAW sensors is the
reversible absorption of chemical vapors by a solvent
coating which is sensitive to the vapor to be detected.
The SAW sensors have been able to distinguish a wide
range of chemical vapors [1]. A surface acoustic wave is
a type of mechanical wave motion which travels along
the surface of a solid material, referred to as a substrate.
The amplitude of the wave decays exponentially with
the distance from the surface into the substrate, so that
most of the wave energy is confined to within one
wavelength of the surface [4,5].

The analysis of the SAW devices can be approached
to in three ways: (1) exact analysis by solving the wave
equation, (2) approximate analysis by means of
equivalent electrical circuits, and (3) approximate
analysis via the delta function model [6]. It is well
known that the exact analysis of the SAW devices using
surface wave theory is very complex (even in the case
of a free surface) [4-8].

The presented approximate method uses equivalent
circuit models for interdigital transducers (IDTs), where
the analysis tools known in electrical engineering can be
applied. A recently proposed modeling algorithm,
described in details in [9], for the analysis of chemical
SAW sensors, based on the electrical equivalent circuits
method, is here just briefly presented. The algorithm
gives explicit general relations between electrical
signals, voltages or frequencies, and vapor detection
estimations taking into account the properties of the real

Received: February 2011, Accepted: April 2011
Correspondence to: Tomislav Stoji¢

Faculty of Mechanical Engineering,

Kraljice Marije 16, 11120 Belgrade 35, Serbia
E-mail: tstojic@mas.bg.ac.rs

© Faculty of Mechanical Engineering, Belgrade. All rights reserved

SAW devices, which are usually neglected [9]. The
whole sensor is modeled as a two-port network
(quadripol) consisting of three parts: (1) the input
interdigital transducer, (2) the delay line that is the
sensing part, and (3) the output interdigital transducer.
The transducers are modeled as three-port networks and
the delay line as a two-port network.

The first part of this paper deals with the basic
principles of the SAW sensor operation and the
modeling approach. In the second part the oscillation
circuit with the embedded SAW sensor is presented.
The sensor is now modeled as one-port network using
its input impedance. The variation of the oscillator
frequency caused by impedance parameter changes is
shown in the form of simulation results.

2. BASIC PRINCIPLES OF SAW SENSOR
OPERATION

A transversal SAW chemical sensor can be schematically
presented as in Figure 1. It consists of two interdigital
transducers on a piezoelectric substrate, such as quartz.

input output
transducer transducer

sensmve coating

substrate

Figure 1. The basic configuration of a chemical SAW
sensor [9]

A chemically sensitive thin layer is placed between
the interdigital transducers on the top surface of the
piezoelectric substrate. The surface wave is induced by
an electrical signal applied to the input IDT.

The output signal (voltage) is taken from the output
IDT. The velocity and attenuation of the wave are
sensitive to mass and viscosity of the thin layer. The
purpose of the thin layer (a polymer film) is to absorb
chemicals of interest. When the chemical is absorbed,
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the mass of the polymer increases causing a change in
velocity and phase of the acoustic signal, which causes a
change in amplitude and frequency of the output voltage
at the load impedance Z;. Acoustic absorbers (not
shown in Figure 1) should be appropriately placed on
the substrate edges to damp unwanted SAW energy and
eliminate spurious reflections that could cause signal
distortions.

The IDTs are identical with uniformly spaced
electrodes of equal lengths and equal ratio of electrodes
width and spacing. The number of electrodes defines the
frequency bandwidth of a SAW device. The wavelength
corresponding to the center frequency equals the
distance between the electrodes of the same polarity.
The center frequency and the bandwidth are determined
by the IDTs geometry and the substrate type.

The middle part of a SAW sensor is a delay line
(DL), generally treated as lossless. However, its losses
can be neglected only for lower frequencies and small
delays (small distances between the transducers). The
transfer function of the delay line is a normally assumed
unity, although this may not be true for high frequencies
(f > 0.5 GHz), or if there are films in the propagation
path [10]. In communications, in electrical filtering
applications, the distance between the IDTs is small.
Quite opposite, in chemical sensors this part is essential
and must have a certain length, usually 100 —200
wavelengths [5], which should be taken into account.

2.1 Modeling of SAW Chemical Sensors

The configuration presented in Figure 1 can be modeled
by a general equivalent electromechanical circuit given

in Figure 2.
F, |DL| R IDT2 j Z,

Vout

Zy

Figure 2. The equivalent circuit of a SAW sensor

The IDTs are three-port networks and the sensing
part is a two-port network designated by DL in Figure 2.
The characteristic SAW acoustic impedance of the
unloaded substrate is designated by Z; and the acoustic
impedance due to the mass loading of the thin film is Z,,:

Zy = Apyv (1)
Zyn = AnpmV @)

where A is the substrate cross-sectional area through
which the waves propagate, p; is the mass density of the
piezoelectric substrate, v is the SAW velocity in the
piezoelectric substrate, A, is the cross-section area of
the thin film, and p,, is the mass density of the film.
Z,=R, and Z_ =R, are purely resistive electrical
impedances of the generator and the electrical load,
respectively.
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The chemical sensor operates near the canter
frequency and the IDTs are uniform with equal length
electrodes [9]. In that case, the IDT driving-point
admittance at the electrical port,

Yipr =G, (F)+jBy (f)+j2nfCy, j=+/~1, where Cy is
the static capacitance, can be calculated using well-
known formulas [10].

Gy () =8k foCW, N, By (fg)=0 3)

where K is the piezoelectric coupling coefficient, f, is the
center frequency, C; is the capacitance per unit electrode
length, W, is the electrode length, N, is the number of
electrode pairs.

The output voltage across the load Vi is
proportional to the mass loading of the sensing part.
First, the output voltage in the presence of sensing
material (polymer without vapor) is calculated and it
serves as a reference voltage Vy, also referred to as the
baseline voltage. The difference of the output voltage
in the presence of vapor and the reference voltage is
proportional to the vapor concentration. Usually, two
equal SAW sensors are used: one is vapor-free and
serves as a reference; the other one is exposed to the
vapor and actually performs the sensing function. The
two SAW sensors are embedded into electrical
oscillator circuits and the frequency shift between the
oscillators is proportional to the gas concentration.
Using an electronic circuit called the mixer the voltage
proportional to the vapor concentration is obtained
from the frequency shift. According to Figure 2, the
electrical transfer function can be expressed as
follows:

\ Vour F» F
T(f): out _ “out 2" (4)
Vo F RV,

where F; and F, are mechanical forces.

Since the transducers are identical and the sensors
work close to a resonance, a much simpler expression
can be used [9]:

2 |F
[TCfo)l =Ma ol |2 )

where T3 (f) = V,u/F; represents the transfer function of
the transducer.

At resonance and negligible losses, F»/F; = 1 and
ITis(f))* = 1/4 = —12 dB. Therefore, the relative
variation of the output voltage V,, due to the mass
loading is equal to the relative variation of F,. The delay
line of Figure 2 can be schematically represented as
shown in Figure 3.

v oz V

—
L

F, B[z

+

Figure 3. The equivalent circuit of a mass loaded delay line

By analogy between electrical and mechanical
quantities [9] from Figure 3 directly follows:
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AFy, A Fy-Fy -2
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Foo Vv Fao

Zo+Zyn 2o |zm<<ZO

where F,, denotes F, without mass loading, and Vv is the
corresponding wave velocity.

Using (1), (2) and (6) and the well-known relation
between frequency, velocity and wavelength the
frequency shift due to the mass loading can be
calculated as:

A_f:ﬂ:_z_m:_&Kw (7

fo v 2 Ps o
where p, and h,, are the density and thickness of the
thin layer, py is the density of the piezoelectric substrate,
and K, is a technological coefficient [9]. The
components of the wave decay exponentially inside the
substrate and the penetration is of the order of one
wavelength. Therefore, in (7), instead of the substrate
thickness, one wavelength Ay is used. From the last
equation Af can be determined as:

Af =Ll g2y )
PsV

The frequency change, due to the polymer sensing
film (without vapor) can be determined as:

A Al
w

)
f0 PsV

where p, and h, are the density and thickness of the
polymer, respectively.

When vapor is absorbed, an additional frequency
change occurs. Using the same reasoning and the fact
that h, is much smaller than A, the frequency change
due to vapor in sorbent phase, can be calculated as:
_Mﬂ = prhp foK., (10)
fo PsV

where py,, is the density of the vapor in the sorbent
phase. Since the reference frequency shift without vapor
Af is known, (9), the last equation can be expressed as
follows:

Afvap _ Pvap ﬂ

(11)
fo Pp fo
From (11) the concentration of the chemical
compound in vapor phase can be predicted using the
known relation between the concentrations in sorbent
and vapor phases [11]:
C
K== (12)
CV

where K is the partition coefficient, C; is the
concentration of the chemical compound in sorbent phase
(in the sorbent coating [8]), and C, is the concentration of
the chemical compound in vapor phase (concentration in
the ambient [8]). The frequency shift Af,,, as a function
of concentration C, can be obtained as [9]:
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h
Afyap = KGy ﬂ:Kc\,—pfO? (13)
pp pSV

Equations (10) — (13) are derived for a delay line
with negligible propagation losses.

2.2 SAW sensor as an equivalent two port network

The SAW sensor in terms of electricity can be seen as
equivalent two-port network (quadripol) [9], shown in
Figure 4. The input voltage Vy, is the voltage at the ends
of the first, input transducer (IDT1), and the output
voltage Vo is the voltage at the second, output
transducer (IDT2). The output transducer is terminated
with characteristic impedance Z, = 50 Q.

" *

Vin| SAW sensor Vo Z,

Figure 4. SAW sensor as a two port network

Electrical parameters of this equivalent quadripol
can be calculated in different ways [6,9]. Input
admittance is given by:

Yin =G, (f)+]jB, (f)+j2nfCy (14)

where are:
6 NoYV
G, (f)=2 f0C0k2 (thSiHTJ

B,(f)= fOCOkztgg(ZN +tg§sin Nej

9=2fif and Cr = NC,. (15)

0

N is the number of electrode pairs of interdigital
transducers, C, is capacitance of one pair of electrodes, f,
the resonance frequency and K piezoelectric constant of
the substrate [9]. At the resonant frequency B, is equal to
zero and G, is given by (3). In this case, viewed from the
input terminals (with the voltage V,), our quadripol acts
as one-port network well described with its input
impedance (admittance) Z;, (Y;,), shown in Figure 5.

|

Zin SAW sensor

Zp <:,> Zi

Figure 5. Input impedance of an equivalent quadripol
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For the designed chemical sensor with the central
frequency of about 80 MHz, the input impedance at the
resonant frequency, calculated by the above-described
algorithm [9], can be modeled by parallel connection of
one resistor with resistance R;, = 50 Q and one capacitor
with capacitance C;, = 3.34 pF.

3. SIMULATION RESULTS

The simulation is performed with the software
package National Instruments Multisim v11.0 [12].
Modified Colpitts oscillator [13] with the output
voltage taken from the emitter is shown in Figure 6.
The values of all used components are indicated
directly on the figure. The output of the oscillator is
terminated with characteristic resistance Ry, = 50 Q
due to impedance matching. Virtual oscilloscope
XSC1 is used for viewing the waveform of output
voltage, and virtual measuring probe Probel is used
for real time monitoring of some output voltage
parameters.

Reference oscillator contains the SAW sensor that is
not exposed to the chemical vapor. The equivalent input
impedance of unloaded SAW sensor (Ry, || Ci) is
subsequently marked with the red dashed frame. The
parameters of sensor input impedance affects own
resonant frequency of Colpitts oscillator, and the new
oscillation frequency with embedded sensor is in our
case 80.9 MHz, as is shown in the probe window. The
effective (rms) value of the output voltage is V(rms) =
1.32 V, and the peak to peak voltage is V(pp) = 3.47 V.
Output voltage waveform is shown in Figure 7.

The sensing oscillator, drawn on Figure 8, is
identical to the reference oscillator, the only difference
is that this time the loaded SAW sensor, i.e. the sensor
exposed to the chemical vapor is used. It is assumed that

vapor exposure causes the increasing of input resistance
Ri,, from 50 to 60 Q, while the input capacitance C;,
remains unchanged. This is a realistic assumption
because the input capacitance consists predominantly of
static capacitance between the electrodes and between
the electrodes and the housing, and it is very little
subjected to change due to vapor exposure.

Dscilloscope-%5C1 x|
=l |
11 s | Tme channel A Channel B
46,653 us LETLW Reverse
T2+ #]| 4c.6530s LE7LY -
ave
T2-T1 0.000 0.000 Y B
~Timebase hannel A hanne| B Trigger
Seele: | BOnsiDl = scale; | L /D scale; |5 VD e [7 2|[a & |Eext|
% pos.(Div): |0 f pos.(Divl [0 ¥ pos.(Div): [0 tevel: [g [v
¥IT Add| Bl& | AfE |Ac 0 | oc & A o | Dc| B | | Type Sing. Nw.'Autu hane | |.

Figure 7. Output voltage waveform

As a result of vapor exposure, the input resistance of
the SAW sensor impedance is changed causing
frequency shift of sensing oscillator by Afy. = fy — fos =
80.9 — 80.8 = 0.1 MHz compared to the reference
oscillator. The waveform of output signal remains
practically the same, so it is not shown here.

The frequency shift between the reference and the
sensing oscillator can be automatically detected by
frequency mixer, as is shown in block schematic in
Figure 9.

ch XSC1

‘ 4 Ext Trig

1ov ~2 L1 ce : V =

$39kQ 112nH ]'1°PF hon
R4 R3 ‘ \;
Il VW M
3.9kQ 100Q
Cc4 m™
T L: “ggpF V(p-p):3.47V

: _______________ : 100pF BF799 V(rmS): 132V
I I Freq.: 80.9 MHz
| | C5
: : ” Y
I i 100pF Probel
' Rin == 3 34pF :
| 500 S R6 rRs ~ LS3 Rout
I : 1000 1000 T '2PF 500
I :
| |
R |

T

Figure 6. Complete reference oscillation circuit
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Figure 8. Complete sensing oscillation circuit
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Figure 9. Automatic detection of frequency shift

The relative frequency change, Afy/fo = 0.1/80.9 =
0.12 %, is in accordance with the estimated and
experimentally confirmed frequency shifts due to vapor
exposure, as stated in [9].

4. CONCLUSIONS

This paper presents a simulation of a system for the
detection of chemical vapors using the SAW chemical
sensors. The modified Colpitts oscillator is designed.
The SAW sensor embedded in the feedback loop
changes its input impedance according to the vapor
exposure. This change causes further frequency shift of
the oscillator frequency. By measuring the frequency
shift between reference (not exposed) and sensing
(exposed to the vapor) oscillators, it is possible to
detect the presence (or the absence) of chemical vapor
in the air. The simulation results confirm this
assumption.
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JETEKIINJA TACOBA IIOMORY
OCIIMJIATOPA CA CEH30POM CA
MNOBPIIMHCKUM AKYCTUYKHUM TAJTACOM

Tomucaa M. Ctojuh, Mapuja ®@. Xpuomex, 3opan
®unaunosuh

CeH3opu ca MOBPIIMHCKUM aKycTHdukuM Tanacuma (ITAT)
WCTIOJhaBajy CYNEPHOPHY OCETJBMBOCT TIPH JIETEKIMjH
XEMHjCKUX areHaca. 300T HEeloCTojamka MOKPETHUX JIETI0Ba
1 W3pajzie KOMIATHOMIHE ca MOJEPHHM TEXHOJIOTHjaMma,
[TAT xemmjcku ceHzopu cy BeoMa noysnanu. CeHsop je
MOJIETIOBaH Kao IBOMOPTHH ypehaj umju cy menoBu
NPEICTaBIbEHN EKBUBAJICHTHUM KoilmMa. V3padyHara je
npomMeHa — u3nasHe  (QpekBeHIWje Yy  (QYHKUMjH
KOHIICHTpaIHje Taca. [IpojeKToOBaHO je OCIIMIATOPHO KOJIO
ca ITAT cenzopom y rpanu nospatHe crpere. ITAT cenzop
ce KOPHCTH 32 MOAN(UKOBamkE (PEKBEHIIM]E OCIIHIAIN]A.
[pucycTBO XeMHjCKMX WCHapema Ce OHIa IMPEKTHO
JeTeKTyje mpahemeM OBOT ()PEKBEHIIN]CKOT TIOMAaKa.
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