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ABSTRACT

A method for identifying ionic solutions using a surface acoustic wave (SAW) liquid sensor is
proposed in this paper. The key components of the measurement setup are a vector network analyzer,
a SAW device, and an artificial intelligent identifier. The SAW device, which is fabricated on°a 128
rotatedY-cut X-propagating LiNbQ piezoelectric substrate, is connected to the analyzer for scattering
parameter measurement. The measured transmission coefficients of ionic solutions are adopted here to
calculate the phase velocity and insertion loss of SAWs over a frequency range of 32 to 35 MHz. The
principal components of the measured phase velocity and insertion loss are then used to represent the
corresponding solution for pattern recognition by implementing the developed identifier, which is con-
structed using a three-layer feed-forward neural network. Results demonstrate that a SAW device
implemented with principal component analysis and a neural network can be applied effectively to identify
ionic solutions.

Key Words: SAW liquid sensor, phase velocity, insertion loss, principal component analysis, neural
network, pattern recognition, ionic solution

l. Introduction operated at higher frequency than can TSM devices
(Ballantineet al,, 1997; Koikeet al, 1993). Measure-
Due to the recent remarkable progress inments of HS and S@ indicate that SAW gas sensors
micromachining and material synthesis, surface acoustre more sensitive than TSM gas sensors (Brgaat,
tic wave (SAW) devices have been widely adopted fol981, 1983). To further increase the measurement
signal-processing and sensing applications in the misensitivity of SAW gas or liquid sensors, layered struc-
crowave frequency range (Campbell, 1989; Ballantingure SAW devices have been proposed and studied
et al, 1997). SAW devices, in general, consist of inputKoike et al., 1993; Higakiet al,, 1997). Results show
and output interdigital transducers (IDTs), which arethat the SAW phase velocity of the layer structure can
photolithographed on piezoelectric substrates (Auldbe increased significantly and, hence, the measurement
1973; Kino, 1987). The propagation characteristicssensitivity enhanced. In addition to the utilization of
e.g., the phase velocity, attenuation constant and elethe Rayleigh SAW, different propagation modes, which
tromechanical coupling coefficient, of SAWSs are func-can be generated by IDTs, have been investigated for
tions of the material properties of the substrates antheir use in liquid sensing applications (Plesskii and
acoustoelectric properties of surface loadingsTen, 1986; Martin and Ricco, 1987; Jin and Joshi,
(Matthews, 1977; Ro and Lee, 1997). The values 01996). Acoustic plate mode and flexural plate-wave
the propagation characteristics can be computed nudevices have been developed for detecting the conduct-
merically by solving the Christoffel equations alonging and/or viscosity of liquid loadings. In lieu of one
with appropriate boundary conditions (Ro and Leegsingle TSM or SAW device used in designing gas or
1997; Shana, 1991). The operating frequency of théquid sensors, array typed acoustic wave sensors have
SAW device can then be determined from the IDTbeen implemented for pattern recognition. Shear hori-
periodicity and the SAW phase velocity. zontal SAW devices along with the principal compo-
Following the successful application of thicknessnent analysis method have been used for fruit juice and
shear mode (TSM) devices in gas and liquid sensorsiquid identification (Kondoh and Shiokawa, 1994;
SAW devices have been explored for their use in sensingondohet al, 1996). The neural network technique
applications due to the fact that SAW devices can bbas been applied to a 12-element metal oxide sensor
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propagating LINbQ (128Y X LN) piezoelectric substrate
used for the SAW device is £80x0.5 mm. Both input
:> Plotter and output IDTs have five paired electrodes, which
were photolithographed on 12X.LN with 1500 A
thick aluminum. The electrode periodicity for each
IDT is 29.04um; hence, the center frequency of the
SAW device is around 34.4 MHz. The center-to-center
distance between the input and output IDTs is 8.552
mm, of which around 6 mm width is reserved for liquid
loadings. After a full two-port calibration technique
was performed, the SAW device was connected to the
Fig. 1. Schematic diagram of the measurement system. ~ Measurement system for S-parameter measurement. Due
to the impedance mismatch between the SAW device
and the measurement system (3 the incident power
for odor discrimination and recognition (Gardm¢ral,  was almost totally reflected. To get maximum power
1990). transfer to the SAW device, the matching networks
Simulation and experimental results have revealewere designed based on the measured S-parameters
a relaxation phenomenon of ionic solutions in frac-using the two-port impedance matching method
tional velocity change and insertion loss change curved@owick, 1982). The matched SAW device, as shown
(Ro and Lee, 1997; Shana, 1991; &al., 1999). This in , was used in this study to measure the propa-
relaxation phenomenon occurs when the operatingation characteristics of SAWs. The measurement
frequency (angular) of the SAW device approximatelyerrors of the SAW phase velocities for the free and
equals the ratio of the conductivity to the permittivitymetal surfaces at 34.4 MHz were 1.2% and 0.13%,
of the liquid loading. Accordingly, a measurementrespectively, as compared with the theoretical data (Ro
system was developed for characterizing the scatterirgf al., 1999). The measurement errors maybe due to
parameters (S-parameters) of a SAW device over thigansduction effects on the IDTs (Jaréhal, 1996).
operating bandwidth of the device (Ro® al., 1999). A liquid cell with a length of 13.8 mm, an outside
The measured S-parameters can then be used to studidth of 4.4 mm, an inside width of 3.13 mm, and a
the frequency responses, e.g., phase velocity and iheight of 10 mm was designed to contain liquid load-
sertion loss, of ionic solutions. As an extension ofngs for S-parameter measurement. The liquid cell was
previous studies, the application of the neural networklaced between input and output IDTs and was attached
technique with/without the principal component analy-
sis method to the analysis of measured S-parameters
is investigated in this paper. Our results indicate tha !
a Rayleigh SAW device employed using the appropri- PC board c, .
ate pattern recognition technique can be used to cha L, N
absorbing *
material

acterize ionic solutions.
Il. Experiment L I
A A

PC 8753C
Network

Analyzer

SAW

Printer Device

The major components of the measurement sys 'u

tem used for S-parameter measurement are a HP 875: ' ‘,
vector network analyzer, a personal computer, and th /
HP VEE data acquisition software (R al, 1999).
A schematic diagram of the measurement system i
shown in . The frequency range of the analyzer
is from 300 KHz to 6 GHz. The full two-port cali-
bration technique is used to minimize the effect of
systematic measurement errors (Ro, 1991). The tim
domain gating technique is also applied to remove
residual postcalibration errors as well as to get rid ol
unwanted bulk waves and the triple SAW (Bryal.,
1987).

The geometrical size of the 128tated Y-cut X- Fig. 2. Geometric configuration of the matched SAW device.

N type
connector

\

L,=1.9 uH L,=1.77 uH
C,=3.01 pF C,=4.0 pF
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00000 for four liquid loadings plotted against the frequency
oo o are shown in 4 There are 25 measured

mhatl] values for each curve in the frequency range of 32 to
oot 35 MHz. The fractional velocity chand®//V,, shown

oo fanaa s e | InFig. 3is defined as

. av - Vs=Vu

w

N
[)
.
‘

-0.0020 .-

¢
¢
4
.
<>

=

-0.0025 T

om0 B whereV,, and Vg are the SAW phase velocities for

deionized water and ionic solution, respectively. The

2 23 » 53 “ s » insertion loss changAM,, shown in Fig. 4 was cal-
e culated as

-0.0035

Fig. 3. Fractional velocity change versus frequency for ionic solu-
tions with 0=0.233, 0.295, 0.340, and 0.498 S/m. _
AM321=M21y~Mas, (3)

to the substrate using polyvinyl acetate glue. The quuiéfvhere'v|21W andMys are the magnitudes of transmis-

loadings prepared for this study included deionizeUSion coefficients for deionized water and ionic solution,

water and ionic solutions with different mass concen-reSpeCt'Vely' The me_asured 25 paired dAwV,, and
AM,,, for each solution were used to represent the

trations of potassium chloride (KCI). The mass con- : . S
centrations of 18 KCI samples ranged from 0.02% tocorrespondmg liquid loading in order to study the fea-

1.3%, and the corresponding conductiwityf the ionic sibility.qf using the SAW liquid sensor in pattern
solutions varied from 0.0355 to 2.04 S/m. After therecognltlon.

measurement system was calibrated, the ionic solution N :_ro tth'j eni(:], antﬁ:t'f'ﬁ'al 'Pzell'gintv\'/d?gt:'err |
was loaded into the liquid cell for S-parametercOnStUcCted using a three-iayer reed-forwa eura

measurement. network was developed_ to identify the sampled solutio_ns.
A neural network of size B-3 was used as the basic
structure of the identifier; i.e., there were 2 nodes in
the input layerh nodes in the hidden layer, and 3 nodes
in the training case. The number of node# the
ﬁidden layer was changeable based on each training
Jfase. The error back-propagation learning algorithm
was adppteq .tO train the.networ.k (Haykin, 1994). The
system ranged from —18@o0 180, the actual phase or neural identifier was tralngq using the known experi-
phase velocity could not be computed directly from th?menta_l data. Once the training session was cpmpl_gted,
he trained network could then be utilized as an identifier.

measured phase. This resulted in ambiguities associ- Two approaches to dealing with the measured data
ated with the calculation of the phase velocity. With P 9

the advent of time domain measurements, the unique
solution of the phase velocity could be determined by

[Il. Results and Discussion

The magnitude and phase of the measured tran
mission coefficientsM,, and 6,;, were adopted to
calculate the SAW phase velocity and insertion loss
liquid loadings. Since the phase in the measureme

0.0040

analyzing the time domain signal (Varadzral., 1994). ——

- = — - 0.295

The SAW phase velocity for the liquid loading was then oo
calculated as

0.0030

VI ( 1) 0.0025

0.0020

- d
(02— Oy +2nm) [ ANV,

AM,y,

whered = 3.13 mm is the inside width of the liquid o00ts
cell, 6, and 6,y; are the phases of the transmission g
coefficient for the liquid loading and free surface,
respectively,w is the angular frequency; = 3994 ,
m/s is the SAW phase velocity for the free surface, anc °™ “

32.00 3250 33.00 33.50 34.00 34.50 35.00

n is an integer which can be determined by analyzing Frequency (M)

the time domain signal. _ _ _ Fig. 4. Insertion loss change versus frequency for ionic solutions
The measured phase velocity and insertion loss with ¢=0.233, 0.295, 0.340, and 0.498 S/m.

0.0005
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were employed here before we used the identifier t@able 1.Identification Results of lonic Samples Using the Mea-
recognize the liquid loadings. In the first approach, sured 25 Paired Data

the input data for training and identifying were all of
the measured 25 paired data, as shown in Figs. 3 ang| s/m)
4. In lieu of the measured data, their principal com

Identification results
0.233 0.295 0.340 0.498 unknown

. . 0.233 5 0 0 0 0
ponents were used in the second approach. The prin-,,45 0 0 5 0 0
cipal components of the measured data were obtained g.340 0 0 5 0 0
using multivariate analysis, which could be used to 0.498 0 1 0 0 4

transform the original set of variables into a smaller
set of linear combinations (Chatfield and Collins, 1980;
Dillon and Goldstein, 1984). The purpose of imple-
menting the principal component analysis was to us
as few factors (principal components) as possible to
sufficiently represent the variations of the measured ldentification results

data. The plots of the first two principal componentskCl (S/m) 533 0295 0340 0498

'el'able 2. Identification Results of lonic Samples Using the First Two
Principal Components

unknown
(PC1 and PC2) of the measured data are shovimgin 0.233 5 0 0 0 0
5. 0.295 0 5 0 0 0
In addition to the training data, five more mea- 0.340 0 2 3 0 0
0 0 0 5 0

surements for each ionic solution were made in this_9-498
study for pattern recognition. The identification results

for the sampled solutions are listedTiables 1-3 The

input data used in Tables 1, 2, and 3 are the measurggpe 3. dentification Results of lonic Samples Using the First

25 paired data, the first two principal components (PC1 Three Principal Components
and PC2), and the first three principal components
(PC1, PC2, and PC3), respectively. The rows andCI .y Identification results
columns in each table represent the sampled solutiors! '™ 0233 0.295 0.340 0.498  unknown
and the identified categories, respectively. In Table 0-233 5 0 0 0 0
1, the recognition probabilities for the= 0.233 and 0 5 0 0 0
: 0.340 0 1 4 0 0
0.340 S/m samples are 100%; meanwhile, the 0.498 0 0 0 5 0

0.295 and 0.498 S/m samples can not be recognized:

This may have resulted from the fact that the differ-

ences among the measured data, as shown in Figs. 3

and 4, were too small to differentiate. The identifi-S/m sample, the recognition probabilities listed in Tables

cation results listed in Tables 2 and 3 show that the and 3 are 60% and 80%, respectively. Use of the

recognition probabilities for the = 0.233, 0.295 and first four or five principal components as the input data

0.498 S/m samples are 100%. For thie= 0.340 produced the same identification results as those listed
in Table 3. Comparing Table 3 with Table 1, it is clear
that applying principal component analysis to the

x10* . ' . . measured data before identifying could increase the

_0'233'5/'“ total recognition probability significantly. The reason

0295 5im behind this is that the apparent differences among the

o principal components of the measured data, as shown

] in Fig. 5. However, one and two= 0.340 S/m samples

46062 ] listed in Tables 3 and 2, respectively, still could not

v be recognized correctly and were identified as d¢he

= 0.295 S/m sample. The acoustoelectric properties

of the o= 0.340 S/m sample along with their principal

-4.6056

-4.6058 +

+ %40 T

-4.606

PC2

-4.6064 |

* %

oo ’ components are close to those of the 0.295 S/m
-4.6068 % sample over the frequency range of 32-35 MHz, as
kon . . . ‘ . ‘ .++ ;hown in Figs: 35 This may have caused the decrease
14009 1.401 14011 14012 14013 14014 14015 14016 14017 in the recognition propablllty when measurement er-
PCl x10° rors became significant. To increase the overall rec-
Fig. 5. Scatter diagram for ionic solutions wi#=0.233, 0.295, 0gnition propability, array-type SAW devices, which
0.340, and 0.498 S/m. can be operated over broadband frequency ranges, will
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be employed in the future to design SAW liquid sensors, and Actuators4, 105-110.

and the corresponding results will be reported. Campbell, C. (1989)Surface Acoustic Wave Devices and Their
Signal Processing Applications Academic Press, Inc., San

. Diego, CA, U.S.A.
IV. Conclusions Chatfield, C. and A. J. Collins (1980ntroduction to Multivariate
Analysis Chapman & Hall, London, U.K.
In this paper, a measurement technique for idenpillon, C. anq M._ Goldstein (1_984Multivariate Analysis: Methods
tifying ionic solutions using a SAW liquid sensor has S”d A‘J"’U\‘;atg’”f JHO_h” W"eé’ f‘AS\?lr_‘”S('_ New (\;%g(é)NX' UI:S-?

. . . . araner, J. ., E. L. AINes, an . 1HKinson pplication
been f;;s)i:tl\eld The |SAtV\_/ dthIJC?’ V;IhICh 1S f?brlqateg of artificial neural networks to an electronic olfactory system.
on a piezoelectric substrate, operates in @ \eas. Sci. Techngll, 446-451.
frequency range of 32-35 MHz. An artificial intelligent Haykin, S (1994) Neural Network: a Comprehensive Foundation
identifier, constructed using a three-layer feed-forward Macmillan College Publishing Co., New York, NY, U.S.A.
neural network, has been developed to identify quuid’"gak'a'; 'ghNkaliahgtgé;- El_tarl])ayashl,ds. Fg:_]lu_ut, K.degnabe,dy_ sfek.,

. . . an . IKata Igh power aurapility of alamond surtace
samples through principal component analysis of the . ;

o ; acoustic wave filter.IEEE Trans. UFFQC 44, 1395-1400.
measwed data. |qent|f'cat|0n reSU”_S reveal th_at Janin, Y., G. Feuillard, F. Teston, F. Levassort, and M. Lethiecq
Rayleigh SAW device implemented with appropriate  (1996) Simple measurement for determining surface acoustic
pattern recognition software can be employed success- wave velocities.|[EEE IM. Technology Conferencpp. 247-250.
fully as an ionic solution identifier. Based upon tht(ejJ_ ?{r“ssg';ge;g'“;‘?'(lg%) o ion of  shear horizontal

. . . . . n, Y. an . G. Joshi ropagation of a quasi-shear norizontai
results obtained, applications of these SAW liqui ! . ; o :

. ' . T . . ; acoustic wave in Z-X lithium niobate plateiEEE Trans. UFFC
sensors for identification of liquid loadings differing 43, 491-494.
in conductivity and/or viscosity will be studied. In Kino, G. S. (1987)Acoustic Waves: Devices, Imaging, and Analog
addition, the feasibility of designing SAW liquid sen- Signal Processing Prentice-Hall, Inc., Englewood Cliffs, NJ,
sors using different piezoelectric substrates and/or Y-S-A-

. . Lo s . Koike, J., K. Shimoe, and H. leki (1993) 1.5 GHz low-loss surface
different propagation modes as liquid identifiers will acoustic wave filter using ZnO/sapphire substraps. J. Appl.

be investigated. Phys, 32, 2337-2340.
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