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Surface Acoustic Wave (SAW) devices like delay lines, filters, resonators etc., are nowadays extensively
used as principal solid state components in many electronic applications and chemical vapour sensors. To
bring out the best from these SAW devices, computational design and modelling are resorted too. The
present paper proposes the modelling of 400 MHz ST-X Quartz based SAW delay line, by three models
namely, Impulse Response Model (IRM), Crossed-field Equivalent Circuit Model (ECM) and Coupling-
of-Modes (COM) model. MATLABr is employed as a computational tool to model the experimental
output of the SAW device. A comparative discussion of the modelled device results is also provided.
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1. Introduction

Presently, sensing technology makes a prolific use of
a wide variety of physical, chemical and biological sen-
sors for investigating and monitoring solid (Kannan
et al., 2004), liquid (Bui et al., 2015; 2016) and gaseous
phases in many applications (Liu et al., 2011; Sta-
ples, Viswanathan, 2005). Among these sensors,
the gas sensors play a crucial role in domestic and
industrial fronts and also helps to predict the pres-
ence of organic volatile compounds like pollutants, ex-
plosive materials and drugs (Liu et al., 2012). The
gas sensors can be measured precisely using conven-
tional analytical methods, such as gas chromatogra-
phy and gas chromatography based mass spectrome-
try (Penza, Cassano, 2003). However, these methods
are expensive and not portable besides giving a rela-
tively complex behaviour and slow performance. To
override these gaps, the electronic nose (E-nose) sen-
sor (Singh et al., 2014), is perhaps the only device
which gives timely warning and shows promising char-
acteristics for the detection of toxic and harmful gases
(Raj et al., 2013) simultaneously with desired accu-
racy (Raj et al., 2017). These sensors employing the
Surface Acoustic Wave (SAW) technology are highly

sensitive to surface perturbations allowing even sub-
ppb level detection (Raj et al., 2010). The advantages
of these SAW sensors include compact size, speed, reli-
ability, accuracy, low cost, real time measurement, high
sensitivity, room temperature detection and wireless
sensing in inaccessible areas (Singh et al., 2014).

SAW delay line devices are the basic portion of
SAW sensors (Filipiak et al., 2012). The principal
solid state components of SAW sensors consist in mea-
suring time delay changes, frequency changes due to
SAW propagation on the piezoelectric substrate be-
tween two IDTs, which is caused by device parameters
that are being measured (Filipiak et al., 2012).

A typical SAW device consists of a piezoelec-
tric substrate with interdigital transducers (IDTs)
(White, 1967). The IDT is bidirectional as SAWs are
propagating both to the left and to the right from
the IDT (White, Voltmer, 1965). As the electri-
cal signals are applied to input IDT, it converts the
applied electrical signals to mechanical signals (Sur-
face Acoustic Waves) which then propagate through
the piezoelectric substrate (Sharma et al., 2014). The
mechanical signals are finally detected from the out-
put IDT. The travel length between two IDT is called
as delay length (Venkatesan, Pandya, 2013). Fig-
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Fig. 1. a) Surface acoustic wave device (basic SAW delay
line), b) SAW delay line sensor.

ure 1a shows the basic schematic diagram of the SAW
delay line sensor without sensing element and Fig. 1b
shows the SAW delay line sensor with sensing element.
Only this SAW delay line will be exposed to the harsh
environment by sensing the gas/vapour adsorption.

The interdigital transducer consists of a series of in-
terleaved electrodes made of a metal film deposited on
a piezoelectric substrate as shown in Fig. 1. It is well
known that double or split electrodes are needed when-
ever they are allowed by fabrication constraints, subse-
quently they nearly eliminate mass/electrical loading
(MEL) reflections and allow the designer to achieve
high acoustic return loss (at a sacrifice in insertion
loss) by varying the load resistance (Smith, 1974).
Also, triple transit echo (TTE) effect is involved in
this study because TTE is due to multiple SAW re-
flections between bidirectional input and output IDTs
which recombine and result in additional voltages at
the output IDT creating ripples in the SAW passband
(Lu et al., 2014). Therefore, those spurious responses
to be avoided by designing IDTs with split electrode
geometry (Bristol et al., 1972) so that multiple re-
flections from the IDTs would then destructively com-
bine to give a resultant which is minimum at the center
frequency.

SAW devices are usually modelled to aid in their
design and development to cater to customized needs
of industry (Haresh et al., 2013). Modelling tech-
niques, which are usually adopted, need to provide
fast and highly accurate results from a device de-
signer’s point of view. Modelled results obtained com-
putationally also provide a bridge of understanding
between modelled parameters and actual device per-
formance in varied situations (Wilson, Atkinson,
2009a; Mendes et al., 2012). Typically, modelling
of a SAW device and its experimental response pro-

vides a wealth of information on the physics of the
SAW device and its optimal device design parame-
ters like center frequency (f0), piezoelectric substrate,
SAW velocity (vs), electromechanical coupling coeffi-
cient (K2), number of finger pairs (Np), Interdigital
Transducer (IDT) geometry, metallization of IDT (η),
aperture of IDT (W ), spacing between two adjacent
finger (D), load and source resistance (RL & RS). In
the present modelling study, effects of parameters like
IDT geometry and number of electrode pairs on the
SAW device, bandwidth and insertion loss are studied
(Banupriya et al., 2014; 2016; Venkatesan et al.,
2015) for the presence of straightforward responses in
the SAW sensors.

Various models are presently being utilized to study
the function and operation of a SAW device so as
to help in its design and development. Initial models
like the Delta Function Model (Tancrell, Holland,
1971) provide basic and rapid insight on device perfor-
mance and are based on signal theory analysis. A later
model in this category is called the Impulse Response
Model (Hartmann et al., 1973; Malocha, 1996), and
has been chosen as one of the models in the present pa-
per to study the SAW device response. Later advanced
models based on network theory were also developed
which were complex, comprehensive and required de-
scription of the electro-acoustic interaction between
the IDT and the substrate. These models could predict
more details of device performance with high accuracy
as well as highlight factors that restricted their per-
formance. Of these, the Crossed-Field Equivalent Cir-
cuit Model (ECM) (Smith et al., 1969; 1972; Smith,
Pedler, 1975) and the Coupling of Modes (COM)
Model (Pierce, 1954) have also been selected in the
present paper.

The modus operandi adopted in the present re-
search study is to generate a software algorithm code
in MATLABr to simulate a 400 MHz, ST-X Quartz
based SAW delay line. The MATLABr code simulates
the performance of a SAW delay line with a provi-
sion for change in parameters wherever and whenever
necessary. Modelled device parameters are input, ana-
lyzed and wherever possible graphically represented.
The whole purpose of this simulation exercise is to
model the SAW delay line for improved device perfor-
mance and subsequently compare the results obtained
from the three selected models namely, Impulse Re-
sponse (IR) Model, Equivalent Circuit (EC) Model and
Coupling of Modes (COM) Model.

2. Theoretical analysis

2.1. Impulse response model

Hartmann et al. (1973) first developed the im-
pulse response model for the simplest way of under-
standing the Physics and dynamics of SAW devices.
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The analysis and design of SAW transducers by an im-
pulse response description has been reviewed by several
authors (Venkatesan, Pandya 2013; Banupriya
et al., 2014). The impulse response method was used
as the starting point for modelling the SAW delay line.
This model is effective only for transducers where at
least one of the two IDTs has a constant aperture (W )
or finger overlap. It calculates the device performance
from the main parameters like admittance, impedance,
frequency response, insertion loss and bandwidth ob-
tained from the modelling process.

Figure 2 represents the mason equivalent circuit for
both the IDTs of a SAW delay line (Smith et al., 1972;
Wilson, Atkinson, 2009b). This diagram represents
both the IDTs of a SAW delay line with their equiv-
alent circuit, CT represents the total capacitance of
the IDTs, and Ba(f) and Ga(f) their susceptance and
conductance respectively. Source voltage Vs, the source
impedance Zs and the load impedance Zl (equivalent
to Rg), which are excluded in the model, are also dis-
played in Fig. 2. Both the load and input resistance
are assumed to be 50 Ω. The frequency response of the
SAW delay line is the ratio of the voltages V2 over V1
and is given by (Venkatesan, Pandya, 2013),

H(f)= 20 log
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where K2 is coupling coefficient, W is the aperture or
finger overlap in the IDT, CS is the static capacitance
of substrate, NP is the number of IDT finger pairs
(= M = N), f0 is center frequency, and D is the delay
length in wavelengths between the IDTs. The value of
X in the above equation is NPπ

(
f−f0
f0

)
, where f is

the synchronous frequency at any instant of time t.

Fig. 2. Mason equivalent circuit for impulse response model
(Wilson, Atkinson, 2009).

The Insertion loss is

IL(f) = −10 log

[
2Ga(f)Rg

(1 +Ga(f)Rg)
2

+ a∗

]
, (2)

where
a∗ = (Rg(2πfCt +Ba(f)))

2
,

Ct is total capacitance, Ga(f) is susceptance, Ba(f)
is conductance, and Rg is impedance (Haresh et al.,
2013).

2.2. Crossed-field Equivalent Circuit Model (ECM)

In the EC model, the electric field distribution un-
der the IDT electrodes is assumed to be normal to
the piezoelectric surface, similar to the electric field
distribution in a parallel plate capacitor as shown in
Fig. 3 (Smith et al., 1969). The EC model is obtained
by small modification of the mason equivalent circuit
(Smith et al., 1972).

Fig. 3. Electric field direction in crossed-field EC model
(Smith et al., 1969).

The frequency response H(f), admittance 3× 3
matrix of device Y, and the Effective Transmission
Loss (ETL), can be derived from the potential applied
to the electrodes by using the following relations.

In the equivalent circuit model, admittance Y is
determined by (Campbell, 1989) and given below,

Y =


Y11 Y12 Y13

Y21 Y22 Y23

Y31 Y32 Y33

. (3)

The transfer function H(f) by input voltage (Vin) and
output voltage (Vout) is

H(f) =
Vout
Vin

=

{
YabRL
b∗

}
, (4)

where

b∗ =
[
(1 + YaaRs) + (1 + YbbRl)− Y 2

abRsRl
]
.

Effective transmission loss (ETL) in decibels (Math-
ews, 1977) is given by

ETL = 20 log10

∣∣∣∣ c∗

2RlYab

∣∣∣∣, (5)

where

c∗=
[
(1 + YaaRs) + (1 + YbbRl)− Y 2

abRsRl
]√

Rl/Rs,

Yaa is input admittance, Ybb is output admittance and
Yab is transfer admittance; Rs and Rl are source and
load resistance.
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2.3. Coupling of Modes (COM) model

The COM model of the IDT (Pierce, 1954) is
modelled by deriving and solving the COM equations
which considered the voltage and resistance of the IDT
finger electrodes simultaneously (Zhang et al., 2006).
Figure 4 represents the COM coordinates of a typical
IDT structure. In this model, only the wave ampli-
tudes

(
ω+
i ;ω−i

)
and variation of acoustic properties as

well as the interaction of waves in the propagation di-
rection are taken into account (Plessky, Koskela,
2000). The forward and backward SAWs in the IDT
are combined together. If the period of any periodic
structure in the path of acoustic waves p is close to half
of the wavelength (p = λ/2), these waves travelling in
either directions get reflected constructively and de-
structively at two discrete frequencies forming a stop-
band. The spatially varying current I(x) is induced by
the propagation of SAW (Haus, Huang, 1991).

Fig. 4. COM coordinates of an IDT.

The modus operandi here is to model a SAW de-
vice by calculating the transfer function by applying
appropriate boundary conditions. In Fig. 1a, SAW de-
lay line can be divided into 3 segments namely, input
IDT, output IDT and the gap in-between them. These
segments are represented by their transmission matri-

Fig. 5. Flow chart of modelling strategy.

ces and then finally the total device transmission ma-
trix M is written as

M = T1D2T3. (6)

The scattering matrix of an IDT is represented as
(Cross, Schmidt, 1977)

[T1] = [T3] = [T ]

=


s(1 + t0)ejθt −st0 t13

st0 s(1− t0)e−jθt t13e−jθt

st13 −st13e−jθt t33

, (7)

where s = (−1)Nt , θt = NtΛδ, s is symmetry param-
eter and is dependent on Nt, the number of IDT elec-
trodes, Λ is the grating period and δ is the frequency
detuning parameter. In Fig. 4, ai and bi represent com-
plex electrical input and output strengths at the i-th
port. The overall device response can be obtained from
the electrical output voltage Vout, which is written as

Vout = b3 = [τ ′3] ∗ [W3], (8)

where [τ ′3] called the output coupling column matrix
and [W3] represents the wave amplitudes to the right
of IDT2 whose value is calculated to be

[W3] =

[
ω+
3

0

]
, (9)

where ω+
3 = −a1τ3(1,1)

M(1,1) is obtained by solving the radia-
tion conductance by applying the boundary conditions
ω+
0 = ω−0 = 0 and b1 = a3 = 0 and τ3 is column matrix

relating to input coupling matrix.
The transmission matrix for the gap D2 can be rep-

resented by 2× 2 matrix and given as

[D2] =

[
ejβd 0

0 e−jβd

]
, (10)

where β = 2π/λ is called the phase constant for SAW
delay line sensor without sensing element, d is the
gap length and λ is the wavelength at the given fre-
quency f0.

3. Modelling strategy

The various steps adapted for modelling of SAW
delay line devices are highlighted as follows:
1) Best substrate for efficient SAW propagation is se-

lected (the substrate properties are shown in Ta-
ble 1 (Venkatesan, Pandya, 2013)) for modelling
purposes. In the present study, ST-X Quartz piezo-
electric substrate was selected, as one of its impor-
tant parameters, namely the Temperature Coeffi-
cient of Delay (TCD) which stands for the stability
of a SAW device against changes in temperature
(Campbell, 1989), is nearly zero.
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Table 1. Input parameters for modelling of SAW delay line device.

S. No Parameter (symbol) Values

1. Coupling coefficient, K2 0.0016 (ST-X Quartz)

2. SAW velocity, VS 3158 m/s

3. Static capacitance, Cs 0.55 · 10−10 F/m

4. Operating frequency, f0 400 MHz

5. IDT geometry single and split geometry

6. Number of finger pairs, NP 30 and 40 pairs

7. Load and source resistance, RL and RS 50 Ω

2) IDT material chosen is aluminium (Al) because alu-
minium serves as an inert metal as well as a good
adhesive (White, 1967).

3) λ is the wave periodicity or the uniform electrode
spacing of the IDT structure. It also corresponds
to the IDT center wavelength at the SAW center
frequency of operation f0.

4) The metallization ratio (η = a/b) value is 0.5, which
is a very important parameter in the design. It
means that the spacing between the two adjacent
or width of the electrode metal (a) and the com-
bined metal cum finger spacing (b). Also, h/λ is
called the film thickness ratio where h is the IDT
metallization thickness 2000 Å or 0.2 µm (Smith,
Pedler, 1975).

5) The input parameters for SAW delay line device
modelling according to all three models are de-
picted in Table 1.

6) The modelling strategy adapted is shown in Fig. 5.

4. Modelling of SAW sensor characterization

In SAW delay line sensor, the delay path can be
divided into 3 segments namely, the length of gap
in-between input IDT and sensing element [Ds1], the
length of sensing element [Ds2] and the length of gap
in-between sensing element and output IDT [Ds3], and
are shown in Fig. 6.

Fig. 6. Sensing SAW delay line.

The phase constant of the SAW device with the
sensing element, β1 = 2πf Ds1

Vs
+ 2πf Ds2

Vm
+ 2πf Ds3

Vs

at the given frequency f , Vm is the phase velocity
of SAW in the sensing element. Therefore, the phase

difference between the SAW travelling in two differ-
ent paths can be calculated by the adsorption of the
gas/vapour (Malik et al., 2011; Hejczyk et al., 2015).
The usual technique adopted by SAW sensors is to
measure shifts in the wave propagation velocity of the
surface wave as a function of changes in center fre-
quency of the device or insertion loss. The perturba-
tions to SAW velocity are assumed to be small. How-
ever, they can be attributed to many factors such as
temperature (T ), electric field (E), stiffness (c), den-
sity (ρ), shear elastic modulus (µ), electrical conduc-
tivity (σ), mass (m), permittivity (ε), pressure (p) and
viscosity (η), each representing a potential sensor re-
sponse (Ricco, Martin, 1991) and if linearly com-
bined can be written as (Ricco, Martin, 1991)

∆f

f0
=

∆v

v0
∼=

1

v0

(
δv

δT
∆T +

δv

δε
∆ε+

δv

δE
∆E +

δv

δσ
∆σ

+
δv

δm
∆m+

δv

δp
∆p+ ...

)
. (11)

Therefore, the resultant fractional change in center fre-
quency due to mass loading effect by polymer coating
film in SAW sensor is given by Wohltjen (1984)

∆f = (k1 + k2)f2hρ, (12)

where the quantity hρ is simply the mass per unit area
of the coating film. Small variations in either h or ρ will
cause a corresponding variation in the device operat-
ing frequency. Also, the magnitude of the frequency
shift (∆f) produced by changes in mass per unit area
(i.e. sensitivity) is highly frequency dependent. For ex-
ample, the thickness of the polymer coating film is
h = 2 · 10−6 m and the density is ρ = 1000 kg/m3,
for ST-X quartz SAW sensor (k1 = −9.33 · 10−8,
k2 = −4.16 · 10−8 (m2 · s)/kg) operating at 400 MHz.
Therefore, the simplified theoretically predicts a fre-
quency shift (∆f) is −43.168 MHz.

5. Results

As per the modelling strategy outlined,
MATLAB R© program codes were developed for
a 400 MHz, ST-X Quartz based SAW delay line device
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based on the fundamental physics equations of the
three models. In each of these modelling studies, two
SAW delay line devices with 30 and 40 IDT finger
pairs each, in both Single and Double IDT geometry
were modelled. From the modelled responses of the
SAW delay line device, the Insertion Loss and 3 dB
Bandwidth are graphically obtained and the modelled
output values are compared.

a) b)

c) d)

Fig. 7. Modelled Insertion Loss: a) 30 finger pairs, single electrode geometry; b) 40 finger pairs, single electrode geometry;
c) 30 finger pairs, double electrode geometry; d) 40 finger pairs, double electrode geometry.

Table 2. Comparison of insertion loss.

Np

Insertion loss [dB]

Single electrode geometry Double electrode geometry

IR Model EC Model COM Model IR Model EC Model COM Model

30 −31.0437 −34.3810 −34.5219 −31.2868 −31.5197 −33.3934

40 −26.2278 −29.6813 −29.5727 −26.6404 −27.0332 −29.1008

Figure 7 shows the 400 MHz SAW delay line re-
sponses from above listed model results for 30 and 40
electrode pairs of single and double geometry IDTs,
respectively. Thus, these three modelled output values
are found successful and the values corresponding to
insertion loss and 3 dB bandwidth are represented in
Table 2 and Table 3, respectively.
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Table 3. Comparison of 3 dB bandwidth.

Np

3 dB bandwidth [MHz]

Single electrode geometry Double electrode geometry

IR Model EC Model COM Model IR Model EC Model COM Model

30 8.4863 8.5778 8.9431 8.4865 8.5521 8.9524

40 6.3675 6.4815 6.8383 6.3683 6.4525 6.8468

6. Conclusion

400 MHz ST-X Quartz SAW delay line devices were
modelled and the results obtained from Impulse Re-
sponse model, Crossed-field Equivalent Circuit model
and Coupling of Modes (COM) model were compared
by employing MATLAB as a simulation tool. The com-
putationally modelled device responses provide sim-
ple and effective insights into the physics of SAW de-
vices and their operation via the models adopted in
the study. The modelling study points to the fact that
for single electrode geometry devices, results of EC
and COM models match each other closely (insertion
loss ∼0.1409 dB for 30 electrode pairs and ∼0.1092 dB
for 40 electrode pairs) whereas for double electrode
geometry devices, IR and EC models show closer re-
sults (Insertion loss ∼0.2329 dB for 30 electrode pairs
and ∼0.3928 dB for 40 electrode pairs). Thus, IR and
EC models are better suited for double electrode IDT
devices as the responses in these devices are realized
due to an increase in the area of metallization, mass
loading effect and total capacitance. It can also have
concluded that EC and COM models are suitable for
single electrode IDT devices due to the presence of a
large unmetallized area, lesser mass loading effect and
low capacitance. Such results pave way for actual mod-
elling and simulation of these devices as SAW sensors.
Validation of the modelled results will be undertaken
in the future experimentally.
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