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	 With the development of mobile communication technology, the demand for mobile devices 
continues to rise.  Acoustic devices such as radio frequency (RF) filters and duplexers are 
widely used in mobile handsets because of their excellent electric performance characteristics.  
However, the key bottleneck is how to convert a lumped circuit model into the structure 
parameters of an acoustic resonator for RF circuit designers so that they can apply RF circuit 
design tools in designing surface acoustic wave (SAW) devices.  The neural network (NN) 
has been widely applied in various science and management areas for its powerful learning 
and mapping capabilities.  In this paper, a method of building a bridge between the lumped 
equivalent circuit (EC) model and structure parameters of a SAW resonator is proposed.  The 
approach begins with establishing a database that shows the relationship between the values of 
the lumped EC and corresponding structure parameters of the SAW resonator.  A four-layered 
NN with the back-propagation (BP) algorithm is adopted to determine the relationship between 
the structure parameters of the SAW resonator and the lumped EC.  Then, other input/output 
pairs are presented to check if the estimated lumped EC matched with original circuit.  Finally, 
as an example, the design of a long term evolution (LTE) transmitter (Tx) filter is developed to 
demonstrate the proposed approach.

1.	 Introduction

	 Acoustic devices such as radio frequency (RF) filters and duplexers are widely used in 
mobile handsets because of their excellent electric performance characteristics such as their 
compactness, low insertion loss, and high out-of-band isolation.  In general, there are two 
main RF surface acoustic wave (SAW) filter configurations according to the connection type 
for mobile phone applications, namely, ladder-type and double-mode SAW (DMS) filters.(1–9)  
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The ladder-type filter, which consists of several resonators cascaded in series and parallel, is 
more commonly applied to an RF front-end filter because of its high selectivity.(2,5,6,9)  With 
the growth of the 4th generation of mobile wireless broadband communication transmission 
technology [4G, long term evolution (LTE)], the latest-generation smartphones are expected to 
support most of the frequency bands and require more filters in a device.  However, increasingly 
complex specifications, such as extremely high rejection of adjacent frequency bands with low 
insertion loss, and time-to-market pressure have reinforced the need for advanced filter design 
techniques.  In addition, because of the smaller footprints and excellent frequency performance 
characteristics of RF SAW filters, the trend now is to integrate multiple filters into RF modules 
with switches and power amplifiers.(10–12)

	 Figure 1 shows the lumped circuit model of a one-port acoustic resonator near resonance, 
where Lm is the motional inductance, Cm is the motional capacitance, Rm is the motional 
resistance, and CT is the static capacitance.(5,6)  Although well-experienced RF circuit designers 
can understand the behavior of the components in the network by using a related high-frequency 
computer-aid software program, the key bottleneck is how to convert the lumped circuit model 
into structure parameters, which include the period of the interdigital transducer (IDT) (λ), the 
number of IDT pairs (Np), the IDT aperture (A), the metal thickness ratio of the electrode (h/λ), 
and the metallization ratio of the SAW resonator (η).
	 In 1943, McCulloch and Pitts reported a model of a neuron that shows key features 
of biological neurons.(13)  Since the proposal of the back-propagation (BP) algorithm by 
Rumelhart and coworkers in 1986,(14,15) the neural network (NN) has been widely applied in 
various science and management areas.(16–19)  Because of the powerful learning and mapping 
capabilities of NN, the complex and nonlinear relationship between input and output parameter 
pairs can be obtained easily through a simple training process.
	 In this paper, an NN that builds a bridge between the lumped equivalent circuit (EC) 
model and the structure parameters of a SAW resonator is proposed.  The approach begins 
with establishing the database of the values of the lumped EC corresponding to the structure 
parameters of the SAW resonator.  A four-layered NN with the BP learning algorithm is adopted 
to determine the relationship between the structure parameters of the SAW resonator and 
the lumped EC.  Then, other input/output pairs are presented to test the estimation accuracy.  
Finally, a procedure of designing an RF ladder-type SAW filter is developed to demonstrate the 
proposed approach, which will effectively shorten the development time of ladder-type SAW 
filters.

Fig. 1.	 Lumped circuit model of a one-port acoustic resonator.
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2.	 Method

2.1	 Electrical performance of acoustic resonators

	 Typical impedance characteristics of a one-port SAW resonator are illustrated in Fig. 2 
indicating two resonances, namely, the resonance frequency (or series frequency, ωr), where 
the magnitude of impedance tends to be minimum (Zr), and the antiresonance frequency (or 
parallel frequency, ωa), where the magnitude of impedance tends to be maximum (Za).  They 
are determined from piezoelectric substrate material parameters, which include wave velocity, 
electromechanical coupling coefficient, attenuation constant, dielectric constant, and so forth, 
and structure parameters of the SAW resonator, such as the lengths of the IDT and reflector 
electrodes, electrode metal thickness, and electrode overlap.  The components of the lumped 
circuit model shown in Fig. 1 can be derived from the properties of the resonator.(6)
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Rm can be derived from the conductance (G−1) at the resonance frequency and CT represents the 
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Fig. 2.	 Impedance characteristics of a one-port SAW resonator.
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The quality factor (Qr) at the resonance frequency is also an important measure and is expressed 
as(6)

	 / 1 /r r m m r m mQ L R C Rω ω= = .	 (4)

	 To establish a reliable database for an NN to determine the relationship between the lumped 
and structure parameters of the SAW resonator, the accuracy of predicting the performance of 
a SAW resonator is crucial.  In this work, a new modified EC method that converts coupling-
of-mode (COM) parameters into EC parameters with a metallization ratio of 0.5 was applied 
to analyze the characteristics of the SAW resonator.  The simulated and measured impedance 
characteristics of a one-port SAW resonator were examined and found to be consistent as shown 
in Fig. 3.

2.2	 Structure parameters of SAW resonator determined using NN

	 The error BP learning algorithm is taken for NN’s training to find the structure parameters 
of the SAW resonator from the known lumped EC model.  The impedance characteristics of 
the SAW resonator simulated by using a new modified EC method and by calculating from the 
corresponding lumped EC were compared and verified, as shown in Fig. 4.  Furthermore, a 
database that shows the correspondence between the structure parameters of the one-port SAW 
resonator and the components of the lumped EC was established by computing.  Here, a four-
layered NN consisting of an input layer, an output layer, and two hidden layers was used as 
shown in Fig. 5.  There are four input parameters, namely, the fr, CT, γ, and Qr of the lumped EC, 
and five output parameters, namely, λ, Np, A, h/λ, and η of the SAW resonator.  The NN model 

Fig. 3.	 Simulated and measu red impedance 
characteristics of a one-port SAW resonator.

Fig. 4.	 Impedance characteristics of the SAW 
resonator simulated by using a new modified EC 
method and calculating from the corresponding 
lumped EC.
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was trained and determined by using the established database, and other input/output pairs are 
presented for testing and verifying the learning results.  

2.3	 Synthesis ladder-type SAW filters using lumped element model

	 Figure 6 shows a simple one-level ladder-type filter with one resonator in series and one 
in a shunt denoted by UE1 and UE2, respectively.  Typically, in order to achieve a band pass 
response, the aim is to adjust parameters to set the resonant frequency of UE1 (ω1r) to be nearly 
coincident with the antiresonant frequency of UE2 (ω2a) as shown in Fig. 7.(5)  The ratio of C1T 
to C2T determines both the insertion loss of the filter and its out-of-band rejection level.  Note 
that the more the ladder stages, the better the out-of-band rejection, but the worse the pass band 
insertion loss.  In a practical design, the designer may need a certain design trade-off.(5)  Hence, 
the procedure of synthesizing ladder-type SAW filters using the lumped element model is 
suggested as follows:
(a)	Determine the ladder stages of the desired filter.  
(b)	Use RF circuit design software to optimize the lumped circuits and obtain the Lm, Cm, Rm, 

and CT of each resonator.
(c)	Determine the structure parameters λ, Np, A, h/λ, and η of each SAW resonator by using an 

NN.
(d) Simulate and adjust the response of the filter.

Fig. 5.	 Structure of four-layered NN.
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(a) (b)

Fig. 6.	 (a) Simple ladder-type filter and (b) lumped EC.

Fig. 7.	 Band pass characteristics of the ladder-type filter.

3.	 Results and Discussion

3.1	 Electrical performance of acoustic resonators

	 The lithium tantalite (LiTaO3) piezoelectric substrate, which is most commonly used in an 
RF SAW filter because of its high electromechanical coupling coefficient, was chosen in this 
work.  The frequency was set to about 1670 MHz.  The effects of structure parameters of the 
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SAW resonator on the characteristics of this substrate were studied by simulation.  The IDT 
static capacitance CT is(5,6) 

	 CT = C0 Np A,	 (5)

where C0 is the capacitance per unit length of one IDT pair and its value is related to the 
characteristics of the piezoelectric substrate.  CT is proportional to the product of Np and 
A.  Equation (3) can also be used to describe the relationship between the resonance and 
antiresonance frequencies of the resonator.  In Fig. 8, γ decreases with increasing Np, indicating 
that the bandwidth of the resonator (defined as the difference between the resonance and 
antiresonance frequencies) increases with Np.  However, γ tends to be flat owing to the 
limitation of the properties of the piezoelectric substrate.
	 Since the electrode metal thickness ratio h/λ strongly affects the electromechanical coupling 
coefficient, the velocity under metal electrodes, and the reflection of IDTs and reflectors, it is an 
important factor for determining the resonance frequency and bandwidth of the SAW resonator.  
Figure 9(a) shows that fr decreases with increasing h/λ owing to the surface loading.  Also, the 
bandwidth of the resonator increases with h/λ, as shown in Fig. 9(b).  The metallization ratio η 
varies the static capacitance of CT and may also affect the resonance frequency and bandwidth.  
From the simulation results, fr is observed to greatly decrease and the bandwidth is determined 
to decrease with increasing η, as plotted in Fig. 10.  

3.2	 SAW parameters determined using NN

	 Considering the limitation of the manufacture and component size, the ranges of structure 
parameters of the SAW resonator for the database are listed in Table 1.  The database of 
various SAW resonators with structure parameters within the ranges was simulated and its 

Fig. 8.	 γ versus Np.
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corresponding lumped model was calculated.  From the database, 882 sets of data were selected 
for NN’s training and 50 sets of data were used for checking.  Once the NN was well trained, 
another 45 sets of data were applied to the NN reversely, i.e., giving lumped parameters and 
obtaining the structure parameters of the SAW resonator to verify the accuracy of the NN 
method.  As shown in Fig. 11, the frequency responses of the lumped circuit model and learned 
SAW were consistent except for the spurious mode because the lumped circuit model does not 
include the spurious effect.

(a) (b)

Fig. 9.	 Relationships of h/λ with (a) fr and (b) γ.

(a) (b)
Fig. 10.	 Relationships of η with (a) fr and (b) γ.

Table 1 
Ranges of structure parameters of SAW resonator for building database.
Parameter λ Np A h/λ η
Range 1.5–2.4 µm 10–150 pairs 5–70 λ 3–9% 0.4–0.65
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Fig. 11.	 Impedance characteristics of the lumped EC model and learned SAW.

Table 2
LTE Tx filter specifications.

Response Frequency band 
(MHz)

Values 
(dB)

Insertion loss 2500–1915 <3.5

Out-of-band rejection

2400–2472 >20
2472–2480 >10
2480–2484 >4
2620–2690 >15 Fig. 12.	 Six-stage ladder structure.

Table 3
Synthesized components of the lumped circuit models 
of LTE Tx filter.
Parameters Res_S Res_P1 Res_P2
fr (MHz) 	 2548.87 	 2452.18 	 2452.18
CT (pF) 	 0.5774 	 0.9568 	 2.1671
γ 	 12.59 	 13.47 	 13.90
Qr 	 348 	 321 	 337

3.3	 Ladder-type SAW filters using synthesized lumped element model

	 In this section, an example of an LTE transmitter (Tx) filter, whose specifications are 
shown in Table 2, was designed to demonstrate the proposed approach.  It is a six-stage 
ladder structure, as shown in Fig. 12.  The components of the lumped circuit models of each 
resonator were determined by using computer-aid circuit design software and their values are 
listed in Table 3.  The corresponding structure parameters of each SAW resonator obtained by 
using a well-trained NN model are presented in Table 4.  The frequency responses (S21) of the 
synthesized ladder-type SAW filter with the learned SAW structure and the original lumped 
circuit are shown in Fig. 13.  The results show good agrement.  

Table 4
Structural parameters of the corresponding SAW 
resonators in Table 3.
Parameters Res_S Res_P1 Res_P2
λ (µm) 	 1.54 	 1.6 	 1.6
Np (pairs) 	 114 	 76 	 150
A (λ) 	 7.5 	 17 	 19.5
η 	 0.48 	 0.5 	 0.52
h/λ (%) 	 ~9 	 ~8.3 	 ~8.3
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4.	 Conclusions

	 In this study, a bridge between the lumped EC model and structure parameters of a SAW 
resonator was successfully established by using an NN.  A four-layered NN with the BP 
learning algorithm was adopted to obtain the structure parameters of the SAW resonator 
corresponding to the lumped EC.  Results were consistent except for the spurious effect.  To 
demonstrate the advantage of using the proposed method in designing a ladder-type SAW filter, 
an LTE Tx filter was developed.  It can be seen that the proposed method effectively shortens 
the time for developing SAW filters.
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