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A circuit investigation of dual-band surface acoustic wave (SAW) filters of the ladder type
is proposed. The designed filter exhibits a broader bandwidth and a sharper cut-off frequency
than the conventional filter composed of the ladder and double-mode SAW (DMS) types. The
SAW filters have been widely applied to the antenna duplexer given the progress in mobile
communication technology. Furthermore, the SAW filters can be constructed into a wireless
sensor system in combination with a SAW sensor. We demonstrate how simulations of ladder-
type SAW filters based on the 48°Y X-LiTaOs; are used to achieve a convenient design of the
SAW band-pass filter for a high-power and wireless sensor system. These filters demonstrate
the lowest insertion loss, the largest bandwidth, the optimal power durability, and a third-
order intercept point compared with the interdigital transducer (IDT) and DMS. A simulation
of a SAW resonator using the advanced design system (ADS) is performed with the lumped
elements. The first passband that is applied to the Tx duplexer is in the range of 823—855 MHz,
and the second passband applied to the Rx duplexer is from 867 to 898 MHz. The frequency
characteristics of the ladder-type duplexer possess minimum insertion losses of 1.14 dB in
the first passband and 0.54 dB in the second passband, which are similar to those of the DMS
duplexer. The isolation performance between Tx and Rx is 42.22 dB at 8§23—-898 MHz, which
is less than that of the DMS duplexer. The design of the appropriate SAW band pass filter will
be simplified through a precise simulation. Furthermore, the dual-band structure with a ladder-
type SAW can be expected to endure higher power and have a better isolation performance than
conventional DMS structures.

1. Introduction

The use of mobile devices has widely affected society given the progress of technology. The
high complexity of the frequency domain has resulted in many filter applications. An antenna
duplexer of surface acoustic wave (SAW) filters has attracted considerable research attention
considering their high power capability, low insertion loss, and steep cut-off properties.(l’z)
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The SAW devices are also popularly applied in gas sensors, pressure sensors, and biosensors
with the piezoelectric characteristic.>¥ The SAW devices can be applied as gas sensors with
relevant materials deposited on the SAW substrate. The sensing mechanism utilizes mass
changes due to gas absorption to transform the propagation characteristics.®™" LiTaO; has also
been applied to gas sensor production and humidity sensing.®” With their high wave speed,
radio frequency identification (RFID) is another significant application of the SAW devices.
The change in the structure of a SAW device provides an individual code for each RFID device.
SAW devices developed for RFID have been widely used in barcodes, electric wallets, and
electronic charging. %! With the many sensor and RF applications, the SAW filter is expected
to be used in wireless sensor systems.

SAW duplexers with Tx passbands of 823-855 MHz and Rx passbands from 867-898
MHz in the 3G and 4G frequency domains have been well developed. Most of the duplexer
structures are composed of ladder-type and double-mode SAW (DMS) filters.'>!'® The ladder-
type SAW filters are composed of numerous SAW resonators that are in serial and parallel
arrangements and integrated on a single chip. They exhibit lower insertion losses and higher
power capabilities than the DMS structure filters.

Many theories have characterized the transmission of surface waves. In 1885, Lord Rayleigh
proposed the mechanical vibration of a SAW.' Therefore, many studies simulated the SAW
frequency characteristics. Warren P. Mason presented an equivalent circuit to simulate the

electrical and mechanical wave properties.(l5’l6)

The Mason model simulated the coupling
between the interdigitated transducer with the mechanical and electrical systems.1”)

In this research, the simulation of the SAW filter revealed the combination of the Mason
equivalent circuit and RLC models with high-accuracy frequency characteristics. The
simulation focused on the RLC model to reveal the electrical characteristics of the interdigital
transducer (IDT). Furthermore, we simulated a dual-band SAW filter in identical ladder-type

structures for high power durability and wireless sensing application.

2. Resonator Simulation

The simulation of the ladder-type SAW filter is based on the material of 48°YX-LiTaOs,
which is a material with a high wave speed of 3900 (m/s) and an 8.2 electromechanical
coupling factor. The simulation of the 48°YX-LiTaOs can increase the performance of the
filter and reduce the signal loss with high wave speed and electromechanical coupling factor
in comparison with the quartz and other piezoelectric materials. The ladder-type SAW filter
is composed of two series of SAW resonators in an L-type network. The resonators with
high resonance frequency are primarily arranged serially, whereas the resonators with low
resonance frequency are arranged in parallel. The serial parts of the SAW resonators obtain
slightly different resonance frequencies, thereby indirectly affecting the passband width. We
can determine the filter characteristics through appropriate design and simulation. Figure 1(a)
illustrates a single SAW device structure consisting of an IDT and a piezoelectric substrate.
The definitions of aperture W, IDT width, and IDT pair are clearly marked in Fig. 1(b). The
schematic of an L-type network duplexer filter is depicted in Fig. 1(c).
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Fig. 1. (Color online) (a) IDT and piezoelectric substrate structure, (b) pattern parameters of IDT, and (c)
schematic of L-type network.

We must begin the simulation with the single SAW resonator to precisely and rapidly design
the ladder-type SAW. The single SAW resonator is the most important and basic element in the
ladder-type SAW filter. Therefore, we first simulate the SAW resonator using lump devices and
their values are calculated using the formulas presented below.!® These formulas are related to
the physical parameters of IDT pairs N,, acoustic aperture W, wavelength 4, electromechanical
coupling factor K2, wave speed ¥, and capacitance/finger-pair/unit length C,. Equation (1)
is used to determine the series-resonance frequency of the SAW resonator; this formula is
significantly affected by the piezoelectric substrate wave speed V and Jg. In this research, we
set our IDT width and gap to A¢/4.

Parallel-resonance frequency (f,) and series-resonance frequency (fs) are used to determine
filter bandwidth. Thus, we must determine the relationship among f,, f;, and physical
parameters. Equation (2) indicates that N, will influence the Q factor of the filter, and d is
the effective cavity length (m). The variant of the O factor and d, significantly affect the width
between f, and f; given the modulation of N,. The f,—f; bandwidth corresponds to the passband
width of the filter.

Figure 2 shows our lump device circuit, and the parameters of devices can be calculated
using Eqs. (3)—(6). Cr is the static capacitance related to the IDT pair N, capacitance/finger-
pair/unit length C,, and acoustic aperture W.

L,, C,, and R, are motional parameters of the resonance circuit. Equation (4) expresses
circuit inductance, which is inversely proportional to the electromechanical coupling factor,
series-resonance frequency, IDT pairs, C,, and acoustic aperture.

C, is the motional capacitance, which causes series resonance with L,. Cr and L, are the
resonance units and are thus inversely proportional.

Equation (6) indicates that resonator loss is related to the electromechanical coupling factor,
acoustic aperture, and IDT pairs. The formula of R, indicates that increasing the acoustic
aperture and number of IDT pairs can reduce signal loss. In particular, we can select the
substrate with a high electromechanical coupling factor to attain a low loss.

V= fyxAdy (m/s) (1)
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Fig. 2.  Lump device model of SAW resonator.
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We can quickly simulate the SAW resonator through Eqgs. (1)—(6) to calculate the lump
device parameters and obtain the physical parameters of the SAW resonator. The actual
simulation result of the resonator is illustrated in Fig. 3. This figure depicts the Y-parameters of
a resonator, in which f; is 836.5 MHz and f), is 864.5 MHz.

3. Ladder-type SAW Simulation

Equations (1)—(6) can precisely simulate the SAW resonators with the appropriate frequency
characteristics. Therefore, we design the ladder-type SAW filter on the basis of the simulated
results of the resonators.

In the first step, the center frequency of the filter is decided by the f, of the parallel resonator
and the f; of the serial resonator; these resonators are designed individually. The f; of the
serial resonator and f, of the parallel resonator must be identical to level the passband. The
performance of the filter will be tailored through a special design. The passband width can be
modulated with a pair of IDTs. The decrease in N, as exhibited in Fig. 4, is a response to the
reduction in f,—f; and the passband width of the filter. We can obtain the proper f,—f; width
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Fig. 3. (Color online) SAW resonator simulation result.
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Fig. 4. (Color online) (a) Resonator admittance and (b) insertion loss of 1-stage ladder-type SAW filter with 75
and 100 pairs of IDTs.

by the fitting of N,. We use one band of the duplexer, that is, the Tx ladder-type SAW, whose
passband is 823—-855 MHz. The f; of the serial resonator and f, of the parallel resonator match
at 836.5 MHz. The f; of the parallel resonator is 814.5 MHz and the f), of the serial resonator is
855.1 MHz, as shown in Fig. 5(a).

We can simply obtain the filter characteristics for our purpose after establishing the method
for simulating the resonator and filter. In this research, the duplexer consists of an antenna, a
Tx filter, and an Rx filter. We focus on the simulation of the Tx and Rx filters. The Tx and Rx
filters are designed using the ladder-type SAW. The Rx filter has a higher frequency band than
the Tx filter, and its design flow is the same as that in the previous steps. Figure 5(b) displays
the admittance of resonators and insertion loss of the Rx one-stage ladder-type SAW. The f; of
the serial resonator overlaps the f, of the parallel resonator.

Figure 5 clearly illustrates that the out-band insertion loss of a one-stage ladder-type SAW
is small enough to enable the effective filtering of the signal. We must adjust the circuit for the
low insertion loss in the passband and the high loss in the rejection band. The performance of
the ladder-type SAW can be optimized by a multiple-stage connection, as shown in Fig. 6. Each
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Fig. 5. (Color online) Resonator admittance and 1-stage ladder-type SAW insertion loss of filter: (a) Tx and (b)
Rx.
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Fig. 6.  (Color online) Schematic of four-stage ladder-type duplexer.
Table 1
N and W of the simulated duplexer.
Tx T-S-1 T-S-2 T-S-3 T-P-1 T-P-2 T-P-3
Pair (V) 71 70 59 113 143 140
Rx R-S-1 R-S-2 R-S-3 R-P-1 R-P-2 R-P-3
Pair (N,,) 81 80 65 139 160 117

resonator indicates a variety of NV, as listed in Table 1, which can be obtained after fitting the
bandwidth and the insertion loss of the passband. The fitting of N, yields the passband width
of the duplexer. We can obtain an extremely low insertion loss in the passband and a relatively
high loss in the rejection band after the multiple-stage connection in our circuit. Figure 7
demonstrates the insertion loss of the Rx and Tx antennas in the multiple-stage connection.
In the figure, the passband indicates an insertion loss performance extremely close to and a
bandwidth identical to the measured results. The Tx passband is in the range of 823—-855 MHz,
which indicates a minimum insertion loss of approximately 1.14 dB. The Rx passband is in
the range of 867-898 MHz, denoting a minimum insertion loss of approximately 0.54 dB. The
measurement result exhibits a valley in the middle of the passband, caused by the impedance
mismatch in the measurement system. The simulation can further alleviate the drawback
by increasing the acoustic aperture W. With an increasing aperture in each resonator, the R,
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Fig. 7. (Color online) Multiple-stage ladder-type Fig. 8. (Color online) Isolation of Tx and Rx.
SAW filter characteristic with Tx and Rx antennas.
Table 2
Frequency responses of simulated ladder-type, measured ladder-type, and DMS duplexers.
Duplexer form Insertion loss (dB) Isolation (dB) Power durability Attenuation (dB)
Sim_ladder type 02 <45 >l W ~40
Mea_ladder type 1-3 <42 >l W ~40
DMS 2-3 <20 <50 mW ~50

can be fitted into the most suitable value and the valley in the middle of the passband can be
eliminated.

The isolation of Tx and Rx is a crucial property of the duplexer. The ladder-type filters
have lower insertion losses than the DMS-type filters at the outband frequency. Therefore, the
isolation of the ladder-type duplexer is expected to be better than that of the DMS-type duplexer.
Figure 8 shows the simulated and measured isolation between Tx and Rx. The insertion loss in
the simulation is less than 42.22 dB. This insertion loss of isolation is lower than the measured
result. To improve the isolation, we add a transmission line between the antenna and Rx ladder-
type SAW to achieve impedance rnatching.(w) The characteristics of isolation and the Tx filter
can be significantly improved by adding the transmission line. In Table 2, we summarize the
performance of the ladder-type duplexer, both simulated and measured, in comparison with that
of the DMS-type duplexer. The ladder-type duplexer can achieve a low loss at the passbands of
823-855 and 867-898 MHz, and a 40 dB attenuation of the outband was also achieved in both
simulation and measurement, similarly to the DMS type. The isolation of the ladder type is less
than 40 dB, which is a much better performance than the 20 dB of the DMS duplexer.

4. Conclusions
In this research, we proposed a rapid simulation method for a duplexer system fabricated

with a ladder-type SAW filter applied to the Tx and Rx passbands. The ladder-type structure
exhibits excellent performance, that is, a lower insertion loss at the passband and better isolation
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between Tx and Rx than that of the DMS structure. The simulation utilizes the electronic
characteristics of the SAW device are demonstrated by advanced design system (ADS)
software. The ladder-type SAW is simulated using a resonator that is composed of passive RLC
devices. The passband of the filter can be controlled via the appropriate arrangement of the
SAW resonator in an L-type network. The frequency characteristic can be further improved by
arranging multiple stages of the L-type network into a ladder-type form. By selecting a suitable
N, of each resonator in the SAW filter, we can significantly adjust the bandwidth and insertion
loss of the passband. The results show that the Tx and Rx antennas indicate wide bandwidths
of 823-855 MHz in the first passband and 867-898 MHz in the second passband. The low
insertion losses in the first and second passbands are 1.14 and 0.54 dB, respectively. The
isolation between Tx and Rx is less than 42.22 dB. The appropriate specifications of the ladder-
type SAW filter can be rapidly simulated and precisely match the measurement results. The
measurement results of the ladder-type duplexer also indicate its better frequency response than
that of the DMS structure duplexer.
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