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Abstract—One of the authors (KH) previously proposed 
pitch-modulated IDTs and reflectors for developing low-
loss and wideband longitudinally coupled double-mode 
SAW (DMS) filters. This paper discusses how a wide and 
flat passband is realised by applying the pitch-modulated 
IDTs and reflectors to DMS filters. It is shown that the 
pitch-modulated structure enables to adjust the location of 
multiple resonance frequencies simultaneously by varying 
an effective reflective position with frequency. That is, the 
IDTs are pitch-modulated so that the outer portion has 
slightly larger pitch than the inside, and the pitch of the 
outermost reflectors is made largest. Accordingly, higher-
order SAW resonances occur between the two pitch-
modulated IDTs; the outer portion of each IDT acts as a 
reflector, while the inner portion is mainly responsible for 
SAW excitation. Lower-order SAW resonances occur 
between the two reflectors. 
 

I. INTRODUCTION 
Presently, because of their features like embedded 

balun- and transformer-functions in addition to their low 
insertion loss and wide passband width, the longitudinally-
coupled double-mode SAW (DMS) filters [1] are widely 
used in the RF section of modern mobile phones. 

The DMS filter is designed to support multiple 
resonance modes in its passband. Since interdigital 
transducers (IDTs) are placed in the resonance cavity and 
their internal reflection is not negligible, the device design 
is quite complex. 

In the traditional DMS filter design, the location of 
resonance frequencies is adjusted by the IDT acoustic 
length and pitch, and the gap between two IDTs. Since the 
degree of freedom (the number of design variables) is not 
large enough in the design, the number of adjustable 
resonances is rather limited. Accordingly, the cavity length 
must be sufficiently short to enlarge the frequency 
separation between resonances for wideband applications. 
In order to place in the cavity and impedance match with 
peripheral circuitry, this needs the IDT with small acoustic 
length and increased aperture. The increased aperture 
results in relatively large ohmic loss of the IDT, though. In 
addition, the centre gap causes the SAW scattering into 
bulk acoustic waves. For these reasons, traditional DMS 

filters exhibit relatively larger insertion loss than ladder-
type SAW filters [2]. 

The authors showed that the number of adjustable 
resonances can be increased by simply increasing the 
number of design variables [3]. As a practical technique to 
increase the degree of freedom, one of the authors (KH) 
proposed the pitch-modulated IDT and reflector to show 
how they work effectively in DMS filters [4]. 

It was also shown that the pitch-modulated IDT and 
reflector also offer the following two distinctive features: 
1) Because of the extended IDT length, the IDT aperture 
can be made short. 
2) The increased degree of freedom makes the centre gap 
unnecessary, and structural discontinuities become 
avoidable. 

For their excellent performance, the pitch-modulated 
IDT and reflector have already been applied to the 
development of Rx filters in the PCS Antenna duplexer [5]. 

This paper discusses how a wide and flat passband shape 
is realised by the pitch-modulated IDT and reflector in 
DMS filters. 

It is shown that the location of multiple resonance 
frequencies is adjusted simultaneously by varying an 
effective reflective position with frequency. That is, the 
IDTs are pitch-modulated so that the outer portion has 
slightly larger pitch than the inside, and the pitch of the 
outermost reflectors is made largest. By this pitch-
modulation, the inner portion acts as a waveguide at lower-
order resonances, while the outer portion is responsible for 
SAW excitation. On the other hand, at the highest-order 
resonance, the outer portion acts as a reflector, while the 
inner portion is responsible for SAW excitation. 
 

II. OPERATION OF CONVENTIONAL DMS FILTERS 
This section discusses for comparison how a flat 

passband shape has been realised in conventional DMS 
filters. 

For the discussion, let us assume a two-port DMS 
structure shown in Fig. 1. 

Because of structural symmetry, resonance modes in the 
structure are categorised into two types: one is the even-
order mode having symmetrical field distribution, and the 
other is the odd-order mode with antisymmetrical one (see 
Fig. 1). 
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The electrical equivalent circuit of the DMS filter is 
given by Fig. 2 [6]. In the figure, C0 is the IDT static 
capacitance, and Yme and Ymo are the motional admittances, 
respectively, for the symmetrical and antisymmetical 
modes. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

This circuit can be modified into π-type circuits shown 
in Figs. 3 (a) and (b), where Yo=2(Ymo+jωC0) is the input 
admittance of an equivalent one-port resonator when the 
two IDTs are parallel-connected, whereas Ye=2(Yme+jωC0) 
is the admittance when the two IDTs are parallel-connected, 
their polarity being inverted. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is clear from the circuits that the lossless transmission 
is realised when the following condition is satisfied: 

The antiresonance frequency ωa
o giving Yo=0 coincides 

with the resonance frequency ωr
e giving Ye

-1=0, or the 
antiresonance frequency ωa

e giving Ye=0 coincides with the 
resonance frequency ωr

o giving Yo
-1=0. 

It is known that the transmission peak becomes broad 
and the insertion loss is minimised when (ωC0)-1 is equal to 
the characteristic impedance R0 of the peripheral circuit.  

In multi-mode resonators, ωr
e and ωr

o appear alternately 
in general, and ωa

e and ωa
o are larger than ωr

e and ωr
o, 

respectively. So, provided that the lossless transmission 
condition is satisfied at multiple frequencies successively, 
the transmission peaks overlap with each other, by which  a 
flat and wide passband can be obtained without sacrificing 
the insertion loss. 

In the conventional DMS filter design, three resonance 
modes are used for the synthesis of the filter passband. Two 
of them resonate between the two reflectors (see Fig. 1), 
and the location and separation of the frequencies are 
adjusted mainly by the IDT length LI and gap length LT 
between the two IDTs. On the other hand, the remaining 
third mode resonates between the IDTs (see Fig. 4). Since 
the IDT acts as a reflector at its resonance, the location of 
the resonance frequency is scarcely influenced by LI and 
mainly determined by LT. 

 

 

 

 

 
 

 

For this operation, the IDT pitch pI is chosen so that the 
reflection of the IDTs may be weak at the first and second 
resonances, while the reflection may get significant at the 
third resonance [3]. On the other hand, the reflector pitch pr 
and the electrode thickness h are determined properly so 
that the reflector stopband includes only these three 
resonances. 

A DMS filter was designed by this principle. The 
coupling-of-modes theory [7] was employed for the device 
modelling, and the excitation efficiency[7] ζpI was assumed 
to be (0.02ωCpI)0.5. The specifications were as follows: 
|S21|=1 at F=[-0.025:0.025] and |S21|=0 at F=[-0.07:-0.04] 
and F=[0.04:0.07], where F is the frequency normalised by 
the centre frequency of the filter passband.  

The designed results are listed in Table. 1. 
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Fig. 1 Two-port DMS resonator. 
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Fig. 2 Equivalent circuit for two-port DMS filter. 
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(a) Equivalent circuit A 
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(b) Equivalent circuit B 
 

Fig. 3 Modified equivalent circuit for two-port DMS 
filter. 
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Fig. 4 Higher-order resonance mode. 
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Fig. 5 shows the admittance of the designed DMS filter. 
It is seen that the lossless transmission condition is mostly 
fulfilled at F=-0.02 and F=+0.01. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 shows the transmission characteristics of the filter 
when two stages are cascade-connected. Comparison of 
Figs. 5 and 6 indicates that the flat passband is realised 
between two frequencies satisfying the lossless 
transmission condition. 

 

 

 

 

 

 

 

 

 
 

 

 

The relatively strong transmission is seen at 
F=[0.03,0.1]. This is called the transversal response and 

caused by the direct SAW transfer between the two IDTs. 
Accordingly, the bandwidth of the transversal response is 
almost determined by LI. 

A null is seen at F≈-0.04, where Ye and Yo resonate 
simultaneously (see Fig. 5). Namely, the resonance occurs 
in a half section composed of an IDT and a reflector, which 
means that SAW signals are not transferred from one IDT 
to another. 

The strong spurious responses are seen in the lower 
rejection band. This is due to sidelobes in the reflector 
response, and can be suppressed efficiently by tapering off 
[8] the outer portion of the reflectors. 

III. PITCH-MODULATED IDTS 
The IDT-pitch modulation allows not only to adjust the 

frequency location of multiple modes simultaneously, but 
also to optimise the IDT characteristics for the efficient 
excitation provided that there is the sufficient number of 
design variables. 

A pitch-modulated IDT was designed by subdividing it 
into four blocks and optimising their periodicities and 
lengths (see Fig. 7). All subdivided blocks are cascade-
connected acoustically and parallel-connected electrically. 
The specifications are the same with those used in II.  
 

 
 
 
 
 
 
 
 

 
Fig. 8 shows the admittance of the designed DMS filter. 

It is seen that the lossless condition is almost fulfilled at 
three frequencies (F=-0.03, F=-0.01 and F=0.02). 
Compared with Fig. 5, it is seen that the frequency 
separation between the adjacent resonances is narrow,  
which is due to the increased IDT length. 
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Fig. 5 Input admittance of conventional DMS filter. 
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Fig. 6 Transmission Characteristics of designed DMS 
filter (two stage cascaded). 

Table 1 Parameters of designed conventional DMS filter
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κ 12p I=0 .0824πR eflection coefficient
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Fig. 7 Pitch Modulated DMS filter. 
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Fig. 8 Input admittance of pitch-modulated DMS filter. 
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Fig. 9 shows the transmission characteristics when two 
stages are cascade-connected. In the figure, the broken line 
shows the response of the conventional DMS filter in Fig. 
6. It is seen that the passband width becomes wide and a 
steep skirt response is achieved. In addition, the transversal 
response in the upper rejection band is suppressed by more 
than 15 dB. This is due to the fact that the IDT is 1.7 times 
as long as the IDT used in the conventional design. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2 shows the designed parameters, where LI and pI 
are the IDT length and the periodicity for each subsection. 
It is seen that pI  increases gradually from the inner portion 
to the outer portion, and the reflectors have the largest 
periodicity. This suggests that the lower-order resonances 
should occur between two reflectors, and that the outer 
portion of the IDTs should be mainly responsible for SAW 
excitation. On the other hand, at the higher-order 
resonances, the outer portion acts as a reflector, while the 
inner portion is responsible for SAW excitation (see Fig. 7). 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 shows the transmission characteristics when the 
reflectors are removed from the designed DMS filter. 
Although the insertion loss becomes large at the lower side 
of the passband, it scaracely changes at the upper side. This 

means that the reflection by the outer portion of the IDTs is 
responsible for the upper side of the passband. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11 shows the radiation conductance GI of the pitch-
modulated IDT. It is seen that GI is relatively large at the 
lower side of the passband, while it becomes small at the 
upper side, which is due to the influence of the internal 
reflection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

IV.  MODULATION OF κ12 
From the operation mechanism described above and the 

result shown in Fig. 11, it is expected that inner portion of 
the IDTs should possess small SAW reflection coefficient 
κ12 for efficient SAW excitation; the electrode width 
should be modulated as well as the IDT pitch so that the 
inner portion of IDTs possess smaller κ12 than the outer 
portion. 

To verify this, the DMS filter was designed again by 
adding κ12 of subdivided blocks as variables. 
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Fig. 9 Transmission Characteristics of designed DMS filter 
(two-stage cascaded). Solid-line: modulated, and broken-
line: unmodulated 

Table 2 Designed results of pitch-modulated DMS filter. 
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Fig. 10 Transmission Characteristics of two-stage 
cascaded modulated DMS filter. Solid-line: with 

reflectors, and broken-line: without reflectors 
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Fig. 11 Radiation conductance of pitch-modulated IDT. 
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Fig. 12 shows the designed result. In the figure, the 
broken line is the response of the DMS filter with 
modulated pI shown in Fig. 9. It is seen that the passband 
width is increased and the skirt response becomes steeper 
by the increased number of the resonances employed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 3 shows the designed parameters. As is expected, 

it is seen that κ12 increases gradually from the inner to 
outer portion, and the reflectors has the larges value of κ12. 
Here, the total IDT length is increased upto 34pI to 
modulate κ12. 

 
 
 
 
 
 
 
 
 
 

 
It is also expected that the device performance could be 

further improved by modulating the excitation efficiency 
ζpI, though ζpI and κ12pI are not independently adjustable.  
 

V. CONCLUSIONS 
This paper discussed how the location of multiple 

resonance frequencies is adjusted in the DMS filter 
employing the pitch-modulated IDTs and reflectors. 

The IDTs are pitch-modulated so that the outer portion 
has slightly larger pitch than the inner portion, and the 
pitch of the outermost reflectors is made largest. This 
makes it possible to vary an effective reflective position 

with frequency, and, therefore, to adjust the location of 
multiple resonance frequencies simultaneously. 

Although not discussed, the pitch-modulation is also 
effectively applied to the reflectors. This allows to increase 
the variable range in the effective reflective position to 
improve the device performance further.                                             
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Fig. 12 Transmission Characteristics of two-stage 
cascaded modulated DMS filter. Solid-line: κ12 
modulated, and broken-line: κ12 unmodulated 

Table 3 Designed results of pitch and κ12-modulated DMS 
filter. 
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