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and Martti M. Salomaa, Member, IEEE

Abstract—Longitudinally coupled resonator filters pro-
vide unbalanced-balanced operation with wide bandwidth,
low loss, and high suppression levels. However, reducing the
insertion loss in the 1.8–2.2 GHz range remains a challeng-
ing problem because at high frequencies the resistive losses
arising from the relatively wide aperture of the filter may
degrade the performance. A 5-interdigital transducer (IDT)
filter has six gaps at which the periodicity of the grating
is broken, resulting in additional loss due to scattering into
the bulk. In this paper, we show that replacing the gaps be-
tween the transducers with short transducer sections hav-
ing their pitch different from that of the main transducers
reduces the insertion loss of the device. We present devices
with balun operation at 1842 MHz with wide bandwidth of
4.5% and �40 dB suppression, with a minimum insertion
loss less than 1 dB in the best devices, and a maximum
insertion loss of �1.2 dB in the passband. The passband is
quite flat, with �1 dB ripple. We also discuss the layout of
the contact pads and the connections, and its effect on the
device performance and balance characteristics.

I. Introduction

Longitudinally coupled resonator filters (CRF) [1]—
often also referred to as dual-mode surface acous-

tic wave (SAW) filter (DMS) or multimode SAW filters
(MMS)—recently have regained popularity as they enable
a wide-band, low-loss response with high suppression lev-
els and balanced operation. This is important for many
emerging applications, especially when aiming for opera-
tion frequencies above 2 GHz. The size of CRFs is often
smaller than that of ladder filters, and chip size can be
reduced to ∼1.0 × 0.6 mm2 for 2-GHz filters. At high
frequencies, however, the resistive losses arising from the
relatively wide aperture of CRFs may affect the perfor-
mance. Losses due to the wide aperture can be reduced
by connecting two tracks in parallel and simultaneously
narrowing the aperture of both tracks [2]. If the structure
contains more than three interdigital transducers (IDT),
however, the topology of the connections becomes very
complicated, or even impossible on the wafer level.

One-track filters with five transducers have been shown
to provide good performance at high frequencies [3], [4]. A
5-IDT device features several advantages over, e.g., 3-IDT
devices, such as a wider achievable passband and reduced
resistive losses owing to the smaller optimal aperture re-
quired for matching to the load impedance. In order to
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further reduce the ohmic losses, it would be advantageous
to reduce the aperture. An evident solution is to connect
two tracks in parallel [2]. However, as stated above, for
5-IDT CRFs the parallel connection of two tracks is not
straightforward, and other means of reducing the insertion
loss must be found. In this paper, we show that replac-
ing the gaps between the transducers with short trans-
ducers reduces the insertion loss of the device. The phase
change is realized in the short transducer sections between
the main transducers—in total, we use 13 transducers—
and the structure is closer to synchronous. Effectively, the
gap is distributed over the short transducers. This reduces
the insertion loss as the scattering from the gap into bulk
waves and the free-surface propagation attenuation are re-
duced. Also, the optimal aperture becomes narrower as the
total number of fingers increase, further reducing the resis-
tive losses in electrodes. We use leaky waves on 42◦-lithium
tantalate (LiTaO3), a cut that in terms of propagation loss
is optimum for leaky-wave propagation in a grating with
a metal thickness of 0.07–0.1λ, but it is not optimum for
propagation on a free or uniformly metallized surface [5].
A similar approach is disclosed in [6]. The device operates
with unbalanced input and balanced output.

In this paper, we also discuss the effect of the layout of
the contact pads and the connections on the performance
and the balance characteristics of the device. At high fre-
quencies, the effect of the capacitance between the contact
pads increases and may strongly distort the response of
the device. Therefore, the layout of the device must be
chosen such that the parasitic capacitances arising from
the connections and the contact pads are minimized.

The metallized-gap devices at the center frequency of
1842 MHz discussed in [3] and [4] feature an insertion loss
of approximately 2 dB in the passband. We report experi-
mental results for a distributed-gap device on 42◦-LiTaO3,
at 1842 MHz. A wide bandwidth of 4.5% and a suppression
level of −40 dB are achieved. The best devices feature a
minimum insertion loss of <1 dB and maximum insertion
loss of 1.2 dB in the passband. The passband is very flat,
with a ripple <1 dB.

II. Computational Results

A. Theoretical Framework

For the optimization of the structure, we use a design
software that uses the coupling-of-modes (COM) model
(see, e.g., [7]) and transmission matrices [8]. Each element
of the device—transducer, reflector, and gap—is described
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Fig. 1. Schematic of an N-port CRF device represented with trans-
mission matrices. Each element (R for reflector, G for gap, and T
for transducer) is described with a transmission matrix. The trans-
ducers are connected to the N electrical ports. In addition to the
electric ports, the structure has two acoustic ports. The SAW field
is described by the two counter-propagating modes R and S.

with a transmission matrix that relates the acoustic fields,
voltage, and current at the beginning of the element to the
same quantities at the end of the device. The elements of
the matrices are calculated by solving the COM equations:

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

dR(x)
dx

= −jδR(x) − jκS(x) + jαV

dS(x)
dx

= jκ∗R(x) + jδS(x) − jα∗V

dI(x)
dx

= −2jα∗R(x) − 2jαS(x) + jωCV

, (1)

where R(x) and S(x) are slowly varying acoustic fields,
V and I are the voltage and the current in the device,
respectively, and δ, κ, and α are the COM parameters.

The transmission matrix for a transducer connected to
port 1 in a two-port system is of the form

⎛
⎜⎜⎜⎜⎜⎜⎝

R(x2)
S(x2)
V1(x2)
I1(x2)
V2(x2)
I2(x2)

⎞
⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎝

F11 F12 F13 0 0 0
F21 F22 F23 0 0 0
0 0 1 0 0 0

−F31 −F32 −F33 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

⎞
⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎝

R(x1)
S(x1)
V1(x1)
I1(x1)
V2(x1)
I2(x1)

⎞
⎟⎟⎟⎟⎟⎟⎠

,
(2)

where x1 denotes the beginning of the transducer element
and x2 is the end of the element. Transmission matrix el-
ements Fij are calculated from the solution of (1). The
quantities V1, V2, I1, and I2 denote the voltages and cur-
rents in ports 1 and 2, respectively. The total matrix of a
general N-port structure such as shown in Fig. 1 is ob-
tained by cascading the element matrices. Although in
Fig. 1 only one transducer is connected to a specified
electric port, in principle several transducers may be con-
nected to a single port. In addition to the N electric ports,
the structure has two acoustic ports, one at x = 0 and
the other at x = L, where L is the total length of the
device. The surface acoustic wave propagating within the
structure is described in terms of two counter-propagating
modes, R and S. For an N-port device, the total transmis-
sion matrix is of size (2N + 2) × (2N + 2).

Fig. 2. Schematic of the 5-IDT filter with distributed gaps. All the
gaps between IDTs are replaced with two short transducer sections.
The structure is symmetric.

For simplicity, the COM simulations were performed
for a corresponding single-ended structure, but the
transmission-matrix method enables straightforward in-
clusion of balanced operation [9].

B. Device Structure

The architecture of the device investigated here is a
5-IDT multimode longitudinally coupled resonator filter
with distributed gaps. The device is symmetric and com-
prises five acoustically coupled main transducers and eight
short transducer sections—13 transducers in total, as de-
picted in Fig. 2. The structure is quasisynchronous, i.e.,
there are no distinctive gaps between the transducers. The
phase change required between the main transducers is
produced with the short transducer sections at the ends of
the main transducers (constituting the distributed gaps).
Essentially, a certain number of fingers (six in our case)
from each transducer is replaced with electrodes having a
pitch different from the rest of the main transducer. The
pitch is typically (but not necessarily) smaller than that
of the main IDTs, in order to avoid scattering into bulk-
acoustic wave modes. In our design, the pitches of the short
sections are about 93% of the main IDT pitch. Distributing
the necessary phase change over both of the transducers
adjoining the gap, instead of replacing fingers in only one
of them, makes it easier to keep the overall performance
of the device unchanged. As Fig. 2 shows, the short trans-
ducer sections are electrically connected to the adjoining
main IDT, such that the alternation of hot and ground
electrodes is not disturbed. The gaps between reflectors
and the first and the last IDT are not replaced, as they
are typically close to synchronous anyway and do not have
a significant effect on the operation of the device.

Because the device has five acoustically coupled trans-
ducers, there are at least three acoustic resonance modes
contributing to the final filter response. Compared to, e.g.,
3-IDT CRF structures, assembling the total response from
a larger number of interacting modes enables a wider pass-
band with reduced ripple.

The effect of the distributed gaps is to reduce both the
scattering of SAW into bulk acoustic waves (BAW) and
the propagation attenuation on free surface. Surface waves
lose energy at the ends of periodic structures such as IDTs,
as part of the wave is radiated into BAW modes [7]. Be-
cause the distributed gap structure has no distinct gaps,
discontinuities in periodicity become less prominent, and
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the BAW-radiation effect is reduced. Another source of
loss, important especially at high frequencies, is the at-
tenuation of the leaky waves propagating on 42◦-LiTaO3
on free or uniformly metallized surface. The 0.08λ metal
thickness is close to the optimum, and the propagation
loss is close to zero for a metal grating, whereas a uniform
metallization increases it to approximately 0.008 dB/λ [5].
The large number of gaps present in the design makes this
effect significant.

The admittance of a CRF, and thus its matching to the
load impedance, depends primarily on the capacitance of
the structure, determined by the area of the filter. Because
of the larger total number of fingers in the distributed-
gap device compared with a traditional CRF, its aperture
must be reduced in order to maintain the load-matching
condition. The optimal aperture for the device studied in
this paper is 35λ, whereas the typical aperture of a 5-IDT
CRF is about 60λ. This yields a further reduction of loss,
as the resistive losses in the electrodes are decreased. For
the total reduction of loss, arising from all the effects de-
scribed above, different estimates for 3-IDT devices yield
an improvement in the passband insertion loss ranging
from 0.4 dB to 1 dB [6], [10].

C. Distributions of Acoustic Power Flow

We have designed an extremely wide-band 5-IDT fil-
ter with simulated response, shown with a solid line in
Fig. 3(a), in order to study the acoustic wave power in-
side a distributed-gap device. The −3 dB absolute band-
width is about 132 MHz (7%), which demonstrates that
this approach yields record-high values of passband width
compared to other CRF designs. The frequency response
is formed by three distinct resonance peaks. The peaks are
revealed at mismatched system impedances. For a device
designed to operate with 50 Ω in the input and 150 Ω in the
output, the situation with 1-Ω environment is illustrated
in Fig. 3(a) with a dashed line.

We calculated the acoustic power-flow distribution over
the length of the device at five frequency points: the
three resonance frequencies [notated fr1, fr2, and fr3 in
Fig. 3(a)], and the two intermediate frequencies [fi1 and fi2
in Fig. 3(a)]. The approximate frequencies for these points
are fr1 ≈ 1789 MHz, fi1 ≈ 1806 MHz, fr2 ≈ 1830 MHz,
fi2 ≈ 1876 MHz, and fr3 ≈ 1914 MHz. The power flows
shown on the left column in Fig. 3 were calculated in
matched 50/150-Ω environment, and the power flows on
the right column were calculated in 1-Ω environment.

The acoustic power distributions show that the acoustic
power flows have significantly different distributions along
the structure at different frequency points of the passband.
In particular, at fr2 we have a more or less uniform dis-
tribution of energy over the whole device, but at fr3 the
resonances are confined into the area inside and in the
vicinity of the short reflectors. In the frequencies where
SAW power flows are the most intensive near and inside
the distributed gaps (fi2, fr3), the SAW energy is rather
uniformly distributed in the regions of the main transduc-

ers. In Fig. 3(f), the undulating distribution in the reflec-
tors shows that this frequency is already at the limit of the
stopband of the reflectors.

D. Simulation Results for a DCS Rx Filter

For the actual device to be used as a digital cellular
system (DCS) Rx filter, we produced another design with
the frequency response (shown in Fig. 4) satisfying one of
the most demanding specifications for this kind of appli-
cation. The result of the COM simulation is depicted in
Fig. 4 with a dashed line, together with the experimen-
tal curve indicated by the solid line. The device operates
at the center frequency of 1842 MHz. The simulated 3-dB
bandwidth is 85 MHz (4.6%), the minimum insertion loss
is 0.95 dB and the ripple in the passband is minimal. Sup-
pressions outside the passband are at −40 dB level on the
left side of the passband and at −30 dB level on the right
side. The gently sloping skirts on this side are typical for
CRF architecture. To improve the skirts on the right-hand
side, an external synchronous resonator may be coupled as
an impedance element, as is done, e.g., in [3].

III. Experimental Results

The 5-IDT CRF filter simulated in Fig. 4 (dashed line)
was fabricated and measured. The substrate material was
42◦-LiTaO3, with aluminum thickness of 0.08λ (1870 Å).
Two layouts, depicted in Fig. 5, were implemented: Lay-
out 1 had separate grounds for input and output and the
contact pads for input and output were on different sides
of the device. Layout 2 had all grounds connected and all
contact pads on the same side of the device. The distance
between input and output contact pads was approximately
450 µm for Layout 1 and 105 µm for Layout 2. Both lay-
outs were probed directly on wafer.

The solid line in Figs. 4 and 6 shows a typical experi-
mental curve for the 5-IDT device with type 1 layout (sep-
arate grounds, contact pads on different sides of the filter).
A matching inductance of 30 nH was added at the output
when processing the measured data so as to improve the
matching to the 150 Ω load because, for such a wide pass-
band, it is extremely difficult to obtain low loss without
matching. The small ripple seen on the measurement curve
is due to the measurement setup, and its origin is not quite
clear.

The agreement with the simulated response is excel-
lent, as seen in Fig. 4. In the simulation, we have included
some parasitics such as tip resistance, but their values
were approximations and were not fitted to the measure-
ments. The experimental 2.5-dB passband width is 83 MHz
(4.5%), the minimum insertion loss is 0.6 dB, and the rip-
ple in the passband is below 1 dB. Suppressions are at
−40-dB level on the left-hand side of the passband and go
down to −30-dB level on the right-hand side.

In Fig. 6, the measurement results for both layouts are
shown, with a close-up of the passband as an inset. The re-
sults show that the overall shape of the response is rather
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Fig. 3. Calculated acoustic power flow over an extremely wide-band, 5-IDT, distributed-gap device at five frequencies. (a) Simulated frequency
response in the passband at matched (50/150 Ω, solid line) and mismatched (1 Ω, dashed line) load impedances. The acoustic power flow is
shown at the frequencies marked with vertical lines in (a): the first, second, and third resonance frequencies [(b), (d), and (f), respectively]
and the first and second intermediate frequencies [(c) and (e), respectively]. The figures on the left-hand side are calculated for the matched
situation in 50/150-Ω environment, and those on the right are for the 1-Ω environment.
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Fig. 4. COM simulation (dashed line) and measurement (solid line)
of the 5-IDT, DCS Rx filter structure on 42◦-LiTaO3. The simu-
lated response features an extremely flat passband, wide bandwidth,
and high suppression levels. The agreement between simulation and
measurement is excellent. The experimental response features a wide
passband (4.5%), an extremely low loss (<1 dB), a very small ripple
(<1 dB), and high suppression levels.

Fig. 5. Schematics of the two proposed layouts. Layout 1 (a) has the
input and output contact pads on opposite sides of the filter track.
Moreover, input and output grounds are separated. The distance
between the input and output pads is approximately 450 µm. Layout
2 (b) has a common ground for input and output and the contact
pads are situated on the same side of the filter track. The distance
between the input and output contact pads is approximately 110 µm.

similar for both device layouts. However, Layout 2 intro-
duces a small additional insertion loss in the passband, in
addition to which the passband is 4 MHz narrower. More-
over, the transmission curves in the suppression region on
the left side of the passband are different for the two lay-
outs, although both layouts yield approximately the same
suppression levels. Both effects are interpreted to origi-
nate from additional feedthrough in Layout 2, caused by
the small distance between the input and output contact
pads. However, it must be noted here that the two lay-
outs required different sets of probe tips for the 3-port
measurements. Thus, the possibility of minor calibration
errors between the two measurements, due to the need to
readjust and recalibrate the measurement setup, is not to
be excluded.

Fig. 6. Experimental results for two different layouts: solid curve:
Layout 1, dash-dotted curve: Layout 2. Layout 2 introduces changes
in the shape of the frequency responses in the passband and on the
left-hand side of the passband. The inset shows a close-up of the
passband, with Layout 1 depicted with the solid curve and Layout 2
with the dash-dotted curve.

In Fig. 7, the amplitude and phase balance for both lay-
outs are compared. It is seen that, for Layout 1, amplitude
imbalance is between 0 dB and 1 dB, and for Layout 2, it
is between −1.9 dB and 1.4 dB. Similarly, for phase dif-
ference, Layout 1 yields values between −5◦ and 8◦, and
Layout 2 generates a phase balance between −8◦ and 8◦.
Moreover, both the amplitude and the phase imbalance for
Layout 2 vary considerably faster than those for Layout 1.
The larger imbalance is due to the increased capacitance
between the input and output contact pads situated close
to each other.

IV. Conclusions

We have designed, fabricated, and measured a 5-IDT
longitudinally coupled resonator filter with additional two
six-finger IDTs with reduced pitch replacing the gaps of
the traditional design. The device operates at a center fre-
quency of 1842.5 MHz with unbalanced input and balanced
output. The filter features excellent agreement with sim-
ulations, extremely low loss in the passband, wide band-
width, and high suppression levels.

When distributed gaps are used instead of conventional
metallized gaps, several mechanisms contribute to the re-
duction of loss in the device. The attenuation arising from
the scattering of SAW energy into bulk acoustic waves at
the discontinuities of periodicity is significantly decreased.
The attenuation of leaky waves on free or uniformly met-
allized surface of 42◦-LiTaO3 is reduced. Moreover, the
resistive losses in the electrodes decrease as the optimal
aperture of the device is reduced as a consequence of the
increased total number of electrodes. These effects yield
improved performance in the passband.

We investigated experimentally the effect of the contact
pad layout on the filter performance. At high frequencies,
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Fig. 7. Experimental results for (a) amplitude and (b) phase balance for the two different layouts depicted in Fig. 4. Solid curve: Layout 1,
dash-dotted curve: Layout 2. Layout 2 gives amplitude and phase imbalance that varies faster than that for Layout 1.

the parasitic capacitance between the input and output
contact pads has a strong effect on the filter response. We
conclude that separating the input and output grounds
and contact pads yields improved performance in terms
of passband insertion loss, passband width and amplitude
and phase balance.

The 5-IDT filter architecture with distributed gaps is an
interesting approach to improving CRF response. It is ad-
vantageous in applications requiring a wide band with ex-
tremely low loss in the passband, especially if 42◦-LiTaO3
is used as the substrate material. At high frequencies, the
pad layout must be optimized for minimal interference
with the filter performance.
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