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Abstract — A new high-performance surface-acoustic-wave (SAW) filter
for use in mobile telephones is presented in this paper. The design for the
actual realization of the new filter is examined, from the new filter
configuration to the final device operation. A low-loss weighting technique
in an interdigital transducer (IDT), a new resonant structure, computer
simulation procedures, and material properties are treated. Experimental
results with this SAW filter included an 830-MHz center frequency,
3-percent bandwidth, insertion loss of as low as 3.5 ~ 4.0 dB, and 50-dB
sidelobe suppression filter.

1. INTRODUCTION

AW FILTERS OFFER advantages in that they are

small, do not need adjustment, and are highly repro-
ducible and reliable [1], [2]. Such devices consist of an
input IDT to launch a SAW on a piezoelectric substrate,
and an output IDT to reconvert from acoustic to electro-
magnetic energy. IDT’s are also easily made using the
standard photolithographic techniques as used for silicon
IC’s.

A typical application of SAW filters is as TV-IF filters.
However, other SAW filter applications, except in such
specialized fields as military and satellite communications,
have been limited due to their large insertion losses. A
unidirectional transducer with three phase drive [3], and a
group-type transducer [4] have thus been of particular
interest in the search to reduce insertion losses. However,
in these transducers, several inductors and capacitors are
required to form a matching network. Moreover, a special
fabrication process, such as a cross-over for reducing thin
metal electrode resistance loss, has been used. Other low-
loss nontransversal filters of interest are ring filters [5] and
TTR filters [6], [7]. They have very good off-band rejection,
but have difficulty in achieving the required frequency
response.

Recently, high-performance SAW filters with 1) low
insertion loss, 2) sharp cutoff frequency response, and 3)
high sidelobe suppression are becoming essential for RF
circuit integration in communication equipment such as
mobile telephone transceivers, cable TV repeaters, and
converters. This paper describes a new high-performance
SAW filter that we have developed to meet these needs
using several new technologies. The filter is used in a
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mobile telephone to suppress spurious signals generated in
the transmitter mixer.

It has previously been reported that a new weighting
approach resulting in a negligible loss increase is possible
[8]. We also employed this weighting technique, new phase
weighting, in our new filters. A brief explanation will be
given in Section I11-A.

To realize a sharp cutoff frequency response, a new filter
configuration that uses the impedance characteristics of an
IDT was developed. To overcome a 6-dB inherent bidirec-
tionality loss, an energy trap resonant structure containing
lateral repetitions of the above new configuration as a
basic unit, as well as SAW reflectors, is introduced. This
new configuration and structure will be discussed in Sec-
tion III-C.

We chose as a substrate 36°-rotated Y-cut, X-propa-
gated (36° YX-) LiTaO, (surface shear wave) [9], due to its
rather large electromechanical coupling and good tempera-
ture coefficients (k2 = 2Av/v =5 percent, 28 ~ 32
ppm/°C). Details about substrates will be given in Section
Iv.

We developed a simplified lattice electric equivalent
circuit representation for our new filters to simulate
frequency responses. These computer simulation proce-
dures will be given in Section V.

The case presented in this paper is a high-performance
SAW filter with a center frequency of 830 MHz, band-
width of 3 percent, insertion loss of as low as 3.5 ~ 4.0 dB,
and sidelobe supression of over 50 dB. These results will be
discussed in Section VI.

II. CONVENTIONAL SAW FILTER

The key to realizing an arbitrary frequency response
with a conventional SAW filter is to determine the ap-
propriate placements and lengths of the interdigital elec-
trodes [10]. Because an IDT can be regarded as a discrete
time-sampling device, a large body of digital-filter theory
can be applied to the transducer design. This technique is
called apodization and is popularly used. However, there
are some problems with it regarding wide application to
low-loss SAW filters. They are: 1) an increase in losses,
and 2) trade-off between a sharp cutoff frequency response
and high sidelobe suppression.

The causes of 1) include a) weighting loss [11], and b)
bidirectionality loss. The cause of 2) is as follows. The
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weighting function, sin(x)/x, provides a sharp cutoff
frequency response. However, it is a vibrational function
which decreases very slowly. Thus, realization of high
sidelobe suppression is difficult because of the finite limita-
tion effect of a window function.

III. THEORETICAL TREATMENT OF THE NEW

CONFIGURATION

Realization of a low-loss and sharp cutoff frequency
response SAW filter has required two technical
breakthroughs. One includes low-loss weighting to syn-
thesize the frequency response and the other concerns a
low-loss filter configuration to overcome bidirectionality
loss. We have developed a new low-loss weighting tech-
nique and new resonant filter configuration. The developed
configuration ensures not only very small bidirectionality
loss but also a sharp cutoff frequency response.

A. New Phase Weighting Approach

Amplitude weighting (apodization) in an IDT is a
technique widely used to provide the desired frequency
response. However, this procedure essentially allows
weighting loss, because the excited SAW from an ampli-
tude-weighted IDT has nonuniform wave front distortion,
as can be seen in Fig. 1(a) [11], [12].

Several new weighting approaches have been proposed
to avoid this weighting loss. Withdrawal weighting and
distance weighting are two kinds of low-loss weighting
approaches which provide uniform SAW wave front distri-
bution [13], [14]. However, it is rather difficult to realize
arbitrary weighting functions using these simple weighting
techniques. Another low-loss weighting approach, capaci-
tive tap weighting [15], which also provides uniform SAW
wave front distribution, requires a special fabrication pro-
cess to make thin-film SiO, dielectric capacitors.

The new low-loss weighting technique [8] that we have
developed can achieve an arbitrary weighting function.
This is shown in Fig. 1(b). Changes in finger overlaps are
used in amplitude weighting to realize a weighting func-
tion. The new procedure is also based on changes in finger
overlaps. As is illustrated schematically in Fig. 1(b), each
finger overlap corresponding to a weighting function is
formed continuously from the preceding overlap.

We consider more precisely the difference between con-
ventional amplitude weighting and new phase weighting
using an example. f(x), shown in Fig. 1(c), is dssumed to
be a given weighting function, where x,’s are transversal
placements of interdigital electrodes in an IDT. Finger
overlaps /,’s in Fig. 1(a) are determined by the relations
l,)=a-f(x,), i=1,2,---, where a is an arbitrary constant.

Finger overlaps //’s (I”’s) in Fig. 1(b) are also de-
termined by similar relations. However, a vertical place-
ment of each finger overlap is different from that in Fig.
1(a). It is determined by a placement of the preceding
overlap.

For example, finger overlap /{ in Fig. 1(b), which has the
same length as /; in Fig. 1(a), is formed continuously from
the preceding finger overlap /4. /4, which has the same
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Fig. 1. Comparison between conventional weighting and new phase

weighting. (a) Apodization. (b) New phase weighting. (c) Weighting
function. o

length as /, in Fig. 1(a), is formed continuously from the
preceding finger overlap /5. As for [} and [§’, the total
length /{ + I{’ has the same length as /, in Fig. 1(a), and /4’
is formed continuously from the preceding finger overlap
{;. Similar relations hold between !/ (I;’) in Fig. 1(b), and
!/, in Fig. 1(a). Thus, the weighting in Fig. 1(b) assures
almost the same frequency response as for the amplitude
weighting in Fig. 1(a). .

In Fig. 1(b), the propagating SAW receives the same
number of excitations along any transversal path in the
IDT. Thus, the wave front distribution of the launching
SAW from the weighted IDT is approximately planar, as is
shown in the figure. The computer simulation proves that
at the passband, both the amplitudes and phases of the
SAW along each path are nearly equal in quantity.

At the stopband, the difference in amplitudes along each -
path is not so large, but the in-phases become significant.
So, we named this weighting approach “new. phase weight-
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Fig. 2. Electric equivalent circwit for IDT.

ing” because, as stated above, the frequency response of an
IDT is primarily determined by the phase differences in
the SAW. Since this weighting is based on conventional
amplitude weighting, it has a performance almost equiv-
alent to that of the conventional technique. This weighting
approach is also suitable for frequency response syntheses
of a low-loss SAW filter, due to its planar wave front
distribution at the passband.

B.  Image - Impedance Connection of IDT’s

To realize a sharp cutoff frequency response, a new
configuration was developed that used the impedance char-
acteristics of an IDT. In order to provide a look at the
development background of this configuration, a well-
known electric equivalent circuit [16] for an IDT is il-
lustrated in Fig. 2. G represents radiation conductance, Cs
represents electric capacitance between fingers in an IDT,
and B represents acoustic susceptance due to vibration
[16].

From fundamental experiments and computer simula-
tion results, we found that the input impedance of an IDT
with A, /4 solid fingers could be classified into three types,
according to the number of finger pairs in an IDT.
Frequency characteristics for these impedances are shown
in Fig. 3. In this figure, N is the number of finger pairs in
an IDT, and k? is the electromechanical coupling coeffi-
cient, which is defined as follows [16]:

k*=2(v,—v,)/v,=240/v . (1)

where o, is the SAW velocity on the free surface of a
substrate, and v, is the SAW velocity on the shorted (metal
coated) surface of a substrate.

Fig. 3(b) shows that if N is optimized, that is, N =
1.5/k?, a wide frequency range exists. Over this range,
total susceptance (wCs + B) becomes very small due to the
cancellation of electric and acoustic susceptance compo-
nents. As can be seen in Fig. 3(a) and (¢), when N is
smaller than 1.5 /k?, total susceptance is capacitive. When,
on the other hand, N is larger than 1.5/k?, greater induc-
tance is produced.

The new configuration is shown in Fig. 4. One pair of
electrically connected IDT’s with an optimum number of
finger pairs (N =1.5/k?) is introduced. Input and output
IDT’s with a broader frequency response are arranged on
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both sides. The electrical connection shown in the figure is
called an “image-impedance connection” in circuit theory.
With Fig. 4’s simple no-weighting configuration, a sharp
cutoff frequency response, where the susceptance cancelled
frequency range is the passband, can be realized.

This is because if the frequency is within the range where
the susceptance is cancelled, the current from an upper
image-impedance connected IDT flows into a lower one
without reflection, and this range forms the passband of
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Fig. 5. New filter configuration with low-loss and sharp cutoff frequency

response.

the filter. If the frequency is outside this range, almost all
current is reflected at the image-impedance connection
point because the susceptance component is larger than the
conductance component. Consequently, these outside
frequency ranges correspond to the stopband of the filter.
The transient frequency band is very narrow, so this con-
figuration offers a sharp cutoff frequency response without
weighting.

If the numbers of finger pairs in an image-impedance
connected IDT are not optimized (N> or <1.5/k?),
large ripples are observed within the passband of the filter.
This is because, even in the passband, the current from an
upper image-impedance connected IDT is reflected at the
connection point due to the influence of the remaining
susceptance components. Accordingly, optimization of the
number of finger pairs is very important in this configura-
tion.

C. Reduction of Bidirectionality Loss

Fig. 4's configuration allows a 6-dB inherent bidirec-
tionality loss, that is, a 3-dB loss each to the input and
output IDT’s. To overcome this loss, an energy-trap reso-
nant structure was developed which contained lateral repe-
titions of Fig. 4 as a basic unit. SAW reflectors were also
placed at both ends of the filter.

A schematic illustration of one example of the repetition
structure is shown in Fig. 5. Four pairs of image-imped-
ance connected IDT’s with an optimum number of finger
pairs have been introduced. Input and output IDT’s are
also divided into five parts. They are arranged between all
pairs of image-impedance connected IDT’s, and at both
ends of the filter there are SAW reflectors, as Fig. 5 shows.
In this new configuration, SAW’s launching in both direc-
tions from the input IDT’s are received and regenerated by
the image-impedance connected IDT’s and return to out-
put IDT’s from both sides. This process is schematically
illustrated by the arrows in Fig. 5. Thus, a sharp cutoff and
low-loss frequency response is obtained by the image-im-

513

TABLE I
ELECTROMECHANICAL COUPLING COEFFICIENTS (k?)
Substrate kZ
Y cut, Z pro. - LiNbOj 4.8 % [231
( Rayleigh Wave )
128° Y cut, X pro. - LiNbO; 5.5 % [24]
( Rayleigh Wave )
X cut, 112°Y pro. - LiTaOg 0.6 % [25]
( Rayleigh Wave )
64°Y cut, X pro. - LiNbOg 11.3 % [20]
{ Surface Shear Wave )
41°Y cut, X pro. - LiNbOg 17.2 %[20]
( Surface Shear Wave )
36°Y cut, X pro. - LiTaOs 5.0 % [91
( Surface Shear Wave )

pedance connected IDT’s and the lateral repetition struc-
ture.

IV. SUBSTRATE MATERIAL

The electromechanical coupling coefficient k2 limits the
maximum bandwidth of the filter. This is because the
optimum number of finger pairs (N) is determined by the
relation N =1.5/k? k?*’s for various substrate materials
are summarized in Table 1.

Rayleigh waves (RW) have been popularly used in recent
SAW filters. However, surface shear waves (SSW) appear
to have several advantages even though exact SSW defini-
tions have still not been made. Surface skimming bulk
waves (SSBW) and leaky surface waves (LSW) are other
names for surface shear waves [17]-[20].

The penetration depth of SSW’s propagating on the free
surface of a substrate is very large (several wavelengths). If
the surface of the substrate is coated with thin metal film
(shorted surface), strong energy trapping can be realized.
So, for some substrates, such as LiNbO, and LiTaO;, the
electromechanical coupling coefficient (k%) of SSW’s is
greater than that for RW’s,

The propagation loss of SSW’s, which is a little larger
than that of RW’s [21], reveals no serious problems for
their applications to SAW filters. In fact, we have already
published a report about another type of low-loss SAW
filter (a TTR filter, loss =2 ~ 4 dB) using SSW’s (64°
YX-LiNbQO,, 36° YX-LiTa0,) [6], [7]. The propagation
loss contribution was negligibly small (0.2 ~ 0.5 dB).

We have also shown that the mixed field equivalent
circuit model is accurate enough to electrically represent an
IDT for SSW’s [7]. The mixed field model is an inter-
mediate model between Smith’s crossed field model and
the in-line field model [16). In it, the negative capacitance
coefficient {«) plays a very important part.

From Table I, we determined that to realize the band-
width for a mobile telephone (BW =20 MHz, f,=830
MHz), 128° YX-LiNbO; and 36° YX-LiTaO, were the
best choices. In the experiment, 36° YX-LiTaO; (SSW)
was chosen as a substrate, because of its rather good
temperature coefficient (28 ~ 30 ppm/°C, cf. 80 ppm/°C
for 128° YX-LiNbO,).
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Fig. 6. Equivalent circuit representation for Fig. 5°s configuration,
(a) Lattice equivalent circuit. (b) Quarter part of the filter.

V. CoOMPUTER SIMULATION PROCEDURE

The configuration shown in Fig. 5 is rather complicated,
so it would be difficult to design the filter without taking
advantage of computer simulation. A lattice equivalent
circuit representation for Fig. 5’s structure is possible due
to the symmetric properties of the filter, shown in Fig. 6(a).
In the figure, Za and Zb are short and open half section
impedances, respectively, which can be estimated from the
quarter part of the filter (see Fig. 6(b))

(22)

Za= %Z (short)

Zb= %Z(open). (2b)

Z(short) and Z(open) are the electric impedances of Fig.
6(b)’s configuration, where the image-impedance connec-
tion points are, respectively, short and open.

The electric equivalent circuit for Fig. 6(b)’s quarter part
of the filter is shown in Fig. 7. The admittance matrix for
IDT, [Y®], can be formulated by using a mixed field
equivalent circuit model [7]. Thus, it is not a very com-
plicated problem to mathematically formulate Za and Zb
using Fig. 7’s equivalent circuit. Computer calculations of
frequency responses are also possible using Za, Zb, and
Fig. 6(a)’s lattice circuit. ‘

Simulation results employing Fig. 5’s four-repetition
structure and with 36° YX-LiTaO; as a substrate are
shown in Fig. 8. The negative capacitance coefficient (a)
used in the mixed field circuit model is 0.5. The parameters

Fig. 7.
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[Y¥ : admittance matrix for an IDT

Ro : characteristic mechanical impedance

8% = 1“’: space section transit angle
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v
£ i frequency
v : SAW velocity

1 : length between IDTs or length
between IDT and a reflector

I M
R = W o

I’ : reflection coefficient of a reflector

: equivalent impedance for a reflector

Electric equivalent circuit for Fig. 5(b)’s quarter part of the filter.
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Fig. 8. Computer simulation results for new filter configuration (without

weighting).

assumed in the simulation are as follows:

(32)
(3b)
(3¢)
(3d)
(3e)

S1r (space between IDT and reflector) = 3 /8 wavelength.

(3f)
A sharp cutoff frequency response with a bandwidth of 5
percent and low insertion loss was achieved without
weighting. A wider frequency bandwidth would be possible
if a substrate with a larger electromechanical coupling
coefficient was employed. For example, a bandwidth of
more than 10 percent could be obtained using 41° YX-
LiNbO, [22].

N (image-impedance connected IDT) = 26
Nio (input and output IDT) =10

Ny (reflector) =10 (short metal finger pairs)
W (aperture of the filter) = 30 wavelengths
Sy (space between IDT’s) = 4 wavelengths
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Bonding pad

Fig. 9. Mask pattern employed in the experiment.

A reflector with 10 short metal finger pairs is not suffi-
cient to reduce leakage loss to the limit. There are two ways
to achieve lower leakage loss. One is to increase the num-
ber of short metal finger pairs in the reflector, and the
other is to introduce more repetitions. However, the former
causes a narrowing of the bandwidth of the filter and the

latter increases the chip size. As a result of these considera-

tions and the computer simulations, a four-repetition struc-
ture with reflectors having 10 short metal finger palrs was
~chosen for use in a mobile telephone.

VI. APPLICATION TO MOBILE TELEPHONE
TRANSCEIVER

The new filter that has been developed was used in the
transmitter circuit of a mobile telephone to reduce spurious
signals generated in the mixer. Since a cascade-connected
semi-coaxial resonator filter was used in this circuit, almost
the same performance as a conventional filter is required.
Requirements included 1) low insertion loss (below 6 dB),
2) sharp cutoff frequency response, and 3) high sidelobe
suppression (over 50 dB). By applying new phase weighting
to image-impedance connected IDT’s and using sophisti-
cated computer simulation techniques, a high-performance
SAW filter was achieved that could replace the conven-
tional semi-coaxial filter.

A. Mask Pattern Design

A photograph of the mask pattern developed for the
mobile telephone transceiver is shown in Fig. 9. A four-
repetition structure (four pairs of image-impedance con-
nected IDT’s) was employed. Input and output IDT’s are
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Fig. 10. Electric equivalent circuit for the quarter part of Fig. 9’s filter
configuration. -

also divided into five parts and arranged between all pairs
of image-impedance connected IDT’s. They are drawn out
to three bonding pads, as can be seen in the photograph.

Fig. 5’s configuration in itself offers low insertion loss
and sharp cutoff frequency response. However, to achieve
high sidelobe suppression, weighting must be introduced to
the IDT’s. We thus introduced the new phase weighting for
1mage—1mpedance connected IDT’s, as shown in the photo-
graph.

The pattern has been designed using 36° YX-LiTaO, as
a substrate. A Hamming function with ten vertical divi-
sions was employed as the weighting function because it
provides high sidelobe suppression near the main lobe

H(x)=0.54+0.46cos(7x), . |x|<1.0 4

The transversal length for an image-impedance con-
nected IDT is 46 wavelengths due to the weighting. How-
ever, the effective number of finger pairs is 26, which is the
same number as in F1g 8’s simulation. The other parame-
ters are also the same as used in Fig. 8’s simulation.

The similar lattice equivalent circuit representation for
the filter like the one in Fig. 6(a) is also possible. An
electric equivalent circuit for the quarter part of Fig. 9
filter configuration is shown in Fig. 10. As stated above,
ten vertical divisions were employed to realize the weight-
ing function (Hamming function). Thus, in Fig. 10, we
introduced ten electric equivalent circuits, each of which
corresponds to the SAW path. These equivalent circuits are
electrically connected in parallel. It is also possible to
formulate Za and Zb for lattice equivalent circuits using
the same procedures as used in Fig, 8’s simulation.



516
0
~
m
S 20
n
L]
©
- 40
<
2
> 60
i)
o
L2
= 80
Ll
700 800 900 1000
Frequency (MHz)
Fig. 11. Computer simulation results of filter for mobile telephone.
a
<
12
u
Q
|
@ 3
a
o
o
N
=1
800 850
Frequency (MHz)
0
m
s
20
0
2]
Q
A
- 40
o
by ©
( § 60
8
<
-
80

i

100 1300

Frequency (MHz)

Fig. 12. Experimental results of filter for mobile telephone. (a) Pass-
band characteristics. (b) Out-of-band characteristics.

Computer simulation results that were used to design the
filter for the mobile telephone transceiver are shown in Fig.
11. High sidelobe suppression is achieved and the required
frequency responses are satisfied. As will be shown in
Section VI-B, fairly good agreement between simulation
and experimental results is obtained. Highly accurate com-
puter-aided design of low-loss SAW filters was attained.

B. Experimental Filter

Experimental results with an 830-MHz center frequency
and 25~ 27-MHz bandwidth (1-dB down) are shown in
Fig. 12. A high-performance filter was achieved that had a
loss of as low as 3.5~4.0 dB, sharp cutoff frequency
response, and high sidelobe suppression (over 50 dB).
Passband ripples were smaller than 0.3 dB. All the
frequency response requirements for the mobile telephone
transceiver can be satisfied over a wide temperature range.
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TABLE II

CHARACTERISTICS OF FILTER FOR MOBILE TELEPHONE
Center Freguency 830 MHz

Bandwidth( -1 4B ) 25~27 MHz

Insertion Loss 3.5~4.0 dB

Pass Bacd Ripple +0.3 dB

Sidelobe Suppression > 50 4B

Pattern Size 1.5X1.6 m

Minimum Finger width l.2um

Al Thickmess 0.lum

Substrate 36°YX - LiTa0; (K'=5 % )
Temperature Coefficient 28~ 32 ppm/°C
Temperature Range ~362+80° ¢

830 MHz Coaxial Filter
Fig. 13.

830 MHz SAW Filter

Comparison between conventional semi-coaxial filter and new
SAW filter.

All characteristics clarified in the experiment are sum-
marized in Table II. Aluminum electrodes with a 1.2-pm
minimum finger width and 0.1 pm thickness were ‘used,
making it possible to utilize the same standard photolitho-
graphic techniques as are used for silicon 1C’s (e.g., optical
contact or projection exposure and chemical etching
processes). This filter offers not only high-performance but
also very high mass-producibility and reliability.

C.  Comparison with Conventional Technology

A comparison between a conventional semi-coaxial filter
for the mobile telephone transceiver and the new SAW
filter is shown in Fig. 13. The photo on the left shows the
SAW filter mounted on a TO-5 package, while the one on
the right is hermetically sealed. '

Because the size of the SAW filter is about one one-
hundredth that of a conventional coaxial filter, it offers
several advantages. Not only does it meet the frequency
response requirements for the mobile telephone transceiver,
but it also provides wider applicability to RF circuit in-
tegration in communication equipment.

VIIL CONCLUSION

1) New phase weighting provides launching SAW with
planer wave front distribution at the passband of the filter.
It offers not only performance nearly equivalent to that of
amplitude weighting, but also low-loss frequency response
synthesization. ‘
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2) Utilization of laterally repeated structure implement-
ing one pair of image-impedance connected IDT’s as a
basic unit offers low loss as well as sharp cutoff response.

3) A high-performance SAW filter which was achieved
by applying a new phase weighting technique to image-im-
pedance connected IDT’s not only assures low loss (3.5 ~
4.0 dB) and high sidelobe suppression (over 50 dB) but also
satisfies all the frequency response requirements for a
mobile telephone transceiver. ' '

4) 36° YX-LiTaO, was employed as a substrate in the
experiment. The standard optical contact exposure and
chemical-etching processes were used to form aluminum
1.2 pm electrodes. :
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