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Introduction to SAW Filter Theory & Design Techniques

Introduction

API Technologies offers a wide range of high quality standard and
custom Surface Acoustic Wave (SAW) product solutions. API believes
in a flexible approach  and possesses high volume capa  bility and world
wide support.

In theory, an ideal filter would possess no loss, an instantaneous

transition from the pass band to the stop band, infinite stop band
attenuation, no signal distortion introduced by the filter and have

very small size and cost. Inr eality , many tradeoffs need to be
consider ed when selecting a filter  for a system design. An advantage
of SAW filter technology is the realization of parts with reduced size

and weight ; hence, a lower cost than other filter technologies since
the same type of process equipment that IC manufacturers rely upon

can be adapted for use to manufacture a SAW product.

This white paper will present some general SAW theory and
performance as well as  applications to help guide the RF designer .

SAW Fundam entals

1. Overview

A SAW filter operate s by converting electrical energy into acoustic or
mechanical energy  on a piezoelectric material. This piezoelectric
effect is initiated by introducing two interdigital transducers. The

input transducer  creates acou stic wave s from the incident electrical
signal and the output transducer receives the acoustic wave s (Figure
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la), converting them back into electrical energy. These waves are
generated equally in both the +X and - X direction by the transducer

and thisis k nown as a bidirectional transversal filter . Since the
desired wave to be converted is only ¥ of the total (+X direction) a

loss of 3 dB is observed; for the input and output transducer

together, th e resulting processed signal will possess an insertion loss
of 6 dB (Figure 1b) .
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Figure 1 : (a) Diagram of a Surface Acoustic Wave travelling on substrate surface. (Courtesy of

C.K. Campbell, Ph.D.: Supplemental notes on lectures on SAW Devices, 1985) , (b) Bi-directional
operation of a typical transversal device with equal SAW generation in -X and +X directions
(Courtesy of 0SAWSAWTek, a//5R001, p.2)s
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Each transducer is composed of periodic interdigital electrodes

connected to two bus bars as shown in Figure 2. The b us bars are
connected to the electric al source or load. A single interdigital

electrode will act as an acoustic source or detector , and t he amplitude
will be determined by the electrode length , and the phase will be
given by the electrode 6 position. The w avelength (I )of the
electrodes and neighboring spaces determines the operating

frequency forthe SAW device.

Figure 2: Diagram of a basic transducer and a photograph. Golden colored area  represent s the
patterned metal agai  nst the piezoel ectric substrate (Courtesy of M. Schweyer, API Technologies)

With this general arrangement, t he acoustic energy , concentrated at
thecrystal 6 s s urid emsilye accessible for signal processing.
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2. Piezoelectric Materials  Used for SAW Product

Table 1 show the most common materials used for the manufacture
of SAW product. Each material possesses qualities that work best for
a certain segment of each SAW filter type.

Velocity Coupling L
Substrate Tc (ppm/°C) . ) Application
(m/s) Coefficient (K )
YZ Lithiu m Wide band filters, Long
] 3488 94 0.045 . )
Niobate delay time delay lines
128° Lithium ) ]
. 3992 74 0.055 Wide band filters
Niobate
5 Narrow band filters, Short
Quartz 3158 -0.03 3 ppm/°C 0.00116 )
delay lines, Resonators
112° Lithium ) )
3290 18 0.0075 Mid b and filters
Tantalate
41° Lithium ,
. 4792 50 0.172 Low loss filters
Niobate
64° Lithium ]
. 4792 70 0.113 Low loss filters
Niobate
42° Lithium ]
4022 40 0.076 Low loss filters
Tantalate
Table 1 : A tabulation of substrate materials typically used in SAW applications is shown.

The Tc value, temperature coefficient, represents the shift in center
frequency versus the operating temperature of the SAW component.
Except for the Quartz substrate, the filter will shift upwards at lower
temperatures and downwards at higher te mperatures in a linear
fashion. These shifts are accounted for in the design of the SAW by
adding a temperature shift component to the pass band requirement
and subtracting it from the stop band requirement.
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For quartz, the temperature shift is downwards parabolic with a

turnover temperature value where the temperature coefficient is zero.

The turnover temperature can be set by using quartz with different

cut angles for best overal/l perfor mance
temperature range.

The coupling coeffic ient (K %) represents how efficient the material is

at producing an acoustic wave. Materials with larger K % values
produce stronger acoustic waves and generally possess less loss per
unit of delay (substrate length). This allow s for a wider filter or

long er delay line.

3. Transversal SAW Devices

Transversal SAW devices are generally designed using a Finite
Impulse Response (FIR) technique  with the Fourier transform. The
transducer is conceived in the time response. When transformed to

the frequency res ponse, the general filter shape is produced . Figure 3
shows afew examples of this process.

Page 5



RF, Microwave &

400 Nickerson Road Marlborough, MA 01752 £
Tel: 508/251-6400 Fax:508/251-6401  §
www.apitech.com %

Microelectronics E

d)

Figure 3 : Frequency to time and time to frequency using the Fourier transform.
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The desired time responseis sampled at regular intervals
transducer with the appropriat ely spaced electrodes per Figure 4.
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Figure 4 : Once the desired time response is obtained, itis reflected about the time axis. This
result is sampled at regular intervals, producing a representation of the necessary response in the

transducer. ( With aid from 6 @face-Wave Devi ces
Elsevier 1991, p. 190)

for

Signal

Processingbé,

This transducer is paired with another to receive its launched SAW
and the receiver transducer may perform more processing to the
response if needed , produc ing atyp ical filter as shown in Figure 5.
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Figure 5 : A receiver transducer is created in a similar manner to form the completed filter ;
typically the same sampling rate isused. (With aid f-WaveDevicsforSignale
Pr o c e s,by Dagdd. Morgan, Elsevier 1991, p. 200 -202)

Any linear band passfilter may be synthesized with arbitrary
amplitude and phase, limited only by the line width capability of the
photolithographic  process and the piezoelectric crystal size . Since
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SAW components are inherently high impedance at the input and
output ports, a matching circuit is used to transform to the desired
system impedance (Figure 6).

T 2T input IDT output IDT surface
Shws \ / wave
: | / .
matching \ | 7 matching
(@] % \ [(((®)
|+ e
I —
surface
wave
source load
absorber \ absorber
piezoelectric
substrate
Figure 6: Diagram for a simple filter or delay line. Components shaded in red are the source and
load impedances of the system. 5 0 nsystem impedance is typical for most SAW applications.

(Courtesy of D.P. Morgan, Wiley Handbook of RF/Microwave Components and Engineering, Ch. 6,
1-13-2003,p 3)

3. Triple Transit and Other Time Spurious

Triple transit signals are the result of the SAW waves being

regenerated from reflection s off the output transducer and launch ed
back towards the input transducer for a subsequent regeneration per
Figure 7. For a conventional SAW, triple transit (TT) isrel ated to the

insertion loss  (IL) approximately  by:

TT=( L* 2) + 6dB
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For example, a conventional SAW wi th 6 dB of | oss would have an
ideal triple transit of (6*2 ) + 6 ~18 dB. Hence, for each additional 1
dB of insertion loss, the triple transit reduces by approximately 2 dB.

input IDT Triple output IDT surface

surface .
e \ Trans([ / wave

matching

I

\absorber \ ab{sorber
piezoelectric

substrate

matching

source load

Main Time
Response

Feedthrough

/ Triple
Transit

Other time A/

spurious

S R

Amplitude (dB)

T=0 TO 3*T0
Time (us)

Figure 7: Triple Transit Response : The generated wave is reflected back then regenerated as a
second wave. The signal will show up at 3 times the nominal device delay (TO) in the time
response. Waves generated i nthe -X direction may also appear as unwanted spurious in time.

Feedthrough is an unwanted direct leakage signal that is present at
time t~0 that leads the main processed signal through the SAW filter
or delay Iline (also termed 6zero ti me

Also, n ot all of the converted energy from the transducer will travel
along the surface of the piezoelectric substrate. Some will travel into
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the crystal itself as BAW (bulk acoustic waves) . These modes will
show up in the processed filter response as shown in Figures 8 and 9

N [T

(a) Deep bulk acoustic wave (DBAW)  (b) Surface skimming bulk wave (SSBW)

000 000 &

(d) Leaked bulk acoustic wave

(c) Thickness resonance

Spurious BAW responses

(Courtesyof Ken-ya Hashi moto, O6Surface /

Figure 8: Most prevalent bulk mode types.
Springer 1990, p.
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Figure 9: (a) Bulk Mode s in a quartz SAW crystal (side view). (b) Several proprietary techniques
at APl help to eliminate most bulk modes , reducing their effect on the overall filter response (with

aid from -Wavef ®eei ces for Signal Processing®®9l,phéd -Davi d
67) .

4. Low Loss SAW Filters

For many applications, a lower loss and smaller size will be required
in situations where standard filter performance may be inadequate

Several design techniques are available to help meet requirements
that ca nnot be met with conventional SAW technology.
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SPUDT (Single Phase Unidirectional Transducer) filters : Reducing
amplitude ofthe SAW inthe -X direction and increas ing the SAW in
the +X direction by utilizing reflector electrodes within the
transducer(s ).
M M M |
- -
Transducer Shorted
Sections Electrode
Gratings

Figure 10: Group SPUDT transducer ; gratings consisting of shorted electrodes work with
transducer fing ers to provide extra transduction for the SAW in narrow band devices. (Courtesy of
M.F. Lewis, IEEE Ult. Symp. 1983, Pg 104 -108)
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(a): DART structure.
(b): the same, but with no reflection.
Figure 1 1: DART (Distributed Array Reflective Transducer) SPUDT transducer ;witha 4
el ectrode/l structure, a 3/81 reflector r ead pavidesd t he s|

for increased forward  trans duction. (Courtesy of T. Kodama, H. Ka wabata, Y. Tasubara, H. Sato,
IEEE Ult. Symp. 1986, Pg59 -64)
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{c) With reflection and no transduction (d) With transduction and reflection
EWC/SPUDT
Figure 1 2: EWC (Electrode Width Control ) SPUDT transducer ; wi th a 4 el ectrtiede/ |1 s
reflector electrodes are very similar to the DART, 1/ 161 t o 1 teflettor s may be used to
provide reduction in reflectivity for improvement in forward transduction . (Courtesy of K.

Hashimoto, Surface Wave Devices in Telecommunications, Springer, 1990, p 49, 50, 119, 317,
318)

Figures 10,11 and 1 2 provide exceptional narrowband low loss filters
but do not work  as well if a wideband low loss device is required. To

provide for the wideband versions of these filter types, a fan

transducer (a.k.a. slanted or tapered) is employed to create the

wider bandwi dt h and | ower | oswghathih-at i sn
directional design .

O
—

Analysis of the fan transducer is perf
into horizontal strips 6or by channelizing ; each channel represents a

narrowband low loss filter in of itself at each frequency region as the
wavelength changes along the height (aperture) of the  electrode

patterns . Each of these channels  (C4, C,, C3, Cn) is analyzed then

they are recombined to form the full  filter response as shown in

Figure 1 3.

Figures 1 4 and 1 5 demonstrate other methods to produce a low loss
device , but these are very limited in use.
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Figure1 3: Pair of FAN Transducers with 4 electrode/l struct
incorporated and analyzed by using channelization. The result for each channel is electrically

combined to produce an overall response with a much wider band width. The advantages of the

low loss design are  retained in the overall filter (Courtesy API Technologies)
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