INTERNATIONAL IEC
STANDARD 61019-2

Second edition
2005-05

Surface acoustic wave (SAW) resonators —

Part 2:
Guide to the use

Reference number
IEC 61019-2:2005(E)

‘NV3ANg ATddNS 009 A9 A3ITddNS ‘ATNO NOILVYOOTSIHL 1V 3SN TYNYILNI J0d

FHOTVONYE/IHON VY - ‘PaHWIT NOD3IIW OL d3ISN3DIT



Publication numbering

As from 1 January 1997 all IEC publications are issued with a designation in the
60000 series. For example, IEC 34-1 is now referred to as IEC 60034-1.

Consolidated editions

The IEC is now publishing consolidated versions of its publications. For example,
edition numbers 1.0, 1.1 and 1.2 refer, respectively, to the base publication, the
base publication incorporating amendment 1 and the base publication incorporating
amendments 1 and 2.

Further information on IEC publications

The technical content of IEC publications is kept under constant review by the IEC,
thus ensuring that the content reflects current technology. Information relating to
this publication, including its validity, is available in the IEC Catalogue of
publications (see below) in addition to new editions, amendments and corrigenda.
Information on the subjects under consideration and work in progress undertaken
by the technical committee which has prepared this publication, as well as the list
of publications issued, is also available from the following:

e |IEC Web Site (www.iec.ch)

e Catalogue of IEC publications

The on-line catalogue on the IEC web site (www.iec.ch/searchpub) enables you to
search by a variety of criteria including text searches, technical committees
and date of publication. On-line information is also available on recently issued
publications, withdrawn and replaced publications, as well as corrigenda.

. IEC Just Published

This summary of recently issued publications (www.iec.ch/online_news/ justpub)
is also available by email. Please contact the Customer Service Centre (see
below) for further information.

e Customer Service Centre

If you have any questions regarding this publication or need further assistance,
please contact the Customer Service Centre:

Email: custserv@iec.ch
Tel: +41 22919 02 11

Fax: +4122919 0300

FHOTVONYE/IHON VY - ‘PaHWIT NOD3IIW OL d3ISN3DIT

‘NV3ANg ATddNS 009 A9 A3ITddNS ‘ATNO NOILVYOOTSIHL 1V 3SN TYNYILNI J0d


http://www.iec.ch/
http://www.iec.ch/searchpub
http://www.iec.ch/online_news/ justpub
mailto:custserv@iec.ch

INTERNATIONAL IEC
STANDARD 61019-2

Second edition
2005-05

Surface acoustic wave (SAW) resonators —

Part 2:
Guide to the use

O IEC 2005 O Copyright - all rights reserved

No part of this publication may be reproduced or utilized in any form or by any means, electronic or
mechanical, including photocopying and microfilm, without permission in writing from the publisher.

International Electrotechnical Commission, 3, rue de Varembé, PO Box 131, CH-1211 Geneva 20, Switzerland
Telephone: +41 22 919 02 11 Telefax: +41 22 919 03 00 E-mail: inmail@iec.ch Web: www.iec.ch

PRICE CODE U

Commission Electrotechnique Internationale
International Electrotechnical Commission

MexayHapogHas dnektpoTexHudyeckas Komuccus For price, see current catalogue

FHOTVONYE/IHON VY - ‘PaHWIT NOD3IIW OL d3ISN3DIT

‘NV3ANg ATddNS 009 A9 A3ITddNS ‘ATNO NOILVYOOTSIHL 1V 3SN TYNYILNI J0d



-2- 61019-2 O IEC:2005(E)

CONTENTS
O L N I PP 3
LN 0 75 1 L@ N [ ] 5
S T o7 0 o 1= 3 6
2 NOIMaAtiVe T ErENCES o 6
3 Technical CoONSIAEratioNS ... ... i e 6
4 Fundamentals of SAW reSONatOrS . ....c.uiiuiii e e 7
4.1 BasiC StrUCIUIE .o e 7
4.2 Principle of Operation ..o 7
5 SAW resonator characteriStiCs. .. ..o 8
5.1  Reflector CharaCteriStiCS ......o..viiuiii i 8
5.2 SAW resonator characteristiCs........oooiuiiiii i 10
R B ] o 10 o T - 4 Vo Yo =TSP 14
5.4 Substrate materials and their characteristics ............oooiii 15
5.5 Available characteristiCs ... ..o 17
B APPHCAtION QUILE ... 19
6.1 Oscillator circuits and oscillation condition ...........ccoooiiiiii 19
6.2 Practical remarks for oscillator applications ... 21
7 Checklist of SAW resonator parameters for drawing up specifications ............................ 22
Bl OG AP Y e 25

‘NV3ANg ATddNS 009 A9 A3ITddNS ‘ATNO NOILVYOOTSIHL 1V 3SN TYNYILNI J0d

FHOTVONYE/IHON VY - ‘PaHWIT NOD3IIW OL d3ISN3DIT



61019-2 O IEC:2005(E) -3-
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SURFACE ACOUSTIC WAVE (SAW) RESONATORS -

Part 2: Guide to the use

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

IEC provides no marking procedure to indicate its approval and cannot be rendered responsible for any
equipment declared to be in conformity with an IEC Publication.

All users should ensure that they have the latest edition of this publication.

No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

International Standard IEC 61019-2 has been prepared by IEC technical committee 49:
Piezoelectric and dielectric devices for frequency control and selection.

This second edition cancels and replaces the first edition published in 1995. This edition
constitutes a technical revision.

The main changes with respect to the previous editon are listed below:

at the end of 5.1, the edge reflector has been added. Its reference literature has been
inserted in the bibliography;

in Table 1, the propagation properties of LiNbO3 (64° Y) have been added;

in Table 3, the clause and subclause numbers have been corrected in order to be
consistent with IEC 61019-1 (2004) which has replaced IEC 61019-1-1 (1990) and IEC
61019-1-2 (1993).
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The text of this standard is based on the following documents:

FDIS Report on voting
49/714/FDIS 49/723/RVD

Full information on the voting for the approval of this standard can be found in the report on
voting indicated in the above table.

IEC 61019 consists of the following parts, under the general title Surface acoustic wave
(SAW) resonators

Part 1: Generic information

Part 2: Guide to the use

Part 3: Standard outlines and lead connections

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

The committee has decided that the contents of this publication will remain unchanged until
the maintenance result date indicated on the IEC web site under "http://webstore.iec.ch" in
the data related to the specific publication. At this date, the publication will be

* reconfirmed;

* withdrawn;

* replaced by a revised edition, or
+ amended.

A bilingual version of this publication may be issued at a later date.
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INTRODUCTION

This part of IEC 61019 gives practical guidance to the use of SAW resonators which are used
in telecommunications, radio equipments and consumer products. IEC 61019-1 can be referred
to for general information, standard values and test conditions.

The features of these SAW resonators are small size, light weight, adjustment-free and high
stability. In addition, the operating frequency of SAW resonators extends to the VHF and UHF
ranges.

This part has been compiled in response to a generally expressed desire on the part of both
users and manufacturers for a guide to the use of SAW resonators, so that the resonators
may be used to their best advantage. To this end, general and fundamental characteristics
have been explained in this guide.
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SURFACE ACOUSTIC WAVE (SAW) RESONATORS -

Part 2: Guide to the use

1 Scope

SAW resonators are now widely used in a variety of applications: VCR RF-converters, CATV
local oscillators, measuring equipment, remote control and so on. While SAW resonators are
also applied to narrow bandwidth filters, the scope of this part of IEC 61019 is limited to SAW
resonators for oscillator applications

It is not the aim of this guide to explain theory, nor to attempt to cover all the eventualities
which may arise in practical circumstances. This guide draws attention to some of the more
fundamental questions, which should be considered by the user before he places an order for
a SAW resonator for a new application. Such a procedure will be the user's insurance against
unsatisfactory performance.

Standard specifications, such as those of the IEC of which this guide forms a part, and
national specifications or detail specifications issued by manufacturers, will define the
available combinations of resonance frequency, quality factor, motional resistance, parallel
capacitance, etc. These specifications are compiled to include a wide range of SAW
resonators with standardized performances. It cannot be over-emphasized that the user
should, wherever possible, select his SAW resonators from these specifications, when
available, even if it may lead to making small modifications to his circuit to enable the use of
standard resonators. This applies particularly to the selection of the nominal frequency.

2 Normative references

The following referenced documents are indispensable for the application of this document.
For dated references, only the edition cited applies. For undated references, the latest edition
of the referenced document (including any amendments) applies.

IEC 61019-1:2004, Surface acoustic wave (SAW) resonators — Part 1: Generic specification

IEC 61019-3:1991, Surface acoustic wave (SAW) resonators — Part 3: Standard outlines and
lead connections

3 Technical considerations

It is of prime interest to a user that the resonator characteristics should satisfy particular
specifications. The selection of oscillating circuits and SAW resonators to meet such
specifications should be a matter of agreement between user and manufacturer.

Resonator characteristics are usually expressed in terms of resonance frequency, motional
resistance, quality factor and parallel capacitance (for the one-port type) and centre
frequency, insertion attenuation, loaded and unloaded quality factor, input capacitance and
output capacitance (for the two-port type). A standard method for measuring resonator
characteristics is described in 8.5 and 8.6 of IEC 61019-1. The specifications are to be
satisfied between the lowest and highest temperatures of the specified operating temperature
range and before and after environmental tests.

‘NV3ANg ATddNS 009 A9 A3ITddNS ‘ATNO NOILVYOOTSIHL 1V 3SN TYNYILNI J0d

FHOTVONYE/IHON VY - ‘PaHWIT NOD3IIW OL d3ISN3DIT



61019-2 O IEC:2005(E) -7-

4 Fundamentals of SAW resonators

4.1 Basic structure

SAW resonators consist of interdigital transducers (IDT) and of grating reflectors, which are
placed on the surface of a piezoelectric substrate. In most cases, the grating reflectors are
made of thin metal (such as Al, Au) film while, in some cases, they are constructed with
periodic grooves. The die is bonded by an adhesive agent into a sealed enclosure, and the
IDT is electrically connected to the terminals with bonding wires. There are two SAW
resonator configurations. One is a one-port SAW resonator. The other is a two-port SAW
resonator. The former has a single IDT between two reflectors, as shown in Figure 1. The
latter has two IDTs between two reflectors, as shown in Figure 2. In the figures, /4 is the

resonator cavity length, as described in 5.2 ¢).

leff

S

(I )

\ Grating reflector
DT L— d=Aol2

IEC 694/05

Grating reflector

Figure 1 — One-port SAW resonator configuration
leff
I*S

Grating reflector J Grating reflector
IDT

=

— d=Aol2
IEC 695/05

Figure 2 — Two-port SAW resonator configuration

4.2 Principle of operation

The resonance phenomenon for SAW resonators is achieved by confining the SAW vibration
energy within grating reflectors. The SAW, excited by an alternating electrical field between
IDT electrode fingers, propagates outside the IDT to be reflected by grating reflectors.
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The grating reflectors feed the perturbation to the SAW, owing to the discontinuity in electrical
or mechanical impedance. When the SAW is incident on such grating reflectors, the incident
wave is gradually converted into a reflected wave. Although the amount of perturbation per
unit reflective element may be very small, a large number of such elements, arranged
periodically, reflect the SAW in phase, and maximize coherent reflection.

These grating configurations can form effective reflecting boundary, creating a standing wave
between the reflectors and make resonance with a very high Q. Figure 3 shows the
displacement distribution for this standing wave for a one-port SAW resonator. As shown in
the figure, the SAW energy is maximum near the centre of the IDT, and gradually decays
towards the edges of the grating reflectors. The resonance frequency, f,, is approximately
determined by

Jr=vsl(2d) = vglAg
where

1%

s is the SAW propagation velocity;
d is the distance between electrode centres;

Ao is the SAW wavelength at the stop band centre frequency.

IDT

Grating reflector Grating reflector

‘ N N’ N’ N N’ N’ ‘

d Substrate

— - -

SAW energy
distribution

‘ -
!

IEC 696/05

Figure 3 — Standing wave pattern and SAW energy distribution

5 SAW resonator characteristics

5.1 Reflector characteristics

The reflector for SAW resonators consists of a periodically arranged array of reflective
elements, called a grating reflector. As cross-sections show in Figure 4, possible array
elements are:

a) metal strips or dielectric ridges;

b) grooves;

c) ion-implanted or metal-diffused strips.

For example, an aluminum strip on ST-cut quartz, whose thickness % is 1 % of wave length
A(hlAg) and whose width w is half the spatial period (w = d/2 = Ay/4), has a small reflection
coefficient £ of approximately 0,5 %. A groove with 1 % depth has almost the same & This

periodic perturbation causes efficient reflection of SAW energy, if its wavelength equals twice
its periodicity.
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- > IEC 697/05

4a — Metal strips or dielectric ridges

IEC 698/05

4b - Grooves

! iy

IEC 699/05

4c - lon-implanted or metal diffused strips

Figure 4 — Grating reflector configurations

A grating reflector without loss with a finite number of array elements has a frequency range
of nearly total reflection called the stop band. The fractional stop bandwidth to centre
frequency is 2&/m, where ¢ is the reflection coefficient for one element. Figure 5 indicates the
frequency dependency on the total reflectivity |I'| for the grating reflector with a finite number
Ng of array elements. Theoretically, the reflectivity maximum value is derived as:

I |max = tanh(Ng x &)

at the centre frequency f; of the stop band. A greater reflectivity makes SAW resonator Q
value higher, due to decreasing the leakage of SAW energy stored in the cavity between two
grating reflectors.
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Reflection coefficient |I'|

Frequency =) &n
fo

IEC 700/05
Figure 5 — Reflectivity response for grating reflection

For obtaining a greater reflectivity, it is clear, from the preceding equation, that Nz x £ should
be larger. Increasing reflector element number Ny is the easiest way to obtain a higher
reflectivity. However, in practice, a greater element number, i.e. longer reflector size, requires
a larger SAW chip size and means an expensive SAW resonator. Generally, Ng x £ = 4 is
adequate for practical SAW resonators.

For obtaining greater reflectivity, increasing the reflection from one element is also effective.
To accomplish this, strips should be thicker or grooves should be deeper. For the most part,
£is proportional to the thickness or the depth #/A,. Thicker strips or deeper grooves require
less element number Ng for the same reflection coefficient and realize greater stop
bandwidth. However, a reflector with a large #/A; has the following disadvantages:

a) the mode conversion loss from SAW to bulk wave tends to increase, which may degrade
the quality factor;

b) stopband centre frequency deviation from the frequency v./(2d) increases, because the
centre frequency is a function of the square of #/Ay. This may cause mass production
difficulties.

For a substrate material supporting shear wave, reflection at the edge of a substrate can be
utilized as a substitute for a grating reflector. This gives the advantage of size reduction
corresponding to the size of array elements.

5.2 SAW resonator characteristics
a) One-port SAW resonators
A one-port SAW resonator has the transmission characteristics shown in Figure 6.
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Spurious
resonance

Attenuation dB

Frequency Frequency
of maximum of minimum
admittance (fm) admittance (f;))

Frequency MHz
IEC 701/05

Figure 6 — Typical frequency characteristics for a one-port SAW resonator,
inserted into a transmission line in series

The equivalent circuit in Figure 7 represents this one-port SAW resonator resonance.
Comparing SAW resonators made from different piezoelectric materials, the figure of merit
M = QIr derived from the equivalent circuit can be used. For example, SAW resonators on
a quartz substrate have a high Q factor and a large », while the values on X-cut LiTaO,
are both smaller. Both resonators have similar figure of merit values. Considering only Q
or the capacitance ratio r is insufficient for comparison purposes.

The equivalent circuit in Figure 7 can be replaced by a reactance with a series resistance:
R.(f) + jX(f), where X, and R, are an equivalent series reactance and an equivalent series
resistance, respectively. The frequency dependencies for these values are shown in
Figure 8, where the value X,/R, reaches the maximum at the arithmetic mean of
resonance and anti-resonance frequencies of zero susceptance.

L4 Cy Rq
“ T
o—e o
I
Co
IEC 702/05
fe= 1 is the motional (series) resonance frequency;
27[”14 XC1
0 =21y x L,/R, is the quality factor;
r=C,lC, is the capacitance ratio;
M = Q/r is the figure of merit;
Ly, Cy, Ry are the motional inductance, motional capacitance and motional resistance respectively;
C, is the static capacitance.

Figure 7 — Equivalent circuit for a one-port resonator
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é /
Re \( :4ﬂ
':g I Re R
S esonance frequency
g I/] | ————of zero susceptance (fr)
E
S,
Xe ' ‘ Anti-resonance frequency
’ \ of zero susceptance (f3)
| | Xe
l \
Frequency IEC 703/05

Figure 8 — Frequency response for series equivalent resistance (R,),
reactance (X;) and X /R,

The maximum value can be derived from the equivalent circuit as:

(Xe/Re)max = (QIr) 14
In order to achieve oscillation more easily, resonators should show high Q reactance.
Consequently, the figure of merit is adequate to compare SAW resonators.

Resonator impedance is inversely proportional to the aperture design. However, an over-
narrow aperture resonator tends to increase r, due to the stray capacitance, and to
degrade Q, due to the diffraction loss. On the other hand, an over-wide aperture resonator
has a relatively low O, due to electrode resistance.

Two-port SAW resonators

Two-port resonator transmission characteristics are shown in Figure 9.

‘NV3ANg ATddNS 009 A9 A3ITddNS ‘ATNO NOILVYOOTSIHL 1V 3SN TYNYILNI J0d

FHOTVONYE/IHON VY - ‘PaHWIT NOD3IIW OL d3ISN3DIT



61019-2 O IEC:2005(E) -13 -

Key

Minimum insertion 4
attenuation

Spurious

response
rejection

<« Attenuation dB

/ Centre frequency (fc)

Frequency MHz ——»

IEC 704/05

Figure 9 — Insertion attenuation and spurious response characteristics
for a two-port resonator

An equivalent circuit for a two-port SAW resonator, in the vicinity of the centre frequency,
is shown in Figure 10. It is constructed with a motional arm with motional inductance (L),
capacitance (C4), and resistance (R,) in series, two parallel capacitances (Cjy and CqoyT)
shunting the input and output ports and an ideal transformer. The turns ratio ¢for the ideal
transformer is derived from the input and output transducer structures. When both
structures are the same, the @ value is unity; a 0° phase shift type is expressed as ¢=1
and a 180° type is expressed as ¢ = -1. Two-port SAW resonators, with different input
and output impedances, have a |¢g value, which is not equal to unity.

Ly C1 Rq 1:¢
CiN Cout
IEC 705/05
L4 motional inductance Ciy input capacitance
C4 motional capacitance Coyut oOutput capacitance
R4 motional resistance @ turns ratio

Figure 10 — Equivalent circuit for a two-port resonator

For two-port resonators, there is no evident index as figure of merit as for one-port
resonators. Easy-to-oscillate resonators are devices with low loss in the specific circuit
and with the appropriate phase transition of 0° or 180°. Small motional resistance R, is
essential for low loss. A lower impedance resonator (larger C\y and CqT) has lower loss,
in most cases.
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c) Equivalent circuit parameters

Equivalent circuit parameters for a one-port SAW resonator can be represented as follows,
when SAW reflection at IDT fingers is neglected:

_ lett/Ao
“agr e

1

Co = Nxw(1+¢&,)xgq
where

1

a = —————is the IDT radiation resistance at
8ks JoNCGo

Jo = vgl(2d);

N is the IDT finger pair number;

w is the aperture;

ks2 is the SAW coupling coefficient;

& is the relative permittivity of a piezoelectric substrate;

€ is the permittivity of vacuum;

r is the reflection coefficient of a reflector;

Ao is the SAW wavelength at the centre frequency;

Loff is the resonator cavity length shown in Figures 1 and 2 (/o= S + Ay/(2¢)), where S

is a separation of grating reflectors.

For two-port SAW resonators, C, shall be replaced by C,y or Cqyyt respectively. Other
equations are the same as the above equations.

5.3 Spurious modes

SAW resonators have many kinds of spurious modes. One is higher-order SAW resonance
modes, called longitudinal and transverse modes. Other types of SAW modes, such as leaky
SAW, SSBW, Love waves, may be excited by the IDT. Another mode is bulk wave modes.
Figures 6 and 9 show the typical spurious characteristics for one-port and two-port
resonators, respectively. These spurious modes can be reduced by applying several
techniques to the resonators.

When used in an oscillator circuit, these spurious modes rarely cause problems. However,
should there be spurious responses near the main mode or responses with relatively large
amplitude, oscillation problems at those spurious frequencies could occur.

These spurious responses could result in anomalous frequency-temperature, resistance-
temperature and frequency pulling characteristics. Even very small perturbations of this type
can have very deleterious effects for VCO (voltage controlled oscillator) applications. It is
more difficult to eliminate these spurious responses from the resonators. However, these
resonators seldom give trouble, because the spurious resonance resistance is in general
larger than that for the main mode. Manufacturers' standard products involve design
measures which minimize these effects when coupled with reasonable oscillator design.
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In any application, where there are spurious responses, it should be considered that there is a
possibility of the oscillator starting at the spurious responses. In a frequency range around the
main response, one of the following ratios can be specified:

spurious resonance motional resistance

for a one-port resonator

main resonance motional resistance

spurious resonance response level

for a two-port resonator

main resonance response level

For two-port resonators, only spurious resonances which fulfil the phase condition of the
oscillator feedback loop have to be considered.

5.4

Substrate materials and their characteristics

Various kinds of piezoelectric substrates are available for use in SAW resonators.
Piezoelectric substrates for SAW resonators are selected, in consideration of the following
items:

D O AW N -

)
)
)
)
)
)
)

~

propagation velocity (vg);

coupling coefficient (kg2);

temperature coefficient of frequency (TCF);
relative permittivity (&);

material propagation loss;

reproducibility and reliability;

price.

Items 1) to 5) are constants concerned mainly with materials. Items 6) and 7) are conditions
depending on both materials and substrate fabrication techniques. Several kinds of substrates
have been developed and put into practical use.

Ideally, a high coupling coefficient and a zero temperature coefficient are desired. At present,
this is not possible. Thus, a design trade-off is required. It is necessary to select a substrate
according to the required specifications. Relationships between material constants and
resonator characteristics are descried below.

a)

Propagation velocity

The propagation velocity v (m/s) is an important factor, which determines the frequency
range. Resonance frequency f, (MHz) is given approximately by:

1= vl (2d)

where 4 (um) is the spatial period of the grating. For a specified resonance frequency,
slower velocities require a shorter finger period and, consequently, a smaller chip
size. Faster velocity is desirable for high frequency resonators, in order to make the
IDT fabrication easier. Propagation velocity for a practical substrate is usually in the
2 000 m/s to 5 000 m/s range.

Coupling coefficient

SAW coupling coefficient ks2 is the transformation ratio between the electric energy and
the mechanical (SAW) energy. The coupling coefficient is the principal factor that
determines capacitance ratio ». When the coupling coefficient of the substrate is large
enough, it is easy to design a low capacitance ratio SAW resonator. An achievable
minimum capacitance ratio is represented as:

Fin = T2/(8kg2)
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Temperature coefficient

This characteristic is determined mainly by the piezoelectric material and crystal
orientations. Rotated Y-cut (around ST-cut) quartz and Li,B,O,; materials have parabolic
frequency-temperature characteristics, but with other piezoelectric materials they are
nearly linear. Figure 11 shows frequency-temperature characteristics for various common
substrate materials.

300
| 36° Y — X
\ LiTaO3
X122y \
200 - LiTaO3 \\\ L 128°Y-X
L LiNbO3
100 |-
-
g 0o L _— —_ STquartz
i\\? // / \
V2 TN
-100 | , 1A
B RN
Y
200 ! v N 4scvy—z N
T / A \/Li284o7
| B \
[
\
—-300 1 1 I | 1

40 20 0 20 40 60 80 100
r-°c IEC 706/05

Figure 11 — Frequency-temperature characteristics for various common materials
and their angles of cut

Typically the frequency-temperature dependence is:

% =ax(T—Ty) +bx(T-Tp)?
where

—— is the fractional frequency change;

Ty is the turnover temperature;

T is the operating temperature;

a is the first order temperature coefficient;

b is the second order temperature coefficient.

Typical temperature coefficient values are listed in Table 1.

Relative permittivity

The piezoelectric material permittivity is a second-order symmetric tensor. The static
capacitance for the IDT, Cy, directly depends on the substrate permittivity.
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e) Material propagation loss
The quality factor for the SAW resonator is a function of its various losses. The Q value
depends on: material propagation loss (viscous damping and air loading), surface
propagation loss (imperfect surface finish), bulk mode conversion loss, diffraction and
other leakage losses from sides of reflectors and ohmic and frictional losses of electrodes.
The material propagation loss determines the maximum Q limit, which is called material
quality factor Q.
f) Typical single-crystal materials
Properties of single-crystal substrates are governed by the angle of cut and the SAW
propagation direction, because of the crystal anisotropy. Single crystals have advantages
concerning reproducibility, reliability, and low propagation loss.
However, it is still difficult to obtain a material which satisfies both large coupling
coefficient and small temperature coefficient, simultaneously.
Typical crystals and their angles of cut recommended for SAW resonators are listed in
Table 1 with their material constants.
Table 1 — Properties of single-crystal substrate materials
; Temperature P
. . Coupling -1d Relative
Material Angle of Propagation | Velocity | .o ¢qiciant coefficient permittivity
cut direction Vg 2
s a b &
Degrees Degrees m/s % 1076/K 1079/K?
ST-quartz 42,75° Y X 3157 0,16 0 -34 4,5
LST-quartz -75°Y X 3960 0,11 0 3" order 4,5
LiNbO, Y z 3488 4,82 -94 - 36,7
LiNbO, 128° Y X 4 000 5,56 —74 - 39,1
LiNbO, 64° Y X 4742 11,3 -79 - 58,4
LiTaO, X 112°Y 3295 0,64 -18 - 44,0
LiTaO, 36°Y X 4178 4,8 -33 - 51,1
Li,B,0, 45°Y z 3 401 1 0 -270 9,6

5.5 Available characteristics

a) Frequency range

The upper-limit frequency for SAW resonators is determined by fine pattern fabrication
pitch is d (um), the frequency is v¢/(2d) (MHz), where v (m/s) means SAW velocity. The
lower-limit frequency depends on chip size restriction. Available substrate wafer size and
package dimensions are finite. In practice, demanded resonator cost also confines the
allowable chip size. The typical frequency range for SAW resonators is from approximately
60 MHz to several GHz. However, this limitation is never strict.

Quality factor

The maximum possible quality factor for ideally designed and processed SAW resonator is
limited to Q,, described in 5.4 e). Q, depends on frequency and is approximately
expressed as Q, = 107/f for typical substrate materials, where f is the frequency in
megahertz. SAW resonators are reported to achieve Q,, at several frequencies. However,
mass-produced SAW resonators using ST-cut quartz typically exhibit to have Q =15 000
~ 20 000 at 100 MHz and Q = 10 000 at 600 MHz.
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Temperature coefficient of frequency

Temperature-frequency characteristics of resonance frequency for SAW resonators are
closely connected with the substrate material. However, mechanical stress to the
substrate (such as adhesive agent), IDT and grating reflectors slightly affect the
temperature dependency of the substrate itself.

Temperature-frequency characteristics for the quartz and Li,B,O; resonators have
parabolic dependency. The temperature, where the parabolic curve locates its top
position, is called turn-over temperature. It can be chosen by selecting an appropriate
cut angle of the substrate. Generally, it is within the —20 °C to 75 °C range, and
controlled within £10 °C of a particular temperature.

SAW resonators with other materials provide a linear temperature-frequency relation.
The temperature coefficient is also affected by the adhesive agent, IDT and grating
reflectors, but is negligible compared with the material itself.

Long-term stability

Characteristic changes caused by ageing or long-term stability for SAW resonators are
shown in resonance frequency changes and in quality factor degradation. These changes
are influenced by

— contamination on the resonator chip surface;

— mechanical stress, for example by differences in thermal expansion between the
resonator substrate and the package;

— too high drive level.

In the first two cases the cause exists in the SAW resonator device itself, and there may
be many occasions where they arise. It is well-known that some of them occur during the
manufacturing process. Examples are the bare-chip manufacturing process, the chip-
bonding process using adhesive agent, the package sealing process and others.

In the third case, the characteristic changes occur in the over-excited condition and
depend on oscillator circuit design. Excessive drive level damages electrodes in the SAW
resonator and shortens its life. This is described in 5.5 e). Usually, with care applied to the
drive level limitation, long-term stability is several parts per million/year or less.

Power durability

The excessive repeated mechanical stress may induce electrode deterioration, such as
voids and hillocks. This brings about resonance frequency shifts and quality factor
degradation. To make a resonator work for a long enough period in most applications, the
drive level shall be less than several milliwatts.

To improve high-power withstanding durability, doping a small amount of copper or
titanium to the aluminium electrodes is used. Epitaxially-grown aluminium electrodes on
quartz are also used. They are all designed to be effective to control the grain boundary in
deposited, aluminium thin film. This limitation level depends on frequency, ambient
temperatures, electrode constitutions and device design.

Short-term stability for SAW oscillator

Short-term stability is the spectrum purity of the oscillator and is defined as SSB (single
side-band) noise, residual FM noise or C/N (carrier to noise ratio) for the oscillation signal.
The performance depends on the quality factor of the SAW resonator and handling power
level in an oscillation loop. In general, SAW oscillators can achieve higher, short-term
stabilities compared with LC oscillators and dielectric resonator oscillators.

Availability

Typical properties of the available one-port SAW resonators for the various materials are
shown in Table 2. For the two-port resonators, the quality factor is almost the same as for
one-port resonators.
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Table 2 — Typical properties of available one-port SAW resonators
up to about 600 MHz

Substrate materials ST-cut quartz X-112°Y 36° Y-X
LiTaO, LiTaO,
Quality factor Q 12 000 — 24 000 12 000 — 17 000 600
Capacitance ratio r 1200 - 1600 800 14
Figure of merit M = O/r 9-17 18 40
TCF -0,034 x 1078/K? -18 x 1078/K -33 x 107%/K

6 Application guide

6.1 Oscillator circuits and oscillation condition

Oscillators using SAW resonators provide stable oscillation in VHF and UHF frequency ranges
without frequency multiplexing, and have good spectrum purity (i.e. short-term stability).

One-port SAW resonators are very similar to crystal resonators, from the electrical viewpoint,
in spite of differences in mechanical vibration modes and frequency ranges used.
Consequently, oscillators are constructed with the same type of crystal oscillator circuits.

On the other hand, two-port SAW resonators are electrically treated as narrow bandwidth
filters. Oscillators are constructed with feedback amplifiers.

Figure 12a presents a typical one-port SAW resonator oscillator in the 100 MHz frequency
range. This can be reduced to that shown in Figure 12b, considering the r.f. signal alone. The
oscillation occurs in the frequency range, where the resonator is inductive.

In order to analyze the oscillation condition, the oscillator circuit is modelled by the equivalent
circuit, consisting of a resonator element side and an active element side, as shown in Figure
12c.

The resonator on the left-hand side can be re-written into the lumped element equivalent
circuit, which is a reactance X,(f) in series with a resistance R(f). The active element side
can be replaced by a negative resistance R with a load capacitive reactance

X (=121 x C)).

Oscillation occurs at the frequency fogc where the following equations are satisfied:

{Xe(f)zxL
Re(f) =R
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Figure 12 — 100 MHz one-port SAW resonator oscillator

The oscillation frequency can be approximately determined by the following equation:

— fx G
Josc = Jr (1 + 271G +C|_)j

where
/. is the resonance frequency;
r is the capacitance ratio (Cy/C4) of the resonator;

This means that the oscillation frequency can be changed slightly by varying the load
reactance.

Figure 13a presents a typical two-port SAW resonator oscillator, for the 600 MHz frequency
range. This can be simplified as shown Figure 13b, where an active element works as a
feedback amplifier. The feedback amplifier shall be designed to satisfy the following
conditions:

IA < Gg (dB)

@+ ¢ = 2nmt (radian)
where n is an integer.
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The former is an amplitude conditional equation for oscillation, where the amplifier gain Gg is
required to exceed the SAW resonator insertion attenuation (I/4). The latter is a phase
conditional equation, where the loop phase shift across the amplifier ¢ and the SAW
resonator @is required to be an integral number of 21t at the oscillation frequency. This means
that the oscillation does not occur at the exact resonance frequency of the SAW resonator, but
mainly depends on the phase condition, influenced by the feedback amplifier phase shift.

-+ L}
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15KQ 33K199 0,5 pF
| o o
( |-. ) - | Out
8,2 kQ 33 kQ —T-
|] 1000 pﬂ* 430 Q 45 nH
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150 Q T Veo
® &—o0 12V

IEC 710/05

a) Oscillator circuit

SAWR

C —0 Out

Amplifier
IEC 711/05

b) Equivalent circuit
Figure 13 — 600 MHz two-port SAW resonator oscillator

Also, attention should be paid to the fact that two-port SAW resonators could be designed to
approximately 0° phase shift or 180° phase shift, by appropriately setting the IDT position and
by lead connection.

6.2 Practical remarks for oscillator applications

As described previously, the oscillation frequency differs from the exact resonance frequency
and the centre frequency of either one-port or two-port SAW resonators. The frequency
difference depends on the oscillator circuit condition; load capacitance or feedback amplifier
phase shift. Resonators should be ordered with due consideration to the frequency
dependency on the designed oscillator circuit.
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A check should also be made to determine whether or not an application accepts the degree
of resonator characteristic changes, as descried in 5.5 d). For this purpose, the manufacturer
shall continually carry out quality conformance tests, especially accelerated or continuous
ageing tests, and then present the data.

High power excitation tends to degrade the SAW resonator characteristics and change the
resonance frequency, as described in 5.5 e). This means degradation of long-term stability for
the resonator. An oscillator circuit shall be designed so as not to exceed the maximum drive
level for the resonator. It is recommended to carry out long-term ageing tests in the actual
oscillator circuit, when a new SAW oscillator circuit is designed.

In general, accelerated ageing tests, which are much more severe than normal operating
conditions with regard to excitation, temperature, or others, will be carried out for the power
dissipation capability evaluation.

7 Checklist of SAW resonator parameters for drawing up specifications

The following checklist (Table 3) provides guidance for the manufacturer to complete
specifications for a particular SAW resonator type, including parameters and operating
environmental characteristics. It is also useful for ordering the resonator and should be
considered in drawing up the specifications. The prospective user is then able to more
accurately evaluate the applicability of the resonator to his intended use. The list also assists
the user when he finds it necessary to specify a new SAW resonator for a particular
application, by alerting him to the various operating conditions and performance
characteristics which need definition.

When the requirements are met by a standard item, it is sufficient to specify the
corresponding specifications. When the requirements cannot be wholly met by existing detail
specifications, the specifications should be referred to, together with a list of known
differences.

In rare cases, where the differences are such that it is not reasonable to quote existing detail
specifications, new specifications should be prepared in a similar format to that already used
for standard detail specifications.

Clearly, it is not necessary to specify all the parameters listed for every application; only
those which are of importance in a particular case should be imposed. Specifications
regarding non-critical parameters, as well as imposition of unnecessarily close tolerances,
can result in excessive costs.

In Table 3, references are made to the relevant clauses and subclauses of IEC 61019-1.
These references appear in column 2. In column 3, "one-port" and "two-port" mean "one-port
SAW resonator only" and "two-port SAW resonator only", respectively.
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Table 3 — Checklist

Parameters and characteristics Clause and subclause Comments
of IEC
1 2 3
Application
Description
Operating conditions
Operating temperature range 61019-1, 4.2.4
Level of drive 61019-1, 4.2.7
Absolute maximum level of drive
Testing level of drive
Frequency characteristics
Nominal frequency 61019-1, 4.2.1
Working frequency 61019-1, 4.2.2
Temperature coefficient of frequency
Frequency tolerances 61019-1, 4.2.3
Overall tolerance 61019-1, 4.2.3.1
Adjustment tolerance 61019-1,4.2.3.2
Ageing tolerance 61019-1, 4.2.3.3
Frequency of maximum admittance 61019-1, 4.2.10.2.1 One-port
Motional resonance frequency 61019-1, 4.2.10.2.2 One-port
Anti-resonance frequency 61019-1, 4.2.10.3 One-port
Load resonance frequency 61019-1, 4.2.10.13 One-port
Spurious resonance 61019-1, Figure 4 One-port
Centre frequency 61019-1, 4.2.11.9 Two-port
Motional resonance frequency for two-port resonator 61019-1, 4.2.11.4 Two-port
Minimum insertion attenuation for two-port resonator 61019-1, 4.2.11.8 Two-port
Spurious resonance rejection 61019-1, 4.2.11.10 Two-port
Electrical characteristics
Quality factor 61019-1, 4.2.10.8 One-port
Unloaded quality factor 61019-1, 4.2.11.5 Two-port
Loaded quality factor 61019-1, 4.2.11.6 Two-port
Motional resistance 61019-1, 4.2.10.4 One-port
Shunt capacitance 61019-1, 4.2.10.7 One-port
Load capacitance 61019-1, 4.2.10.11 One-port
Input capacitance 61019-1, 4.2.11.2 Two-port
Output capacitance 61019-1, 4.2.11.3 Two-port
Operating phase shift 61019-1, 4.2.11.11 Two-port
Tuning inductance 61019-1, 4.2.11.12 Two-port

Insulation resistance

DC voltage overdrive
Voltage proof
Electromagnetic interference

Electrostatic damage

61019-1, 8.6.3

61019-1, 8.6.4

Other factors
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Table 3 (continued)

61019-2 O |IEC:2005(E)

Parameters and characteristics

Clause and subclause
of IEC

Comments

1

2

Environmental characteristics
Temperature ranges
Absolute maximum temperatures
Storage temperature range

Operable temperature range

61019-1,4.2.4.1,5.2

Rapid temperature change (thermal shock in air) 61019-1, 8.7.4, 8.7.5
Bump 61019-1, 8.7.6
Vibration 61019-1, 8.7.7
Shock 61019-1, 8.7.8

Acceleration, steady state
Low air pressure
Climatic sequence
Dry heat
Damp heat, cyclic, first cycle
Cold
Damp heat, cyclic, remaining cycles
Damp heat (long term exposure)
Sealing test
Gross leak test
Fine leak test
High temperature ageing
Other factors
Physical characteristics
Outline dimensions
Electrical connections of terminals
Robustness of terminals
Solderability
Marking
Mounting arrangements
Weight
Other factors

Inspection requirements

Applicable documents (related specifications)

Inspection authority
Type test

Type test procedure
Acceptable quality level

Other factors

61019-1, 8.7.10
61019-1, 8.7.11
61019-1, 8.7.15
61019-1, 8.7.12
61019-1, 8.7.13
61019-1, 8.7.14
61019-1, 8.7.13
61019-1, 8.7.16
61019-1, 8.7.2

61019-1, 8.7.2.1
61019-1, 8.7.2.2
61019-1, 8.8.1

61019-3

61019-3

61019-1, 8.7.1
61019-1, 8.7.3
61019-1, Clause 6

It should be clearly stated in the detail specification whether the SAW resonator is required to
operate while under conditions of shock, vibration or acceleration.
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