2284

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 12, DECEMBER 2003

Design and Testing of SMA
Temperature-Compensated
Cavity Resonators

Brain F. Keats, Member, |EEE, Rob B. Gorbet, Member, |EEE, and Raafat R. Mansour, Fellow, |IEEE

Abstract—In this paper, we present a method for designing
temper ature-compensated cavity resonators using shape memory
alloys (SMAs). This paper gives an expression for the tem-
perature drift of resonant frequency, which is valid for any
conductor-loaded cavity regardless of its shape. This formula,
combined with a field perturbation model, is used to derive the
resonant frequency of an SMA-compensated resonator subject
to temperature fluctuation. Experimental results are given that
confirm the feasibility of the proposed design approach. A
design method is proposed for specifying SMA alloys to build
the actuator. An expression is derived to accurately predict the
performance of an actuator design.

Index  Terms—Cavity
compensation.

resonator, filter, temperature

|. INTRODUCTION

EMPERATURE drift is an important consideration when

designing RF filters. In most applications, the filters are
required to meet RF performance specifications over a wide
temperature range (—20 °C to 75 °C). Thisproblem istypically
circumvented by either having enough error margininthedesign
to accommodate any changes in the filter performance over
temperature, or by constructing resonators from materials with
low coefficients of thermal expansion (CTEs) such as invar.
Satellite and today’ s wireless communication systems demand
an efficient utilization of the assigned frequency spectrum,
reducing the allowable design margin.

Whileinvar hasavery low CTE, it hashigh density, isdifficult
to machine, and has low thermal conductivity. Other materials
such as auminum have more favorable properties, but cannot
be used in most applications because their higher CTE leadsto
unacceptable temperature drift. Over the past five years, efforts
have been reported for temperature compensation of cavity res-
onators [1]-{4]. Most of these efforts focus on using combina
tions of materials in constructing the resonators.

Inthis paper, we propose using aspring-biased shape memory
aloy (SMA) actuator to adjust the length of a tuning rod in-
side a resonant cavity. The unique properties of SMASs can be
used to construct a tuning-rod actuator that will provide a tem-
perature-dependent field perturbation in such away asto com-
pensate for temperature drift due to volumetric expansion. An
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SMA's ability to provide significant temperature-actuated de-
flection is unique. The deflection provided by an SMA subject
to temperature increase is much larger than other schemes (e.g.,
bi-metals).

This actuator, using a series of SMA springs, can provide
the field perturbation required to compensate for the effects of
temperature drift. Also, since thisdesign is thermally actuated,
there is no added power consumption, a very desirable prop-
erty in space applications. It is then possible to design a lighter
resonator out of aluminum, and compensate for the undesir-
able temperature drift using this SMA-actuated tuning rod. The
added mass of the tuning-rod assembly, when compared to the
mass savings of using aluminum, is negligible.

In order to complete this design, expressions for the effect of
thermal expansion on a resonator must be derived. These ex-
pressions, along with afield perturbation model, will be used to
form a sound basis for the mechanical design.

The first step in this design is to develop a model for the
uncompensated temperature response of a conductor-loaded
cavity (Section I1l). Using this model in conjunction with
a field perturbation model, an expression for the resonant
frequency of an SMA-compensated resonator can be derived
(Section V). A prototype was built for an SMA-compensated
resonator. The temperature response of the prototype resonator
was determined experimentally (Section V). These results were
used to validate the model for the SM A-compensated resonator
(Section V). Finally, these results are used to draw conclusions
about the general behavior of SMA-compensated resonators
(Section VII). They are also used to provide a procedure for
specifying alloys used to build the SMA actuator.

Il. SMA BEHAVIOR

SMAs are materials that can revert to a memorized shape
when heated above some threshold. This shape change is the
result of a phase transformation from martensite to austenite.
Annealing the alloy in a constrained shape sets the memorized
shape. If an SMA compression spring is constructed, and some
biasforceisapplied (using a conventional spring or amassasa
load), the spring will compress at |low temperature. Asthe SMA
is heated, it will transform to the stiffer austenite phase. In at-
tempting to revert to its original uncompressed shape, it will
lengthen, exerting a force on the load.

Fig. 1 shows the temperature response of an SMA wire with
an appliedload. Themost important aspect of the SMA response
from adesign perspectiveisthe hysteresis. Actuation will occur

0018-9480/03$17.00 © 2003 IEEE



KEATS et al.: DESIGN AND TESTING OF SMA TEMPERATURE-COMPENSATED CAVITY RESONATORS

... APPROXIMATE
BEHAVIOR

LENGTH

A,
TEMPERATURE

Y

Fig. 1. SMA spring behavior.

a a higher temperature than relaxation. The actuation and re-
laxation response is paralel. The hysteresis of an SMA can be
quantified as the temperature offset of the actuation and relax-
ation response curves. The actuation temperature and hysteresis
of an SMA dlloy are determined by the composition of thealloy.
Actuation temperature can be tailored in the range of —200 °C
to greater than 100 °C. SMA suppliers can tailor these actuation
temperatures with a precision of 45 °C. Hysteresis values for
particular aloys can vary from 10 °C to 100 °C.

IIl. MODELING OF TEMPERATURE DRIFT

To derive arelationship between the resonant frequency of a
cavity and temperature, arelationship between temperature and
geometry must be established. For metals, which are allowed to
expand freely, linear expansion can be assumed. The fractional
expansioniszy and z is

Ep =gy =€, = AT (@D}
where « is the CTE and AT is the temperature change. The
volume will expand, and the shear strain will be zero [5]. For
a specific application, the unconstrained expansion assumption
must be evaluated on a case-by-case basis. Factors affecting this
assumption will include temperature range and mounting.

Assuming free expansion for a conductor-loaded rectangular
waveguide cavity resonator with dimensions b < a < d, it
can easily be shown that the resonant frequency after arise in
temperature A7 is given by

c/a2(1 + aAT)? + d2(1 + aAT)?
2a,d,(1 + aAT)?
1
(14 aAT)

FAT) =

2

f(AT) = [, ©)
where f,, isthe resonant frequency of the unperturbed resonator.

Since we are deadling with an extremely small shift in
resonator frequency, it is worthwhile to check the accuracy of
the High Frequency Structure Simulator (HFSS) solution. The
HFSS simulated temperature drift results correlate extremely
well with the analytical results in (3). The largest error in the
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Fig. 3. (a) Reentrant coaxial resonator [6]. (b) Disk resonator [6]. (c) Half-cut
resonator [8].

predicted results is 0.0008%. This comparison is shown in
Fig. 2.

Simulations using HFSS suggest that this formula is valid
for a conductor-loaded cavity of any shape. Equation (3) was
tested using a reentrant coaxia resonator [see Fig. 3(a)] [6] a
metal disk resonator [see Fig. 3(b)] [7], and ahalf-cut resonator
[see Fig. 3(c)] [8]. No support structure was included in these
simulations for simplicity.

The results of these simulations are shown in Fig. 2. Again,
the HFSS simulations conform to (3) extremely well. Here, the
maximum error incurred is 0.0014%.

The high correl ation between the simul ated and predicted res-
onant frequencies for these resonators implies that the temper-
ature model in (3) isvalid for any conductor-loaded cavity that
is allowed to expand freely regardless of its shape.
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IV. COMPENSATED RESONATOR BEHAVIOR

In order to derive the compensated temperature response of
the resonator, the uncompensated temperature model of the
resonator (3) and a model for the field perturbation must be
combined.

A modified version of the small perturbation model for arect-
angular cavity isused [9].

f_fo_ AV
fo __8‘/0

The parameter s must befit to simulated data for a particular
resonator (s = 2 for arectangular cavity resonator). This model
assumes that the perturbation response islinear, whichisarea
sonable assumption for the range of perturbation required for
this application.

In (4), the base frequency f, refersto the resonant frequency
of the unperturbed cavity. If the cavity is subject to temperature
change, this frequency will change according to (3).

The term V,, refers to the volume of the unperturbed cavity.
This will change as the resonator is subject to temperature
change in accordance with (1).

If these results are substituted into the modified perturbation
model (4), the resonant frequency of a cavity subjected to tem-
perature changes and field perturbations can be written as

1
(1+aAT) <1 ) ©)

In (5), the base frequency f, corresponds to the resonant fre-
guency of the cavity with no temperature change, and unper-
turbed by the tuning rod.

Inorder touse(5) for acylindrical tuning rod, the perturbation
volume AV must be written in terms of the tuning-rod radius »
and length [(AT’). The cavity will be tuned using a tuning rod
attached to an SMA actuator. Thelength of thetuningrod [(AT)
is dependent on temperature, while the radius r is constant as

follows:
_ gt UAT) ) ©)

4

AV

f=J TV, (1 + aAT)

f:fo

1
(1+aAT) < Vo(1 4+ aAT)?

V. TUNING RoD DESIGN

Increasing the temperature of a conductor-loaded cavity de-
creases the resonant frequency (3). In order to counteract the
effect of temperature change, the length of the tuning rod must
decrease as temperature increases. Thiswill, in turn, require an
actuator that retracts as temperature increases.

A compression spring design was chosen for this application.
From Fig. 1, it can be seen that an SMA compression spring will
expand as temperature increases. In order to trandate this into
the desired response of a decrease in tuning-rod length for an
increase in temperature, the compression spring must be placed
outside the cavity.

In order to design this actuator with an SMA, a bias force
must be provided. A bias spring is used for this purpose [see
Fig. 4(b)]. In order to simplify the test rig, a mass-biased design
was used for testing [see Fig. 4(a)].
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Fig. 5. (a) Cavity with SMA actuator and RF probe attached. (b) Assembly
view of the SMA actuator.

To provide a fixed end for the bias spring, a housing is re-
quired. A prototype of this design was constructed, along with
an aluminum resonator, as shown in Fig. 5. The tuning rod
shown in Fig. 5(b) has a 2-mm diameter.

When specifying the SMA and bias springsfor areal applica-
tion, it isimportant to consider the possible effects of vibration.
These effects will usually be quite small since the natura vi-
bration frequency of the assembly is high. Using thicker wires
for both the bias and SMA springs will increase the natural fre-
guency of the tuning-rod assembly and reduce the magnitude of
vibration when the natural frequency is excited.

An SMA spring was formed using nickel titanium wire. The
SMA wire, supplied by Mondo Tronics Inc., San Rafael, CA,
had a diameter of 250 ;m. A mass bias of 29 g was used for
these experiments. The measured actuation start A, was 67 °C.
Theactuationfinish Ay was77 °C. Theactuator started relaxing
at a martensite start A, of 47 °C, and finished relaxation at a
martensite finish A4 of 37 °C. Theresponseis shownin Fig. 6.

The actuator was designed so that when the SMA spring was
fully actuated, the tuning-rod penetration would be zero. Using
(6), the behavior of the compensated resonator can be predicted
for this actuator.

The predicted resonant frequency of the SMA-compensated
resonator is shown in Fig. 7. Outside of the SMA actuation
range (from 0 °C to 60 °C on heating, and from 95 °C to 43°C
on cooling), the resonator shows the same linear frequency
drift expected from an uncompensated resonator, given by (3).
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Fig. 6. SMA actuator response.
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Fig. 7. SMA-compensated resonator response.

Over the actuation range of the SMA (60 °C—-80 °C on heating,
43 °C-35 °C on cooling), the resonant frequency is modified
considerably by the change in tuning-rod length. This change
is counteracted by the reduction in the resonant frequency
as the cavity expands. With alloys that actuate over a larger
temperature range, the slopes resulting from tuning-rod length
and cavity expansion would be better matched. This would
result in better temperature compensation.

VI. EXPERIMENTAL RESULTS

In order to prove that the concept of temperature compensa
tion using SMAsisfeasible, some experimentswere performed.
A mass-biased tuning rod was designed [see Fig. 4(a)]. Using a
mass bias simplified the experimental setup considerably.

Using the actuator temperature response, the expected reso-
nant frequency can be calculated using (6). This predicted result
is compared with measured resonant frequency in Fig. 7.

Fig. 7 shows good correlation between predicted and mea-
sured results.

VII. ANALYSIS AND DESIGN METHOD

The prototype SMA-actuated tuning rod has atotal stroke of
5.5 mm, a perturbation that corresponds to an increase in reso-
nant frequency of 12.55 MHz. This change in frequency is re-
ferredtoas A f...; . The size of the temperature range over which
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Fig. 8. Generadized compensated response, one alloy SMA-compensated
resonator.

dloy actuationtakesplaceisreferredtoas A7, (Fig. 8); inthis
case, 10 °C. There are two factors contributing to this changein
frequency in AT,..: the increase in resonant frequency caused
by reducing the length of the tuning rod with the actuator, and
the decrease in resonant frequency caused by the expansion of
the cavity. Since the tuning-rod perturbation is the dominant ef-
fect (6), an increase in the actuation range AT, resultsin a
decrease in A f,... This reduction will reduce the overall tem-
perature drift.

If the tuning rod increases the resonant frequency by A f,.t,
thiswill compensate for a decrease in frequency due to temper-
ature drift. From (3),

Afact it _Afdrift
_ 1 Jo — f(AT)
A= <f(AT)> o

assume that

1 1
FAT) o

Afa,ct
ACZ—’COIHP = - f -

)

The resonant frequency of the cavity drifts normally over
ATomp. The SMA-actuated tuning rod compensates for this
drift over AT,. If the actuator hysteresis is given by A,
then the total temperature range (AT) is given by

AT = 2 N ATcomp + ATau:t + ACThys- (8)

Over the temperature range AT, the resonator drifts over the
equivalent of ATys+ AZiomp- That isto say that the frequency
range of the compensated resonator is the same as that of an
uncompensated resonator subjected to a temperature change of
ATy + Alcomp. From (3),

_ an(AﬂlyS + AZrcomp)
1+ a(AThys + ATcmnp) '

Af 9
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Fig. 9. Generalized compensated response, four-alloy SMA-compensated
resonator.

The temperature drift over the entire temperature range can
now be calculated using (8) and (9) as follows:

= af
AT, f41076
6
§— a(AThys + ATt:omp)]-o (10)

(1 + Oé(AThys + ATcomp)) AT’

The SMA spring used for testing shows a hysteresis of
AThys = 29 °Cand AT, = 10 °C. The tuning rod increases
the resonant frequency by A f,.. = 12.55 MHz. For a desired
resonant frequency, f, = 4.94 GHz. The expected temperature
drift can be calculated.

The calculated drift using (10) is 10.7 ppm/ °C. Experimental
results from Fig. 7 can be used to confirm this result. When the
temperature drift is extrapolated to the limit temperatures, the
temperaturedrift is 10.9 ppm/° C. An uncompensated aluminum
resonator would show a temperature drift of 20 ppm/°C.

Since this tuning rod has a stroke of 5.5 mm, the increase
in the resonant frequency due to actuation is large. Decreasing
the size of the SMA spring easily changesthis. By reducing the
stroke of the tuning rod, the compensated temperaturerange A7
isreduced, as well as the frequency change A f. Thisresultsin
asmall increase in frequency drift, but brings the compensated
temperature range down to a more reasonable level (currently
AT = 286 °C))

Anideal material might have ahysteresisof 10 °C and an ac-
tuation range of 10 °C. The resulting tuning-rod actuator could
have a Af..: = 500 kHz. This would result in a temperature
drift of 10 ppm/°C over atemperature range of 30 °C.

Sincethe compensated temperature range has been reduced to
30°C, using aseriesof alloys can further reducethetemperature
drift. By building the actuator using multiple SMA springs in
series, the resulting perturbation can be spread out piecewise
over awider temperature rage. The resulting response is shown
inFig. 9.

For an actuator with n aloys, the new temperature change
AT isgiven by

AT = n(ATcomp + ATact + Aﬂlys) + A,Arcomp

If four SMA aloysin series are used to design the tuning-rod
actuator, the increase in temperature range results in a temper-
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ature drift of 2.9 ppm/ °C. Thisisasubstantial reduction of the
uncompensated temperature drift of 20 ppm/°C.

VI1Il. CONCLUSION

This paper has presented an analytically derived model for
the temperature drift of conductor-loaded cavity resonators
shown in (3). It can be concluded that this expression is valid
for any conductor-loaded cavity resonator regardless of its
shape. Thisresult was used to form acomprehensive method for
designing SMA tuning-rod actuators capable of compensating
for temperature drift. An expression was given for the design
performance in terms of temperature drift. This expression was
confirmed using asingle alloy tuning-rod actuator that reduced
the temperature drift in an auminum resonator from 20 ppm/°C
to 10 ppm/°C. A design was proposed for a multiple-aloy
tuning-rod actuator that would further reduce the tempera
ture drift to 2.9 ppm/°C given an appropriate material. This
SMA temperature-compensation design is feasible and can
substantially reduce the temperature drift of conductor-loaded
cavities. Furthermore, these design techniques can be used to
easily calculate the performance of atuning-rod actuator. When
compared with alternative materials such as invar, the use of
aluminum resonators offers significant mass savings. In mass
critical designs, such as satellite applications, this mass savings
is extremely valuable.
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