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Abstract—Composite microwave resonant cavities contain sev- <J>
eral regions of different dielectric materials. The variation of the

h . . . 7777777777777 7777 7777777777, _
resonant frequency with temperature is described in terms of a 7 . ;“
linear model. One part of the frequency variation is caused by the 2
physical expansion of material parts, and the other by the change f f
in the relative dielectric constant. The frequency sensitivity coef- f f h
ficients for both types of variation are obtained with the use of a f h 7 3
computer code for numerical analysis of the electromagnetic field ; 1 ;
inside bodies of revolution. Y h, ’ 7

Index Terms—Author, please supply index terms. E-mail key- f/////’/’/)/'/)/ o7 T T I
words@ieee.org for information. : -
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I. INTRODUCTION Fig. 1. Composite resonant cavity.

ESONANT cavities used in filters and combiners for , i ) i
mobile communications are often comprised of a metglelectnc materials, an independent measurement is performed

enclosure filled with several dielectric regions. Typically, thi® deter_mine the temperature coefficient of the Qielectric con-
dielectrics are: 1) air; 2) high-permittivity low-loss dielectrict@nt- Finally, the computed results for the behavior of the com-
(the dielectric resonatgrer sd; and 3) low-permittivity mod- posite resonant cavity are compared with measurements in a

erate-loss dielectric (used as a support). The support keepstfiBPerature chamber.
dielectric resonator separated from the metal walls in order to
reduce the losses. An example of such a composite resonalht
cavity of rotationally symmetric shape is shown in Fig. 1.

The individual communication channels in wireless transmis- A composite microwave resonator consists of mechanical
sion networks operating from 400 MHz to 2 GHz can be as cloparts, which are either made of dielectrics or of conductors.
as 150 kHz. Therefore, the resonant cavities must exhibit veBpth dielectrics and conductors expand their sizewith
high stability of resonant frequency with power and temperatuiitcreasing temperatufg. The dominant term, which describes
variations. To analyze the temperature stability, one must kneiis change, is a linear expansion coefficient
the properties of all the materials used in the construction of the
cavity. The experimental characterization of dielectric materials o= 1 Az
suitable for resonant cavities has been a subject of [1]-[4]. The r AT
temperature variation of composite resonant cavities has b
analyzeql in [5] anql [6]. S"".‘e of these procedures have b%ﬂich is the origin for our temperature modeling. The depen-
summanzed e d|_scusseq in {7, ch. 7].' dence of the relative dielectric constantwith temperature is

This paper describes a linear analysis of temperature Varé?'eciﬁed by the coefficient.
tions, along the lines outlined in [8]. It shows how a compute
code for numerical analysis of the electromagnetic field in the 1 Ae,
bodies of revolution can be utilized to determine the sensitivity Te = e, AT
coefficients of a particular cavity. Some general relationships
between the sensitivity coefficients are established, which df@f €ach material part of a composite resonatorand 7.
then utilized to check the numerical accuracy of the results. fgve different values. When the ambient temperature changes,

overcome the lack of reliable data provided by manufacturersi@f Sizes of all mechanical parts change accordingly, as do
the values of dielectric constants. Therefore, the resonant

. . frequency of the entire system will also be affected by the
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eq1, radiusay, and heighth;. The dielectric resonator is re-In the example from Fig. 1, subscriptgoes from 1 to 6, but
moved from the conductor surface by a spacer of ragiusnd the above relationship is also valid for any other total number of
heighths, having a relative dielectric constant;. The cylin- individual dimensions. The validity of (10) can be understood
drical conductive enclosure has radisand heighths. The by starting with (7) and assuming that the entire composite res-
resonant frequency of this composite resonator is some functmmator has been machined for a second time in a slightly larger
of the dimensiong; to a3 andh, to h3, and also a function of version. Suppose each of the lengthss made to ben percent
dielectric constants,.; ande,.o. The air that fills the rest of the larger as follows:

resonator has the relative dielectric constant equal to unity. The

resonant frequency of this system is expressed in general form Az, _ m (11)
as follows: x; 100°
[ = F(ay, az, ag, hy, ha, ha; £01, €02). (3) The newly machined resonator is kept at the same room temper-

ature as the original smaller one. Thus, the dielectric constants
For most practical resonators, functishcannot be expressedof hoth resonators are the same, as their ambient temperatures
in a simple analytical form. However, various computer codege the same. According to (7), the relative change in frequency
have been developed that enable the user to determine the reg@ween the larger and smaller resonator must be equal to the
nant frequency of the system, when all the dimensions and mafative change in size as follows:
terial properties are entered as input data. We have used the pro-
gram AKBOR [9]. For simplicity of further derivations, various m A
lengths ¢’s andh’s) will be denoted by a common letter For =100 = Z L O (12)
instancez; = ay, ©» = hi, &3 = as, €tc., up tozg = hs. Ti
A small change in frequenci f, caused by a small change in

temperaturé\7’, is obtained by taking a differential & as fol- As each of the individual dimensions is increased by the same
lows: percentage, as specified by (11), the result must be such as de-

. scribed by (10), which concludes the proof.
aF aF Equation (10) comes in very handy when the length sensi-
Af= Z £ Azi + Z Oe: Aeyj. ) tivity coefficientsC,,; are evaluated numerically. Namely, each
C,.; is computed from (8) by incrementing the dimensionby
IncrementsAz; are now expressed witl's from (1) a small percentage: (1% or less), and computing the change
in the resonant frequency. When all tog;’s have been com-
Az = oz AT (5) puted, their sum must be equal to negative unity, verifying that
the entire computation has been done correctly.

whereas incrementde,.; are expressed with the use afs
from (2)
I1l. EPSILON SENSITIVITIES
Agyj = Tejen; AT (6) . L .
A similar relationship holds fo€’. coefficients:the sum of

Using this notation, the relative change in frequency, per degitée epsilon sensitivity coefficients must be equal to negative

centigrade, is expressed as follows: one-halfas follows:
1Af < A 2. Aeyj
TEFAT T 2 i Coit 1221 €rj Ceir D) Z Cej = —0.5. (13)
= = j

CoefficielntsCf; des<f:ri|l|3e th.e sensitivity of frequency with " This relationship can be justified by the theory of material per-
spect to lengtiz; as Tollows: turbations in cavities [10, p. 328]. The change in frequency due

x; OF to a small changé\e,.; of the relative dielectric constant of the
Cai = F Oz ®) jth region is
Similarly, coefficientsC. ; express the sensitivity of the resonant JANCR
frequency with respect to the change in dielectric constant Af; Erj e (14)
C o E?’j BF (9) f N 2We ’
&y f a{_:rj )

In the abovelV,; is the electric stored energy in thth region,

Atthis point, itis of interest to introduce a useful relationshignd V. is the total stored electric energy in the resonator (thus,
which is valid for any composite resonator, consisting of arfe = ZW.;). Suppose the relative dielectric constants in all the
number of mechanical partthe sum of the length sensitivitydielectric regions have been changed by the same percentage
coefficients must be equal to negative unity as follows:

S Cui= -1 (10) Qerj _ m (15)
i Erj 100
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In such a case, the total relative change in resonant frequency T,
would become o 0 o4 |Tel [Tel o
A A 2 1
Sy ah_ m g m L g J —
f ; 100 2W. 100 2 (Ca,+Ch,) /\ -
-Ce,
Starting with (4), the same change in relative dielectric constants (Cay*Chy) S -Cg,
by m% will result in the following frequency change: (Cay+Chy)
Af m
— = — C... 17) Fig. 2. Temperature diagram of a composite resonant cavity.
PR > ¢ (17) Fig p 9 p y

J

Comparing (16) with (17), one obtains (13), which conclude¥ denotes the mechanical expansion of the conducting cavity.
the proof. Analogouslyy.; andr.» specify the variations of dielectric con-
Another useful corollary of the above derivation is the foistants with temperature. The air does not change its dielectric

lowing: epsilon sensitivities are equal to a negative one-half GPnstant with temperature, thus, itis not included in (22).
the corresponding electric filling factors Each of the terms in (22) can be graphically represented by
) a straight-line segment, such as shown in Fig. 2. The horizontal

Cej = —= pej. (18) axis contains the absolute valuesco$ andr.’s. The vertical

2 axis represents the relative change in frequency he units of
The electric filling factors are simply the ratios of the storelioth axes are parts per million per degree centigrade ({gm/
electric energies in thgth dielectric region to the total storedThe sum of sensitivity factors, which belong to the same ex-
electric energy in the entire resonator [7, p. 332] pansion coefficient, represent the slopes of individual straight
lines in the diagram. Thus, the negative value@f(+ C}.2)

Pej = ij . (19) is plotted as a negative slope, and similarly for other materials.
€ WhenC, andr. are both negative, their product contributes to
The differential change in frequency, caused by a change of @ositive increase iny. In order to plot the absolute values of
dielectric constant in thgth region, is 7. always in the increasing horizontal direction, the slopes
OF in such a case are plotted positive.
Af = — Ae,y. (20) In the case shown, the first three terms of (22) result in a
Fer; negative change in frequency due to increments in length with
Using (9), the above relation becomes temperature (first line represents the puck material expansion,
the second line the support material expansion, and the third
% =0, Acyy ) (21) line the metal cavity expansion). The next two terms contribute
f Erj to positive changes in frequency because andC.’s are each
Comparing (21) with (14), we obtain (18), which demonstraté¥sumed to be negative numbers by themselves. The resulting
the validity of the corollary. normalized frequency changg is represented by the vertical

The practical significance of (18) is the following. Instead ofistance of the right-most point in the diagram.
computing the individual derivatives in (9) by numerical differ- The temperature sensitivity diagram from Fig. 2 is a conve-
entiation of the resonant frequency, coefficiefits can be ob- Nienttool for spotting the critical parts of the system (those parts
tained by computing the ratios of stored electric energies. Whiiat contribute largest changes to the value,9f Furthermore,
the computer code is capable of producing explicitly the 8y observing the relative sizes of individual segments in the
quired partial stored energies, the numerical integration implié@mperature diagram, it becomes possible to decide whether the
in (19) will provide more accurate results, and the frequency walues ofr. should be increased or decreased in order to obtain
operation will have to be evaluated only once. a perfect temperature compensation, namelys 0.

IV. TEMPERATUREDIAGRAM OF A COMPOSITECAVITY V. MEASURED RESULTS

One can assume that the dielectric materials expand their sizéhe experimental resonant cavity consists of aluminum
with temperature in an isotropic way so that in the example frofpusing, a dielectric resonator, and an alumina ceramic sup-
Fig. 1, for each dielectric region, the value @fin the radial Port, both dielectric regions being of a tubular shape, as shown
direction is the same as in the axial direction (= «», etc.). in Fig. 3. The cavity operates in the 2-GHz frequency region,
When such an assumption is valid, (7) becomes and its tuning mechanism has been removed. The dimensions

and the material properties are listed in Table |I.
The variation of the resonant frequency of the mad&; s
= Z (Cai + Chi)o + Z CejTej- (22)  \vas measured in a temperature chamber. The experimental re-
=t =t sults are shown in Fig. 4. At 2%, the measured resonant fre-

In the above; and «, denote the mechanical expansiomuency is 1909.854 MHz. It can be seen that the temperature

properties of the dielectric resonator and of the support, arebponse is somewhat nonlinear. At the reference temperature

3 2
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| TABLE I
! EXPANSION SENSITIVITY COEFFICIENTS
(77772777777 7777 777 A
I/ l Vi Dielectric resonator Support Cavity
7 a Tnner radius Cop= +0.2562 Caoo= +0.0213 G -0.1686
7 : ; Outer radius Caop= -0.8400 Cao= -0.0300 N/A
| e |_dop 4 Height Cro= 0.2299 Chs=-0.0003 Cre= -0.0002
7 | 7 Total sum £C;= -0.9914
a;
V] L 4
A + 7 TABLE Il
h l v EPSILON SENSITIVITY COEFFICIENTS
V1
% ' 2
v ‘*7 ] Dielectric Resonator Support Air
9 e dos U =
715 DI ol Co=-0.4751 Ca= -0.0059 Co=-0.0150
; ‘L 1 ] s Total sum ZCy= -0.4960
77777, '//{//7 7777/
magnetic model. It is believed that this detail is not likely
Fig. 3. Experimental cavity. to change the overall results in any significant way. The
resonant frequency at room temperature was computed to
TABLE | be f = 1905.571 MHz. Although all these digits are not
CavITY DIMENSIONS AND MATERIAL PROPERTIES . .
accurate, they are retained because they become meaningful
Puck Support Conductor  When incremental changes are needed in the computation of the
Inner radius (mm) a,=8.57 a,=8.44 a:=30.48 sensitivity coefficients. The computed sensitivity coefficients
Quter radius (mm) aq=16.51 a,~= 11.56 N/A . .
Height (mm) h=2388 | h=2286 | h=7630  are listedin Tables Il and Ill. .
Relative dielectric constant £,=30.51 £=9. N/A The dielectric-resonator-type D-8734 is manufactured by
Expansion coefficient (ppm/*C) o= 10.0 @~64 | «~23:12  Trans-Tech, Adamstown, MD (a subsidiary of Alpha Indus-
v tries). The manufacturer’s value of the expansion coefficient is
Z

a,, = 10 ppmPC, and the frequency temperature coefficient is
w007 , . : : : , . quoted agy = 1.2 ppmFC. The alumina support is manufac-
tured by Superior Technical Ceramics (STC), Monrovia, CA,
with quoted expansion coefficient of, = 6.4 ppmFfC and the
dielectric constant of 9.7. As the manufacturer does not specify
the value ofr., we take the value to be, = +116 ppmFC, ac-
cording to [1]. This value is also similar to the one quoted in [2]
for somewhat less pure alumina, namely, = +110 ppmFC.
We measured the empty cavity expansion coefficient to be
23.12 ppnv/C.

All the coefficients needed for substitution in (22) are now
e available, except for.,, of the dielectric resonator. As lamented
[ in[7, p. 361], manufacturers of dielectric resonators do not mea-

T °C sure this quantity, although the measurement procedure devel-

gped by Courtney [1] is quite straightforward. The valuerpf
is measured in the manufacturer’s standard cavity, which has a
cavity radius and cavity height about three times larger than the
dielectric resonator. If we use the valug = 1.2 ppm/ in the

1909.88

1909.85

1909.84 -

1909.831

1909.82+

1909.81
5

Fig.4. Measured frequency variation with temperature for a cavity from Fig.

15 = 25°C, the temperature slope is estimated torpe=

0.63 ppm/C. . :
The sensitivity coefficients were computed with the use GPProximate equation [7, p. 359]
the computer program AKBOR [9], which is based on the sur- =27 +a) (23)
face integral-equation formulation and the method of moments i
for the analysis of axi-symmetric objects. The code can be ussd obtainr,., = —22.4 ppmFC.

to compute the radar cross section of scatterers, radiation patwhen this value is substituted in (22), the temperature dia-
terns of antennas, and the resonant frequency(factor of gram looks such as shown by a dashed line in Fig. 5. As can be
dielectric resonators in free space or in closed cavities. For teen from the figure, the computed resylt= —2.1 ppmFC
dielectric resonator in free space, the resonant frequency andditers considerably from the measured one. Also apparent from
radiation-factor are computed directly from the zeros of théhe diagram is that the produ€t 7., is the most significant
determinant of the method-of-moment matrix by searching part of the total value;. As has been shown in [7, p. 361], the
the complex frequency plane for the roots of the determinant, @scertainty inr., when using the approximate equation (23)
in[7, ch. 6]. For resonators enclosed by a conducting cavity, than reach 25%. Due to this, we decided to measure this coeffi-
Q factor is computed using perturbation theory from the stor@ient directly, as described in the Appendix. Using our measured
energies and dissipated power inside the cavity. valuer,, = —28.56 ppm/FC in (22) results in a computed fre-
Although the dielectric resonator has a short counter-baneiency sensitivityr; = +0.78 ppmPC. This result is much
to fit the support, this detail has been ignored in the electroloser to the measured value (see the solid line).
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¢ ppm/°C TABLE IV
MEASUREMENT OF T,

/__ T °C S MHz &, (corrected)
,,,,,,,,,,,,,,,,,,,,, 55 3556.175 30.6153
\ 45 3556.056 30.6249
“ 35 3555.941 30.6331
\ / 25 3555.792 30.6419
15 3555.650 30.6506
\ / 10 3555.565 30.6552
/ 5 3555 480 306598

12 €;

i
20 40 60 80 100 120 140 180 180 200 30.66¢
30.655]
0
o, | 1l ppm/°C

30.65|

Fig. 5. Computed temperature diagram of the experimental cavity. Dashed 30645|
line: 7. = —22.4 ppmFC, solid line:7. = —28.56 ppmFC.

30.641

30.635[

It is now possible to compute the desired valuergf that sl
would yield a perfect temperature compensation. In order for
¢ from (22) to vanish, the dielectric resonator should be made
of material with7,,, = —26.91 ppmFC.

30.625[

30621

30.615

VI. CONCLUSIONS T°C

When a dielectric resonator is placed on a dielectric suppﬁfﬂt‘h% teﬁ;‘;‘ﬁ;ﬁfgﬂiggfsffn”iﬁﬁéi.fffﬁ n,;grir/?tcu)re (dmensions corrected
and enclosed within a conducting cavity, a composite resonant
cavity s crea_ted. Equations (7) and_ (.22) describe a line Snductor plates. To perform such a measurement directly with
model governing the temperature variation of such composje

microwave resonant cavities. The sensitivity coefficient € "puck” from l.:lg' 3 was impractical b_ecause of_the re_ceo!ed
needed in this model, depend .on the particular construction%c’)cfttom _wall, which would create considerable difficulties in
. S i . . . computing the resonant frequency when placed between parallel

the composne cavny.. I_:(_)r given .dl.menS|ons and given mater_lgh nducting plates. However, the manufacturer has provided us
fhrg puesr;'eoi’ at Z%ringglvgﬁlog :)aerglc\llsr?it:sh Csé(l)rl1v§se f(e;\r/a':LueatrZivalwqh _another smaller j[u bula_r resonator made from the same pro-

) o L . Nlction batch. The dimensions of the sample were: 1) outer ra-
frequency in the cavity filled with inhomogeneous d|electr|csdiu5a — 8.9 mm: 2) inner radius; = 2.5 mm; and 3) height
Equations (10) and (13) specify the theoretical limits on t e 15 0 rﬁm The sample was ?olace'd bet\;veen two parallel
sensitivity coefficients obtained by such a numerical procedurs?rver-pléted conductors, and inserted into a temperature-con-
A practical example of a composite resonator has been cls '

alyzed and experimentally verified. It has been concluded thzr;\?"ed chamber. The resonant frequency of the nbHg;, was

. : o : recorded as a function of temperature, with the results shown in
the crucial role in the overall frequency variation with tempe

. . Fable V.
ature_ IS played by_ the ”.‘ate”a' propent%,“the te:nperature The relationship between the resonant frequency and the rela-
coefficient of the dielectric constant of the “puck.” At presen%v

manufacturers of dielectric resonators do not measLrén- e dielectric constant can be expressed analytically in terms of
U Bessel functions. For the tubular resonator used here, the equa-

fet(reig?s, Lheyrgcgii Ctetﬂzevgﬁeti;n pﬁlr::uhrzsbsgsxlggfefrmier: ;(;H ns are somewhat more complicated than for the solid one used
yp 9 f by Courtney. Nevertheless, they can be solved by straightfor-

inside a ”.‘eta”'c test ca\{|ty. Whereas SL.JCh gvaluefo§ valid ward numerical procedures. Since the thermal expansion coef-
for a particular test cavity only, operating in a particular res:

onant mode only (typicallfi’Eo,), the customers really need cient «, is known (see Table 1), we have corrected all three
the value of th)r;t m be 3\2"81;0} a cavity of an sizeyo er_dimensions;o, a;, andh in accordance with the operating tem-

o N y y » 0P perature, and computed the dielectric constant for the corrected
ating in any resonant mode.

dimensions. The dielectric constant comes outto be a very linear
function of temperature, as illustrated in Fig. 6. For the reference
temperature 25C, the temperature coefficient of the dielectric
constant is computed in accordance with (2)
The procedure for measurement of temperature coefficient of _ "

) . A - . 30.6331 — 30.6506 .

the dielectric constant has been described in detail by Courtney Te = ——— = —28.56 ppmfC.
e ) . 30.6419 - (35 — 15)

[1]. For that measurement, it is customary to use a solid cylin-
drical sample of the dielectric, and measure the resonant fiade to the linear behavior, the same coefficient is valid over the
guency of the sample placed between two parallel entire range of temperatures.

APPENDIX
MEASUREMENT OF7.
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Although the composite cavity used in the example resona’
around 2 GHz, the measurement of the temperature coeffici
T., Was carried at the resonant frequency of the midie;;
for the sample at hand, namely, around 3.5 GHz. Neverthele
the results are useful in the 2-GHz range, as the relative diel:
tric constant,. is practically constant over the wide frequenc!
range.
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