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A thermometer is provided. A housing has at least one open-
ing. A dielectric element is disposed in the housing. At least
one microwave guide is coupled to the at least one opening for
providing a signal into the dielectric element for propagation
at a resonant frequency and for receiving the signal from the
dielectric element. A temperature determination unit receives
the signal from the at least one microwave guide, measures
the resonant frequency of the dielectric element, and deter-
mines the temperature of the dielectric element based on a
relationship between resonant frequency and temperature of
the dielectric element.
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DIELECTRIC RESONATOR THERMOMETER
AND A METHOD OF USING THE SAME

CROSS-REFERENCE(S) TO RELATED
APPLICATIONS AND CLAIMS TO PRIORITY

[0001] The present application claims priority from U.S.
Provisional Patent Application No. 60/916,577 filed May 8,
2007, the contents of which are incorporated herein by refer-
ence and to which priority is claimed.

FIELD OF THE INVENTION

[0002] The present invention relates to a dielectric resona-
tor thermometer operating in the whispering gallery mode or
a Bragg reflector mode, a thermometry system, and a method
of using the same.

BACKGROUND OF THE INVENTION

[0003] Presently, various types of thermometers exist for
industrial applications. The most commonly used industrial
thermometer is the platinum resistance thermometer (PRT)
for temperatures ranging from -196° C. to 500° C. when
measurement uncertainties of less than or equal to 10 mK
(millikelvin) are required. The platinum resistance thermom-
eter exploits a predictable change in electrical resistance of
platinum with changing temperature. Platinum resistance
thermometers offer high accuracy, low drift, a wide operating
range, and suitability for applications that require precise
measurements.

[0004] However, platinum resistance thermometers are
extremely sensitive to mechanical shock in handling and
shipping. Shocks change the physical state of the annealed,
loosely supported platinum resistance element. These
changes often prevent a platinum resistance thermometer
from meeting the measurement uncertainty [10 mK (0.01°
C.)] required in industrial applications. Indeed, as described
in the publication of Strouse, entitled “Sapphire whispering
Gallery Thermometer,” Int J Thermophysics (2007) 28:1812-
1821, recent studies have shown that a shift of 1 mK in the
magnitude of a platinum resistance thermometer is 20 times
greater than the calibration uncertainty and can cause an error
in the temperature of the measurement by as much as 30 mK
at high temperatures.

[0005] Furthermore, an AC resistance bridge is typically
required as a readout device for standard platinum resistance
thermometers. However, AC resistant bridges typically cost
between $50,000 and $75,000.

[0006] Accordingly, there is a need for an improved, cost
effective industrial thermometer having improved stability,
resistance to mechanical shock, and greater certainty in tem-
perature measurements.

SUMMARY OF THE INVENTION

[0007] The present invention provides a thermometer. A
housing has at least one opening. A dielectric element is
disposed in the housing. At least one microwave guide is
coupled to the at least one opening for providing a signal to
the dielectric element for propagation at a resonant frequency
and for receiving the signal from the dielectric element. A
temperature determination unit receives the signal from the at
least one microwave guide, measures the resonant frequency
of the dielectric element, and determines the temperature of

Nov. 20, 2008

the dielectric element based on a predetermined relationship
between resonant frequency and temperature of the dielectric
element.

[0008] The present invention also provides a thermometer
having a housing, the housing having at least one opening
therein and a dielectric disc disposed in the housing. An input
microwave guide is coupled to the at least one opening. The
input microwave guide provides a signal to the dielectric disc
for propagation at a resonant frequency around a circumfer-
ence of the dielectric disc. The resonant frequency depends on
a temperature of the dielectric disc. An output microwave
guide is coupled to the at least one opening. The output
microwave guide receives the signal from the dielectric disc.
A temperature determination unit receives the signal from the
output microwave guide, measures a center frequency of the
signal to determine the resonant frequency of the dielectric
disc, and determines the temperature of the dielectric disc
based on a predetermined relationship between resonant fre-
quency and temperature of the dielectric disc. The relation-
ship between resonant frequency and temperature may be
determined by calibrating the dielectric thermometer against
a suitable thermometer (e.g. platinum resistance thermom-
eter), in a laboratory skilled in the use of such thermometers
for the purpose of calibration of other thermometer types (e.g.
dielectric thermometer).

[0009] The present invention provides a method of sensing
temperature using a dielectric resonator. The method includes
generating a sweep signal around a frequency (f). The sweep
signal includes a plurality of frequency values within a pre-
determined range. The input amplitude and/or phase and
phase changes occur at the frequency values. The output
amplitude and/or phase of the sweep signal at each frequency
value is measured at each of the frequency values, and the
ratio between the output and input amplitudes or the differ-
ence between the output and input phases at each of the
frequency values is calculated. A center frequency of the
sweep signal is obtained from the dielectric resonator based
on the calculated amplitude ratio by selecting the frequency
value with the largest calculated ratio, or based on the calcu-
lated phase difference by selecting the frequency with the
largest rate of change of phase with frequency. The tempera-
ture of the dielectric resonator is determined based on the
determined center frequency in accordance with a predeter-
mined relationship between the temperature of the dielectric
resonator and a resonant frequency of'the dielectric resonator.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is a cross-sectional view of a dielectric reso-
nator according to an embodiment of the invention;

[0011] FIG. 2A is top plan view showing an electromag-
netic wave propagating in a dielectric resonator according to
another embodiment of the invention;

[0012] FIG. 2B is an elevational view showing the electro-
magnetic wave propagating in the dielectric resonator of F1G.
2A,;

[0013] FIG. 3A is a top plan view of a dielectric resonator
with a cover plate removed according to another embodiment
of the present invention;

[0014] FIG. 3B is a cross-sectional view of the dielectric
resonator of FIG. 3 A taken along line A-A'";

[0015] FIG. 4 is an exploded assembly drawing of a hous-
ing forming a cavity for the dielectric resonator;
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[0016] FIGS.5A and 5B are top plan views of a cavity wall
of'the housing according to two different embodiments of the
invention;

[0017] FIG. 6is a system diagram of a thermometry system
according to an embodiment of the present invention;
[0018] FIG. 7 is a block diagram showing a temperature
determination unit of the thermometry system shown in FIG.
6;

[0019] FIG. 8 is a system diagram showing a thermometry
system according to another embodiment of the present
invention;

[0020] FIG. 9 is a block diagram showing a temperature
determination unit of the thermometry system shown in FIG.
8;

[0021] FIG. 10 is a flowchart of a method of sensing tem-
perature according to another embodiment of the present
invention;

[0022] FIG. 11 is a flowchart of a method of sensing tem-
perature according to yet another embodiment of the present
invention;

[0023] FIG. 12 is a system diagram of a thermometry sys-
tem according to yet another embodiment of the present
invention;

[0024] FIG. 13 is a graph illustrating the relationship
between frequency and amplitude;

[0025] FIG. 14 is a graph showing amplitude deviations
from a fit of frequency 10;

[0026] FIGS. 15A and 15B are graphs showing in-phase
and quadrature signals and residuals from the fit for frequency
f, shown in FIG. 14;

[0027] FIG. 16 is a diagram showing the relationship
between temperature and Q factor for several exemplary
modes;

[0028] FIG. 17 is a diagram showing the relationship
between temperature in the range of 0° C. to 100° C. and
frequency sensitivity for several exemplary modes;

[0029] FIG. 18 is a graph illustrating the relationship
between temperature in the range of 0 K to 400 K and fre-
quency sensitivity for an exemplary mode;

[0030] FIG. 19 is a diagram showing a fractional change in
resonant frequency in GHz as it relates to temperature in the
range of 0° C. to 100° C.;

[0031] FIG. 20 is adiagram showing the temperature devia-
tion of measured results from a frequency versus cubic tem-
perature function for several different modes;

[0032] FIG. 21 is a diagram showing experimental results
for ice melting point repeatability experiments for several
different modes; and

[0033] FIG. 21 is a fragmentary cross-sectional view a
notched reflector dielectric resonator according to yet another
embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0034] Reference will now be made in detail to the embodi-
ments and methods of the invention as illustrated in the
accompanying drawings, in which like reference characters
designate like or corresponding parts throughout the draw-
ings. It should be noted, however, that the invention in its
broader aspects is not limited to the specific details, represen-
tative devices and methods, and illustrative examples shown
and described in this section in connection with the preferred
embodiments and methods. The invention according to its
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various aspects is particularly pointed out and distinctly
claimed in the attached claims read in view of this specifica-
tion.

[0035] Whispering gallery mode resonators (WGMR) are
used as ultra-stable dielectric resonators (Af/f<10-2 at —-196°
C.). Dielectric resonators are used to provide a frequency
reference in an oscillator circuit. A WG sapphire resonator
includes aring or disk of sapphire inside a metallic cylindrical
casing for electromagnetic shielding of and confining reso-
nating RF fields to, the sapphire element. These resonators
effectively eliminate RF conduction losses and thus make
oscillators that are only limited by performance of the sap-
phire itself. The sapphire is oriented with its crystal c-axis
along the axis of the cylindrical casing in order to achieve
cylindrical symmetry for the excited electromagnetic reso-
nance modes. WG electromagnetic modes can be divided into
families depending on their field configuration, and further
characterized by the number (n) of full waves around the
perimeter of the sapphire ring or disk. The modes are doubly
degenerate, with azimuthal phase of the two submodes dif-
fering by 90 degrees. Modes typically used are the WGH,, |,
family for ring resonators and the WGE,,, ; family for flat disk
resonators, where n= 5. WG denotes whispering gallery, H,,; ;
denotes electric field loops formed in the annular body of a
wheel or ring, and E , , denotes electric field loops formed in
the planar body of a sapphire disk. It will be understood that
these modes are exemplary and are not intended to limit the
scope of the invention.

[0036] With very high microwave quality factors (QQ’s) at
cryogenic temperatures, sapphire resonators provide excel-
lent phase noise performance. In principle, the high-Q factors
also provide high frequency stability, but only if the resonator
itself is stable. When dielectric resonators are used as oscil-
lators, temperature fluctuations in the sapphire can cause
unwanted frequency fluctuations. Thus, much research sur-
rounding whispering gallery mode dielectric resonators has
been aimed at ways of canceling or compensating these
unwanted frequency variations so that a resonator with high
temperature and frequency stability can be achieved.

[0037] The intrinsic temperature dependence of the refrac-
tive index (or permittivity, its near equivalent) of synthetic
sapphire coupled with the ease of measuring the frequencies
of high-Q (>20,000) resonant modes, allows the use of a
sapphire WGMR as a thermometer rather than a frequency
standard, as discussed above. The sapphire whispering gal-
lery thermometer (SWGT) comprises a synthetic sapphire
monocrystalline disk configured as a uniaxial anisotropic
dielectric resonator. The frequency-temperature relationship
is primarily due to the temperature dependence of the refrac-
tive index, which contributes approximately 90% to the sen-
sitivity to temperature. The thermal expansion of the sapphire
contributes approximately 10% to the sensitivity, and the
thermal expansion of the enclosure contributes less than
0.3%. The resonance frequency of a c-axis cut sapphire crys-
tal exhibits a temperature sensitivity of (df/dT)/f of ~10x105°
C.7! at —196° C. that increases to —50x10%° C.”' at 77° C. A
monocrystalline sapphire disk is uniaxially anisotropic,
where a crystal with a c-axis aligned in the z-direction exhib-
its high-order azimuthal modes (whispering gallery modes).
If a pure whispering gallery mode existed in only the radial
direction, then the frequency-temperature dependence due to
changes in permittivity of the sapphire crystal can be
expressed as
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Lz?fo B [Equation 1]
FooT =
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where {, is the center resonance frequency, el is the permit-
tivity in the radial direction, €|| is the permittivity in the axial
direction, L is the axial length of the sapphire disk, and a is
the sapphire disk diameter with the assumption that the rela-
tive magnetic permeability is exactly one. As best shown in
FIGS. 2A and 2B, whispering gallery resonances occur in a
dielectric disk when standing waves are excited along the
circumference of the disk with minimal reflection losses. An
electromagnetic wave 20 is shown propagating around the
circumference in FIGS. 2A and 2B. For the quasi-transverse
magnetic modes of the SWGT, Equation 1 (above) may be
reduced to estimate the frequency-temperature dependence
relationship:

[Equation 2]

where o, is the thermal expansion in the radial direction.
Thus, while existing oscillator systems have been directed to
reducing temperature dependency of the resonant frequency
of'the disc shaped dielectric resonators through various meth-
ods, the embodiments of the present invention attempt to
increase thermal conductivity and temperature sensitivity of
the resonant frequencies. Although a sapphire disc is
described above as the dielectric resonator, it should be under-
stood that other shapes and materials may be used, as
described below.

[0038] As best shown in FIG. 1, a dielectric resonator 2
includes a housing 4 defining a chamber 5 with input and
output ports 6 and 8, respectively. An input waveguide 10 is
coupled to the input port 6, and an output waveguide 12 is
coupled to the output port 8. A vacuum line(s) 14 denoted by
dashed lines is optionally coupled to the housing 4 to create a
vacuum type environment inside the housing 4. Alternatively,
the housing 4 may be sealed. For example, the housing 4 may
be hermetically sealed or sealed using an o-ring to minimize
the entry of foreign agents into the chamber 5. The chamber 5
may be filled with an inert gas. Alternatively, the inside of the
housing 4 may be coated with a chemically active getter.

[0039] A dielectric crystal 16 is supported inside the hous-
ing 4 by at least one supporting member 18. The dielectric
crystal 16 is supported such that an electromagnetic wave 20
from the input waveguide 10 is coupled into the dielectric
crystal 16 to resonate therein, as best shown with reference to
FIGS. 2A and 2B. The electromagnetic wave 20 creates a
standing wave around the circumference of the crystal 16
approaching total internal reflection. The electromagnetic
wave 20 is then coupled to the output waveguide 12.

[0040] The dielectric crystal 16 shown in FIG. 1 is disc
shaped. Dielectric discs that were tested included radii of 4.4
mm, 5.9 mm, and 8.8 mm. However, it should be understood
that the dielectric crystal 16 can be smaller or larger. Of
course, when the dielectric crystal 16 is smaller, the fre-
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quency of the whispering gallery mode is greater because the
circumference around which standing waves are created is
smaller.

[0041] Stub antennas 22 and 24 extend from the input and
output waveguides 10 and 12, respectively. The stub antennas
22 and 24 are recessed into the input and output ports 6 and 8,
respectively, so as to extend slightly into the chamber 5. The
stub antennas 22 and 24 can extend into the chamber 5 by less
than 1 millimeter. We have found that using antennas 22 and
24 that extend only slightly into the chamber 5 minimizes the
sensitivity of the resonator 2 to antenna motion. That is, the
possibility that the coupling of the electromagnetic wave 20
between the waveguides 10 and 12 and the crystal 16 is
affected by movement of the antennas 22 and 24 is mini-
mized. Additionally, due to the short length of the antennas 22
and 24, even if the dielectric resonator 2 is dropped or mis-
handled, the positions of the antennas 22 and 24 remain
substantially constant. The length of the antennas 22 and 24
was selected to optimize the whispering gallery resonances
and reduce the spurious cavity resonances. Additionally, the
electromagnetic wave 20 is preferably weakly coupled
between the antennas 22 and 24 and the crystal 16. Because
the electromagnetic wave 20 coupling is weak, the depen-
dence of the resonator 2 on the strength of the signal trans-
ferred to and from the crystal 16 on position of the antennas
22 and 24 is negligible.

[0042] The input and output waveguides 10 and 12 may be
coaxial cables that are sealed so as to prevent gases that have
evolved from the dielectric in the waveguides 10 and 12 from
entering the chamber 5 via the input and output ports 6 and 8,
respectively.

[0043] Although the input and output waveguides 10 and
12 are shown as being coupled to top and bottom walls 26 and
28, respectively, of the housing 4, it will be understood by one
of ordinary skill in the art that the location of these
waveguides 10 and 12 around the housing 4 is a function of
whether the modes being transferred to the crystal 16 are
transverse magnetic (TM) or transverse electric (TE). Inalter-
native embodiments, the waveguides 10 and 12 can be
coupled to the sidewall(s) 30 of the housing 4.

[0044] Unlike prior dielectric resonators, the dielectric
resonator 2 according to embodiments of the present inven-
tion maximizes heat transfer and thermal conductivity
between the external environment 32 and the crystal 16.
Because the temperature of the crystal 16 affects the resonant
frequency of the electromagnetic wave 20, this maximization
of heat transfer and thermal conductivity increases the speed
of response of the temperature response of the resonant fre-
quency according to the temperature of the external environ-
ment 32. In this manner, the dielectric resonator 2 can be used
as a thermometer, where the resonant frequency is sensitive to
temperature of the external environment 32.

[0045] To this end, the housing 4 is preferably a metal
enclosure, and the support member 18 is also a thermally
conductive material, such as ceramic, brass, steel, or other
metals. The housing 4 may be a heavy-walled steel container
that is plated with gold. Steel is corrosion resistant and resis-
tant to gas generation at high temperatures, and therefore is
stable over a large range of temperatures. The housing 4 may
alternatively be formed of copper. The thick walls of the
housing 4 are resistant to deformation from handling and
from changes in atmospheric pressure. In an exemplary
embodiment, the walls of the housing 4 may be approxi-
mately Y% to %3 of an inch in thickness.
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[0046] The support members 18 maintain the crystal 16
motionless without regard to orientation of the housing 4.
Additionally, because the support members 18 have different
thermal expansion characteristics from the crystal 16, the
support members 18 are dimensioned and positioned to
accommodate thermal expansion of the dielectric crystal 16,
e.g., sapphire (Al—O;) or quartz, without undue stress on
the crystal 16.

[0047] The support members 18 may be pedestal supports
having a shoulder portion to engage recesses formed on the
outer surfaces of the crystal 16. As can be seen in FIG. 1, the
dielectric crystal 16 has recesses formed in the top and bottom
surfaces. The top and bottom inner surfaces of the housing 30
also include recesses. The recesses of the housing 30 have a
different width than the recesses of the crystal 16. Accord-
ingly, the pedestal supports 18 include two different size
width portions, one for engaging the recess on the housing 30
and another for engaging the recess on the crystal 16. In this
manner, the pedestal supports 18 maintain the crystal 16 in
position in the housing 30.

[0048] The housing 4 may be disc shaped. The support
members 18 support the crystal 16 in the center of the cham-
ber 5 so that there is radial symmetry about a radial direction
(R) and axial symmetry about an axial direction (A). Because
of these symmetries, frequencies change quadratically with
relative motion of the crystal 16 and the chamber 5 in both the
radial and axial directions. As a result, even if the crystal 16
does shift slightly, the effect on resonant frequency is small.
We have found that without these symmetries, the resonant
frequencies will shift linearly with relative motion between
the crystal 16 and the housing 4. Accordingly, the symmetries
contribute to the mechanical shock resistance of the resonator
2.

[0049] The atmosphere in the chamber 5 may be controlled
s0 as to provide additional thermal conductivity to the dielec-
tric resonator 2. A thermally conductive inert gas can be
disposed in the chamber 5. For example, if the thermometer is
used at high temperatures, e.g., above 189° C., Argon may be
used to provide thermal conductivity in the chamber 5. Alter-
natively, if the thermometer is used at cryogenic tempera-
tures, e.g., below about —150° C., helium can be used to
increase thermal conductivity in the chamber 5. Alternatively,
air can be used in the chamber 5.

[0050] Additionally, the support member 18 is preferably a
thermally conductive material, for example metal, to allow
heat to be efficiently transferred from the external environ-
ment 32 through the housing 4 and support member 18 to the
crystal 16. The support members 18 maintain the crystal 16 in
substantially the same position without regard to temperature.
Inparticular, the support members 18 provide for “repeatabil-
ity” of the thermometer due to the fact that despite experienc-
ing a wide range of extreme temperatures, the support mem-
bers 18 consistently maintain the crystal 16 in the same
position. That is, even if the support members 18 slightly
change position due to thermal expansion when the tempera-
ture is changed from ambient temperature to an extreme
temperature, the support members 18 return to substantially
the same position when the temperature is returned to ambi-
ent temperature.

[0051] The dielectric crystal 16 is preferably sapphire,
because sapphire provides for the larges Q values for whis-
pering gallery resonances. One of the advantages of using
sapphire as a dielectric is that it provides long term stability,
which provides repeatability for temperature measurements.
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However, it should be understood that other types of dielec-
trics may be used. For example, quartz or other dielectrics
may alternatively be used.

[0052] Whispering gallery modes are selected such that
microwave energy is concentrated about the periphery of the
crystal 16, thereby providing a low energy density at the
sidewall 30 of the housing 4 and at the center of the crystal 16
along the axial direction (A). Preferably, whispering gallery
modes of about 13.5 GHz, or greater, are selected. More
specifically, the embodiments of the present invention have
been studied with reference to whispering gallery modes of
14.4 GHz, 15.2 GHz, 16.0 GHz, 17.1 GHz, and 19.1 GHz,
because these modes have high-Q factors. Q factor is a rela-
tionship between how much energy is lost and maintained by
asystem. Q factor is dependent, in part, on the frequency. The
high Q modes reduce sensitivity to changes in cable proper-
ties and external electronics. The higher the Q factor, the
greater the energy in the signal output from the dielectric and
the greater the signal-to-noise ratio (SNR) of the output sig-
nal. The greater SNR of the output signal allows the resonant
frequency to be detected easily and more precisely.

[0053] As best shown in FIG. 2B, a dielectric resonator 31
is mounted in a housing 29 by support 33. Although not
shown in FIG. 2B, resonator 31 is ring-shaped having a cen-
tral hole through which the support 33 extends to fix the
resonator 31 to the housing 29. The support member 33 may
be a spindle extending through an axial hole in the dielectric
resonator 31. The spindle 33 may be made of a thermally
conductive material with minimal thermal expansion, for
example, brass, steel, or copper. The spindle 33 may be a
screw that is fastened to the housing 29 to hold the resonator
in position with respect to the housing 29.

[0054] As best shown in FIGS. 3A, 3B and 4, a dielectric
resonator 34 has a housing 35 including a bottom casing
portion 36 and a top plate portion 38 coupled to the casing
portion 36. FIG. 3A is a view into the bottom casing portion
36 with the top plate portion 38 removed. As can be seen, a
sidewall 40 has a top edge 42 with a plurality of fastening
holes 44. The top plate portion 38 also has a plurality of
fastening holes 46 to be aligned with the fastening holes 44 of
the bottom casing portion 36 via screws 48. A pliable o-ring
50 sits between the bottom casing portion 34 and the top plate
portion 38. The o-ring 50 is clamped between the bottom
casing portion 34 and the top plate portion 38 when the screws
48 are applied. When pressure is applied to the o-ring 50, the
o-ring 50 compresses and seals the boundary between the
casing portion 36 and the plate portion 38. The o-ring 50 may
be flattened when the top plate portion 38 is coupled to the
casing portion 36. The o-ring 50 is preferably a gold ring.
Gold provides some pliability and can withstand high tem-
perature ranges. Other materials may alternatively be used for
the o-ring 50. For example, ifthe resonator 34 is not used over
a large temperature range, rubber or silicone may alterna-
tively be used for the o-ring 50. Alternatively, the housing
may be hermetically sealed by welding the top plate portion to
the bottom casing portion.

[0055] Inthe present embodiment shown in FIGS. 3A, 3B,
and 4, a dielectric crystal 52 is formed with two opposing
axial surfaces 54 and 56 and recesses 55 and 57 respectively
formed therein. Pedestal supports 58 and 60 have shoulder
portions that engage the recesses 55 and 57, respectively, on
the crystal 52. The plate portion 38 includes recess 62 that
engages the pedestal support 58 on the top surface 54 of the
crystal 52. Similarly, the casing portion 34 includes recess 64



US 2008/0285617 Al

that engages the pedestal support 60 on the bottom surface of
the crystal 52. In this embodiment, because the crystal 52
engages the housing 35 directly via the pedestal supports 58
and 60, heat is transferred directly to the crystal 52 via the
thermally conductive housing 35. Because opposite ends of
the pedestal supports 58 and 60 are dimensioned to corre-
spond to the different size recesses in the housing 35 and the
crystal 52, and the shoulder portions stably support the sur-
faces 54 and 56 of the crystal 52, the thermal expansion or
shifting of the crystal 16 poses less of a risk to consistent
performance of the dielectric resonator 34. This arrangement
allows for greater repeatability of temperature measurements.
[0056] The dielectric resonator 34 also includes input and
output waveguides 62 and 64 with antennas 66 and 68 respec-
tively coupled thereto. At least one vacuum line 70 is shown
in dashed lines to indicate that this element is optional.
[0057] FIGS.5A and 5B show the top edge 42 of the bottom
casing portion 36 according to two different embodiments. As
best shown in FIG. 5A, ports 74 to which the waveguides 62
and 64 are connected are simply elongated holes extending
through the sidewall 40 of the casing portion 36. As best
shown in FIG. 5B, ports 76 include a narrow portion 78 close
to an inner surface of the sidewall 40 and a wide portion 80
extending from the narrow portion 78 to an outer surface of
the sidewall 40. Ends of the waveguides 62 and 64 are fit
snugly into the wide portions 80 to make the attachment of
these components easier.

[0058] The bottom casing portion 36 shown in FIGS. 5A
and 5B also include the fastening holes 44 extending therein.
The fastening holes 44 may include threading to engage and
retain the screw 48.

[0059] As best shown in FIG. 6, a thermometry system 100
includes a dielectric resonator 102, a frequency source 104,
and a temperature determination unit 106. The frequency
source 104 provides a signal A(f) of a predetermined resonant
frequency f (or range of frequencies) to the dielectric resona-
tor 102. The dielectric resonator 102 may be similar to the
resonators 2, 31, and 34 shown in FIGS. 1 to 3B. The prede-
termined resonant frequency f (or range of frequencies) cor-
responds to a known resonant frequency of the dielectric
resonator 102 at a known temperature.

[0060] Inone embodiment, the signal A(f) may be concen-
trated at the predetermined resonant frequency such that the
temperature of the dielectric resonator 102 affects the reso-
nance of the signal. The output resonant frequency can be
detected in order to determine the temperature of the dielec-
tric resonator 102. In this case, the output signal B(f) has a
center frequency that may be slightly different from the pre-
determined resonant frequency f. The temperature determi-
nation unit 106 measures the center frequency with reference
to a known frequency, e.g., from an oscillator.

[0061] Inanother embodiment, a carrier signal, e.g., a sine
wave, can be modulated with a range of frequencies centered
around f, e.g., by sweeping the frequencies around f, so that
the signal contains a plurality of frequency values. The effect
of'the dielectric resonator 102 on each of the frequencies can
be used to determine the temperature of the dielectric reso-
nator 102. For example, the temperature determination unit
106 can use the amplitude change at each of the frequency
values in the signal to detect the center frequency. The dielec-
tric resonator 102 receives the signal A(f) of frequency fand
amplifies different frequency components differently based
onthe temperature ofthe resonator 102. That is, when the A(f)
signal of frequency fresonates in the dielectric resonator 102,
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the frequency value which receives the greatest amount of
amplification, i.e., the center frequency, can be used to deter-
mine the temperature of the dielectric resonator 102.

[0062] Thetemperature determination unit 106 receives the
output signal B(f) and calculates the temperature of the
dielectric resonator 102 based on the detected center fre-
quency, as described below. A feedback unit 108 may be
included in the thermometry system 100 to provide feedback
about the temperature of the resonator 102 and/or the detected
center frequency of the output signal B(f) to the frequency
source 104. For example, when the signal includes one pre-
determined resonant frequency f, the feedback unit 108 may
synchronize the center frequency of the output signal B(f)
with the predetermined resonant frequency f. In this case, the
feedback unit 108 may be a phase locked loop (PLL) or other
electronics device.

[0063] When the center frequency is detected by compar-
ing amplitude changes at different frequencies, the input sig-
nal A(f) or amplitude thereof is provided by the frequency
source 104 to the temperature determination unit 106. The
input signal A(f) or the amplitude values of the input signal
A(f) may be provided via the feedback unit 108 as indicated
by the double-sided arrows. Alternatively, the input signal
A(f) or the input amplitude values may be provided by the
frequency source 104 directly to the temperature determina-
tion unit 106, as indicated by the single-sided arrow.

[0064] As best shown in FIG. 7, the temperature determi-
nation unit 106 includes a signal analyzer unit 110 that
receives the output signal B(f) from the dielectric resonator
102 shown in FIG. 6. A center frequency determination unit
112 detects a center frequency of the output signal B(f), as
mentioned above. The signal analyzer unit 110 may be a
frequency counter or a network analyzer.

[0065] The input signal A(f) and output signal B(f) are
vector quantities with both amplitude and phase characteris-
tics. Equivalently, A(f) and B(f) may be expressed in terms of
in-phase and out-of-phase vector components or in terms of
complex amplitudes.

[0066] In one embodiment, the signal analyzer unit 110
compares the frequency of the output signal B(f) to a known
reference frequency, for example, from an oscillator. In this
case, the signal analyzer unit 110 may be a frequency counter.
The center frequency determination unit 112 determines the
center frequency of the output signal B(f) based on a relative
comparison of the oscillation frequency and the frequency of
the output signal B(f) performed by the frequency counter.
[0067] In another embodiment in which the input signal
A(f) provided to the resonator 102 contains a range of fre-
quencies, the signal analyzer unit 110 measures the amplitude
and/or phase changes at each of the frequencies by comparing
the complex amplitude of the output signal B(f) from the
resonator 102 to the complex amplitude of the input signal
A(f) provided by the feedback unit 108 or the frequency
source 104. Accordingly, the center frequency determination
unit 112 selects the frequency with the largest amplitude
increase or the largest rate of change of phase with frequency
as the center frequency.

[0068] A temperature calculation unit 114 can then deter-
mine the temperature of the dielectric resonator 102 shown in
FIG. 6 based on the detected center frequency of the output
signal B(f). The center frequency may be a fractional change
in frequency, i.e., (fO—fA)/f0 that occurs based on the tem-
perature of the resonator 102. The temperature calculation
unit 114 can determine the temperature using a temperature
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versus frequency model. The temperature versus frequency
model may be a predetermined relationship between the tem-
perature and the center or resonant frequency. The tempera-
ture versus frequency model may include a theoretical refer-
ence function that models the dependence of frequency on
temperature of the dielectric resonator 102 and a measured
deviation function that defines the deviation of the measure-
ments from the reference function. The relationship can be
pre-stored or determined at calibration. The reference func-
tion can be determined using existing software that fits the
temperature versus frequency function to a lower order poly-
nomial, such as a cubic function.

[0069] Because the dielectric resonator 102 is stable and
impact resistant, the thermometry system 100 need not be
calibrated frequently. As a result, the coefficient values of the
temperature versus frequency model maintain their accuracy.
The stability of the thermometry system 100 results from one
or more of the following factors: (1) the stable support of the
dielectric crystal inside the housing/chamber, (2) the minimi-
zation of the effect of thermal expansion on the positioning of
the crystal, (3) the short length of the antennas communicat-
ing with the crystal, (4) the weak coupling between the anten-
nas and the crystal, (5) the tight seal or vacuum created in the
chamber, and (6) the thermal conductivity of each of the
elements in the resonator, among other things. Of course, one
of ordinary skill in the art will understand that these factors
need not all be present in each of the embodiments of the
present invention. The stability of the thermometry system
100 is a substantial improvement over the conventional plati-
num resistance thermometer, which must be handled deli-
cately in order to avoid adversely affecting the calibration of
the device. Because calibrating an industrial thermometer is
extremely expensive, the thermometry system 100 is much
more cost efficient than the conventional platinum resistance
thermometer.

[0070] As best shown in FIG. 8, a thermometry system 120
includes a dielectric resonator 122, which may be similar to
any of the dielectric resonators shown and described above.
First and second frequency sources 124 and 126 provide first
and second signals A (f) and A,(f) of first and second reso-
nant frequencies f1 and f2 (or first and second range of fre-
quencies), respectively, to the dielectric resonator 122. That
is, the first and second signals A (f) and A,(f) can be com-
bined/mixed and coupled to the dielectric resonator 122 via
an input waveguide (not shown). The first and second reso-
nant frequencies fl and {2 (or range of frequencies) corre-
spond to known resonant frequency modes of the dielectric
resonator 122 at a known temperature.

[0071] In one embodiment, the first and second signals
A, () and A,(f) may be concentrated at predetermined reso-
nant frequencies fl and f2 such that the temperature of the
dielectric resonator 122 affects the resonances of the com-
bined signal. The output resonant frequencies can be detected
in order to determine the temperature of the dielectric reso-
nator 122. In this case, the output signal B, (f) and B,(f) has
first and second center frequencies that may be slightly dif-
ferent from the predetermined resonant frequencies f1 and £2,
respectively. The temperature determination unit 128 mea-
sures the first and second center frequencies with reference to
a known frequency, e.g., from an oscillator. Because each
resonant mode has a different frequency sensitivity to tem-
perature, the temperature of the resonator 122 can be deter-
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mined based on the ratio of the first and second center fre-
quencies of the output signal B, (f) and B,(f), which also
varies with temperature.

[0072] Inanother embodiment, first and second carrier sig-
nals, e.g., a sine waves, can be respectively modulated with a
first range of frequencies centered around f1 and a second
range of frequencies centered around {2 so that the resulting
signals A | (f) and A, (f) contain a plurality of frequency values
within the two different ranges. The affect of the dielectric
resonator 122 on each of the frequencies in the ranges can be
used to determine the temperature of the dielectric resonator
122. For example, the temperature determination unit 128 can
use the amplitude change at each of the frequency values in
the signal B, (f) and B, (f) to detect the first and second center
frequencies. The dielectric resonator 122 receives the signal
A, (D) and A,(?) including frequencies f1 and f2 and amplifies
different frequency components differently based on the tem-
perature of the resonator 122. That is, when the signal A (f)
and A, (f) of frequencies f1 and f2 resonates in the dielectric
resonator 122, the frequency values which receive the great-
est amount of amplification, i.e., the center frequencies, can
be used to determine the temperature of the dielectric reso-
nator 122. Because each resonant mode has a different fre-
quency sensitivity to temperature, the temperature of the
resonator 122 can be determined based on the ratio of the first
and second center frequencies of the output signal. The tem-
perature determination unit 128 receives the output signal
B, (®) and B,(f) and calculates the temperature of the dielec-
tric resonator 122 based on a ratio between the first and
second center frequencies. First and second feedback units
130 and 132 may be included between the temperature deter-
mination unit 128 and the first and second frequency sources
124 and 126, respectively, to provide feedback about the
temperature of the resonator 122 and/or the first and second
center frequencies detected. For example, when the input
signal A, (f) and A,(f) is concentrated at two predetermined
resonant frequencies f1 and f2, the first and second feedback
units 130 and 132 may synchronize the first and second center
frequencies of the output signal B, (f) and B,(f) with the two
predetermined resonant frequencies 1 and £2, respectively. In
this case, the first and second feedback units 130 and 132 may
be phase locked loops (PLLs) or other electronic devices.

[0073] The temperature determination unit 128 is shown in
more detail in FIG. 9. The temperature determination unit 128
includes first and second passband filters 134 and 136 for
filtering the signals B1(f) and B2(f) received from the dielec-
tric resonator 122 around the first and second center frequen-
cies f, ; and f;, ,, respectively. That is, the passband filters 134
and 136 separate the signal into two frequency components,
one centered around frequency f, ;, and the other one cen-
tered around f, ,. First and second signal analyzer units 138
and 139 receive the filtered signals B, (f) and B,(f) from the
first and second passband filters 134 and 136, respectively.
The first and second signal analyzer units 138 and 139 may be
frequency counters or network analyzers. First and second
center frequency determination units 140 and 141 determine
the center frequencies f, ,, and f, , based on the output of the
first and second signal analyzer units 138 and 139, respec-
tively.

[0074] In one embodiment, the signal analyzer units 138
and 139 compare the center frequencies f; ; and f, , of the
output signal B, (f) and B, (f) to a known reference frequency,
for example, from an oscillator. In this case, the signal ana-
lyzer units 138 and 139 may be frequency counters that
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receive a known frequency from an oscillator. The first and
second center frequency determination units 140 and 141
determine the first and second center frequencies f,, ; and f, ,
of the output signal B, (f) and B,(f) based on a relative com-
parison between the oscillation frequency and the frequencies
of the output signal B, (f) and B,(f). In another embodiment,
there may be a single signal analyzer unit 138, which receives
both filtered signal B, (t) and B,(f) and compares one of the
first and second center frequencies f;, ; and f; , to the other in
order to obtain a relative frequency value. In this case, no
additional oscillator is necessary and the ratio of the first and
second center frequencies f;, ;, and f,, , can be used to calculate
temperature. It should be noted that the center frequency
determination units 140 and 141 can be omitted from this
embodiment. Accordingly, the temperature calculation unit
142 calculates the temperature based on the ratio of the first
and second center frequencies f;, ; and f; ,.

[0075] In another embodiment in which the signal A, (f)
and A,(f) provided to the resonator 122 contains a range of
frequencies, the first signal analyzer unit 138 determines the
amplitude at each of the frequencies of the filtered output
signal B, (f) so that the first center frequency determination
unit 140 compares the amplitude and/or phase of the output
signal B, (f) around the first center frequency f, , to the ampli-
tude and/or phase from the input signal A, (f) around the first
center frequency f,; to select the value of the first center
frequency f;, ;. Similarly, the second signal analyzer unit 139
determines the amplitude and/or phase at each of the frequen-
cies of the filtered output signal B, (f) so that the second center
frequency determination unit 141 compares the amplitude
and/or phase of the output signal B,(f) around the second
center frequency f,, , to the amplitude and/or phase from the
input signal A,(f) around the first center frequency f;, , to
select the value of the second center frequency f;, ,. The input
signal and/or the complex amplitudes A, (f) and A,(f) of the
input signal are provided to the first and second center deter-
mination units 140 and 141 by the first and second feedback
units 130 and 132 or directly from the first and second fre-
quency sources 124 and 126 shown in FIG. 8. Accordingly,
the center frequency determination units 140 and 141 select
the frequencies with the largest amplitude increase or with the
largest rate of change of phase with frequency as the first and
second center frequencies f, ;, and f; ,. The temperature cal-
culation unit 142 calculates the temperature of the resonator
122 based on the measured ratio of the first and second center
frequencies f, ; and f, ,. The temperature of the dielectric
resonator 122 is determined by a temperature versus fre-
quency ratio model T(f,, ,/f, ,) which calculates the tempera-
ture based on a model reference function and an associated
measured deviation function. The reference function and
measured deviation can be determined at calibration using
existing software with fitting functions.

[0076] As best shown in FIG. 10, a method of sensing
temperature using dielectric resonator 150 according to an
embodiment of the present invention is shown. A frequency
reference is provided at step S152. A swept sine wave is
provided at frequency (1) at step S154. In step S154, the sine
wave is modulated with the range of frequencies (f) around
the frequency reference. Complex amplitude (A) of the input
signal is measured at different frequencies in the frequency
range (f). The input signal is provided to the resonator 150 at
step S156. The complex amplitude (B) of the signal transmit-
ted from the dielectric resonator 150, i.e., the output signal, is
then measured at different frequencies in the frequency range

Nov. 20, 2008

(f) at step S158. The ratio of the complex output amplitude to
the complex input amplitude (B/A) is then calculated at the
different frequencies at step S160. At step S162, a center
frequency f, is determined about the peak in a relationship of
B/A versus f. That is, the frequency that corresponds to the
largest increase in amplitude or rate of change of phase with
frequency for B/A is selected as the center frequency f_. At
step S164, the temperature of the resonator 150 can then be
determined based on the center frequency f,.

[0077] As best shown in FIG. 11, a method of sensing
temperature using the resonator 150 according to another
embodiment of the present invention is shown. At step S170,
a frequency reference is provided. At step S172, a swept sine
wave is provided at frequency {1, . In step S172, the sine wave
is modulated with the range of frequencies (f,). At step S174,
a swept sine wave is provided at frequency f,. Frequencies f;
and f, may have a predetermined relationship to the reference
frequency f. In step S172, the sine wave is modulated with the
range of frequencies (f,). At step S176, the swept sine waves
are combined into a combined input signal. The combined
input signal is provided to the resonator 150 at step S178. At
step S180, the complex amplitude (A ) of the combined input
signal is measured at different frequencies in the frequency
range f,. At step S182, the complex amplitude (A,) of the
combined input signal is measured at different frequencies in
the frequency range f2. At step S184, the complex amplitude
(B,) of the combined output signal is measured at different
frequencies in the frequency range f;. At step S186, the com-
plex amplitude (B,) of the combined output signal is mea-
sured at different frequencies in the frequency range f,. At
step S188, the ratio of the complex input and output ampli-
tudes B,/A, is then calculated at the different frequencies in
the frequency range f;. At step S190, the ratio of the complex
input and output amplitudes B,/A, is then calculated at the
different frequencies in the frequency range f,. At step S192,
a center frequency £, is determined about the peak in a
relationship of B,/A, versus f,. That is, the frequency that
corresponds to the largest increase in amplitude or rate of
change of phase with frequency for B,/A | is selected as the
center frequency f ;. At step S194, a center frequency £, is
determined about the peak in a relationship of B,/A, versus
f,. That is, the frequency that corresponds to the largest
increase in amplitude or rate of change of phase with fre-
quency for B,/A, is selected as the center frequency f_,. At
step S196, the temperature of the resonator 150 can then be
determined based on the relationship, e.g., the ratio, between
f., and f ;. That is, the temperature can be determined from
theratio betweenf _, and f_| inthe manner set forth above with
respect to FIG. 9.

[0078] As best shown in FIG. 12, a thermometry system
200 according to an alternative embodiment includes a reso-
nator 202 and a temperature determination unit 204. The
temperature determination unit 204 includes a first frequency
unit 206, a second frequency unit 208, a frequency counter
210, and a ratio determination unit 212. The first frequency
unit 206 provides an input signal of frequency f; to the reso-
nator 202. The first frequency unit 206 also receives, ampli-
fies, and filters an output signal. Phase locking or other syn-
chronization ensures that the input and output frequencies
both correspond to the center frequency f,, ;. The first fre-
quency unit 206 then provides the amplified and filtered sig-
nal to the frequency counter 210. The second frequency unit
208 operates in a similar manner to the first frequency unit
206, with respect to the original frequency f,. The frequency
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counter 210 determines the ratio between the center frequen-
ciesf, ; and{, ,, respectively, by counting one frequency with
respect to the other. The ratio determination unit 212 then
determines the temperature of the resonator 202 based on the
ratio £, /1, ».

[0079] Asbestshownin FIG. 13, Q factor (quality factor) is
proportional to center resonant frequency f,, that is, Q=t,/
(2g). “g” represents the half width defined as the width of
frequency for which the energy is half the peak of the center
resonant frequency f,. Thus, the higher the center resonant
frequency {,, is, the higher the Q factor that can be obtained.
FIG. 13 shows the Q factor for an exemplary mode centered
atabout 15.194 GHz. Because Q factor represents the amount
of'energy maintained in the system with respect to the amount
of energy lost by the system, Q factor determines the resolu-
tion with which the temperature can be measured by the
thermometer. Thus, a high-Q factor is desirable. FIG. 14 is a
graph showing amplitude deviations from a fit of frequency f,
for the same mode shown in FIG. 13. The amplitudes shown
in FIGS. 13 and 14 are complex amplitudes.

[0080] FIGS. 15A and 15B are graphs showing in-phase
and quadrature signals and residuals from the fit for frequency
f0 shown in FIG. 14. FIGS. 15A and 15B are directed to the
exemplary mode centered around 15.194 GHz. As best shown
in FIG. 15B, the resolution of {, i.e., the center frequency,
u(f,)<0.05 mK at 0° C. Accordingly, the temperature can be
determined accurately from the resonant frequency.

[0081] FIG. 16 is a diagram showing the relationship
between temperature and Q factor for several exemplary
modes having resonant frequencies of 14.4 GHz, 15.2 GHz,
16.0GHz, 17.1 GHz, and 19.1 GHz. As can be seen from FIG.
15, the Q factor of the exemplary modes varies as a function
of temperature. For example, for the resonant mode centered
around 19.1 GHz, the Q factor is about 90,000 at 0° C. and
about 70,000 at 100° C. The high Qs makes the resonant
frequencies of these modes easy to locate.

[0082] FIG. 17 is a diagram showing the relationship
between temperature in the range of 0° C. to 100° C. and
frequency sensitivity in parts per million per © C. for several
exemplary modes. The fractional change in frequency can be
measured due to the high Q factor. It can also be seen that the
resonant modes with higher frequencies are more sensitive to
temperature change.

[0083] FIG. 18 is a diagram showing the relationship
between temperature in the range of 0 K to 400 K and fre-
quency sensitivity for an exemplary mode. As can be seen
from FIG. 18, for the mode depicted, frequency sensitivity
decreases gradually as temperature increases.

[0084] FIG. 19 is a diagram showing fractional change in
resonant frequency as it relates to temperature in the range of
0° C. to 100° C. for an exemplary mode. As can be seen from
FIG. 19, the resonant frequency changes by about 0.07 GHz
over the entire temperature range. FIGS. 18 and 19 represent
exemplary temperature versus frequency models, as
described above. The temperature versus frequency models
are determined using known algorithms and equations that
account for changes in permittivity, thermal expansion, fre-
quency characteristics, spurious modes, etc.

[0085] FIG. 20 is adiagram showing the temperature devia-
tion of measured results from a cubic frequency versus tem-
perature function for several different modes. As can be seen
from FIG. 20, the deviation function can be approximated by
a cubic function. The coefficients of the cubic deviation ref-
erence function can be calculated when the thermometer is
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calibrated. Once the deviation function is obtained, the tem-
perature can be measured accurately using the temperature
versus frequency model and the corresponding deviation
function.

[0086] FIG. 21 is a diagram showing experimental results
for ice melting point repeatability for several different modes.
As shown in FIG. 21, 0° C. repeatability measurements were
determined by thermally cycling between ambient and 0° C.
seven times. The test data represented in FIG. 21 shows that
the amount that the temperature measurement drifted each
time the temperature was measured between thermal cycles
was minimal. For example, for the mode centered around 17.1
GHz, the temperature drifted about 0.5 mK between measure-
ment number 1 and measurement number 3.

[0087] FIG. 22 shows a notched reflector dielectric resona-
tor 350 according to yet another embodiment of the present
invention. The resonator 350 includes a cylindrical casing
352 with input and output waveguides 354 and 356, respec-
tively, coupled thereto. A dielectric crystal 358 is supported
within the casing 352 by support members 360. The dielectric
crystal 358 includes an elongated central portion 362 and a
plurality of resonant reflectors 364 that are formed directly
into the dielectric crystal 364. Antennas 366 and 368 couple
electromagnetic waves to and from the dielectric crystal 358
so that the wave resonates therein in a Bragg reflection mode.
Similar to the other embodiments described above, the reso-
nant frequency changes based on the temperature of the crys-
tal 358. Accordingly, the change in resonant frequency can be
used to calculate the temperature of the crystal 358. During
operation, the electromagnetic wave is transmitted from the
input antenna 366 to the dielectric crystal 352 so that the wave
resonates back and forth among the reflectors 364 and the
central portion 362. The wave is then output to the output
antenna 368. The temperature measurement can be per-
formed in a manner that is similar to the method(s) described
above. In the present embodiment, resonant frequency values
of'about 9 GHz can be used, and a Q factor of about 100,000
can be obtained. Unlike the embodiments shown and
described above, there is less crosstalk between spurious
modes and whispering gallery modes. Additionally, due to the
inherent cylindrical shape of the notched reflector resonator
350, a thermometer using the same may be made smaller.
[0088] Although the dielectric resonators described above
have been described as being used as a thermometer, it should
be understood that dielectric resonators can be used to mea-
sure other environmental factors, such as humidity. Because
humidity also affects the permittivity of a dielectric, the reso-
nant frequency of the dielectric resonator can also be used to
detect humidity. Thus, the present invention may be more
generally directed to a dielectric sensor in which a change in
permittivity of the dielectric represents a change in an envi-
ronment factor.

[0089] Although embodiments of the present invention
have been shown and described, it will be appreciated by
those skilled in the art that changes may be made in these
embodiments without departing from the principles and spirit
of'the invention, the scope of which is defined in the appended
claims and their equivalents.

We claim:

1. A thermometer, comprising:

a housing having at least one opening therein;

a dielectric element disposed in said housing;

at least one microwave guide coupled to said at least one
opening for providing a signal into said dielectric ele-
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ment for propagation at a resonant frequency and for
receiving the signal from said dielectric element; and

a temperature determination unit operatively associated
with said housing for receiving the signal from said at
least one microwave guide, measuring the resonant fre-
quency of the dielectric element, and determining a tem-
perature of the dielectric element based on a predeter-
mined relationship between resonant frequency and
temperature of the dielectric element.

2. The thermometer of claim 1, wherein said at least one

microwave guide comprises:

an input microwave guide coupled to a first opening on said
housing; and

an output microwave guide coupled to a second opening on
said housing.

3. The thermometer of claim 1, wherein said housing com-
prises a cylindrical cavity and said dielectric element com-
prises a disc centered in said cavity, the signal propagating
around a circumference of the dielectric disc in a whispering
gallery mode.

4. The thermometer of claim 2, further comprising:

a first antenna coupled to said input microwave guide, said

first antenna being recessed in said first opening; and

a second antenna coupled to said output microwave guide,
said second antenna being recessed in said second open-
ing.

5. The thermometer of claim 4, wherein said first and
second antennas extend into said cavity by less than one
millimeter.

6. The thermometer of claim 1, wherein said housing com-
prises:

a casing portion defining a bottom wall and a side wall of
said cavity, said bottom wall and side wall of said cavity
defining an inner space;

an o-ring disposed, with or without an o-ring groove, on an
upper edge of said side wall opposite from where said
bottom wall meets said side wall; and

a plate portion defining a top wall of said cavity, said top
wall arranged opposite to said bottom wall, and said
plate portion being coupled to said casing portion with
said o-ring arranged therebetween to seal the inner
space.

7. The thermometer of claim 6, wherein:

the upper edge of said side wall includes a first plurality of
fastening holes arranged therein;

the plate portion includes a second plurality of fastening
holes arranged around a perimeter thereof, said second
plurality of fastening holes arranged to correspond to the
first plurality of fastening holes; and

a plurality of fastening elements for securing the plate
portion to the casing portion such that pressure is applied
to the o-ring, each of said fastening elements disposed in
said first and second fastening holes.

8. The thermometer of claim 6, wherein said o-ring is made

of gold.

9. The thermometer of claim 5, wherein the resonant fre-
quency is between 14 GHz and 20 GHz.

10. The thermometer of claim 1, wherein said housing
comprises steel covered with gold.

11. The thermometer of claim 1, wherein said dielectric
element comprises either sapphire or quartz.

12. The thermometer of claim 1, further comprising:

an inert gas disposed in said housing and surrounding said
dielectric element.
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13. The thermometer of claim 1, wherein:

said housing is formed of a thermally conductive material,
said housing being formed with at least one recess;

said dielectric element is formed with at least one hole
extending at least partially therethrough; and

said thermometer further comprises a pedestal support for
engaging said at least one recess in said housing and said
hole in said dielectric element to maintain said dielectric
element in position in said housing such that heat is
provided by the housing directly to the dielectric ele-
ment via said at least one pedestal support.

14. The thermometer of claim 13, wherein:

said at least one recess formed in said housing has a first
width;

said hole formed in said dielectric element has a second
width different from the first width; and

said pedestal support includes an elongated member hav-
ing a first portion of the first width to engage said at least
one recess and a second portion of the second width to
engage the hole in the dielectric element.

15. The thermometer of claim 1, further comprising:

a frequency source generating the signal at a reference
frequency and providing the signal to said at least one
microwave guide; and

a frequency synchronizer synchronizing the determined
resonant frequency of the signal with the reference fre-
quency.

16. The thermometer of claim 1, further comprising:

a frequency source generating a sweep signal about a pre-
determined resonant frequency, the sweep signal span-
ning a plurality of frequency values and being provided
to the dielectric element; and

an amplitude and/or phase detection unit detecting a plu-
rality of amplitude and/or phase changes between the
signal provided to the dielectric element and the signal
received from the signal received from the dielectric
element at each of the frequency values,

wherein said temperature determination unit determines
the frequency value having the largest amplitude
increase or the largest rate of change of phase with
frequency as the measured resonant frequency.

17. The thermometer of claim 1, wherein said temperature

determination unit comprises:

an oscillator generating a reference signal of a predeter-
mined frequency; and

a frequency counter receiving the reference signal and the
signal from the at least one microwave guide, said
counter determining the resonant frequency of the signal
from the at least one microwave guide based on the
reference signal.

18. The thermometer of claim 1, wherein:

the signal provided to said dielectric element comprises a
first signal of a first predetermined mode and a first
reference frequency combined with a second signal of a
second predetermined mode and a second reference fre-
quency;

said first and second signals propagate in said dielectric
element at first and second resonant frequencies, respec-
tively, the first and second resonant frequencies depend-
ing on a temperature of the dielectric element;

said signal received by the temperature determination unit
comprises the combined first and second signals; and

said temperature determination unit measures the first
resonant frequency of the first signal and the second
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resonant frequency of the second signal, calculates a
ratio of the first and second resonant frequencies, and
determines the temperature of the dielectric element
based on a predetermined relationship between tempera-
ture of the dielectric element and the ratio of the firstand
second resonant frequencies, respectively.

19. A thermometer, comprising:

a housing having at least one opening therein;

a dielectric disc disposed in said housing;

an input microwave guide coupled to said at least one
opening, said input microwave guide providing a signal
to said dielectric disc for propagation at a resonant fre-
quency around a circumference of said dielectric disc,
the resonant frequency depending on a temperature of
the dielectric disc;

an output microwave guide coupled to said at least one
opening, said output microwave guide receiving the sig-
nal from said dielectric disc; and

atemperature determination unit receiving the signal from
said output microwave guide, measuring a center fre-
quency of the signal to determine the resonant frequency
of'the dielectric disc, and determining the temperature of
the dielectric disc based on a predetermined relationship
between resonant frequency and temperature of the
dielectric disc.

20. A method of sensing temperature using a dielectric

resonator, the method comprising the steps of:
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generating a sweep signal around a frequency (f), the
sweep signal including a plurality of frequency values
within a predetermined range;

measuring an input amplitude and/or phase of the sweep
signal at each of the frequency values;

providing the sweep signal to the dielectric resonator, the
sweep signal propagating in the dielectric resonator so
that amplitude and/or phase changes occur at the fre-
quency values;

obtaining the sweep signal from the dielectric resonator;

measuring an output amplitude and/or phase of the sweep
signal at each frequency value;

calculating the ratio between the output amplitude and the
input amplitude or the difference between output and
input phases at each of the frequency values;

determining a center frequency of the sweep signal
obtained from the dielectric resonator based on the cal-
culated ratio by selecting the frequency value with the
largest calculated amplitude ratio or phase difference;
and

determining the temperature of the dielectric resonator
based on the determined center frequency in accordance
with a predetermined relationship between the tempera-
ture of the dielectric resonator and a resonant frequency
of the dielectric resonator.
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