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Measurement Structures for Measurements such as Frequency and Quality Factors of

Resonators and Other Devices, and Apparatus Comprising the Same

TECHNICAL FIELD

[0001] This invention relates generally to performing measurements on
apparatus such as resonators and, more specifically, relates to a measurement structures for

performing these measurements.

BACKGROUND

[0002] This section is intended to provide a background or context to the
invention disclosed below. The description herein may include concepts that could be
pursued, but are not necessarily ones that have been previously conceived, implemented or
described. Therefore, unless otherwise explicitly indicated herein, what is described in this
section is not prior art to the description in this application and is not admitted to be prior art
by inclusion in this section.

[0003] A filter is composed of a number of resonating structures and energy
coupling structures which are arranged to exchange RIF energy between themselves and the
input and output ports. The pattern of interconnection of these resonators to one another and
to the input/output ports, the strength of these interconnections and the resonant frequencies
of the resonators determine the response of the filter.

[0004] During the design process for a filter, the arrangement of the parts, the
materials from which the parts are made and the precise dimensions of the parts are
determined such that an ideal filter so composed will perform the desired filtering function.
If a physical filter conforming exactly to this design could be manufactured, then the
resulting filter would perform exactly as intended by the designer.

[0005] However, in practice the precision and accuracy of manufacture of
both the materials and the parts are limited, and this results in errors in resonant frequencies
and coupling strengths which in turn cause the filter response to differ from that predicted by
the ideal filter model. Often, this departure from the ideal response is sufficiently large to
bring the filter outside of its acceptable specification. As a result, it is desirable to include in
the filter design some means of adjusting the resonator frequencies and couplings to bring the
filter response within the required specification.

[0006] A common way to accomplish this is to include tuning screws or other

devices, such as are well known in the art. An alternative way often used in small ceramic
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monoblock filters is to remove selected portions of the metallization on the exterior of these
filters, and possibly portions of ceramic as well, to accomplish the tuning.

[0007] Most filters are manufactured as completed units and the tuning
process then performed on the entire filter. Since the many adjustments on the filter interact
strongly with one another, the tuning procedure is often quite complicated, and requires a
skilled operator.

[0008] An alternative tuning method is to build the separate resonator parts,
tune them individually to a specification calculated for the separated parts from the ideal filter
model, and then assemble them into the final filter. Since the individual parts are simple
compared with the fully assembled filter, the tuning procedure for these individual parts can
also be made very simple. This minimizes the need for skilled operators to tune the filters.
This procedure also provides the benefit of either reducing or entirely eliminating the tuning
process for the assembled filter.

[0009] In many cases it is sufficient to adjust only the resonant frequencies of
the resonator parts because the manufacturing precision and accuracy are good enough to
bring the coupling strengths within the required range to allow the assembled filter
performance to be within specification. In such cases adjustment of the frequencies alone is
all that is required to tune the individual parts.

[0010] To allow pretuning of the individual parts, both methods of
measurement of the frequencies and methods of adjustment of the frequencies are required.
In the case where the parts include multimode resonators, the tuning methods for the parts
will need to be able to independently adjust the resonant frequencies of the several modes of
interest in the resonator. For example, if the resonator is a triple mode resonator, then at least
three independent adjustments are needed. The measurement methods will likewise need to
be able to measure the resonant frequencies of all of these modes.

[0011] A tuning method may include the manipulation of a tuning device or
structure included as part of the resonator, such as a tuning screw or deformable metal part.
Alternatively, a method may comprise an operation performed on the resonator, such as the
removal of material from a selected region. The method may also comprise a combination of
these, or any other means or process which can alter the resonant frequencies of the resonator
part.

[0012] A tuning physical adjustment (commonly abbreviated more simply as

“adjustment”) can then be defined as one or more manipulations of tuning structures and/or



WO 2018/099643 PCT/EP2017/076067

one or more operations causing one or more of the resonant frequencies to be altered. For
instance, such physical adjustment includes but is not limited to removal of material from a
surface/face, drilling of holes, adjustments of screws, and/or denting of material.

[0013] In cases where the parts include multimode resonators, the tuning
methods for the parts will need to be able to independently adjust the resonant frequencies of
the several modes of the resonator. For example, if the multimode resonator has three modes
requiring independent adjustment, then at least three independent tuning adjustments will be
required. Itis a common situation with multimode resonators that an individual adjustment
causes more than one of the mode frequencies to change. As a result, there is not a one-to-one
correspondence between a single adjustment and a frequency change in a single mode.

[0014] What is needed to allow the multimode part to be easily tuned is a
method to calculate the required adjustments to effect the desired changes in the set of mode
frequencies. What is also needed is a means to measure the resonant frequencies of all of the
modes of interest in a resonator part, including in a multimode resonator part. It is desirable
that this method be simple, compact and low cost, and that it be able to measure all of the

modes of interest with the same structure or process.

SUMMARY

[0015] This section contains examples of possible implementations and is not
meant to be limiting.

[0016] An apparatus includes a measurement structure for performing
measurements of an R device. The measurement structure includes an aperture in a
conductive surface of the RF device and a conductive projecting region projecting into the
aperture from a conductive perimeter of the aperture and electrically connected to that
conductive perimeter. , The aperture has a similar width in all dimensions. A combined
shape of the aperture and the conductive projecting region does not possess even rotational
symmetry about a point where a signal conductor will be placed on the conductive projecting
region in order to conduct RF energy between the measurement structure and an external
measurement instrument for performing the measurements. The measurement structure may
be used for performing measurements of a multimode resonator, the measurements
comprising one or more of resonant frequencies and quality factors of resonant modes of the

resonator.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0017] In the attached Drawing Figures:

[0018] FIG. 1 is an example of a filter component, e.g., used as an example
for the methods and techniques described throughout;

[0019] FIG. 2, which includes both FIGS. 2A and 2B, illustrates the filter
component of FIG. 1 with a test structure and transmission line attached, where FIG. 2A
illustrates the test structure attached to a face of the filter component and the transmission
line connected to the test structure, and where FIG. 2B illustrates the face of the filter
component on which the test structure is attached;

[0020] FIG. 3 is split into FIGS. 3A and 3B, where FIG. 3A illustrates a track
direction vector 4 for a track on a surface of a resonator and the angle (which is shown as 8)
between the track direction vector % and the current, and FIG. 3B illustrates electric field,
current and magnetic field on a surface of the resonator;

[0021] FIG. 4, which is split into FIGS. 4A to 4L, illustrates a number of
possible measurement structures, where FIGS. 4A, 4B, 4C, and 4D illustrate round islands
from a large island (4A) to a smaller island (4B) to an even smaller island (4C) to no island
but a rounded conductive region (4D), FIG. 4L illustrates a rectangular island as a conductive
region, FIG. 4F illustrates a rectangular track and no island as a conductive region, FIGS. 4G
and 4H illustrate C-shaped apertures with rounded tracks as conductive regions, FIG. 41
illustrates an L-shaped track as a conductive region 480-9, FIG. 4] illustrates a J-shaped track
as conductive region 480-10, FIG. 4K illustrates a straight track starting from a corner as a
conductive region, and FIG. 4L illustrates a C-shaped region with a tear-drop shaped track as
a conductive region ;

[0022] FIG. 5, which is split into FIGS. 5A to 5Y, illustrates fields and other
information for a cuboid resonator, where FIG. SA illustrates a cuboid resonator having a
measurement structure on a surface, FIGS. 5B, 5C, 5D, and SE illustrate fields and currents
for the TEO11 (X) mode, FIGS. 5F, 5G, 5H, and 5I illustrate fields and currents for the
TE101 (Y) mode, FIGS. 51, 5K, 5L, and 5M illustrate fields and currents for the TE110 (Z)
mode, FIGS. 5N, 50, 5P, and 5Q illustrate fields and currents for the TEO21 mode, FIGS.
SR, 58, 5T, and 5U illustrate fields and currents for the TEO12 mode, and FIGS. 5V, 5W, 5X,
and 5Y illustrate fields and currents for the TE102 mode;

[0023] FIG. 6, split into FIGS. 6A to 6M, illustrates fields and currents for a

cylindrical resonator, where FIG. 6 illustrates a cylinder having a measurement structure on a
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surface, FIGS. 6B, 6C, 6D, and 6E illustrate the fields and currents for the axial X mode, and
FIGS. 6F, 6G, 6H, and 61 illustrate the fields and currents for the transverse Y mode, and
FIGS. 6], 6K, 61, and 6M illustrate the fields and currents for the transverse Z mode.

[0024] FIG. 7, split into FIGS. 7A and 7B, illustrates two possible probes used
to perform measurements in exemplary embodiments, where FIG. 7A illustrates a coaxial
probe and FIG. 7B illustrates a GSG probe;

[0025] FIG. 8, which includes FIGS. 8 A and 8B, illustrates S-parameters (in
dB versus frequency) for cubes with a 45 degree bridge (FIG. 8A) and a 37 degree bridge
(FIG. 8B);

[0026] FIG. 9 is a graph showing dip depth versus (vs) bridge angle for an
exemplary embodiment;

[0027] FIG. 10 shows a graph of dip depth versus displacement of the keyhole
away from the centre of the YZ face in the Y direction for an exemplary embodiment;

[0028] FIG. 11 shows a graph of dip depth versus keyhole size (or
equivalently, aperture size) relative to the face Y width for an exemplary embodiment;

[0029] FIG. 12 shows a graph of dip depth versus the width of the gap
between aperture perimeter and island in an exemplary embodiment;

[0030] FIG. 13 shows a graph of dip depth versus the width of the bridge for
an exemplary embodiment; and

[0031] FIG. 14 shows the dip depth versus dielectric constant of the cuboid in
an exemplary embodiment.

[0032] FIG. 15, splitinto FIGS. 15A to 150, shows contour lines of coupling
strength over the surface of a cuboid resonator to illustrate the variation of coupling strength
with position and track direction of the measurement structure, where FIGS. 15A to 15G
correspond to the TEO11 mode, FIGS. 15H to 15K correspond to the TE101 mode, and FIGS.
15L to 150 correspond to the TE101 mode, and where FIG. 15A illustrates a contour plot of
the electric field induced coupling strength as a measurement structure is moved about the
face, FIG. 15B shows a contour plot of the magnetic field induced coupling strength as a
measurement structure (with horizontal track direction) is moved about the face, FIG. 15C
shows a contour plot of the magnetic field induced coupling strength as a measurement
structure (with vertical track direction) is moved about the face, FIG. 15D shows a contour
plot of the magnetic field induced coupling strength as a measurement structure (with a 45

degree track direction) is moved about the face, FIGS. 15E, 15F, and 15G are contour plots of
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total coupling strength (electric field induced and magnetic field induced) as a measurement
structure is moved about a face for horizontal (15E), vertical (15F) and 45-degree (15G) track
directions, FIG. 15H illustrates a contour plot of the electric field induced coupling strength
as a measurement structure is moved about the face, FIGS. 151, 15J, and 15K show contour
plots of the magnetic field induced coupling strength as a measurement structure with
horizontal track direction (151), vertical track direction (15J), and 45 degree track direction
(15K) is moved about the face, FIG. 15L illustrates a contour plot of the electric field induced
coupling strength as a measurement structure is moved about the face, FIGS. 15M, 15N, and
150 show contour plots of the magnetic field induced coupling strength as a measurement
structure with horizontal track direction (15M), vertical track direction (15N), and 45 degree
track direction (150) is moved about the face, and where contour plots of total coupling
strength (electric field induced and magnetic field induced) corresponding to the TE101 and
TE 110 are not shown as these plots are the same as the plots for those modes that are shown

as the electric field is zero for these modes.

DETAILED DESCRIPTION OF THE DRAWINGS

[0033] The word “exemplary” is used herein to mean “serving as an example,
instance, or illustration.” Any embodiment described herein as “exemplary” is not necessarily
to be construed as preferred or advantageous over other embodiments. All of the
embodiments described in this Detailed Description are exemplary embodiments provided to
enable persons skilled in the art to make or use the invention and not to limit the scope of the
invention which is defined by the claims.

[0034] As described above, what is needed to perform tuning operations on
individual separated resonant components of a filter is the ability to calculate the desired
target frequencies of the separated components, to measure the actual resonant frequencies of
the components, and then to perform physical adjustments on the components to bring their
actual frequencies into agreement with the target frequencies. Once this is done to the
precision and accuracy required for a filter assembled from these tuned components to have a
response within specification, the component is considered tuned.

[0035] An important aspect of the tuning process is to possess a method to
measure the resonant frequencies of the components. In the case where one or more of the
components are multimode resonators, then the method must allow frequency measurements

of all of the modes of interest. It is also desirable that the measurement method be simple to
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implement, and capable of measuring all of the modes with a single structure and a single
operation.

[0036] In order to measure the resonant frequencies of the multimode
resonator, it is necessary to affix some kind of measurement device which couples to all of
the resonator modes. Such a device needs to be so positioned as to be exposed to portions of
the electric and/or magnetic fields of all of the modes of interest in the resonator. The design
of the device needs to be such as to permit an exchange of energy with the resonator modes
via the abovementioned electric and magnetic fields.

[0037] In the case where the resonator component is a metal coated dielectric,
a convenient way to implement this device is as a metallic pattern incorporated into the metal
coating. Such a pattern may be formed by any of a variety of methods such as etching, laser
cutting, sandblasting and screen printing. A test probe such as a coaxial probe or a ground-
signal-ground (GSG) probe or similar devices such as known in the art may then be used to
connect to the measurement structure.

[0038] Any instrument or circuit capable of detecting small variations in
absorption or reflectance as a function of frequency may be employed to detect and measure
the resonances in the part under test. Examples of such instruments known in the art are
vector network analyzers, dip meters, and wave meters.

[0039] The presence of a frequency measurement test structure on the
multimode resonator slightly shifts or perturbs the frequencies relative to a bare resonator
structure. As a result, the target frequencies towards which the part is to be tuned should be
calculated to take these shifts into account. This can be done by performing a full 3D
electromagnetic calculation, or may be done by perturbation analysis if the resonator has
analytic equations for the mode frequencies and the test structure is small.

[0040] Even though the frequency perturbations caused by the presence of the
measurement structure are included in the target frequencies, it is prudent to design the
structure so as to minimize this disturbance. This will then minimize the severity of any
errors in the fabrication of the measurement structure. A simple way to minimize the
disturbance is to keep the measurement structure as small as possible, consistent with
economical fabrication, and consistent with the provision of a large enough signal to be able
to measure the frequencies with the desired accuracy and precision.

[0041] The fields of interest in a metal coated dielectric resonator with a

measurement structure formed in the metal coating are those immediately under the metal



WO 2018/099643 PCT/EP2017/076067

coating where it contacts the dielectric. The electric field at this location will be
perpendicular to the metal surface while the magnetic field will be parallel to the metal
surface. The operation of the measurement structure can thus be understood in terms of its
interaction with these fields.

[0042] Further, in the case where the measurement structure is small
compared with the size of the resonator, the electric and magnetic fields due to the resonator
modes will be approximately constant over the extent of the measurement structure. This
simplifies the analysis of the interaction between resonator and measurement structure
because all that is necessary is to consider the field strengths and directions at the location of
the measurement structure.

[0043] Introduction to cuboid resonators

[0044] In order to describe concepts for the measurement structures to be
described below in more detail, it is helpful to consider measuring a simple resonator. In
particular, consider the case where the multimode resonator is a ceramic block formed into a
cuboid shape and covered with a conducting layer such as silver (see FIG. 1). The cuboid
component 100 (also called a resonator) includes a dielectric cuboid 140 that has six sides: a
top side 110-1, a right side 110-2, a bottom side 110-3, a left side 110-4, a back side 110-5,
and a front side 110-6. Each individual side 110 is also considered to be a face of the
component 100. The sides 110 are typically covered with conductive material (see FIG. 2A).
The X, Y, and Z axes are shown, as are the corresponding dimensions Sx, Sy, and Sz. These
axes are used throughout the figures. It is noted that the cuboid is used merely for ease of
exposition, and other devices may be measured, as is illustrated below.

[0045] An example of a measurement structure 210 is shown in FIG. 2, and
will be referred to as a keyhole or key in some instances herein. FIG. 2 includes both FIGS.
2A and 2B, and illustrates the filter component of FIG. 1 with a keyhole 210 attached. FIG.
2A illustrates the test structure 210 attached to a face 110-4 of the filter component and
illustrates a transmission line connected to the test structure 210. FIG. 2B illustrates the face
110-4 of the filter component 100 on which the test structure 210 is attached. The face 110-4
has a surface 211. The filter component 100 has a conductive coating 250 that covers a
dielectric cuboid 140. This measurement structure 210 is formed in part as an aperture 220
devoid of metallization in an otherwise continuous coating 250 on the exterior of a ceramic
resonator component 100. The measurement structure 210 comprises also a central

conductive island 270 with a short conductive bridge 280 connecting the island 270 to the
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surrounding grounded perimeter 271 (of the coating 250). The center conductor 290 of an
external coaxial or similar transmission line 240 is connected to the island 270 of the keyhole
210 and the shield 295 of the transmission line 240 is connected to the grounded perimeter
271 of the keyhole 210. The island 270 couples to any electric field striking the inside
surface of the conductive coating 250 in the location of the keyhole structure, while the
bridge 280 couples to any magnetic field running parallel to the surface 211 and at any angle
not parallel to the bridge 280, also at the location of the keyhole 210. Such a measurement
structure 210 will exchange radio frequency (RF) energy with any resonant modes which
conform to certain field distributions, as described below, and so will permit the frequencies
of those modes to be determined by connecting the above transmission line to a vector
network analyzer (VNA) or similar instrument.

[0046] How the signals vary with position and orientation

[0047] Turning to FIG. 3, this figure is split into FIGS. 3A and 3B, where
FIG. 3A illustrates a track direction vector 1 340 for a track 380 on a surface 311 of a
resonator and the angle 350 (which is shown as 8) between the track direction vector 14 340

and the current 370 for a measurement structure 210 having the track 380. The reference 360

indicates the current density vector f . The track direction vector % 340 is assumed to run
along a centerline 390 of the track 380. For a given measurement structure 210, the relative
magnitudes of the electric and magnetic field induced signals will vary as the measurement
structure is moved around the resonator surface. They will also vary as the track direction
(given by the track direction vector, U, or equivalently, the track angle 8 350) is varied.

[0048] FIG. 3B illustrates electric field 320, current 370, and magnetic field
335 on the surface 311 of the cuboid resonator. Additional description of this figure is
provided below.

[0049] We will consider the fields 320, 335 and currents 370 associated with
several modes of potential interest in various resonators. These fields and currents are all
shown at the instant in the cycle when the electric field is directed towards the inside of the
surface and is increasing in strength. These can then be used to illustrate how the amplitudes
of the electric and magnetic field induced signals and the combined signal vary with different
locations for the measurement structure.

[0050] Requirements of the measurement structure

[0051] As mentioned earlier, it is desirable to be able to measure the

frequencies of all of the modes of interest with a single structure and a single operation.

9



WO 2018/099643 PCT/EP2017/076067

[0052] To measure a mode frequency, the measurement structure needs to be
able to exchange energy with the mode and to do that the measurement structure needs to
couple to either or both of the electric and magnetic fields associated with that mode. The
first requirement is to open up some kind of aperture in the metal coating so that the internal
fields can be accessed.

[0053] To exchange energy with the electric field (which is always
perpendicular to the inside surface of the metal coating), a conductive region is required in or
immediately above or below the abovementioned aperture. This region must be at least
partially isolated from the surrounding metal perimeter of the aperture. The oscillating
electric field of the mode tries to induce an oscillating electric charge on the partially isolated
region. If the region is not isolated then that charge is free to flow into and out of the region,
and this flow forms part of the general current flow on the inside surface of the metal coating.
However, if the region is at least partially isolated, then the current flow into and out of the
region is impeded and consequently an oscillating potential difference forms between the
partially isolated region and the surrounding metal perimeter. If the region and perimeter is
connected to an external measuring instrument or circuit using for example a coaxial probe,
then this potential difference will cause a current to flow in the external circuit, allowing the
resonance to be detected and its frequency measured. An example of a suitable isolated
region is a conductive island or patch separated from the metal perimeter by a nonconductive
gap.

[0054] To exchange energy with the magnetic field (which is always parallel
to the inside surface of the metal coating), a conductive track or path is required in or
immediately above or below the abovementioned aperture. Further, the path must not be
parallel to the magnetic field at all points. The path will preferably be at a substantial angle
to the magnetic field, and if maximum signal is desired the path will be perpendicular to the
magnetic field direction. This path must be at least partially isolated from the surrounding
metal perimeter of the aperture. The oscillating magnetic field tries to induce an oscillating
current flow in the path. If the path is not isolated, then that current is free to flow in any
direction relative to the path, and forms part of the general current flow on the inside surface
of the metal coating. However, if the path is at least partially isolated, then the current flow
will be constrained to flow along the path, or if the current is impeded from flowing, an
oscillating potential difference will be established along the path. If the ends of the path are

connected to an external measuring instrument or circuit using for example a coaxial probe,
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then this induced current will flow in the external circuit, allowing the resonance to be
detected and its frequency measured.

[0055] An example of a suitable path is an asymmetric conductive region
connected (grounded) to the metal perimeter at one end and to the central conductor of the
coaxial probe or the signal conductor of the GSG probe at the other end, or partway along.
We will refer to the end connected to the metal perimeter as the grounded end and the
opposite end connected to the probe as the hot end. 'This conductive region is isolated from
the metal coating by a nonconductive gap except where its grounded end connects to the
perimeter.

[0056] The asymmetric conductive region should not have even rotational
symmetry about any point. By even rotational symmetry, what is meant is N-fold rotational
symmetry where N is an even number. Another way to describe what is meant is that there
should not exist any point within or outside the measurement structure about which rotation
of the structure through an angle 360/N will produce the same structure, where N is an even
number.

[0057] Turning to FIG. 7, split into FIGS. 7A and 7B, this figure illustrates
two possible probes used to perform measurements in exemplary embodiments. FIG. 7A
illustrates a coaxial probe 700, while FIG. 7 B illustrates a GSG probe 730. The coaxial
probe 700 in FIG. 7A comprises a “hot” center (centre) conductor 720 and a shield/grounded
connector 710. The GSG probe 730 in FIG. 7B comprises a “hot” center (centre) conductor
750, commonly referred to a signal conductor, and two ground conductors 740-1 and 740-2.

[0058] To exchange energy with all of the modes of interest by means of a
single structure, in most cases that structure will need to couple to both electric and magnetic
fields. Ideally, the design will be such that the magnetic-field-coupled signals and the
electric-field-coupled signals will have similar strengths, but it is sufficient that all of the
signals be large enough to allow the frequencies to be measured to the required accuracy and
precision.

[0059] The magnetic field-coupling conductive path described above will also
couple to the electric field because the hot end acts as a partially isolated conductive region.
The isolation is only partial because the rest of the path provides a way for some of the
current to flow to the grounded perimeter. Since the path has non-zero inductance, the
current flow is somewhat impeded and so it still develops a potential difference relative to the

perimeter and so it can still induce current to flow in the external circuit. Depending on the
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relative dimensions of the path, the gap and the perimeter, this electric field signal may be
much smaller than the magnetic field signal, so it is useful to add an enlarged conductive
island or patch to the hot end of the path to increase the magnitude of the electric field signal
and so make it easier to detect.

[0060] To ensure that all of the modes are detected, each mode needs to have
a non-zero electric and/or magnetic field at the location of the measurement structure. If the
only means of coupling to a particular mode is via the magnetic field, then the track or path
direction must not be parallel to the magnetic field for that mode. Thus, the orientation of the
track or path relative to the resonator needs to be such that it is not parallel to the magnetic
fields of any of the modes which have negligible electric field at the location of the
measurement structure.

[0061] Various possible structures for the measurement structure

[0062] Returning to FIG. 4, which is split into FIGS. 4A to 4L, this figure
shows a number of simple measurement structures 210-1 through 210-12, respectively, which
conform to the above requirements. They all comprise a corresponding asymmetric
conductive region 480-1 through 480-12 inside a corresponding aperture 220-1 through 220-
12. FIGS. 4A, 4B, 4C, and 4D illustrate round islands from a large island (4A) with bridge
(both 480-1) to a smaller island (4B) with bridge (both 480-2) to an even smaller island (4C)
with bridge (both 480-3) to no island but a rounded conductive region 480-4 (4D). FIG. 4E
illustrates a rectangular island as a conductive region 480-5. For FIGS. 4A, 4B, 4C, and 4E,
each of these has an island that has a width that is larger than a largest width of the
corresponding bridge. FIG. 4F illustrates a rectangular track and no island as conductive
region 480-6, FIGS. 4G and 4H illustrate C-shaped apertures 220-7 and 220-8 with rounded
tracks as conductive regions 480-7 and 480-8, FIG. 41 illustrates an L.-shaped track as a
conductive region 480-9, FIG. 4] illustrates a J-shaped track as conductive region 480-10,
FIG. 4K illustrates a straight track starting from a corner as conductive region 480-11, and
FIG. 4L illustrates a C-shaped region 220-12 with a tear-drop shaped track as conductive
region 480-12. For FIG. 4L, a wider portion of the tear-drop shaped (e.g., a smoothly
rounded shaped) track is near an end 460 that is at the other end of the shape, which is
connected to the perimeter 271.

[0063] The dot in each figure for FIG. 4 represents a possible point of contact
of the hot conductor of the connecting probe, be it a coaxial probe, a GSG probe or some

other art-recognized equivalent kind. The ground conductors of the probe will preferably
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connect somewhere on or outside the perimeter, or if they contact the conductive region, they
should connect significantly closer to the perimeter than the hot connection. The ground
connection of the probe acts as a reference, so that the signal detected is the difference in
potential between the hot connection and the ground connection.

[0064] Electric and magnetic signal magnitudes and phases

[0065] Reference should be made again to FIG. 3, split into FIGS. 3A and 3B.
Shown in FIG. 3B is a close up view of the fields 320, 335 and currents 370 associated with a
resonator mode which has an electric field directed at the inside surface of the metal coating
(not shown). The view is from the outside looking towards the surface 311 of the resonator,
while the fields and currents are those immediately under the metal coating. The electric
field 320 is depicted by dots, indicating a field directed towards the inside surface. The
magnetic field 335 is depicted by dotted lines with arrows showing the direction. The surface
current 370 is depicted by solid lines with arrows showing the direction. The charge on the
inside surface is not depicted, but follows the same pattern as the electric field 320, with the
sign of the charge being negative.

[0066] Consider a moment in the cycle when the electric field is directed
towards the inside of the surface and is increasing in strength. Since the field 320 is directed
towards the surface, the charge on that surface must be negative and because the field is
increasing, the charge must also be increasing in density. This means that conventional
current must be flowing away from (or electron current towards) the region of maximum

negative charge density, as depicted in the current density of FIG. 3A (see the current density

vector f 360). The resulting magnetic field 335 will have the direction and distribution
depicted in FIG. 3B. Let an electric field 320 directed towards the surface, such as shown in
FIG. 3B, be defined as a positive field, a magnetic field direction as shown in FIG. 3B be
defined as a positive field, and a current directed as shown in FIG. 3B be defined as a positive
current.

[0067] Consider a measurement structure consisting only of an isolated island
(no bridge). The increasing electric field directed towards the island will induce current to
flow out of the island into the external circuit, or if not connected to the external circuit will
induce a positive voltage on the island relative to the perimeter. Let a positive voltage on the
island be defined as a positive signal, and a positive electric field be defined as one directed

towards the surface. The signal on the island due to the electric field is thus in-phase with the
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electric field. The maximum positive signal will thus occur at the instant of maximum
positive electric field.

[0068] Now consider a measurement structure comprising an isolated track
380 (see PIG. 3A) grounded to the perimeter at one end. Let this structure be located such
that a vector (shown as reference 340) drawn from the grounded end to the hot end is in the
same direction as the current flow shown in FIG. 3A. Let a positive signal be defined as the
hot end of the track having a positive potential relative to the grounded end of the track 380.
At the instant considered above, the magnetic field 335 is positive, but decreasing, and the
current flow is also positive, but decreasing. A conductor positioned as above, at right angles
to a decreasing magnetic field, or equivalently, parallel to the associated current flow, will
have a voltage induced along its length which is proportional to the time rate of change of the

magnetic field, and of negative polarity. This follows from a consideration of Maxwell’s
. 9B . T, . . .
equation, VX E = — > Since the magnetic field is positive, but decreasing, the time rate of

change is negative, so the hot end of the track will have a positive polarity. The maximum
positive signal will occur at the instant of maximum negative rate of change of magnetic field
(or current) when the current is changing sign, which corresponds also to the moment of
maximum positive electric field.

[0069] Thus, the signals on an isolated island due to the electric field and the
signal on an isolated track due to the magnetic field are both in phase. If the two structures
are combined so that an island is added to the hot end of the track (as shown in FIG. 2B for
instance), then the two voltage signals will add. However, the shunting effect of the bridge
on the island signal and the shunting effect of the stray capacitance between both bridge and
island and the surrounding perimeter will reduce the strength of both signals.

[0070] The most convenient instant in the cycle to consider the signs of the
electric field induced and magnetic field induced signals is the quarter cycle before the instant
of maximum positive electric field, such as depicted in the electric field 320 of FIG. 3B. At
this instant the electric field induced signal is positive, while the magnetic field induced
signal is proportional to the dot product of the surface current vector at this instant with the
track direction vector (from grounded end to hot end). This is depicted in FIG. 3A, which
shows the angle 350 between current 370 and track 380, while the dots 320 in FIG. 3B
represent the electric field directed at the measurement structure.

[0071] It is thus convenient to consider the magnitude of the signal as the sum

of an electric field induced signal and a magnetic field induced signal. The electric field
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induced signal is proportional to the strength of the electric field, while the magnetic field
induced signal is proportional to the product of the magnetic field strength and the dot
product of the track direction vector with the current density direction vector. The sensitivity
of a particular measurement structure to the electric and magnetic fields will depend upon the
details of that structure, such as the size and shape of the aperture, and the size, shape and
location of the island and track within the aperture. They will also vary depending on the
dielectric constant of the inside of the resonator and the dielectric constant of the insulator
filling the measurement structure gaps.

[0072] Examples of resonators and modes

[0073] The electric and magnetic fields and the surface currents associated
with several modes of importance in multimode filter operation are shown in FIG. 5 for the
example of a cuboid multimode resonator filter component (such as that shown in FIG. 1),
and in FIG. 6 for the example of a cylindrical multimode resonator filter component.

[0074] For the example of a cuboid resonator shown in FIG. 1 and FIG. 5A,
five different modes are illustrated as examples. The electric and magnetic field distributions
are shown in three dimensions in FIGS. 5B, 5F, 5J, 5N, 5R, and 5V for the TEO11, TE101,
TE110, TEO21, TEO12, and TE102 modes, respectively. All of these modes have an electric
field passing in parallel lines from one flat face to the opposite flat face, with the magnetic
field lines curling around the electric field lines. There are other modes where the electric
field lines are also curved, but those are not shown in this set of examples.

[0075] Similarly, for the example of the cylindrical resonator shown in FIG.
6A, three different modes are illustrated as examples. The electric and magnetic field
distributions are illustrated in three dimensions in FIGS. 6B, 6F, and 6J for the X mode, Y
mode and Z mode, respectively. The X mode has the electric field parallel to the cylinder
axis, with the magnetic field curling around the electric field lines. The other modes have
electric fields which are perpendicular to the cylinder axis, and form a curved bundle passing
across from one curved side of the cylinder to the opposite curved side. The magnetic field
curls around the bundle of electric field lines.

[0076] The field distribution of most relevance to a measurement structure set
into the conductive coating of a multimode resonator, such as those illustrated in FIG. 4, is
that which occurs at the boundary between the ceramic and the inside surface of the
conductive coating on the face on which the measurement structure is located. Let us

suppose that the measurement structure is located on one of the YZ faces of either the cuboid
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or cylinder examples, such as shown in FIG. 5A, and FIG. 6A. For each example resonator
mode, the following set of diagrams is provided: the electric field, magnetic field and surface
current distribution on the YZ face. For the set of example modes, TEO11, TE101, TE110,
TEO021, TEO12, and TE102, the electric field diagrams are shown in FIGS. 5C, 5G, 5K, 50,
5S and 5W, respectively, the magnetic field diagrams are shown in FIGS. 5D, 5H, 5L, 5P,
5T, and 5X, respectively, and the surface current diagrams are shown in FIGS. SE, 51, 5M,
5Q, 5U, and 5Y, respectively. Similarly, for the set of example cylinder modes, X, Y and Z,
the electric field diagrams are shown in FIGS. 6C, 6G, and 6K, respectively, the magnetic
field diagrams are shown in FIGS. 6D, 6H, and 6L, respectively, and the surface current
diagrams are shown in FIGS. 6E, 6I, and 6M, respectively.

[0077] Some of the example modes in the figures have zero electric field on
the measurement face. These are the cuboid modes, TE101, TE110, TE102 and the Y and Z
transverse cylinder modes shown in FIGS. 5G, 5K, 5W, 6G, and 6K, respectively. Because
the electric field is zero at the location of the measurement structure, it will not contribute any
coupling between the oscillation mode and the measurement structure.

[0078] All of the example modes shown in the figures have non-zero magnetic
field on the measurement face, except in the exact centre of the face in the case of the TEO11
cuboid mode shown in FIG. 5D, and the axial X mode of the cylinder shown in FIG. 6D. If
the measurement structure is not placed at a location of zero magnetic field and if the
elongated conductive region of the measurement structure is not parallel to the direction of
the magnetic field at the location of the measurement structure, then the magnetic field will
contribute to the couplings between the oscillation mode and the measurement structure.

This coupling will arise predominantly from the inductive coupling to the whole length of the
elongated conductive region from the hot end to the grounded end where the elongated
conductive region contacts the perimeter of the measurement structure aperture. This
elongated region is shown in FIGS. 2B (270 together with 280), 3A (340), and FIG. 4. If the
conductive region has a distinct bridge, as shown in FIG. 2B (280), then this bridge will
provide much of the inductive coupling.

[0079] Some of the example modes have a non-zero electric field on the
measurement face. These are the cuboid mode, TEO11, and the axial X mode of the cylinder,
shown in FIGS. 5C, and 6C, respectively. The TE021 and TEO12 modes shown in FIGS. 50,
and 5S have a line of zero electric field in the centre of the measurement face, but a non-zero

electric field elsewhere. If the measurement structure is not placed at a location of zero
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electric field then the electric field will contribute to the couplings between the oscillation
mode and the measurement structure. This coupling will arise predominantly from the
capacitive coupling to the hot end of the elongated conductive region. If this region
terminates in a conductive island, as shown in FIGS. 2B (270), 4A, 4B, 4C, 4E, and 4L, then
this island will provide much of the capacitive coupling.

[0080] Variation of signal with location

[0081] For a given oscillation mode the electric and magnetic field strengths
vary with the position on the measurement face, as shown in FIGS 5 and 6. It therefore
follows that the strength of the coupling between the oscillation mode and the measurement
structure will vary with position. It will also vary as the cosine of the angle between the track
direction vector, u, and the local direction of the surface current. This variation can be
illustrated as a contour plot of the coupling strength with position on the face. FIG. 15 shows
a number of such plots for measurement structures with the track oriented in the Y direction
(horizontally in the figure), the Z direction (vertically in the figure) and at 45 degrees. The
total coupling strength will be given by the sum of the coupling due to the electric field with
the coupling due to the magnetic field. Because of the cosine dependence of the magnetic
field induced signal, the contour pattern will vary as the track angle is varied.

[0082] FIG. 15 shows the contour patterns for the three lowest order cuboid
modes, split into FIGS. 15A to 150. FIGS. 15A to 15G correspond to the TEO11 mode as
illustrated also by FIGS. 5C, 5D, and SE; FIGS. 15H to 15K correspond to the TE101 mode
as illustrated by FIGS. 5G, 5H, and 5I; and FIGS. 15L to 150 correspond to the TE101 mode
as illustrated by FIGS. 5K, 5L, and SM. The coupling due to the electric field for the TEO11
mode (see also FIGS. 5C, 5D, and SE) is shown in FIG. 15A. Specifically, FIG. 15A
illustrates a contour plot of the electric field induced coupling strength as a measurement
structure is moved about the face. FIG. 15A also shows a set of axes 1505 showing the
orientation to be used throughout FIG. 15. The coupling strength has a maximum in the
centre of the face, corresponding to the central maximum of the electric field. The coupling
strength is not affected by the angle of the track. For the same mode, the coupling due to the
magnetic field is strongly affected by the track angle. FIG. 15B shows the contour pattern
when the track is horizontal. Specifically, FIG. 15B shows a contour plot of the magnetic
field induced coupling strength as a measurement structure (with horizontal track direction) is
moved about the face. Examples to illustrate the track direction of the measurement structure

assumed here are shown as 1510-1 and 1510-2 in FIG. 15B. FIG. 15C shows a contour plot
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of the magnetic field induced coupling strength as a measurement structure (with vertical
track direction) is moved about the face. Examples to illustrate the track direction are shown
as 1510-3 and 1510-4 in FIG. 15C. FIG. 15D shows a contour plot of the magnetic field
induced coupling strength as a measurement structure (with a 45 degree track direction) is
moved about the face. Examples to illustrate the track direction are shown as 1510-5 and
1510-6 in FIG. 15D. FIGS. 15E, 15F, and 15G are contour plots of total coupling strength
(electric field induced and magnetic field induced) as a measurement structure is moved
about a face for horizontal (15E), vertical (15F) and 45-degree (15G) elongated regions.
[0083] The contour plot in FIG. 15B consists of two horizontally opposed
regions with two maxima at the two edges. The signs of the coupling signals are shown next
to the two regions. Recall that the magnetic field induced coupling is proportional to the dot
product between the track direction vector and the local current direction, and observe the
pattern of surface current shown in FIG. SE. The pattern in FIG. 15B is just a contour plot of
the magnitude of the horizontal component of the surface current. The total coupling will be
the sum of the electric field induced coupling and the magnetic field induced coupling. Such
a sum is illustrated in FIG. 15E which shows the total coupling pattern. Because the two
regions shown in FIG. 15B have opposite signs, the sum with the pattern shown in FIG. 15A
gives rise to a maximum (shown as maximum coupling strength region 1580) displaced to the
right of centre in FIG. 15E, and also to a region on the face where the total coupling will be
zero (illustrated by zero coupling strength region 1590). The exact locations of the zero
signal region and the maximum signal region will depend on the exact details of the shape of
the structure, the shape of the resonator and the dielectric constant of the resonator, but the
general features of the patterns are as shown. If the track direction vector is vertical, the
magnetic field induced coupling contour pattern is as shown in FIG. 15C. Now the pattern is
a contour plot of the magnitude of the vertical component of the surface current shown in
FIG. 5E, and when summed with the electric field induced coupling pattern shown in FIG.
15A gives rise to a total coupling pattern shown in FIG. 15F. Finally, if the track direction
vector is at an intermediate angle, say 45 degrees to the horizontal, then the magnetic field
induced coupling pattern is as shown in FIG. 15D and when summed as before yields the
total coupling pattern shown in FIG. 15G. All of these total coupling patterns have a zero
signal region and an off-centre maximum signal region. Clearly one would not place the

measurement structure anywhere on the zero total coupling region. To maximize the signal
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one might place it in the maximum signal region, but consideration of coupling strengths to
other modes may alter the optimum location.

[0084] The TE101 and TE110 modes have zero electric field on the
measurement face, so the electric field induced coupling will be zero, as shown in FIGS. 15H
and 15L. Thus the total coupling will be identical with the magnetic field induced coupling.
The above modes have a diffuse band of current concentrated across the middle of the face,
horizontal in the case of TE101, as shown in FIG. 51, and vertical in the case of TE110, as
shown in FIG. SM. A measurement structure with a horizontal track will therefore couple to
TE101 (see FIG. 15I) but not TE110 (see FIG. 15M), while a structure with a vertical track
will couple to TE110 (see FIG. 15N) but not TE101 (see FIG. 15J). A track at 45 degrees
will couple to both modes, as shown in FIGS. 15K and 150. In order to achieve a useful
amount of coupling to both modes the measurement structure must not be too far away from
the centre.

If the measurement structure is to couple to all three modes then the track must not be
horizontal or vertical, but must be at an intermediate angle, for example 45 degrees, and it
also must not be located in the zero coupling regions illustrated in FIGS. 15E, 15F or 15G. A
centrally located structure will avoid the zero region, but a location offset towards the
maximum coupling region shown in FIG. 15G will produce a stronger signal.

[0085] Example Signals

[0086] In the case where the measurement structure is connected to a vector
network analyser (VNA) the variation of coupling strength with frequency which occurs in
the vicinity of a resonance will be detected as a dip in the reflected power. The depth of this
dip will represent the strength of the coupling, so the stronger the coupling the deeper the dip.
The frequency at which the dip occurs constitutes the measurement of the mode frequency.
Multiple modes will give rise to multiple dips, allowing measurement of the frequencies of
all of the modes.

[0087] If the modes of interest are the three lowest order modes of a cuboid
resonator, then a convenient location for the measurement structure is the center of one of the
faces. Referring back to FIG. 2 (split into FIGS. 2A and 2B), let the structure 210 be placed
in the center of one of the X faces. If the bridge angle 230 is set to 45 degrees then the total
coupling strength for each of the Y and 7 modes will be approximately equal. As a result, the

dip depth occurring for each of the modes will be approximately equal.
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[0088] An example of such a measured signal is shown in FIG. 8A. FIG. 8
includes FIGS. 8A and 8B, and illustrates S-parameters (in dB versus frequency) for cubes
with a 45 degree bridge (FIG. 8A) and a 37 degree bridge (FIG. 8B). The lowest frequency
dip is the X mode, the next dip is the Z mode and the highest frequency dip is the Y mode.
Note that the depths of the dips are not the same. By changing the angle 230 of the bridge
280 relative to the Y axis 272 in FIG. 2, the relative heights of the Y mode and Z mode dips
can be varied, with approximate equality occurring at 45 degrees, as seen in FIG. 8A. The X
mode dip is smaller than the other two. If the measurement structure 210 is placed in the
center of the one of the faces of the cuboid resonator 100, and the angle of the bridge 280 is
set to about 37 degrees to the Y axis 272, rather than the more obvious and symmetrical 45
degrees, then the amplitudes of the dips form a sequence in the order X smallest, Z.
intermediate and Y largest, which can assist in the identification of the dips during a
frequency measurement. This signal is illustrated in FIG. 8B.

[0089] The use of a carefully chosen bridge angle 230 to provide
identification of the modes corresponding to each dip provides a particular advantage in
situations where the multimode resonator 100 has two or more mode frequencies which are
sufficiently close that they may overlap or even cross during the tuning process. In such a
situation, the ability to unambiguously identify the modes based only on the dip amplitudes
avoids the need for auxiliary mode identification procedures, such as provision of an
additional measurement structure elsewhere on the resonator.

[0090] Other resonator shapes

[0091] Even though the description above concentrated on the case of a
cuboid resonator, the measurement structure disclosed here can be used to measure the mode
frequencies of any resonator consisting of a dielectric block with a metal coating. The
structure only depends for its operation on the presence of electric and/or magnetic fields, and
since all such resonators will necessarily have such fields, this structure will work with any of
them.

[0092] Examples of such alternative resonators are cylinders, spheres, half
spheres, pyramids, toroids, and any other dielectric resonator with a metal coating.

[0093] Further examples

[0094] All of these further examples are based around a standard example
with the following parameters:

dielectric constant, er=45;
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size X,Y,Z =17.7, 18.0, 18.3 mm;

keyhole in centre of YZ. face;

aperture diameter = 1.6mm,;

bridge width = 0.3mm;

island diameter = 1.0mm (follows from gap width); and
bridge angle 45 degrees to the Y axis.

[0095] Certain of these parameters are then varied with the others kept the
same and the coupling strengths plotted vs the varied parameter.

[0096] FIG. 9 shows a graph of dip depth vs bridge angle. At45 degrees, the
Y and Z mode dips are equal because the bridge is always at 45 degrees to the current
direction, regardless of whether the direction is the Y or Z mode. The X mode dip depth
remains constant because for this mode the keyhole couples only to the electric field (the
magnetic field being zero), and this coupling is insensitive to bridge orientation. If the angle
is chosen to be about 35 degrees (or 37 as in FIG. 8B) it is plain to see that the three dips
have different depths in a nice well-spread sequence.

[0097] FIG. 10 shows a graph of dip depth versus displacement of the keyhole
away from the centre of the YZ face in the Y direction. The bridge angle is kept at 45
degrees. Since the current for the Y mode is running along the face in the Y direction the dip
depth for this mode does not vary (much) with displacement. The small variation is probably
a numerical artefact from the electromagnetic simulation. In a real experiment, the dip depth
would stay quite constant (at least for a small key). The Z mode dip depth is greatest when
the key is in the centre. This is because the stripe of current running across the face in the Y
direction decreases in strength away from the centre line in the Z direction. The most
interesting part of this plot is the X mode dip depth. Note that it goes to zero at about 2 or 3
mm away from centre. The reason for this is discussed above in relation to the contour plots
of the variation of total coupling strength as the measurement structure is moved about the
face. The plot corresponds to a horizontal cut across the centre of the contour plot in FIG.
15G, but flipped.

[0098] FIG. 11 shows a graph of dip depth versus keyhole size (or
equivalently, aperture size) relative to the face Y width. A smaller keyhole gives a smaller
dip than a larger keyhole because the keyhole intercepts less of the internal fields if the
keyhole is small. Additional calculations for really large keyholes have been performed, but

the signals are more difficult to analyze. The other two sizes were 18% and 36% of the face
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width, and the signals for these were highly variable. It is recommended therefore that one
wants the keyhole to be relatively small to keep the disturbance to the mode frequencies
small.

[0099] FIG. 12 shows a graph of dip depth versus the width of the gap
between aperture perimeter and island. Equivalently the island diameter is being varied, so
these keyholes are a sequence like FIG. 4A to FIG. 4D. As the gap gets smaller, it
corresponds to an effective shortening of the bridge, so the Y and Z mode dips (which are
produced by coupling to the magnetic field) get smaller because not so much of the field is
intercepted. A smaller gap also increases the shunt capacitance from island to grounded
perimeter, so this further reduces the dip depth. A smaller gap corresponds to a larger island
area and so a larger area of electric field being intercepted, so smaller gaps should lead to
larger X mode dips, however the increasing shunt capacitance opposes this. As a result, the
X mode dip depth is fairly constant as the gap is varied.

[00100] FIG. 13 shows a graph of dip depth versus the width of the bridge, but
the diameter of the island has also been varied in such a way that diameter is always the same
width as the bridge. As a result, the keyhole here effectively lacks an island, instead
consisting of a simple track (with rounded end) running halfway across the aperture. This
corresponds to FIG. 4D. The bridge length is approximately the same for all, except for the
slight increase due to the rounded end. As the width decreases, the inductance increases
which decreases the severity of the inductive shunting of the capacitive, or electric field
signal (the X mode dip), so this should increase the X mode dip. Opposed to this is that the
effective area of the tip region is also decreasing, which decreases the coupling to the electric
field and hence the dip depth. As a result, the X mode dip depth is somewhat constant. The
increase in the Y and Z mode dips as the width increases can be understood as resulting from
the bridge presenting a larger “scoop” to collect the current rushing along the surface. This
one is actually fairly complicated because a lot of opposing effects are occurring.

[00101]  FIG. 14 shows the dip depth versus dielectric constant of the cuboid.
One way to think of this graph is that an electromagnetic field in vacuum stores all of its
energy as the fields themselves, whereas a dielectric material stores some of its energy as the
polarization of the dielectric. The larger the dielectric constant, the larger the fraction stored
as polarization. This makes a smaller portion of the energy circulating inside the resonator

impinge on the keyhole, so the coupling is weaker.
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[00102]  Without in any way limiting the scope, interpretation, or application of
the claims appearing below, a technical effect of one or more of the example embodiments
disclosed herein is to provide measurement structures that can be used measurements such as
frequency and quality factors of resonators and other devices. The measurement structures
may be used in particular with resonators such as cuboid or cylindrical resonators.

[00103]  If desired, the different functions discussed herein may be performed
in a different order and/or concurrently with each other. Furthermore, if desired, one or more
of the above-described functions may be optional or may be combined.

[00104]  Although various aspects of the invention are set out in the
independent claims, other aspects of the invention comprise other combinations of features
from the described embodiments and/or the dependent claims with the features of the
independent claims, and not solely the combinations explicitly set out in the claims.

[00105] It is also noted herein that while the above describes example
embodiments of the invention, these descriptions should not be viewed in a limiting sense.
Rather, there are several variations and modifications which may be made without departing

from the scope of the present invention as defined in the appended claims.
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CLAIMS

What is claimed is:

1. An apparatus, comprising:
a measurement structure for performing measurements of a radio frequency (RF)
device, the measurement structure comprising:
an aperture in a conductive surface of the RFF device, the aperture having a
similar width in all dimensions; and
a conductive projecting region projecting into the aperture from a conductive
perimeter of the aperture and electrically connected to that conductive
perimeter,
wherein a combined shape of the aperture and the conductive projecting region does
not possess even rotational symmetry about a point where a signal conductor
will be placed on the conductive projecting region in order to conduct RF
energy between the measurement structure and an external measurement

instrument for performing the measurements.

2. The apparatus of claim 1, wherein:

the measurement structure is for performing measurements of a multimode resonator,
the measurements comprising one or more of resonant frequencies and quality
factors of resonant modes of the resonator;

the aperture is in a conductive surface of the multimode resonator; and

the measurement structure is positioned on the multimode resonator at a location
where the electric field, the magnetic field, or both the electric field and the
magnetic field corresponding to each mode of interest is of a magnitude to

create a measurable result for the measurements.
3. The apparatus of claim 2, further comprising the measurement instrument that is

configured to exchange energy with the measurement structure and thereby to

exchange RF energy with the resonator such that a variation in energy exchange with
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10.

frequency is measured and the one or more of the resonant frequencies and the quality

factors of the resonant modes are determined.

The apparatus of claim 1, further comprising the signal conductor that contacts the
point and further comprising a second conductor spaced away from the signal

conductor and used as a reference.

The apparatus of claim 4, further comprising a single ended probe where a hot
conductor of the probe comprises the signal conductor and a ground conductor of the

probe is used as a reference.

The apparatus of claim 4, further comprising a differential probe where one conductor
of the probe comprises the signal conductor and another conductor of the probe is

used as a reference.

The apparatus of claim 2, further comprising a probe comprising a coaxial contact to
the resonator, where a center contact touches the point while a surrounding shield
makes contact with a grounded perimeter in the conductive surface of the multimode

resonator.

The apparatus of claim 1, further comprising a probe comprising a pair of pins,
wherein one of the pins contacts the point and another of the pins is spaced apart from

the point.

The apparatus of claim 1, further comprising a probe comprising three pins, wherein
one of the pins contacts the point and the others of the pins are spaced apart from the

point.
The apparatus of claim 2, further comprising a probe, a strip line comprising the

signal conductor and configured to be coupled to the probe, and an instrument

mounted integrally with the probe to perform at least part of the measurements.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

The apparatus of claim 2, wherein the conductive projecting region comprises an
island and a bridge, the bridge projecting into the aperture from the conductive
perimeter of the aperture to electrically connect the island to the conductive perimeter,
the island having a similar width in all dimensions that is larger than a width of the

bridge.

The apparatus of claim 11, wherein the island is shaped as one of the following: a

circle; a square; a polygon; or an oval.

The apparatus of claim 12, wherein the island is shaped as a circle.

The apparatus of claim 12, wherein the island is shaped as a square.

The apparatus of claim 11, wherein the measurement structure is positioned on the
multimode resonator at a location selected, along with a selection of a bridge angle, to

make amplitudes of all mode dips different, which assists in mode identification.

The apparatus of claim 11, wherein the island is a structure centrally located in the

aperture, with the bridge at an angle of 37 degrees for a resonator of cuboid shape.

The apparatus of claim 2, wherein an orientation of the conductive projecting region
is chosen such that the orientation is not substantially parallel to a magnetic field of

any mode of interest which has zero electric field.

The apparatus of claim 3, wherein the measurement instrument comprises a vector
network analyzer and frequency measurement is performed by measuring dips in
reflected RE energy as the vector network analyzer sweeps past one or more resonant

frequencies.

The apparatus of claim 2, wherein the conductive projecting region comprises a tear-

drop shaped track having two ends and projecting into the aperture from the

26
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conductive perimeter of the aperture, where a wider portion of the tear-drop shaped

track is near an end that is at the other end connected to the conductive perimeter.
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