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Description

Field of the Invention

[0001] The present invention relates to filters for telecommunications, in particular to radio-frequency filters.

Description of the Related Art

[0002] Infilters for use in high to medium power base stations, particularly at the lower end of the microwave frequency
spectrum, for example around 700 MHz, the physical volume and weight of the filter is a concern. In high to medium-
power applications, such as those found in mobile cellular communication base stations and networks, there is still no
real practical alternative to cavity filters.

[0003] Thatvolume and weightis anissue is a consequence of the fact that the requirements for electrical performance
by the filter are well-defined and stringent, for example, to provide high isolation between transmit and receive paths.
This often places practical lower limits on filter size.

[0004] The choice of filter technology for a given application depends on the application specifics. However, there are
certain desirable characteristics that are common to all filters. For example, insertion loss in the pass-band of a filter
should be as low as possible, while the attenuation in the stop-band should be as high as possible. Furthermore, in
some applications the guard band, namely the frequency separation between the pass-band and stop-band, needs to
be narrow. This requires filters of high order to be implemented in order to achieve this requirement. However, the
requirement for a high-order filter is always accompanied by an increase in complexity (due to a greater number of
components that a filter requires) and in size. Furthermore, increasing the order of the filter inevitably increases the
losses in the pass-band (as explained for example in J.S. Hong and M.J. Lancaster. Microstrip Filters for RF/Microwave
Applications. John Wiley & Sons, ISBN: 0-471-38877-7 (Hardback), 2001).

[0005] In addition to the requirement for low insertion loss (high quality factor), power handling, miniaturisation and
tunability of a filter are also of importance. Power handling capability is highly dependent on the energy density of the
electromagnetic (EM) fields inside the filter cavity, and, in general, the greater the energy density of the EM fields, the
lower the power that can be handled.

[0006] Since the miniaturisation of a filter’s cavity inherently increases the energy density of EM fields, it can be stated
that, in general, miniaturisation results in reduced power handling.

[0007] Tunability, i.e. the ability of a filter to vary its frequency of operation and percentage bandwidth, is very desirable
in filter design, especially if variations of the operating frequency and the bandwidth of the filter do not significantly
deteriorate other important filter parameters, for example pass-band loss and frequency rejection.

[0008] Filters of various types and shape/configuration are possible, although no single particular cavity filter is ideal
in addressing all four requirements. For example, high quality factors and high power handling are usually obtained at
the expense of miniaturization, while tunability is, usually, obtained at the expense of high quality factors and power
handling. For printed-circuit-board (PCB) filtering applications, electronic tunability can be achieved using a varactor
diode suitably connected to the open-ended part of a resonator. However, that comes at a heavy cost: power handling
of such a resonator/filter is greatly reduced due to the poor intermodulation performance of the varactor diode and, at
the same time, the insertion loss of such a resonator/filter is significantly increased (giving low quality factors), due to
the parasitic resistance of the diode.

[0009] The building block of cavity filters is a combline resonator, depicted in its basic form in Figure 1 consisting of
a resonator post within a cavity. The resonator post resonates at a frequency at which the resonator post’s height is one
quarter-wavelength of the electric current, /, induced on the surface of the resonator post. Since no manufacturing is
perfect, the typical practical realization of the resonator includes a tuning screw inserted from the top of the cavity toward
the resonator’s open (i.e. ungrounded) end. The tuning screw effectively balances the undesired effects caused by
manufacturing tolerances. Put another way, the screw allows the resonator to be tune to the designed-for resonant
frequency. Naturally, the same mechanism can be utilized to retune the resonator. The range of tunability achievable
this way in practice, however, is only a few per cent, primarily limited by to the following consideration: the volume of
space between the cavity top and the ungrounded end of the resonator is the region within the entire cavity where, at
resonance, the electric field in the cavity is the strongest, meaning that this region is very susceptible to arcing. The
tuning screw further reduces the size of the gap between the cavity top and the ungrounded end of the resonator, thus
reducing the power-handling capability of the resonator. For reasons of power handling, the minimum size of the gap
found in practical filters for wireless cellular-communication applications is about 1 mm.

[0010] Furthermore, the change of resonant frequency achieved by tuning the resonator of Fig. 1 varies nonlinearly
with the intrusion depth of the tuning screw into the cavity. In particular, the larger the intrusion depth the more rapidly
the resonant frequency varies. Consequently, finely tuning the conventional resonator is difficult and time-consuming.

[0011] A slightly larger tunability range is achieved by enlarging the surface area through which the tuning screw
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electromagnetically interacts with the resonator. As shown in Figure 2, this may be achieved by hollowing the top part
of the resonator and allowing the tuning screw to protrude slightly into the hollow.

Summary

[0012] The reader is referred to the appended independent claims. Some preferred features are laid out in the de-
pendent claims.

[0013] The present invention provides a resonator for a filter comprising a resonant chamber, the resonant chamber
comprising a first wall, a second wall opposite the first wall, and side walls;

the resonator also comprising:

a resonator post which is grounded so as to extend into the chamber on the first wall or the second wall;

a first cylinder grounded on the second wall so as to extend into the chamber and having an open end which is
distal from the second wall;

a second cylinder grounded on the first wall so as to extend into the chamber and having at its open end which is
distal from the first wall an inner diameter wider than the outer diameter of the open end of first cylinder;

the resonator being configured so that at least an end portion of the first cylinder lies within the second cylinder.

[0014] Preferred embodiments provide a high quality factor, good power handling, small size ('miniaturization’), and
good tunability.

[0015] Preferred embodiments simultaneously provides for (A) reduced physical dimensions of cavity filters and (B)
an extended frequency-tunable range of cavity filters. Both qualities are valued in industrial applications.

[0016] Regarding (A), filters are typically the bulkiest and heaviest subsystems in mobile cellular base stations (rivalled
only by power-amplifier heatsinks). Therefore filter miniaturization is always desirable.

[0017] Regarding (B), a typical envisioned application scenario includes a mobile cellular operator, who has a plan to
transition its services to a different frequency band sometime in the future, procuring cavity filters for his base stations.
If the operator purchases conventional filters, transitioning to the new frequency band eill require a second set of filters
to be purchased. In contrast, the present invention eliminates the need to purchase the second set of filters, by providing
for simple retuning of filters.

[0018] In another application scenario, manufacturers of mobile cellular base stations tend to stockpile cavity filters,
rather than procure them in a build-to-order fashion. Filters according to preferred embodiments may be stock-piled and
are readily retunable without the need to open the filter up.

[0019] A preferred embodiment is a miniaturised coaxial resonator for a filter that simultaneously achieves size re-
duction, frequency tunability, and retention of high quality factors and high power handling.

[0020] Preferably a part of the post lies within the first cylinder and the second cylinder.

[0021] Preferably, the first cylinder and the second cylinder are coaxial with each other and the resonator post.
[0022] Preferably, the resonator post is grounded on the first wall. Alternatively preferably, the resonator post is
grounded on the second wall. Preferably the resonator post is of adjustable length within the cavity for tuning. Preferably
the resonator post is the shaft of a tuning screw.

[0023] Preferably, the first cylinder is an inner cylinder, and the second cylinder is an outer cylinder having an inner
diameter wider than the outer diameter of the first cylinder.

[0024] Alternatively preferably the main part of the first cylinder and the main part of the second cylinder are of least
substantially the same diameter, and the end of the second cylinder distal from the first wall has an inner diameter wider
than the outer diameter of the end of first cylinder distal from the second wall. Preferably the distal end of the first cylinder
comprises an extending cylindrical wall thinner than the wall thickness of the main part of the first cylinder, and the distal
end of the second cylinder comprises an extending cylindrical wall thinner than the wall thickness of the main part of the
second cylinder.

[0025] Preferably at least one of the first and second cylinders comprises a respective end wall for ease of mounting
to the first wall or the second wall.

[0026] The presentinvention also provides a radio frequency filter comprising at least one resonator as outlined above.
[0027] The presentinvention also provides a method of radio frequency filtering comprising passing a radio frequency
signal for filtering through a filter comprising a resonant chamber, the resonant chamber comprising a first wall, a second
wall opposite the first wall, and side walls;

the resonator also comprising:

a resonator post which is grounded so as to extend into the chamber on the first wall or the second wall;
a first cylinder grounded on the second wall so as to extend into the chamber and having an open end (9) which is
distal from the second wall;
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a second cylinder grounded on the first wall so as to extend into the chamber and having at its open end which is
distal from the first wall an inner diameter wider than the outer diameter of the open end of first cylinder;

the resonator being configured so that at least an end portion of the first cylinder lies within the second cylinder.

Brief Description of the Drawings

[0028] Embodiments of the present invention will now be described by way of example and with reference to the
drawings, in which:

Figure 1 is a diagram illustrating a known resonator for a known combline filter (PRIOR ART),

Figure 2 is a diagram illustrating another known resonator for a known combline filter (PRIOR ART), and

Figure 3 is a diagram illustrating (a) a cross- sectional top view and (b) a cross-sectional side view of a miniaturized
coaxial resonator according to a first embodiment,

Figure 4 is a diagram illustrating the cross-sectional side view of the miniaturized coaxial resonator shown in Figure
3 with current directions indicated,

Figure 5 is a diagram illustrating the cross- sectional top view of the miniaturized coaxial resonator shown in Figure
3 with some dimensions indicated,

Figure 6 a diagram illustrating the cross-sectional side view of the miniaturized coaxial resonator shown in Figure
3 with some dimensions indicated,

Figure 7 are graphs showing (Left) resonant frequency and (Right) Q-factor of the resonator according to the first
embodiment (example 1) as the tuner penetration is changed,

Figure 8 are graphs showing (Left) resonant frequency and (Right) Q-factor of a resonator according to a second
embodiment (example 2) as the tuner penetration is changed,

Figure 9 is a diagramillustrating a cross-sectional side view of a miniaturized coaxial resonator according to a further
embodiment,

Figure 10 is a diagram illustrating a cross-sectional side view of a miniaturized coaxial resonator according to a
further embodiment, and

Figure 11 is a diagram illustrating a cross-sectional side view of a miniaturized coaxial resonator according to a
further embodiment.

Detailed Description

[0029] The inventors realised that in known cavity filters, modest frequency tunability is achievable by a tuning screw,
positioned as shown in Figures 1 and 2. Some other approaches involve incorporating an electronically controllable
device inside the cavity of the filter. The electronically controllable device is usually a varactor diode (in which case the
resulting filter has the same technical limitations as its Printed Circuit Board (PCB) counterpart) or a microelectrome-
chanical system (MEMS). MEMS-based cavity filters are substantially similar to their counterparts having varactor diodes,
with the exception that for the MEMS-based cavity filter, power handling capability is increased to some extent, while
its tunable range is decreased due to the existence of stray capacitance between metallic contacts of the MEMS switch.
[0030] The inventors considered that a miniaturized, tunable RF resonator with high power handling and low insertion
loss is desirable, and provided a mechanically tunable RF resonator that meets these four requirements.

First Example

[0031] Asshown in Figure 3, the cavity resonator 4 includes a cavity 6 within a conductive enclosure 8. Extending into
the cavity 6 from one wall 10 is a first tubular conductor 1 which has an open end 9. From that same wall 10, a tuner 12
also extends into the cavity 6. The tuner is a cylindrical metallic post, of adjustable length, which lies coaxially along the
central longitudinal axis within the tubular conductor 1. From the wall 14 that is opposite the wall 10, a second tubular
conductor 2 extends into the cavity 6. The second tubular conductor has an open end 11 . The second tubular conductor
2 has a diameter less than that of the first tubular conductor 1 but more than that of the tuner 12.

[0032] The two tubular conductors 1, 2 and the tuner 12 are in close proximity with each other. The conductors 1, 2
and the tuner 12 are both electrically and mechanically connected to the respective wall 10,14 on which mounted.
[0033] Specifically the two tubular conductors are hollow and of different widths (radii) so as to allow the second tubular
conductor 2 to be inserted into the hollow space defined by the first tubular conductor 1. In other words, a portion of the
second tubular conductor 2 lies within the first tubular conductor 1. The extent of the intrusion, in other words the extent
of overlap, determines the extent of electromagnetic coupling between the two conductors.

[0034] The tuner 12 is provided for additional electromagnetic coupling with the second tubular conductor 2. In con-
sequence the resonator 4 may be considered a three-element distributed resonator where the three elements are the
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two tubular conductors 1,2 and the tuner 12. This resonator may also be considered a miniaturised coaxial resonator.
[0035] The tuner 12 is, in this example, a tuning screw which can be screwed in or out via a correspondingly threaded
hole (not shown) in the first wall 10 of the enclosure 8 so as to adjust the length of the screw that resides within the
cavity 6, in other words the extent of intrusion into the cavity 6.

Operation

[0036] In use, the current flows are as indicated in Figure 4.

[0037] Assuming that say conductor 1 is excited first, at the fundamental resonant frequency of this conductor 1, the
electric current flow on the conductor 1 surface is such that the current density is highest at the area of contact with the
wall 10 on which the conductor 1 is mounted. The wall 10 may be considered the ground plane of the conductor 1. The
direction of propagation of the current is as shown in Figure 4.

[0038] By virtue of Faraday’s law, electric current on conductor 1 induces electric currents on conductor 2 and the
tuner 12, with the main directions of current flow being as shown in Figure 4. The directions of the induced currents are
always so as to reduce the magnetic fields that created the induced currents. However, due to the unusual nature of the
structure in that the resonators 1,2,12 are sequentially mounted on opposite walls 10,14 of the resonant cavity 6, the
resultant magnetic field in the inter-resonator regions, in other words in the volumes of space between conductor 1 and
conductor 2, and between conductor 2 and the tuner 12, is not net-zero but has a non-zero value.

[0039] This resultant magnetic field value is non-zero because the resonators, namely conductor 1, conductor 2 and
tuner 12, are interacting with each other and the intensities of the resultant interacting magnetic fields in the inter-
resonator regions are dependent on the separation between the respective resonators. In general, the smaller the
separation is, the greater is the interacting magnetic field and, hence, the interaction between the respective resonators
is greater. Since the level of interaction among the resonators determines the effective electrical length that the combined
electric current depicted in Figure 4 needs to travel, it follows that closely coupled resonators of Figure 4 offer a reduction
of frequency of operation compared to that of a single resonator in isolation.

[0040] Furthermore, the resonator which is the tuner 12 is, in this example, in the form of a screw, whose intrusion
into the cavity 8 can be variably adjusted. This means, there is frequency tunability as well as the reduction in the
frequency of operation.

[0041] Another important aspect of the miniaturized resonator arises from the rotational symmetry of the three reso-
nators 1,2, 12 and the overall cavity resonator assembly 4. This is that as a direct consequence of the symmetries, at
any point along the length of the individual resonators 1,2,12, the surface current density along the perimeter of each
resonator is equally distributed. As a result, no surface current "hot spots" are created in this process of miniaturization,
giving high power-handling capability.

Example Dimensions

[0042] In this example, the particular dimensions selected are as indicated in Figures 5 and 6 and are as shown in
Table 1:

Table1 : Resonator dimensions Example 1

Resonator Example 1

Cavity (W x W x L) where W denotes width and L denotes length 2.0cmx2.0cmx4.0cm (16 cm3)
OuterDial which denotes the outer diameter of conductor 1 4.63 mm

OuterDia2 which denotes the outer diameter of conductor 2 3.95 mm

L1/t1 where L1 is the length in the cavity of the conductor 1 and t1 is the thickness | 20.03 mm/0.43 mm
of the cylindrical wall of conductor 1

L2/t2 where L2 is the length in the cavity of the conductor 2 and {2 is the thickness | 26.74 mm/0.43 mm
of the cylindrical wall of conductor 2

Lt/TunerDia where Lt is the length in the cavity of the tuner and TunerDia is the 15.00 mm/0.81 mm
diameter of the tuner

Second Example

[0043] The second example is similarin structure to the first example except for having different dimensions, as follows:
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Table 2: Resonator dimensions Example 2

Resonator Example 1

Cavity (W x W x L) where W denotes width and L denotes length 2.3cmx2.3cmx3.0cm (15.87 cm3)
OuterDia1 which denotes the outer diameter of conductor 1 6.1 mm

OuterDia2 which denotes the outer diameter of conductor 2 5.51 mm

L1/t1 where L1 is the length in the cavity of the conductor 1 and t1 is the 14.77 mm/0.45 mm
thickness of the cylindrical wall of conductor 1

L2/ t2 where L2 is the length in the cavity of the conductor 2 and t2 is the 19.08 mm/0.45 mm
thickness of the cylindrical wall of conductor 2

Lt/TunerDia where Lt is the length in the cavity of the tuner and TunerDiais | 27.54 mm/1.94 mm
the diameter of the tuner

Performance of Example 1 and Example 2

[0044] Based on the basic idea epitomized in Figure 4, the two example resonators were simulated using CST micro-
wave studio software.

[0045] Table 3 shows the simulated performance of the two example resonators.

[0046] Furthermore, Figure 7 (Left) and Figure 8 (Left) demonstrate the variation of resonant frequency as a function
of the tuner penetration in the cavity for resonator example 1 and 2, respectively.

[0047] Furthermore Fig. 7 (Right) and Fig. 8 (Right) demonstrate the variation of the g-factor as a function of the tuner
penetration in the cavity for resonator example 1 and 2, respectively.

[0048] The results demonstrate a smooth variation of resonant frequency (desirable for post-fabrication tuning of filters)
and a minimized effect on the Q-factor of the resonator assembly.

[0049] It has been found that for basically the same volume as known resonators depicted in Figures 1 and 2, the two
example embodiments of the miniaturised coaxial resonator achieve the reduction of frequency of operation of over two
times, with a frequency tunability of over 7%.

Table 3: Simulated performance of the two example resonators (CST Eigenmode solver)

Resonator Electrical Length @700MHz | Gap Resonant Q-Factor (Au/Au) Q/Vol
(428.6 mm) Size/Overlap | frequency 5.4x1097 S/m (1/cm3)

Example 1 ~33.6 deg 0.27/6.71 (mm) | 709.6 MHz 1812 113.3

Example 2 ~25.2 deg 0.14/4.31 (mm) | 700.9 MHz 1809 114

[0050] In a first instance, the power handling capability of the resonator 4 is strongly dependent on the overlap gap
distance and length between the two main conductors, conductor 1 and conductor 2. It follows that these dimensions
determine both the power handling capacity of the resonator 4, and the amount of miniaturization (size as compared to
a corresponding known resonator) . Thus, there is a trade-off to consider: the more we miniaturize, the less the handling
capacity is going to be. It has been shown that changes to size can be made, for example to the overlap gap distance
and length, without greatly affecting electrical performance. See for example Table 2, where the two examples have
similar electrical performance, i.e. resonant frequency and Q-factor.

Some other Examples

[0051] Figure 9 shows an alternative example in which the cylindrical conductors 1°,2" mounted on opposite walls
10,14’ are equal in radius save at their open ends 1a’, 2a’ where the extended rim portion 2b’ of second conductor 2’
fits in a no-contacting way within the extended rim portion 1b’ of first conductor 1°.

[0052] Figure 10 shows another example in which the cylindrical conductors 1" and 2" include respective end wall
portions 1c, 2c for ease of mounting to cavity end walls 10", 14".

[0053] Figure 11 shows an example in which the tuner post12’ is mounted on the wall 14a on which the smaller radius
cylindrical conductor 2 instead of on the wall 10a on which the larger radius cylindrical conductor 1 is mounted.

[0054] The presentinvention may be embodied in other specific forms without departing from its essential character-
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istics. The described embodiments are to be considered in all respects only as illustrative and not restrictive. The scope
of the invention is, therefore, indicated by the appended claims rather than by the foregoing description. All changes
that come within the meaning and range of equivalency of the claims are to be embraced within their scope.

[0055] A person skilled in the art would readily recognize that steps of various above-described methods can be
performed by programmed computers. Some embodiments relate to program storage devices, e.g., digital data storage
media, which are machine or computer readable and encode machine-executable or computer-executable programs of
instructions, wherein said instructions perform some or all of the steps of said above-described methods. The program
storage devices may be, e.g., digital memories, magnetic storage media such as a magnetic disks and magnetic tapes,
hard drives, or optically readable digital data storage media. Some embodiments involve computers programmed to
perform said steps of the above-described methods.

Claims

1. A resonator for a filter comprising a resonant chamber (8), the resonant chamber comprising a first wall (10), a
second wall (14) opposite the first wall, and side walls;
the resonator also comprising:

a resonator post (12) which is grounded so as to extend into the chamber on the first wall or the second wall;
a first cylinder (2) grounded on the second wall(14) so as to extend into the chamber and having an open end
(9) which is distal from the second wall;

a second cylinder(1) grounded on the first wall (10) so as to extend into the chamber and having at its open
end (11) which is distal from the first wall an inner diameter wider than the outer diameter of the open end (9)
of first cylinder;

the resonator being configured so that at least an end portion of the first cylinder (2) lies within the second
cylinder (1).

2. A resonator according to claim 1, in which a part of the post (12) lies within the first cylinder (2) and the second
cylinder (1).

3. A resonator according to claim 1, in which the first cylinder (2) and the second cylinder (1) are coaxial with each
other and the resonator post.

4. Aresonator according to claim 1 or claim 2, in which the resonator post is grounded on the first wall (10) .
5. Aresonator according to claim 1 or claim 2, in which the resonator post is grounded on the second wall (14).

6. A resonator according to any preceding claim, in which the resonator post is of adjustable length within the cavity
for tuning.

7. Aresonator according to claim 6, in which the resonator post is the shaft of a tuning screw.

8. A resonator according to any preceding claim, in which the first cylinder (2) is an inner cylinder, and the second
cylinder (1) is an outer cylinder having an inner diameter wider than the outer diameter of the first cylinder.

9. A resonator according to any of claims 1 to 7, in which the main part of the first cylinder (2') and the main part of
the second cylinder (1°) are of least substantially the same diameter, and the end portion (1b’) of the second cylinder
distal from the first wall (10’) has an inner diameter wider than the outer diameter of the end portion (2b’) of first
cylinder distal from the second wall (14’).

10. A resonator according to any preceding claim, in which the distal end of the first cylinder comprises an extending
cylindrical wall (2b’) thinner than the wall thickness of the main part of the first cylinder (2’),
the distal end of the second cylinder (1b’) comprises an extending cylindrical wall thinner than the wall thickness of
the main part of the second cylinder (1°).

11. A resonator according to any preceding claim, in which at least one of the first and second cylinders comprises a
respective end wall (1¢,2c) for ease of mounting to the first wall (10") or the second wall (14").
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12. A radio frequency filter comprising at least one resonator according to any preceding claim.

13. A method of radio frequency filtering comprising passing a radio frequency signal for filtering through a filter com-
prising a resonant chamber (8), the resonant chamber comprising a first wall(10), a second wall (14) opposite the
first wall, and side walls;
the resonator also comprising:

a resonator post (12) which is grounded so as to extend into the chamber on the first wall or the second wall;
a first cylinder (2) grounded on the second wall so as to extend into the chamber and having an open end (9)
which is distal from the second wall;

a second cylinder (1) grounded on the first wall (10) so as to extend into the chamber and having at its open
end (11) which is distal from the first wall an inner diameter wider than the outer diameter of the open end (9)
of first cylinder;

the resonator being configured so that at least an end portion of the first cylinder (2) lies within the second
cylinder (1).
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