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(54) A RESONATOR, A FILTER AND A METHOD OF RADIO FREQUENCY FILTERING

(57) A resonator is provided comprising a resonant
chamber, each chamber comprising a first wall, a second
wall opposite the first wall and side walls. The resonant
chamber houses three or more resonator posts that are
spaced apart, each resonator post being grounded on
one of the first wall and the bottom wall. A first set of the
resonator posts being grounded on the first wall so as to
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extend into the chamber from the first wall. A second set
of the resonator posts being grounded on the second
wall so as to extend into the chamber from the second
wall. Each resonator post of the first set is for magnetic
field coupling in proximity with at least one of the reso-
nator posts of the second set.
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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] Filters are widely used in telecommunications. Applications include base stations for wireless cellular commu-
nications, radar systems, amplifier linearization systems, point-to-point radio, and RF signal cancellation systems, to
name just a few. Although a specific filter is chosen or designed dependent on the particular application, it is generally
desirable for a filter to have low insertion loss in the pass-band and high attenuation in the stop-band. Furthermore, in
some applications, the frequency separation (known as the guard-band) between stop-band and pass-band needs to
be small, so a filter of a high order is required. Of course as the order of a filter is increased so does its complexity in
terms of the number of components the filter requires and hence the filter’s size. Furthermore, although increasing the
order of a filter increases stop-band attenuation, insertion loss in the pass-band is also thereby increased.

[0003] One ofthe challenging tasks infilter design is how to reduce their size ('miniaturization’) but retain good electrical
performance. One of the main parameters governing a filter’s sensitivity and insertion loss is the so-called quality factor
("Q-Factor" or "Q") of the elements making up the filter. The Q-factor is defined as the ratio of energy stored in the
element to the time-averaged power loss. For lumped elements that are used especially at low radiofrequencies in filter
design, Q is typically in the range of about 60 to 100. For cavity-type resonators, Q is higher and can be as high as
several thousands.

[0004] Although lumped components enable significant miniaturization their low Q prohibits their use in applications
where high rejection and or selectivity are required.

[0005] On the other hand, cavity resonators offer sufficient Q but their relatively large size prevents their use in many
applications.

[0006] The miniaturization problem is especially pressing with the advent of small cell base stations, where the volume
of the base station should be minimal, since it is important the base station be as inconspicuous as possible (as opposed
to an eyesore). As regards larger more powerful base stations, there is a trend in macrocell base stations towards
multiband solutions within a similar mechanical housing to that of previous single-band solutions, so filter miniaturization
without sacrificing system performance is becoming important for macrocell base stations too.

[0007] Several known solutions exist. For lower performance requirements, ceramic mono-block filters with external
metallization are used. They offer significant size reduction but have a relatively low Q of a few 100’s (up to 500), which
is too low for many applications. Additionally, the small size of the filters prevents their use in high-power applications,
due to relatively high insertion losses and rather limited power-handling capabilities.

[0008] Another type of known filters is filters with ceramic resonators. Like mono-block filters, they also offer significant
size reductions. Furthermore, these filters offer power-handling capabilities that are much higher than those of mono-
block filters. However, cost is the main prohibiting factor for wider deployment of these filters.

[0009] Another type of known filters is cavity filters made up of cavity resonators. In high-power applications, such as
those found in mobile cellular communication base stations, there is still no real practical alternative to cavity filters.
[0010] The standard building block of a cavity filter is a combline resonator, depicted in its basic form in Figure 1. The
combline resonator includes a resonator post in a cavity, and resonates at a frequency where the resonator posts’s
height is one quarter-wavelength of the electric current, /, induced on the surface of the resonator.

[0011] As shown in Figure 1, a single combline resonator is provided, and as there is no significant capacitive loading
at the top of the resonator post, the electrical length of the combline resonator needs to be approximately 90 degrees
at the frequency of operation. This electrical length of 90 degrees means that the resonator behaves as an impedance
transformer, namely where the resonator post has a short-circuit ended bottom and an open-circuit ended top.

[0012] Since no manufacturing is perfect, the practical realization of a combline resonator is typically as shown in
Figure 2. In the combline resonator shown in Figure 2, a tuning screw extends from the top of the cavity toward the
resonator post’'s ungrounded end so as to effectively balance undesired effects caused by manufacturing tolerances.
To explain another way, the tuning screw allows the resonator to be tuned to the resonant frequency for which the
resonator was designed.

[0013] Figure 3 shows the equivalent circuit of each of the resonators shown in Figures 1 and 2.

[0014] In filters made up of cavity resonators, the known approach to size reduction is to apply a capacitive cap to the
resonator post in the cavity, in other words to increase the diameter of the resonator post’s top end (which is separated
from the cavity surface by a gap). This provides a greater electrical loading and hence lower radio frequency of operation.
However, this must be done with care and only to a moderate level since the Q-factor is reduced in consequence.
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Summary

[0015] The reader is referred to the appended independent claims. Some preferred features are laid out in the de-
pendent claims.

[0016] An example of the present invention is a resonator comprising a resonant chamber, each chamber comprising
a first wall, a second wall opposite the first wall, and side walls. The resonant chamber houses three or more resonator
posts that are spaced apart, each resonator post being grounded on one of the first wall and the second wall. A first set
of the resonator posts is grounded on the first wall so as to extend into the chamber from the first wall. A second set of
the resonators is grounded on the second wall so as to extend into the chamber from the second wall. Each resonator
post of the first set is for magnetic field coupling in proximity with at least one of the resonator posts of the second set.
[0017] The first wall may be a top wall and the second wall may be a bottom wall.

[0018] Some embodiments provide distributed resonator posts within a resonant cavity. In some embodiments, the
posts can be considered as interdigitated, being alternately grounded on opposite surfaces of the cavity.

[0019] Some embodiments simultaneously provide cavity filters having reduced dimensions and an extended range
of frequency-tunability. This is significant as filters are typically the bulkiest and heaviest subsystems in base stations
for mobile cellular telecommunications, rivalled only by power-amplifier heat-sinks, so filter miniaturization is desirable.
[0020] Also, the greater frequency tunability avoids the need for a network operator to buy replacement known filters
for transiting to a new frequency band. Instead with filters according to embodiments, simple retuning is sufficient.
Wasteful stockpiling of known cavity filters of different frequency bands is avoided. Opening-up and reconstruction of
resonant cavity filters for retuning purposes is also avoided.

[0021] Some embodiments exploit electromagnetic characteristics that arise when multiple combline resonator posts
are placed in the vicinity of one another.

[0022] Some embodiments will be used in Remote Radio Heads (RRH) where smaller and light-weight filters will cause
less stresses due towind load and reduced requirements for load-bearing on a tower or mast on which the RRH is mounted.
[0023] Some embodiments provide a reduction in size of the resonant cavity in a filter, as compared to a known filter.
An example resonator consisting of a cavity housing eight resonator posts and a tuning screw yields a cavity size
reduction of 3.35 as compared to a corresponding resonator having a single resonator post. The same resonator has a
frequency tunable range of 15%. This significant frequency range is achieved without the need to open the filter, so
there is no practical risk of degradation of radio frequency characteristics by contamination of the filter insides.

[0024] The presentinvention in some embodiments allows greater frequency-tunable range and smaller size than an
alternative proposal having just two resonator posts in a resonant cavity.

[0025] Preferably, there are three resonator posts, the first set comprising one resonator post grounded on the first
wall, and the second set comprising two resonator posts grounded on the second wall.

[0026] Alternatively, preferably, there are four or more resonator posts, the first set comprising resonator posts ground-
ed on the first wall, and the second set comprising resonator posts grounded on the second wall, such that in a direction
the posts are alternately grounded on the first wall and the second wall.

[0027] Preferably the resonator posts are in a row, and preferably the row is straight or curved, for example semi-
circular. In some embodiments, the posts are alternately grounded on the first wall and the second wall in the direction
along the row.

[0028] Alternatively, preferably the resonators are disposed in a grid such that, between any two resonator posts of
the first set, a resonator post of the second set is provided.

[0029] Preferably the resonator post of the first set or the resonator posts of the first set is/are in an interdigitated
configuration with the resonator posts of the second set.

[0030] Preferably at least one resonator post is of adjustable extension into the chamber so as to adjust the resonant
frequency of the resonator. Preferably the or each resonator post of adjustable extension into the chamber comprises
a screw member that extends into the chamber. Preferably one resonator post is of adjustable extension and is one that
is near or at the centre of the resonator post configuration.

[0031] Examples of the present invention also relate to corresponding filters and methods of radio frequency filtering.
For example, the present invention relates to a radio frequency filter comprising at least one resonator as outlined above.
[0032] Another example of the present invention relates to a method of radio frequency filtering comprising passing
a signal for filtering through at least one resonator, each resonator comprising a resonant chamber, each chamber
comprising a first wall, a second wall opposite the first wall, and side walls; in which

the resonant chamber houses three or more resonator posts that are spaced apart, each resonator posts being grounded
on one of the first wall and the second wall,

a first set of the resonator posts being grounded on the first wall so as to extend into the chamber from the first wall;

a second set of the resonator posts being grounded on the second wall so as to extend into the chamber from the second
wall;

wherein each resonator post of the first set is for magnetic field coupling in proximity with at least one of the resonator
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posts of the second set.

[0033] Preferably, the resonator posts of the first set are in an interdigitated configuration with the resonator posts of
the second set. Preferably, the resonators are disposed in a grid such that, between any two resonator posts of the first
set, a resonator post of the second set is provided. Preferably, at least one resonator post is of adjustable extension
into the chamber so as to adjust the resonant frequency of the resonator.

Brief Description of the Drawings

[0034] 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 combline resonator (PRIOR ART),

Figure 2 is a diagram illustrating a known combline resonator including a tuning screw (PRIOR ART),

Figure 3 is a diagram illustrating an equivalent circuit of the resonator shown in Figure 1 (PRIOR ART) or Figure 2
(PRIOR ART),

Figure 4 is a diagram of a resonator according to an alternative proposal for comparison (ALTERNATIVE PROPOS-
AL),

Figure 5 is a diagram illustrating an equivalent circuit of the resonator shown in Figure 5 (ALTERNATIVE PROPOS-
AL),

Figure 6 is a diagram of a resonator according to a first embodiment of the invention having three resonator posts,
Figure 7 is a diagram of a resonator according to a second embodiment of the invention having four resonator posts,
Figure 8 is a diagram illustrating a generalised N-case equivalent circuit of the resonators shown in Figures 6 and
7, where N is the number of resonator posts

Figure 9 is a graph of frequency variation as a function of transformer impedance, Z, =L for comparative examples
!

of the first embodiment (resonator having three resonator posts in a cavity) and second embodiment (resonator

having four resonator posts in a cavity), alternative proposal (resonator having two resonator posts in a cavity) and

prior art (resonator having a single resonator post in a cavity),

Figure 10 is a diagram of a resonator according to a third embodiment of the invention having four resonator posts

where (a) is a diagrammatic perspective view and (b) is a diagrammatic cross sectional view,

Figure 11 is a diagram of a resonator according to a fourth embodiment of the invention having nine resonator posts

where (a) is a diagrammatic perspective view and (b) is a diagrammatic cross sectional view,

Figure 12 is a diagram of a resonator according to a fifth embodiment of the invention having four resonator posts

where (a) is a diagrammatic perspective view and (b) is a diagrammatic cross sectional view,

Figure 13 is a diagram of a resonator according to a sixth embodiment of the invention having nine resonator posts

where (a) is a diagrammatic perspective view and (b) is a diagrammatic cross sectional view,

Figure 14 is a diagram of the resonator shown in Figure 13 before final assembly,

Figure 15 is a diagram of a resonator corresponding to the one shown in Figure 11 but with one resonator post

replaced by a tuning screw, and

Figure 16 is a diagram of a resonator corresponding to the one shown in Figure 13 but with one resonator post

replaced by a tuning screw.

Detailed Description

[0035] Examples of an alternative proposal which are not prior art nor embodiments are first described with reference
to Figures 4 and 5.
[0036] Embodiments of the invention are then described with reference to Figures 6 to 16.

Alternative Proposal having two resonators

[0037] As shown in Figure 4, the inventors realised that a resonator structure 2 may be provided in which there are
two resonator posts 4, 6, one 4 of which is grounded on the bottom 8 of a resonator cavity 10 and the other 6 of which
is grounded on the top 12 of the resonator cavity 10.

[0038] The equivalent circuit 14 to this resonator structure 2 is shown in Figure 5.
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Equivalent Circuit Analysis of Alternative Proposal having two resonators

[0039] Figure 5 corresponds to two of the resonators each represented by their own equivalent - parallel LC (inductor-
capacitor) - circuit, connected through an admittance transformer, Y;.

[0040] The resonant frequency of each resonator is obtained from the condition that the admittance of the parallel
circuit, Y, is equal to zero

1

Y,=jw,Cy+ =0 (1)

00

1

to yield Wy =—F—.
7 JLC,

[0041] The resonant frequency of the circuit shown in Figure 5 is, similarly, obtained from the condition that the input
admittance, Yj,, is equal to zero. In order to do so, the expression for Y, is obtained:

2
Y, =+ jo| C,+ —2 ] (2)
JjoL, 1-w°L,C,

[0042] The inventors then inferred from equation (2) that the first term on the right corresponds to the susceptance of
inductor L,, while the second term represents the equivalent capacitive susceptance, composed of the susceptance of

capacitor C, and the susceptance contribution of the second resonator. The susceptance contribution of the second
resonator is of capacitive character for frequencies below the resonant frequency of the individual resonators,

1

w, =—"\/: » and of inductive character for frequencies above the resonant frequency of the individual resonators.
0~ 0
The resonant frequencies of the resonator structure shown in Figure 4 are obtained by setting Y;, = 0, to yield

(0’L,C, - 1-0LY,)(&’L,C, — 1+ oL,Y,)=0 (3).

[0043] Since (3) is a polynomial of order four, it has four roots, two out of which are always negative and the remaining
two are positive. Discarding the negative roots as unphysical, the two positive roots are

LY, +\Y +4LC, wnd oY +2Y +41,C, @

2L,C, ? 2L,C,

w, =

[0044] Equation (4), upon substitution of @, =——=—=: becomes
\/Loco

(1/((051,;1/,’ +4) +L,,(0,,Y,) ( (o] Y7 +4) ~L,,a)0Y,)
and w,=w,

> 3 (5).

U, =0,

[0045] Equation (5) indicates that the introduction of an admittance transformer, Y;, results in two resonant frequencies:
one above and the other below the resonant frequency of an individual resonator. In other words, for a given resonant
frequency of an individual resonator post, the resonant frequencies of the resonator structure 2 shown in Figure 5 can
be adjusted by a selection of the admittance transformer, Y;.
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[0046] This lead the inventors to consider electromagnetic conditions that must be satisfied.

[0047] It follows from electromagnetic theory that for the coupling between two resonator posts to be strong, they must
be placed in the vicinity of each other. The term "coupling" represents the amount of energy that one resonator post
intercepts from another resonator post and can be expressed equally well by an equivalent loading "impedance" that
one resonator post exhibits when another resonator post is placed in its vicinity.

[0048] In particular, the higher the equivalent loading "impedance" of a resonator post, the less amount of coupling
exists between the two adjacently placed resonator posts. In the limiting case, when the loading impedance is infinite,
no coupling exists between the resonator posts. In practice, this corresponds to the case of infinite physical separation
between resonator posts.

[0049] In view of the above that inventors realised that a strong but controllable coupling between the two posts 4, 6
in the resonant cavity 12 is obtained by placing the resonator posts in the vicinity of each other such that one resonator
post 4 extends from the bottom 8 of the cavity 10 and one resonator post 6 extends from the top 12.

[0050] Looking further at the resonator structure shown in Figure 4, it is seen that the resonators are positioned at
opposite sides from each other. This means that the directions of the surface currents on the respective resonator posts
4,6 are such that the magnetic fields created by these two currents reinforce each other in the space 16 between the
resonators. This implies that the coupling between the two resonator posts 4, 6 is strong, the resonator posts 4,6 exhibit
a great deal of influence on each other, and this influence can be controlled by manipulating the amount of coupling
between the two resonator posts 4,6. As explained earlier with reference to Figure 5, coupling can be represented by
an equivalent impedance/admittance transformer between the two resonators.

[0051] It can be considered that depending on the coupling between the two resonators, this notional impedance/ad-
mittance transformer has a tunable electrical length.

[0052] Furthermore, given that each individual resonator post has an electrical length of 90° in isolation and that the
electrical length of the transformer is adjustable, the overall electrical length of the resonant structure shown in Figure
4 can be arbitrarily long, resulting in reduced frequencies of operation compared to a single resonator in isolation.

Some example embodiments

[0053] Before presenting the example shown in Figure 6 which has three resonator posts and the example shown in
Figure 7 which has four resonator posts, we will first consider a generalised equivalent circuit where N resonator posts
are provided.

[0054] In terms of theory, we will consider the N resonator case shown in Figure 6, then focus specifically on the three
resonator case shown in Figure 4 and four resonator case shown in Figure 5.

N resonator case, where N is three or more

[0055] The equivalent circuit for a generalised set of N resonator posts is shown in Figure 8. Figure 8 depicts N (two
or more) identical resonator posts of Figure 3, each represented by their own equivalent - parallel LC (inductor-capacitor)
- circuit, connected through an admittance transformer, Y;. The resonant frequency of each individual resonator post is
obtained from the condition that the admittance of the parallel circuit, Y, is equal to zero

=0__(6).

J By Ly

_ Y, =jo,C,+

1
to yield @, =—F——=" The resonant frequency of the circuit of Figure 8 is, similarly, obtained from the condition that

LC

0~0
the input admittance, Yj,, is equal to zero.
In order to do so, the expression for Yj, is obtained in the form of generalised continued fraction

Y, =Y, +—————, for m=n-1,n22 (7)

: Y2
Yo, +..- 2
Yo
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where Ypq Yoo, Yo, represent the susceptances of individual resonator posts, given by

. 1
YOn =.]w0nC0n R Ea— (8)

on""0n

and m represents the number of admittance transformers connecting the individual resonator posts. For a given number
of resonator posts, n, the number of admittance transformers is m=n-1.
[0056] The resonant frequency of the equivalent circuit of Figure 8 is determined by setting (7) to zero, i.e.

Y2
£, =ty =0 9

12
),OZ+ YZ
tm
Y()3+..43/—
On

[0057] The frequency obviously depends on the of number of resonator posts, n, and the number of admittance
transformers, m=n-1. In the first instance, let us examine how the resonant frequencies depend on the number of
resonator posts connected in this way.

Three Resonator Case

[0058] Asshown in Figure 6, the inventors realised that a resonator structure 19 (sometimes referred to as a resonant
structure or the like) may be provided in which there are three resonator posts 20, 22, 24, two 20,24 of which are grounded
on the bottom 26 of a resonator cavity 28 and the other 22 of which is disposed between said first two posts 20, 24 and
is grounded on the top 30 of the resonator cavity 28.

[0059] It will be understood that the nomenclature top wall, bottom wall, sides walls, is intended to distinguish the walls
from each other and resonators may function in any orientation relative to the Earth.

[0060] Accordingly, in terms of equivalent circuit analysis, we now examine the case of three identical resonator posts
connected via two identical admittance transformers. In this case, (4) becomes

L()Y;Z (1 - C’)Z.L()Co )
(1-o’LC,) -0’ LY;

Y =

= 10
T (10)

+ jw; C,+

[0061] As inthe case of two resonator posts, one can infer from (10) that the first term on the right corresponds to the
susceptance of inductor L,, while the second term represents the equivalent capacitive susceptance, composed of the
susceptance of capacitor C, and the susceptance contribution of the remaining two resonator posts. The resonant
frequencies of the resonant structure having three-resonator posts represented by (10) are obtained by setting Y;, = 0,
to yield

(1-0'LC,)(1- 0’ L,C, —N20LY,)(1- &’ L,C, +20L,Y, )=0 (11)

[0062] The order of the polynomial of (11) is six and, as such, there are six roots, out of which three are always negative
and the remaining three are positive. Discarding the negative roots are unphysical, the three positive roots are
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1 2LY +\|212Y7 +41,C,

w, =0, = N ., = and
1 0 \/LOC() 2 ZLOCO
—2LY, +22¥? +4L,C, 12)
., =
? 2L,C,

[0063] The first resonant frequency o, is the resonant frequency of a single resonator post alone, while the other two
frequencies are positioned above and below the resonant frequency of an individual resonator post, ;. In other words,
for a given resonant frequency of an individual resonator post, the resonant frequencies given by (11) can be adjusted
by a selection of the admittance transformer, Y;.

[0064] Itcanbeshown thatthe frequency difference between the lowest frequencies of operation of a resonant structure
having three identical resonator posts compared to a resonant structure having two two identical resonator posts, for
identical values of admittance transformers, is always non-positive, i.e. that the structure with three resonator posts will
always have aresonant frequency that is lower than the lowest frequency of operation of the two-resonator post structure.

Four Resonator Case

[0065] As shown in Figure 7, the inventors realised that a resonator structure 31 may be provided in which there are
four resonator posts 32, 34, 36, 38, two 32,36 of which is grounded on the bottom 40 of a resonator cavity 42 and the
other 34,38 of which is grounded on the top 44 of the resonator cavity 42.

[0066] The resonator posts can be considered as in an interdigitated configuration in that, although not touching each
other, along a row or direction the resonator posts are alternately provided from one group (top wall grounded) and then
the other group (bottom wall grounded). The term interdigitated is used as this configuration is somewhat analogous to
fingers of one hand have been inserted between those of the other hand.

[0067] Accordingly, interms of equivalent circuit analysis, we proceed to considering this structure having four closely-
coupled resonator posts. The input admittance in this case can be represented as

LY’ ((1— o'L,C,) - a)sz,Xz)

Y, = ! +jo| C,+ (13)

" jol, (1-0'1,C,) - 20°LY} (1- 0’ LC, )

[0068] By setting (13) to zero, one obtains four physical resonant frequencies, given by
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\/4L0C0 L 2Y* (3+\/§)+\/8L2C0Y,2(3+\/§)+ Ly (3+45)

2L,C,

W, =

\/4L0C0 % (3+\/§)—\/8L§C0Y,2(3+«/§)+ Ly (3445)

21,C,

w, =

\/4L0C0 + LY (3-5)+ \/8Lf,C,,Y,2 (3-5)+ 5y (3- JE)2

©s= 2L,C,
\/4L,,C0 + LY (3-45) —\/8L30C0Y,2 (3—\/§)+L}',Y,4(3—«/§)2
w,= (14)

2L,C,

[0069] Out of the four resonant frequencies, w, and w, are of particular importance, since they are lower than the
operating frequency of a single resonator, as opposed to @; and @3, which are always higher than the frequency of a
single resonator post. Furthermore, it can be shown that w, is, for the same operating conditions (i.e. same resonators
and same admittance transformers), always lower than a,. It can be further shown that the resonant frequency of a
structure having four resonator posts will resonate with a frequency that is always lower that the lowest frequency of a
three-resonator post structure.

Comparison of Example Structures (three resonator posts and four resonator posts) with alternative proposal example
(two resonator posts) and prior art example (single resonator post)

[0070] Let us consider four example resonant structures, one with a single resonator post (prior art), one with two
coupled resonator posts (alternative proposal), one with three coupled resonator posts and one with four coupled res-
onator posts.

[0071] In the proposed resonant structures, individual resonator posts and admittance transformers are identical and
operate at a frequency of 2 GHz.

[0072] As an illustration, Figure 9 shows frequency variation of lowest resonant frequencies of single- (circles), two-
(squares), three- (inverted triangles) and four-resonator post (triangles) structures as a function of transformerimpedance,
z=-L.

Y

!

[0073] More specifically, Figure 9 shows @, of (8), w3 of (11) and @, of (13) plotted as a function of the admittance
transformer, Y;. It is important to note that the two-resonator post structure has one admittance transformer, the three-
resonator post structure has two admittance transformers and the four-resonator post structure has three admittance
transformers. The admittance transformer, Y,, is allowed to vary from 0.0033 S (equivalent to 300 Q) to 0.05 S (equivalent
to 20 Q).

[0074] As evident from this figure, the frequency of operation of coupled resonant structures is successively decreased
as the number of coupled resonator posts increases. However, it is worth noting that the reduction of the operating
frequency of coupled resonant structures is not linearly proportional to the number of coupled resonator posts. Mathe-
matically, this is easily explained by the fact that the input admittance of coupled resonator posts can be expressed in
the form of a generalized continued fraction, which does not converge linearly as the number of its constituent elements
increases. As a matter of fact, the rate of convergence of the generalized continued fraction is greatly reduced as the
number of its constituent elements increases. Physically, this can be understood, at least to a first-order approximation,
in terms of the currents flowing on the resonator surfaces. For example, let us assume that current / flowing on the
surface of the first resonator post is coupled to the second resonator post by virtue of a coupling coefficient k, k<1. The
current induced on the surface of the second resonator post is now k*/. The third resonator post is coupled to the second
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resonator post with the same coupling coefficient, k, which infers that the induced current on the surface of the third
resonator post is k2*/. The introduced current in the fourth resonator post is, using the same rationale, k3*I. Since the
coupling coefficient k is always smaller than 1, it follows that a successively smaller current is induced on the surfaces
of subsequent resonators. For a case of n resonator posts, and hence m=n -1 admittance transformers, it follows that
the induced current on the surface of the last resonator post in the row is

I =k (15)

where /; and |, represent the surface currents on the first and the n-th resonator posts. At one point, for a sufficiently
large number of resonator posts, the amount of induced current on the n-th resonator will be close to zero, meaning that
this resonator post hardly contributes at all to the reduction of the frequency of operation - in other words, it becomes a
case of diminishing returns.

More Example Embodiments

[0075] When considering the two resonator post configuration, the inventors realised that itis now possible to increase
the number of resonator posts with alternative resonator posts grounded on opposite surfaces of the cavity, so that the
frequency of operation is further reduced, in line with the theory presented earlier. The individual resonator posts can
be arranged in a row, Fig. 10, or can be arranged in a circular/semicircular fashion, Fig. 11. However, as shown earlier
in the text, the increase in the number of resonator posts in this fashion does not linearly decrease the frequency of
operation.

[0076] Figure 10 shows a resonant structure 50 comprising a cavity 52 defined by a top wall 54, bottom wall 56, and
four side walls 58. The walls are, of course electrically conductive. In the Figure 10 example, there is a row 59 of four
resonator posts 60,62,64,66. Two 60 ,64 of these are grounded on the bottom wall 56 and two are grounded on the top
wall 54 in an alternating manner along the row 59 so as to take what may be considered as an inter-digitating configuration.
Each resonator post 60,62,64,66 has a non-grounded end 68 so that an air gap 70is provided between that non-grounded
end and the opposite top or bottom wall to the top or bottom wall on which that resonator post is grounded.

[0077] Figure 11 shows a resonant structure 50a comprising a cavity 52a defined by a top wall 54a, bottom wall 56a,
and four side walls 58a. The walls are, of course electrically conductive. In the Figure 10 example, there is a semicircular
row 59a of nine resonator posts 61a, 63a, 65a, 67a, 69a,71a, 73a, 75a, 77a. Five 61a, 65a, 69a, 73a, 77a of these are
grounded on the bottom wall 56a and four 63a, 67a, 71a, 75a are grounded on the top wall 54a in an alternating manner
along the row 59a so as to take what may be considered as an inter-digitating configuration. Each resonator post has
a non-grounded end so that an air gap is provided between that non-grounded end and the opposite top or bottom wall
to the top or bottom wall on which that resonator post is grounded.

[0078] One may now pose a question as to whether or not an arrangement of resonator posts in some ways better
than linear exists, so that - for the same number of resonator posts - the amount of inter-resonator post coupling can be
increased; more accurately, the goal is to increase the amount of coupling received by a furthermost resonator post.
One such a solution is found by positioning the resonator posts so that they form a rectangular or circular grid.

[0079] Figures 12 and 13 illustrate two rectangular grid examples, one with four and the other with nine resonator
posts, respectively. Itis important to state that each of the resonator posts in these two figures couple only to its adjacent
neighbours on the vertical and horizontal axes. The resonator posts do not couple to their neighbouring resonator posts
on the diagonal axis, since these resonator posts protrude from the same side of the ground plane. For the same reason,
the resonator posts along the diagonal axes do not couple to each other.

[0080] Figure 12 shows a resonant structure 50b comprising a cavity 52b defined by a top wall 54b, bottom wall 56b,
and four side walls 58b. The walls are, of course electrically conductive. In the Figure 12 example, there is a grid 59b
of four resonator posts 60b,62b,64b,66b. Two 60b ,64b of these are grounded on the bottom wall 56 and two 62b,66b
are grounded on the top wall 54b in an alternating manner. Accordingly, it can be considered that the posts situated on
shared diagonal axes in an X-Y plane are grounded on the same wall. Each resonator post 60b,62b,64b,66b has a non-
grounded end so that an air gap 70b is provided between that non-grounded end and the opposite top or bottom wall
to the top or bottom wall on which that resonator post is grounded.

[0081] Figure 13 shows a resonant structure 50c comprising a cavity 52c defined by a top wall 54c, bottom wall 56¢,
and four side walls 58c. The walls are, of course electrically conductive. In the Figure 13 example, there is a grid 59a
of nine resonator posts 61c, 63c, 65¢, 67c, 69¢,71c, 73c, 75¢, 77c. Five 61c, 65¢, 71c, 75¢, 779c of these are grounded
on the bottom wall 56¢ and four 63c, 69c, 73c, 77c are grounded on the top wall 54c in an alternating manner. Accordingly,
it can be seen that the posts situated on shared diagonal axes in an X-Y plane are grounded on the same top or bottom
wall 54¢,56¢. Each resonator post has a non-grounded end so that an air gap is provided between that non-grounded
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end and the opposite top or bottom wall to the top or bottom wall on which that resonator post is grounded.

[0082] A technique that can be used to facilitate economic manufacture of a filter consisting of any of the structures
in Figures 10 to 13 is depicted in Figure 14, which specifically represents the structure of Figure 13. Figure 14 can be
considered a side-exploded view of the structure of Figure 13.

[0083] Asshownin Figure 14, the resonator structure described above in respect of Figure 13 is assembled from three
parts: the bottom wall 56¢ with resonator posts grounded thereon (left in Figure 14), the cavity body made up of the four
side walls 58¢ (centre in the Figure 14) and the top wall 54c on which are grounded the other resonator posts (right in
the Figure 14).

[0084] The top and bottom walls 54c, 56cwith their respective resonators can be fabricated by one of the established
dimensionally-stable, highly-repeatable and relatively low-cost large-scale manufacturing processes such as casting.

Coupling

[0085] From the previous discussion, for linearly- or curvilinearly-arranged coupled resonator posts (Figures 10 and
11, respectively), the coupling fromthe firstresonator post to the lastresonator post can be inferred from (15), to be equal to

k =k (16)

under the provision that the coupling between any two neighbouring resonator posts is the same and equal to k. As
elaborated before, for a large number of resonating elements, the amount of induced (coupled) current onto the further-
most resonator post is very low, resulting in a rather limited influence of that resonator post on the frequency of operation
of the overall resonator structure. For comparison, let us now examine the amount of coupling between the resonator
posts in the rectangular grid configurations of Figures 12 and 13. For this purpose, it is of importance to quantify the
least amount of coupling that exists in the rectangular grid configuration. With regards to Figures 12 and 13, the least
amountof coupling exists between the resonator posts which are diametrically opposite to each otherand can be written as

_[2(N=1)), 2wy
k. :‘E“N ) ]k_ ) (17).

where NxN is the size of the matrix formed by configuration of the distributed resonator posts, depicted in Figs. 12 and
13, related to n (number of resonator posts) by N = \/; ) For example, with regards to Fig. 12, the amount of coupling

energy (kj ») that the resonator post positioned at 2,2 (bottom right) receives from the resonator post positioned at 1,1
(top left) is equal to

k,,=2k* (18)

while the amount of coupling energy that the last resonator post (far right) in the configuration depicted in Fig. 10 receives
is equal to

k=K (19)

[0086] Similarly, with regards Fig. 13, the amount of coupling energy (k3 ;) that the resonator post positioned at 3,3
(bottom right) receives from the resonator post positioned at 1,1 (top left) is equal to

k,, =6k* (20)

[0087] Forreference, the amount of coupling energy that the last resonator post (far right) in the configuration depicted
in Fig. 11 receives is equal to
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ky =k Q1)

[0088] Defining the ratio between the least amount of couplings of the respective configurations depicted in Figs. 13
and 11 (i.e. the rectangular-grid arrangement versus the linear/curvilinear arrangement containing the same number of
resonator posts) - i.e. the ratio of (16) and (15) - one obtains

R —@ (22)

mT (Nhana)

k

[0089] Forn=4,9and 16,i.e. N=2, 3 and 4, the coupling-coefficient ratio of (22) respectively becomes

2 6 20
R, :;f& :Fandes :F (23)

[0090] Table 1 presents the coupling coefficient ratio for several numbers of resonator posts, for the case of the
coupling coefficient of k= 0.1.

Table 1: Ratio of coupling coefficients of (21) forn =4, 9and 16.
R4 Rq R1e
k=0.1 20 60,000 210

[0091] Asevidentfrom this table, the coupling-coefficient ratio, R ,, is always greater than 1, indicating that the proposed
folded solution of Figs. 12 and 13 always gives greater coupling coefficients compared to the linearly- or curvilinearly-
arranged resonator solutions of Figs. 10 and 11. The results of Table 1 are not surprising, since the exponent of the
denominator of (21) is always greater than, or equal to, one.

[0092] The proposed folding approach can be applied to arrangements where the coupled resonator posts are not
arranged in a rectangular grid, but can be arranged in a circular fashion, for example. However, that will require formation
of an effective order of the resonator matrix.

[0093] In conclusion of this section, we believe it is descriptive to term the resonant structures of Figs. 10 to 13 as
distributed resonators, due to the fact that the resonance condition is not only a function of an individual resonator post,
but of the coupling among the resonator posts, too.

Resonant Frequency behaviour

[0094] Described above, Figures 10 and 11 represent some embodiments of distributed resonators, so that the re-
duction in the operating frequency is achieved, while Figures 12 and 13 further refine the distributed-resonator concept.
[0095] Table 2 compares the resonant frequencies, f,, of the four solutions presented in the respective Figures 10 to
13. In all cases, the cavity size is identical, 20 x 20 x 40 mm3, and the basic resonator element - operating at a frequency
of 1693 MHz - is the same. Furthermore, the separation between the identical resonator posts depicted in Figures 10
to 13 is constant and also kept the same, 2.6 mm. The reported resonant-frequency values were obtained by utilizing
the full-wave analysis software tool of CST Studio Suite by CST AG www.cst.com/Products/CSTS2.

Table 2: Comparison of resonant frequencies of distributed resonators of Figs. 10 to 13.

Resonator type Resonant frequency, f, [MHz]
Single resonator post 1693
4 resonator posts linear (Fig. 10) 750
4 resonator posts folded (Fig. 12) 680
9 resonator posts curvilinear (Fig. 11) 653
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(continued)

Resonator type

9 resonator posts folded (Fig. 13) 506

Resonant frequency, f, [MHz]

[0096] As evident from this table, closely-coupled distributed resonators lead to a great reduction of the operating
frequency compared to the operating frequency of a single resonator post. This, conversely, means that for the same
resonant frequency closely-coupled distributed resonators yield filters with substantially reduced volumes - e.g. the 9-
resonator post arrangement of Figure 13 reduces the volume of the filter cavity by a factor of 3.35 (= 1693 MHz/506
MHz) in comparison with that required for the conventional single-resonator post cavity filter operating at the same
frequency. It is also evident that the reduction of the operating frequency is proportional to the number of coupled/dis-
tributed resonator elements. Nevertheless, in line with the theory presented earlier in the text, the folded-resonator
approach, depicted in Figures 12 and 13, gives a greater reduction in the operating frequency compared to the case
when the distributed resonators are arranged linearly or curvilinearly.

Frequency Tuning

[0097] Itis relevant to mention the possibility of tuning of the distributed-resonator structures of Figures 10 to 13. Due
to the fact that the individual distributed resonator posts are of a small diameter, at least one of them can be replaced
by a tuning screw. In order to illustrate tunability, the structures of Figures 11 and 13 are considered as starting points.
For best tuning performance, as a general rule, the middle/centre resonator post is replaced with a tuning screw, since
it is this resonator post that is in the position to exert the most effect of them all - e.g. in Figure 13, the centre resonator
post directly affects four of its surrounding resonator posts; no other resonator post in the arrangement has as much
coupling influence as the centre resonator post. Therefore, as shown in Figures 15 and 16, the middle resonator post
of the structures shown in respective Figures 11 and 13 is replaced with a tuning screw 100. In Figures 15 and 16, the
tuning screw 100 is shown diagrammatically in that the screw body portion extending into the cavity is shown, but not
the screw head, nor the screw thread on the screw body portion.

[0098] The tuning screw 100’s intrusion into the cavity is made variable. In particular, with regards to the present cavity
dimensions, the tuning screw is allowed to intrude into the cavity to a maximum of 39 mm, thus allowing for a gap of 1
mm before the tuning screw would get in contact with the resonator housing.

[0099] For comparison, the frequency tunability of the structures of Figures 15 and 16 are compared to the frequency
tunability of a resonator having a single resonator post, which is shown in Figure 2 (PRIOR ART). In the case of the
resonator having a single resonator post (Figure 2), frequency tuning is performed by using a screw positioned at the
top of the resonant post. Since in this comparison the resonant post is 39 mm in height and the cavity height is 40 mm,
the tuning screw in this Figure 2 (PRIOR ART) case can intrude a maximum of 1 mm before getting in contact with the
top of the resonator post. Nevertheless, it is never advisable to have a gap between the top of the resonator post and
the tuning screw smaller than 0.5 mm, as that would negatively influence the power-handling capability of the device.
The results are presented in Tables 3 and 4.

Table 3: Comparison of frequency tunability of resonant structures of Figs. 15 and 16.

fo (9 resonator posts curvilinear), Fig.15 [MHz]

fo (9 resonator posts folded), Fig. 16
[MHZz]

Screw intrusion (0 mm) | 742 590
Screw intrusion (39 mm) | 653 506
Frequency tunability [%] | 12.7 15.3

Table 4: For comparison, frequency tunability of a prior art resonator having a single resonator post.

fy (single resonator post) [MHz]
Screw intrusion (0 mm) 1693
Screw intrusion (0.5 mm) 1596
Frequency tunability [%] 5.8

13



10

15

20

25

30

35

40

45

50

55

EP 3 012 902 A1

[0100] As evident from these tables, the proposed distributed-resonator structures (seen for example in Figures 10 to
16) not only offer a reduction in the frequency of operation, but they also lend themselves to frequency tunability. For
example, the arrangement of 9 folded distributed resonators (Fig. 16) has a frequency tunability of over 15 %, and the
curvilinear arrangeent of 9 distributed resonators (Fig. 15) has a tunability of over 12 %. This favourably compares to
the frequency tunability of the prior art (Figure 2) resonator having a a single resonator post, which stands at 5.8 %.
[0101] The present invention may be embodied in other specific forms without departing from its essential character-
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.

[0102] 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 comprising a resonant chamber, each chamber comprising a first wall, a second wall opposite the first
wall, and side walls; in which
the resonant chamber houses three or more resonator posts that are spaced apart, each resonator post being
grounded on one of the first wall and the second wall,
afirst set of the resonator posts being grounded on the first wall so as to extend into the chamber from the second wall;
a second set of the resonator posts being grounded on the second wall so as to extend into the chamber from the
second wall;
wherein each resonator post of the first set is for magnetic field coupling in proximity with at least one of the resonator
posts of the second set.

2. A resonator according to claim 1, in which there are three resonator posts, the first set comprising one resonator
post grounded on the first wall, and the second set comprising two resonator posts grounded on the second wall.

3. Aresonator according to claim 1, in which there are four or more resonator posts, the first set comprising resonator
posts grounded on the first wall, and the second set comprising resonator posts grounded on the second wall, such
that the posts are alternately grounded on the first wall and the second wall.

4. Aresonator according to claim 2 or claim 3, in which the resonator posts are in a row.

5. Aresonator according to claim 4, in which the row is straight or curved.

6. Aresonator according to any of claims 1 to 3, in which the resonator posts are disposed in a grid such that, between
any two resonator posts of the first set, a resonator post of the second set is provided.

7. A resonator according to any preceding claim, in which the resonator posts of the first set are in an interdigitated
configuration with the resonator posts of the second set.

8. Aresonator according to any preceding claim, in which at least one resonator post is of adjustable extension into
the chamber so as to adjust the resonant frequency of the resonator.

9. Aresonator according to 8 in which the or each resonator post of adjustable extension into the chamber comprises
a screw member that extends into the chamber

10. A resonator according to claim 8 or claim 9, in which one resonator post is of adjustable extension and is one that
is near or at the centre of the resonator post configuration.

11. A radio frequency filter comprising at least one resonator according to any preceding claim.
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A method of radio frequency filtering comprising passing a signal for filtering through at least one resonator, each
resonator comprising a resonant chamber, each chamber comprising a first wall, a second wall opposite the first
wall, and side walls; in which

the resonant chamber houses three or more resonator posts that are spaced apart, each resonator post being
grounded on one of the first wall and the second wall,

a first set of the resonator posts being grounded on the first wall so as to extend into the chamber from the first wall;
a second set of the resonator posts being grounded on the second wall so as to extend into the chamber from the
second wall;

wherein each resonator post of the first set is for magnetic field coupling in proximity with at least one of the resonator
posts of the second set.

A method of radio frequency filtering according to claim 12, in which the resonator posts of the first set are in an
interdigitated configuration with the resonator posts of the second set.

A method of radio frequency filtering according to claim 12 or claim 13, in which the resonators are disposed in a
grid such that, between any two resonator posts of the first set, a resonator post of the second set is provided.

A method of radio frequency filtering according to any of claims 12 to 14, in which at least one resonator post is of
adjustable extension into the chamber so as to adjust the resonant frequency of the resonator.

Amended claims in accordance with Rule 137(2) EPC.

1.

A resonator comprising a resonant chamber (52b), each chamber comprising a first wall (56b), a second wall (54b)
opposite the first wall, and side walls (58b); in which

the resonant chamber houses four or more resonator posts (60b, 62b,64b, 66b) that are spaced apart, each resonator
post being grounded on one of the first wall and the second wall,

a first set (62b, 66b) of the resonator posts being grounded on the first wall 956b) so as to extend into the chamber
from the first wall;

a second set (60b, 64b) of the resonator posts being grounded on the second wall (54b) so as to extend into the
chamber from the second wall;

wherein each resonator post of the first set is for magnetic field coupling in proximity with at least one of the resonator
posts of the second set;

characterised in that

the resonator posts are positioned to form a rectangular or circular grid, and the resonator posts of the first set are
in an interdigitated configuration with the resonator posts of the second set.

A resonator according to claim 1, in which there are four or more resonator posts (60b, 62b,64b, 66b), the first set
(62b, 66b) comprising resonator posts grounded on the first wall, and the second set (60b, 64b) comprising resonator
posts grounded on the second wall, such that the posts are alternately grounded on the first wall and the second wall.

A resonator according to claim 1 or 2, in which the resonator posts are disposed in a grid such that, between any
two resonator posts (61c, 65¢) of the first set, a resonator post (63c) of the second set is provided.

A resonator according to any preceding claim, in which at least one resonator post is of adjustable extension into
the chamber so as to adjust the resonant frequency of the resonator.

A resonator according to 4 in which the or each resonator post of adjustable extension into the chamber comprises
a screw member that extends into the chamber.

A resonator according to claim 4 or claim 5, in which one resonator post (Fig 16:100) is of adjustable extension and
is one that is near or at the centre of the resonator post configuration.

A radio frequency filter comprising at least one resonator according to any preceding claim.
A method of radio frequency filtering comprising passing a signal for filtering through at least one resonator, each

resonator comprising a resonant chamber (52b), each chamber comprising a first wall (56b), a second wall (54b)
opposite the first wall, and side walls (58b); in which
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the resonant chamber houses four or more resonator posts (60b, 62b, 64b, 66b) that are spaced apart, each resonator
post being grounded on one of the first wall and the second wall,

a first set (62b, 66b) of the resonator posts being grounded on the first wall so as to extend into the chamber from
the first wall;

a second set (60b, 64b) of the resonator posts being grounded on the second wall so as to extend into the chamber
from the second wall;

wherein each resonator post of the first set is for magnetic field coupling in proximity with at least one of the resonator
posts of the second set;

characterised in that

the resonator posts are positioned to form a rectangular or circular grid, and the resonator posts of the first set are
in an interdigitated configuration with the resonator posts of the second set.

A method of radio frequency filtering according to claim 8, in which the resonators are disposed in a grid such that,
between any two resonator posts of the first set, a resonator post of the second set is provided.

A method of radio frequency filtering according to claim 8 or claim 9, in which at least one resonator post is of
adjustable extension into the chamber so as to adjust the resonant frequency of the resonator.
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FIG. 4
ALTERNATIVE PROPOSAL
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FIG. 10

A ROW OF FOUR RESONATORS
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FIG. 12
A RECTANGULAR FOLDED GRID OF FOUR RESONATORS
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FIG. 14
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FIG. 16
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