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ABSTRACT A new class of low-profile resonators, named split-distributed resonators is introduced in
this paper. The newly proposed resonator family features high quality Q-factors and relies not only on the
coupling among the constituent resonant elements, but the constituent elements themselves are also made
in the distributed form. This, in comparison with the standard distributed resonator, caters for extremely
low profiles, while allowing for a more uniform distribution of the electromagnetic fields inside the resonant
cavity and hence higher unloaded quality factors. Furthermore, a uniform distribution of the electromagnetic
fields facilitates a tremendous reduction of the resonator volume. As an experimental verification, two 5-pole
band-pass filters using different realizations of individual resonant elements are designed and fabricated. The
filters operate at a centre frequency of 1.8 GHz with a percentage bandwidth of 2%. The individual split-
distributed resonator of these filters consists of 9 resonant elements, where each element is a distributed
resonator of the second order and fourth order respectively. The measured insertion losses of the filters are

in a good agreement with the values predicted by the simulations.

INDEX TERMS Filters, quality factor, resonator.

I. INTRODUCTION

Filters are of vital importance to all telecommunication sys-
tems. Even though the fundamental principles of the oper-
ation of filters have been known since the second part of
the 20" century, novel filter realisations dedicated to minia-
turisation, improved power handling and excellent electrical
performance are still of great significance.

Of particular importance to modern filter design is not only
excellent electrical performance, but also size and volume.
Since the performance of a filter is highly dependent on
its electrical size (expressed as a fraction of its operational
wavelength) it comes as no surprise that filters operating
at the lower end of the frequency spectrum are physically
large. This is of particular concern to telecommunications
equipment suppliers. Coaxial cavity filters [1] remain most
often used filtering devices in traditional communication
networks, due to their excellent technological maturity, cost
effectiveness and performance [1]-[8]. Their dominance in
the telecommunications industry is marred only by their size
and weight, which is often traded on the account of reduced
electrical performance. Capacitive loading [9] and a stepped
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resonant post [10], [11] are often deployed to reduce res-
onator profile, albeit at the expense of performance. Helical
resonators, [12]—[14] can also be used to address the issue of
bulky size.

A space saving approach proposed in [15], [16] relies on
the sharing of a resonant cavity by two resonant posts oper-
ating at distinct frequencies. Even though this configuration
offers good performance, the major limiting factor lies with
the large and necessary frequency separation between the
resonant frequencies of the resonant posts, so as to maintain
a low mutual coupling level. Another type of low-profile
coaxial cavity filters was considered in [17]. The proposed
resonator consists of a cavity enclosure and two metallic
cylinders protruding the cavity from the opposite sides and
forming a capacitance in the mutually overlapping area.
An additional benefit of the proposed technology is a superior
spurious free-response. However, miniaturization potential of
such resonator is limited due to its fundamental principles of
operation.

Recently a new class of cavity resonators and filters,
termed distributed resonators [18], was introduced. The dis-
tributed resonator allows a major reduction in the resonator
profile while maintaining an excellent electrical performance.
In [18], an individual distributed resonator consists of a
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number of low-profile resonant posts arranged in a grid,
where the resonant posts on the vertical and horizontal axes
of the grid mainly couple to their immediate neighbours. The
substantial reduction in the filter profile, comes — to a degree
— at the price of the footprint, mainly due to the fact that
the individual distributed resonator consists of a number of
resonant posts.

In our previous contribution of [19], the concept of [18] is
somewhat further generalized, where it was suggested that a
resonant element of [18] can itself be made in a distributed
form. Here, we fully build upon the ideas of [19], to provide
a detailed theoretical study of the new resonator and access
its key performance indicators. The new resonator is named
split-distributed resonator, so as to emphasise the fact that the
individual resonant post is physically split in order to increase
mutual coupling among the resonant posts. The major gain of
this new configuration lies with the fact the resulting resonant
posts not only couple along the horizontal and vertical axes,
but along the respective diagonals too. This results in a more
uniform distribution of the electrical fields within the cavity,
which demonstrates through the reduction of the resonator
footprint, while retaining excellent electrical performance.
In order to practically demonstrate the strength of this con-
figuration, two filters have been manufactured, tested and
benchmarked against the predicted computed responses.

Il. THEORY AND ANALYSIS
A. STUDY OF SPLIT-DISTRIBUTED RESONATOR
A 3-by-3 distributed resonator, as introduced in [18] is shown
in Fig. 1. The complete distributed resonator consists of
9 individual, inter-digitated resonant elements arranged in a
grid configuration. The inter-digitated configuration allows
for a greater level of coupling among the immediate res-
onant elements on the horizontal and vertical axes of the
grid. The resonant elements on the diagonal axes couple
relatively weakly. This is primarily due to the fact that the
gap among the horizontal and vertical resonant elements is
smaller than the gap among the diagonal elements and, also,
because the coupling between resonant elements emanating
from the same side of the ground plane is smaller compared
to the inter-digitated configuration. For the purpose of fully
utilising the potential of [18], the level of mutual coupling
among the resonant elements needs to be increased. This is
achieved by the resonator in Fig. 2. To be specific, each reso-
nant element of Fig. 2 is now split so as to form a distributed
resonator itself. The individual resonant element of this fig-
ure can now be thought of as a distributed resonant element
of the fourth order. In order to permit ease of identification of
these new resonators, it is adopted for them to be referred to as
R, m resonator, where n stands for the order of the individual
distributed resonator element, and m stands for the number
of such distributed resonant elements in a resonant chamber.
Using the proposed nomenclature, the resonator of Fig. 2 can
be referred to as R4 9.

It is now instructive to study the input admittance of a split-
distributed resonator designated as R, 4, where n is allowed

VOLUME 8, 2020

Inter-digitated individual
resonant elements

N

Resonator cavity

FIGURE 1. Perspective view of 3-by-3 distributed resonator.

to attain an arbitrary value. As an example, an equivalent
circuit of Fig. 3 is used. Here, Yjj, i,j = 1,2 represent the
admittances of the individual distributed resonant elements,
while Yy i1, 1 = 1,2 and Yy 35, j = 1,2 denote the respec-
tive admittance transformers in the horizontal and vertical
directions. The admittance transformer, Y 1, stands for the
coupling between the top-left to bottom-right diagonal reso-
nant elements Y1; and Y, while the coupling between the
down-right to top-left diagonal elements, Y2 and Y31, can
be neglected. In order to understand the reasons for this, one
needs to appreciate that all resonant elements of an exemplary
split-distributed resonator of Fig. 2 (a) are distributed reso-
nant elements of the second order, i.e., each of them consists
of two mutually coupled individual resonant elements. Let
us denote the individual resonant elements of the distributed
resonant element Y, as Rj» and Lj» and the individual
resonant elements of the distributed resonant element Y,
as Lp; and Rp. In this designation, L and R stand for left
and right, respectively. The coupling between Y1 and Y2
elements occurs, effectively through the coupling of Ry and
L1,. With reference to Fig. 2 (a), these elements have a very
small surface area through which they can couple to each
other, compared to elements Y1; and Y, and can therefore
be neglected.

The resonant frequencies of the equivalent circuit of
Fig. 3 can be found from the condition that the input admit-
tance is zero. The final analytical formula of the input admit-
tance can be greatly simplified if the following is assumed:

1. All distributed resonant elements are the same,
ie., Yij = Yo, i,j=1,2.

2. Admittance transformers connecting the distributed
resonant Yy i1, 1 = 1,2 and Yy 15,1 = 1,2 are
identical, i.e., Yn i1 = Yy, 1i = Y, i = 1,2.

This yields the following:

Yin= Yot 4o Y ()
in =70 Y Y2(C+2
Ty Yo+ L2
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In (1), C represents the amount of the coupling that exists
between the diagonal elements Y1 and Y, expressed as a
portion of the coupling that exists among the horizontal and
vertical distributed resonant elements, Yi, i.e.,

(@)

where Y., 12 is the characteristic admittance of the trans-
former connecting the diagonal elements Y1; and Y. Set-
ting (1) to 0, yields the resonant conditions to be imposed on
Yo,

Yo,1,2,3,4

iY/—aﬁ+3c+4yt¢ck+xﬁ+c2+&}+m
= t
2

3

The resonant frequencies obtained using (3) strongly
depend on the physical realization of the admittance, Yy, i.e.
the order of the split distributed resonator. Further, it can be
shown that Yo 12,34 is always imaginary and, therefore can
be represented as

Yo,1.2.3.4 =jBp12.3.4 @

where By, 12,34 represents the susceptance of Yq 2 3.4.
Depending on the realization of the individual distributed
resonant element, several cases can be distinguished.
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FIGURE 2. Top view of R, 4 split-distributed resonator.

A.1 CASE OF Yo REALIZED USING FIRST ORDER
DISTRIBUTED RESONANT ELEMENTS

This case corresponds to the classical distributed resonator of
[18]. It is obtained by setting C in (1) to zero, to yield the
well-known relation for the input admittance

2

Yt
Yin == Y() +2W
YO‘f—Y—Ol

&)

where Yo = Ying = joCo + Jw;LO Here, w stands for the
angular frequency of operation, while Cy and L represent
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FIGURE 3. Equivalent circuit of split-distributed resonator, R, 4.

the equivalent capacitance and inductance of a distributed
resonant element. Setting (5) to zero, one obtains its resonant

frequencies,
/mm4ﬁu+MMﬁ%+uq
w] = 6a
! Cov2o ©
/mm4%u—wwﬁ%+m@
wy = 6b
2 CoTos (6b)

It can be shown that w; is always lower than @ and, as such,
it is of importance to the realization of miniaturized res-
onators.

(@) (b)

FIGURE 4. Individual distributed resonant element of second order (a)
and its equivalent electrical circuit (b).

A.2 CASE OF Yo REALIZED USING SECOND ORDER
DISTRIBUTED RESONANT ELEMENTS
The individual resonant element in this case is a distributed
resonant element of the second order, shown in Fig. 4 (a),
and its equivalent circuit is shown in Fig. 4 (b). This case is
equivalent to splitting a first order resonant element in two
halves along the z-axis. The input admittance of the circuit of
Fig. 4 (b) is then

Y2

Yo=Y; & 7
0 ind + Yind ( )
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where, as before, Ying = joCo + JfD;LO Here, w stands for the
angular frequency of operation, while Cy and L represent
the equivalent capacitance and inductance of a single ele-
ment of the distributed resonant element of the second order.
Here, it was assumed that the constituent elements of the
distributed resonant element have identical inductances and
capacitances. Y stands for the admittance transformer, rep-
resenting the coupling between the two constituent elements.
It is now instructive to define Y, in terms of the admittance
transformer (coupling) among the individual distributed ele-
ments Y of Fig. 3 in the following fashion

_ Y

K=
Y

®)
Substitution of (8) and (7) into (4) yields a set of 4 polynomial
equations of the fourth order, resulting in 16 roots.

o (L3C3) - @ (BoalCo) — o (2LoCo + K2Y?L3)

+® (Bo,iLo) +1=0
fori=1,2,3,4 O]

(9) yields 16 roots in total. Half of the roots have negative
real values, while the remaining 8 roots have positive real
values. Since negative roots are not physically possible, only
the positive roots are of importance. For the purpose of the
proposed split-distributed resonator, the minimum-value root
is of most importance.

A.3 CASE OF Yo REALIZED USING FOURTH ORDER
DISTRIBUTED RESONANT ELEMENTS

In this case is a distributed resonant element of the fourth
order, as shown in Fig. 5 (a). This case is equivalent to
splitting a first order resonant element in four quarters along
the z-axis. The equivalent circuit of this resonator is presented
inFig. 5(b). Here, it can be assumed that the coupling between
the opposing resonant elements is negligible and that it can
be ignored. This figure also shows that the resonant element
on the right-hand side is load-pulled by its two immediate
neighbouring elements, resulting in a decrease in the admit-
tance “‘seen’ from their side. The decrease in this admittance
is reflected in the increase of the inductance and the reduction
in the capacitance of the stand-alone resonant element, shown
in Fig. 5 (c). From this figure, the expression for the input
admittance, Y, can be written as

2Y;
YO = Yind + 2 (10)
Yind + 7v5y
(%5)
where, as in the previous section, Ying = joCo + w%o

Substituting the expression for Yipg into (10) and equating
the final expression into (4), one obtains a set of 4 sixth order
polynomial equations,

A10® 4+ Ao’ + Azt + Ay’ + Asw® + Agw +1=0
11
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FIGURE 5. Individual distributed resonant element of fourth order (a), its
equivalent electrical circuit with load-pulling shown (b) and with load
pulling taken into account (c).

where A; = —LJC3A, = Bo;L3C3, A3 = 3L2C3 +
4K2YIL3CoAs = —2Bg;L3Co — 2BoiK*YZL], As =
—3LoCo — 4K2Yt2L(2) and Ag = By iLo.

As in the previous case, half of the roots of (11) are
negative and need to be discarded as non-physical. Out of
the remaining positive 12 roots, the minimum value root is
of most importance for the purpose of filter miniaturization.

A.4 CASE OF Yo REALIZED USING ARBITRARY n-ORDER
DISTRIBUTED RESONANT ELEMENTS

The equivalent circuits of the distributed resonant elements
of an arbitrary, n-th order is shown in Fig. 6. The input
admittance can be written as

2Y;
Yo = Yind + Y2 (12)
Yind + —57—
Yind+‘.. 45' néz
(*5)
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By equating (12) to (4), a set of 4, polynomial equations of
the n+2 order are obtained. As in the previous cases, there are
2(n+2) negative and 2(n+2) positive roots. Again, the root of
most importance is the minimum value positive root.

It is now instructive to compare the performance of the
2 distributed resonators proposed in [18] for the same spacing
of proposed R, 4 split-distributed resonator with a standard
2-by- resonant elements. For this purpose, only the lowest
frequencies of operation of all resonators are of interest and
need to be plotted against the impedance transformer com-
mon to both resonators, given by Z; = Y% This, however,
necessitates the knowledge of the values of C in (2) and K
in (8).

Yo Yo
M p T B e T
t t t }
Lo _- a l Loo-_—- a
Lo Co-l—
L 'Y 21
| 4
Lo? Co Y Yy Loy Co
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FIGURE 6. Equivalent electrical circuit of individual distributed resonant
element of n-th order with load-pulling shown (a) and with load pulling
taken into account (b).

Selection of the values for C and K given by (2) and (4),
respectively, requires a somewhat deeper elaboration. With
reference to Fig. 2, it can be observed that the inter-distributed
element coupling on the horizontal and vertical axes occurs
across a shorter separation distance of the distributed reso-
nant elements than its counterpart on the upper-left-to-lower-
right diagonal. Furthermore, the inter- distributed coupling
on the horizontal and vertical axes takes place through a
considerably smaller surface area than the inter-distributed
coupling along the upper-left-to-lower-right diagonal. These
two means of coupling are in opposition to each other —
in other words, coupling between any elements is indirectly
proportional to the physical separation of the elements and
directly proportional to the surface areas through which the
elements couple. In view of this, C given by (2) is likely
to attain values smaller than 1. In a similar manner, intra-
distributed element coupling occurs across a large surface
area than the inter-distributed element coupling on the ver-
tical and horizontal axes. This infers that intra-distributed
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element coupling — hence the admittance transformer Y, —
is always greater or equal to the equivalent admittance trans-
former of the inter-distributed element coupling, Y. This,
in turn, makes K given by (8) always greater or equal to 1. Itis
now instructive to examine the lowest resonant frequencies
of the proposed split-distributed resonators, R2 4, and R4 4
for different values of C and K and compare the frequencies
with the lowest operating frequency of the standard, 2-by-2,
distributed resonator for the same levels of inter-distributed
element coupling. The individual resonant elements in both
cases are assumed to operate at the same frequency of 2 GHz.
The comparison of the lowest frequencies of operation is
shown in Fig. 7 for three sets of values for C and K, namely
a)C=03and K=1,b)C=03and K=15andc) C
= 0.6 and K = 1.5. The figure indicates that regardless of
the values assigned to C and K, the proposed split-distributed
resonator always resonates at a frequency that is lower than
its standard distributed resonator counterpart. Furthermore,
the figure also shows the increase of the order of the individ-
ual distributed resonant elements is followed by the reduction
in the frequency of operation. The main reason rests with the
additional sources of element coupling — the intra-distributed
element coupling and the coupling along the upper-left-to-
lower-right diagonal. With reference to Fig. 7, the lowest
frequency of operation for a strong coupling results in the
lowest frequency of operation of the standard distributed
resonator of about 905 MHz, whereas the lowest frequency
of operation of the proposed R» 4 and R4 4 resonators takes
place when C = 0.6 and K = 1.5 and equals to 723 MHz and
636 MHz, respectively. In percentage terms, this is equivalent
to the reduction of the frequency of operation of about 20
% and 30 % compared to the standard distributed resonator,
respectively. However, it should be mentioned that there is
a limitation of resonant frequency reduction by means of
increasing the resonator order, which, mathematically, is a
consequence of the fact that input admittance, Yy, is in the
form of a continuous generalized fraction, which has a high
rate of convergence as a function of the number of its ele-
ments. This is clear from Fig. 7.

Resonant frequencies of higher-orders split-distributed res-
onators can also be obtained numerically. However, the orders
of the corresponding polynomials that need to be solved
would be considerably increased. Such high-order polyno-
mials, even though solvable numerically, are cumbersome.
From the performance evaluation point of view, it is more
appropriate to analyze split-distributed resonators using a
full-wave simulator, which will not only reveal the frequen-
cies of operation, but also give an insight into the electrical
performance. In the next subsection, the key characteristics
of the proposed resonator — namely frequency tunability and
achievable coupling bandwidths — are examined.

A.5 STUDY OF KEY PARAMETERS OF SPLIT-DISTRIBUTED
RESONATOR

For the purpose of studying frequency tunability and
achievable coupling bandwidths, Rq 9, Ry 9 and R4 9 split-
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FIGURE 7. Lowest resonant frequencies of resonators as functions of
transformer impedance - circles: single resonator; squares: standard
2-by-2 distributed resonator; stars: R, 4 split-distributed resonator and
diamonds: R, 4 split-distributed resonator fora) C=03 and K=1,b) C=
03andK=1.5andc) C=0.6 and K = 1.5.

distributed resonators consisting of 9 sets of distributed res-
onant elements arranged in a rectangular, 3-by-3 pair, grid,
are considered. The volume occupied by these resonators is
40 x 40 x 7 mm?3, 30 x 30 x 7 mm? and 30 x 30 x 5 mm?3,
respectively. For illustrative purposes, the R ¢ resonator with
the indicated dimensions is shown in Fig. 8. With reference
to this figure, the distributed resonant element located in the
center of the grid is further split to allow the introduction
of a tuning screw. The individual resonant elements are of
identical radius Rad = 2.1 mm, and the radius of the tuning
screw is Rad_middle = 1.25 mm. All distributed resonant
elements have a height of 6.05 mm, which allows for a
gap of 0.95 mm between the top of the resonator and the
corresponding ground plane. Such a gap can be considered

VOLUME 8, 2020

adequate from the power-handling point of view. The sep-
aration between the individual resonant elements, denoted
as dintra, 1 0.5 mm, and the separation between any two
neighboring pairs of distributed elements is diper = 0.85 mm.
These values have been obtained by considering the goal of
achieving an equal distribution of the electric field intensity
among all elements of the proposed distributed resonator.
The radii, heights, intra and inter gaps are the same for the
remaining two split-distributed resonators, R 9 and R4 9.

Tuning screw

(a)

dintev dintra

N /

dimel

(b)

FIGURE 8. Split-distributed resonator, R, g - (a) perspective view; (b) top
view.

Frequency tunability of these resonators as a function of
the tuning screw intrusion into the cavity is shown in Fig. 9.
In the case of the R} 9 and R 9 resonators, the tuning screw
is allowed to intrude into the cavity by up to 6.5 mm, leaving
a minimum gap between the head of the tuning screw and
ground plane of 0.5 mm. Similarly, for the case of the R4 9
resonator, the tuning screw is allowed to protrude the cavity
up to 4.5 mm, leaving a minimum gap of 0.5 mm. The results
presented in this figure indicate that frequency tunabilities
of 156 MHz, 82 MHz and 44 MHz have been achieved for
the R1,9, R2,9 and R4 9 resonators, respectively. This result
does not come as a surprise, since the increase in the number
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FIGURE 9. Resonant frequency of R; g (triangles), R, g (circles) and Ry o
(squares) split-distributed resonator as a function of tuning screw
intrusion.

FIGURE 10. Two split-distributed resonator structure used in study of
coupling bandwidth.

of individual resonant elements results in a relative frequency
insensitivity.

Next, the coupling coefficient of the proposed resonators is
studied. For this purpose, a two-resonator structure of Fig. 10,
is used. The figure depicts two R; ¢ resonators separated by
a conductive wall, however, for the purpose of this study
coupling was also investigated for the cases when the indi-
vidual resonators are Rjo9 and R4 9. In this investigation,
each individual split-distributed resonator is made to operate,
in a stand-alone configuration, at a frequency of 1.8 GHz,
by protruding the tuning screw into the cavity by an appro-
priate length: 6mm, 3.5 mm and 2 mm for the R{ 9R; 9 and
R4 9 resonators, respectively. The coupling coefficient of this
structure as a function of the separation wall height, Hya,
is given in Fig. 11. This figure indicates that the maximum
coupling coefficient is achievable with the R4 9 resonator.

Ill. RESULTS

For further investigation of the split-distributed resonators,
four 5-pole individual resonators of different order operating
at the same frequency 1.8 GHz are simulated and analyzed.
Table 1 presents the details of the considered resonators. The
respective resonators of Table 1 are shown in Fig. 12, while
their performance was by means of a 3D numerical simulator,
CST Studio Suite (2018), employing the same numerical
settings. In the simulations, it was assumed that all metal parts
of the cavities have a conductivity that is about 15% lower
than that of pure silver, in order to account for possible silver
impurities and other fabrication-related defects.
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FIGURE 11. Actual coupling coefficient of R g (triangles), R, g (circles)
and Ry o (squares) split-distributed resonator as functions of separation
wall height of structure of FIGURE 10.

Table 1 indicates that the unloaded Q-factor over volume is
steadily increases at first and then saturates as the number of
individual resonant elements is increased, for the case of the
identical resonant frequencies. It is worth noting that, Q,/V
of the four examined resonators is increased from 0.21 for the
case of a standard distributed resonator to the value of 0.3 for
the case of the R4,9 and R8,9 split-distributed resonators. For
comparison, a standard single resonant post resonator is also
included in the table.

In order to validate the proposed theory on the split-
distributed resonators, two 5-pole Chebyshev filters based
on Rs9 and Ry 9 resonators and operating at 1.8 GHz are
designed and fabricated. We do not consider split-distributed
resonator Rg ¢ since its electrical performance is very similar
to the R4 9 resonator. However, its fabrication is expected to
be rather challenging, due to the small size of the constituent
resonant elements.

The two 5-pole filters have been designed for a minimum
return loss of 16 dB and a percentage bandwidth of about 2.2
%. Their coupling matrices are identical and are given by

0 0.01755 0 0 0

0.01755 0 0.01344 0 0

M= 0 0.01344 0 0.01344 0
0 0 0.01344 0 0.01755

0 0 0 0.01755 0

13)

In the next subsections, the performances of the fabricated
filters will be shown and compared to their performance
obtained by simulations.

A.1 5-POLE FILTER USING R, g RESONATORS
The fabricated filter using R4 9 resonators operating at a
centre frequency of 1.8 GHz is shown in Fig. 12. Its internal
dimensions are 158 x 30 x 5 mm?. The entire filter consists
of two parts — bottom and top which are held together with
24 M2 screws, appropriately torqued to the value of 1 N-m.
The widths of the filter walls are 4 mm.

The coupling between the consecutive resonators is
obtained using irises, while the input/output coupling is
obtained using a grounded conductive pin placed in the
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TABLE 1. Performance Comparison of Standard, 3-by-3, Distributed
Resonator of [18] and Split-Distributed, R, o, Resonator.

Resonant Maximum Qu
frequenc Volume electric field (perfe
. . Q/V
y Qu factor intensity X ct
[GHz] [mm?] 10° [V/m] silver)
Standard
distribute,
3-by-3 1.8 2380 40x40x7 2.69 0.21 2578
resonator
[18]
Ras 1.8 1790 30x30x7 2.67 0.28 1933
resonator
Rap 1.8 1375 30x30x5 2.61 0.3 1485
resonator
Rso 1.8 1218 30x30x4.5 2.45 0.3 1315
resonator
Single res.
post 5.653 4072 30x30x5 4.63 0.9 4398
resonator

vicinity of the first resonant element. Its physical separation
from the first resonant element dictates the coupling band-
width. The response of the filter is shown in Fig. 13, while
an exploded view of the passband is shown in Fig. 14. The
measured return loss is somewhat lower (less than 2 dB)
compared to its computed value. The measured insertion loss
is about 1.4 dB, which is higher than the value of 1 dB, pre-
dicted by the simulations. The discrepancy of 0.4 dB, which is
equivalent to the reduction of the unloaded Q of about 32 %,
cannot be entirely attributed to the manufacturing imper-
fections, such as silver impurities and surface roughness.
Silver plating impurities together with surface roughness are,
industrially expected, to deteriorate the unloaded Q factor by
approximately 10-15%. Therefore, the difference between the
observed discrepancy (32 %) and the expected discrepancy
(10-15%) of between 17-22% points to a new source of
deleterious influence. It is well known in the industry that an
imperfect ground contact leads to a reduction in the unloaded
Q factor. In order to test if the imperfect contact between
the two filter plates of Fig. 12 is the source of deterioration,
the unloaded Q factor of a single cavity was measured as
a function of the applied pressure between the two plates.
Initially, the screws used to hold the two plates together were
torqued to the value of 1 N-m and the achieved unloaded
Q factor was measured. Then, the device was placed in a
controlled pressure environment, where pressure was applied
to the top and bottom parts of the cavity. The unloaded Q
factor was measured as a function of the applied pressure. For
clarity, the measured values of the applied pressure were re-
calculated to the equivalent values of the tightening torque for
M2 screws. This was done using the procedure described in
[20] and assuming that the friction coefficient of silver-plated
screws is about 0.4. Table 2 shows the measured results.
This table shows that the measured Q factor monotonically
increases and then saturates as a function of the applied pres-
sure. The initial value of the Q factor with no pressure applied
is 922, which saturates to the value of 1149 at a pressure level
of 10 tsi. The discrepancy between the simulated Q factor
of 1360 and the measured Q factor at a pressure level of 10 tsi

VOLUME 8, 2020

FIGURE 12. Fabricated 5-pole split-distributed filter using R; o operating
at 1.8 GHz.
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FIGURE 13. Measured and simulated responses of 5-pole split-distributed
filter of FIGURE 12 - dashed line: computed; solid line: measured.

of 1149 is about 15%, reduced from the level of about 32%.
The 15 % difference between the measured and simulated Q
factors forms the upper acceptance limit for the discrepancies
attributable to silver impurities and manufacturing imperfec-
tions. It is, hence, probable that an additional mechanism
responsible for the degradation of performance is present.
However, based on the available results, such a contributor
is expected to mildly influence performance degradation.
By way of the elimination of the least possible and least likely
causes, the relative uncertainty in the spatial position of the
resonant elements on the top and bottom parts of the filter
may be the additional, minor contributor to the degradation
of the unloaded Q factor. However, this is difficult to verify
in practice, due to the inaccessibility to the resonant elements
once the two filter parts are screwed together.

The group delay and the wideband transmission coefficient
are shown in Figs. 15 and 16. The measured and predicted
delay values are in an excellent agreement, while the wide-
band performance indicates that the first spurious response
occurs at approximately 3.52 GHz. The spurious responses
are due to cavity resonances. In particular, the first two cavity
modes propagate along the x and y axis, respectively, and
exhibit a similar propagation environment, which is reflected
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FIGURE 14. Magnified view of passband of the filter’s response of
FIGURE 13.
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FIGURE 15. Group delay of filter of FIGURE 12 - d
solid line: measured.
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FIGURE 16. Measured wideband response of filter of FIGURE 12.

in their similar frequencies of operation. The degeneration
of these two modes is somewhat disturbed by the slight
asymmetry of the R4 ¢ resonator along the x and y axes, result-
ing in the resonant frequencies of 3.52 GHz and 3.55 GHz
for the first and second spurious response, respectively. The
fact that the propagation environment inside the cavity is
influenced by the arrangement and the mutual proximity of
the individual resonant elements, points to a possible way
of improving the out-of-band response. For example, this
could be done by carefully adjusting the couplings among
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TABLE 2. Measured Unloaded Q-factors of Single Cavity of R4 o
Resonator at 1.8 GHz.

Pressure Equivalent
[tons per square Torque Unlzi(:f)f Q-

inch (tsi)] [N-m]
0 1 922
2 2 988
3 3 1094
4 4 1129
5 5 1140
6 6 1145
7 7 1146
8 8 1146
9 9 1149
10 10 1149
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FIGURE 17. Measured and simulated responses of 5-pole
split-distributed filter based on R, ¢ resonators - dashed line: computed;
solid line: measured.
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FIGURE 18. Magnified view of passband of 5-pole split-distributed filter
based on R, g resonators.

the resonant elements, or by introducing high frequency short
circuits positioned at locations where the electric field at
the frequencies of the spurious responses is at a maximum.
Of course, care must be taken so that the electric field at the
fundamental frequency is minimally disturbed.

A.2 5-POLE FILTER USING R, 9 RESONATORS
The measured and simulated responses of the fabricated
5-pole filter based on R; ¢ resonators are shown in Fig. 17.
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FIGURE 20. Measured wideband response of 5-pole split-distributed
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There exists an excellent agreement between the results,
evidenced in Fig. 18 which shows an expanded view of the
filter’s passband. One can appreciate from this figure that
the measured insertion loss at the mid-point of the filter’s
passband of 0.94 dB is contrasted by the value of 0.75 dB pre-
dicted by the simulations. The discrepancy can be explained,
as in the previous subsection, by the existence of silver impu-
rities, surface roughness and also by the imperfect contact
between the two filter plates, Table 2. Fig. 19 depicts a
good agreement between the measured and simulated group
delays of the filter. The measured wideband response of the
fabricated filter is presented as Fig. 20. From this figure, one
can infer that the first spurious response occurs at 3.47 GHz,
which is about 3.47/1.8 = 1.93 times greater than the
response at the filter’s fundamental frequency, which is sim-
ilar to the case of the filter with R4 ¢ resonators. It is worth
noting, however, that the magnitude of this response is about
20 dB lower with respect to the transmission response at the
fundamental frequency. Like with the case of R4 ¢ resonators,
the spurious response of the R, g resonators is also due to the
cavity. The first two spurious responses are due to the waves
propagating diagonally from left to right and from right to
left, respectively. Their frequencies of operation are distinct
from each other due to the differences in the propagation
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FIGURE 21. Test set-up for high power measurements.
TABLE 3. Power handling capability of proposed filters.
Maximu Maximum Maximu Maximu
Resonant | m electric | permissibl m energy m
frequenc | field e stored stored allowable
y intensity energy [nJ] per power
[GHz] X 10° [uJ] 1W input [W]
[V/m]
R, 1.8 2.69 1.24 19.5 63.6
resonato
r
R, 1.8 2.67 1.26 18.9 66.6
resonato
T
R, 1.8 2.61 1.32 18.4 71.7
resonato
r

environment. To be exact, the differences in the propagation
environment can be attributed to the orientation of the reso-
nant elements, as seen in Fig. 8. The frequencies of the first
two spurious modes are 3.47 GHz and 3.74 GHz, respectively,
as shown in Fig. 20. Higher order spurious modes are also due
to the cavity.

The power handling capability of the fabricated filters
is assessed next. From the knowledge of the electric field
strength at which dielectric breakdown occurs, it is possible
to infer the maximum permissible stored energy inside the
fabricated filters. Given the fact that the resonators operate
in the air with an electric field strength at breakdown of 3 x
10% V/m, the maximum values of the stored energies inside
the resonators are shown in Table 3. Using a commercially
available software package [21], which is based on the works
of [22] and [23], it is possible to determine the maximum
amounts of energy stored in individual filters.

These values are also shown in Table 3. From here and from
the calculations of the maximum permissible stored energies,
one can infer that the maximum amount of the continuous-
wave (CW) power the present filters can handle, Table 3. Also
shown in this table is the predicted power handling capability
of a standard, 3 x 3 distributed resonator. In order to test
the power handling capability, the manufactured filters were
subjected to a power soak test, with the test set-up as shown
in Fig. 21. The input power is gradually increased starting
from 30 dBm, all the way to 47 dBm (limitations of the
equipment) at room temperature. In the conducted tests, no
arcing and no changes in the S- parameters were observed
up to this maximum power level. Furthermore, no nonlinear
dependence of the observed output power as a function of the
input power was recorded. This is used as an indication that
no nonlinear effects have taken place.
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IV. CONCLUSION

A new class of low-profile and low-volume cavity resonators
is introduced in this paper. The introduced resonators are
named split-distributed resonators, due to the fact that the
constituent resonant elements of a standard distributed res-
onator are themselves realized in a distributed form. In this
way, additional couplings among the individual elements
are achieved, resulting in a tremendous volume reduction
compared to a standard distributed resonator and a more-
equalized distribution of the electric field intensity inside the
resonator cavity. The distribution of the electric field intensity
allows for an excellent electrical and power-handling perfor-
mance. The required equations describing the operation of the
proposed new resonator class are also presented and, based on
them, two 5-pole band-pass filters were designed, simulated
and fabricated. The measured and simulated responses of the
filter are in good agreement.
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