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Reconfigurable Planar Capacitive Coupling in
Substrate-Integrated Coaxial-Cavities Filters
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Abstract—This paper expands upon the authors previous work
on planar tunable capacitive coupling structures in substrate-
integrated cavities using lumped components. We demonstrate
both frequency and bandwidth tunable filters with adjustable
transmission zeros (TZs). By the appropriate choice of the
absolute and relative strength of magnetic and electric coupling
coefficients, we demonstrate 1) tunable bandwidth and the ability
to maintain either a constant absolute bandwidth or a constant
fractional bandwidth; 2) adjustable transmission zero location
at a prescribed bandwidth; 3) the ability to switch off the
filter with high isolation. Filter design methodologies based on a
dispersive coupling structure are presented using lumped circuit
models, coupling matrix, and full-wave simulations. With this
planar capacitive coupling, it is also convenient to realize cross-
coupling in higher order filters to produce additional TZs for
rejecting spurious resonances or interferes. Fabricated two-pole
filters with one or two TZs and four-pole filters with three or
four TZs validate the filter design. A two-pole filter with tunable
center frequency and tunable bandwidth along with a four-pole
filter with tunable center frequency and tunable TZs are also
demonstrated.

Index Terms—coaxial cavity resonator, coaxial cavity filter,
combline filter, evanescent-mode filter, tunable bandwidth, tun-
able filters, tunable resonators, constant bandwidth filter

I. INTRODUCTION

VER the past decades, metallic cavity resonators has

been the dominant choice for highly-selective low-loss
filters in RF systems [1]. But with today’s diverse technology
applications and demands, interest in other filter technologies
and topologies is growing, including tunable filters. Various
works have shown promising results in some areas of perfor-
mance but usually at the cost of performance in other parame-
ters. For example, substrate-integrated waveguide (SIW) cavity
filters have gained considerable interest in RF/microwave
systems for their easy fabrication and low cost compared to
traditional air-filled cavities at the expense of lower unloaded
quality factor (@),,) due to substrate loss [2], [3]. Nevertheless,
SIW filters find a middle ground between low-Q planar and
traditional high-Q cavity filters.

To realize compact size evanescent-mode (EVA) filters,
cavities are capacitively loaded with a center post, where the
bottom end of the center post is shorted while the top end
has a small capacitive gap [1], [4], [5]. Magnetic fields are
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Fig. 1. (a) Coaxial-cavity filter with traditional electric coupling and (b)
proposed substrate integrated filter with planar electric coupling. (c) Tunable
filter with lumped components and (d) equivalent circuit model for tunable
filter.

stronger in the shorted end and electric fields are stronger
in the loaded end [6]. Fig. 1(a) shows that EVA cavities
magnetically couple through openings in the cavity wall (iris)
and electrically couple through a conductive metal probe
suspended between the cavity’s center posts. Traditionally in
such cavities, coupling between resonators is predominantly
magnetic (inductive) since it is easier to implement compared
to electric (capacitive) coupling probes. For this reason, other
methods for electric coupling are presented in [6]-[9]. With
appropriate location of iris openings and spacing of the center
conductors, works from [6] and [7] realize mixed electric
and magnetic coupling without using conductive probes. To
make fabrication even simpler, others use planar structures in
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SIW filters. For example, Shen et al. use inter-digital slot-line
between resonators [8] and Gong et al. use embedded short-
ended strip line between two PCB layers to realize electric
coupling [9]. Nevertheless, all of these works present fixed
coupling structures.

It is desirable to electrically tune the capacitive coupling to
realize reconfigurable BW cavity filters. But little work has
been done towards this. For example, work from [10] shows
an EVA mode topology with surface mount PIN diodes to tune
the coupling discretely. The fabrication for this filter requires
precise assembly to align the piezo-actuator with the cavity’s
post and requires multiple PCB layers to integrate the PIN
diodes. Work from [11] shows continuously tunable electric
coupling with surface mount varactors in SIW filters, but this
structure is mostly appropriate for bandstop filters.

It would be convenient to integrate lumped components into
SIW cavities with a standard surface mount process to tune the
coupling as it is done in planar microstrip or co-planar waveg-
uide (CPW) filters. For example, numerous planar filters with
tunable BW have been presented [12]-[20]. To this end, the
authors introduced a new substrate-integrated planar capacitive
coupling structure for inter-resonator coupling in [21], where a
surface mount varactor tunes the coupling. Works from [22]-
[24] then use a similar structure in higher order filters to realize
both capacitive inter-resonator coupling and capacitive cross-
coupling. However, an in depth analysis of this mixed electric
and magnetic coupling is needed, in particular, to design for
the transmission zero (TZ) that arises due to this dispersive
inter-resonator coupling [21].

This paper extends upon the work presented in [21]. While
a transmission zero due to dispersive inter-resonator cou-
pling [7], [25], [26] is briefly mentioned in [21], this work
presents a more detailed filter design method to place the TZ
at a specified location for a prescribed fractional bandwidth
(FBW) based on lumped circuit models, coupling matrix, and
simulation curves. In addition, the presented external coupling
structure adds another TZ above the passband. Surface mount
components are easily integrated into the filter to tune the
center frequency, BW, and TZs. To validate the filter design,
we first fabricate and measure two-pole filters with one or
two TZs and four-pole filters with three or four TZs. We then
extend these designs to reconfigurable filters. We present a
two-pole filter with tunable frequency and tunable BW and
a four-pole filter with tunable center frequency and tunable
transmission zeros.

II. COAXIAL-CAVITY RESONATOR

The filter in Fig. 1(b) is based on the coaxial cavity
resonator presented in [27]. A coaxial transmission is shorted
on the bottom end while a ring gap on the top surface
isolates the center conductor from the rest of the cavity’s top
surface. The ring gap capacitively loads the coaxial cavity.
This 3D structure is analogous to planar combline filter where
microstrip transmission lines are capacitively loaded. With
capacitive loading, the coaxial transmission line is seen as
an inductive element and hence resonates like a LC tank [5].
Varactors mounted on the ring gap tune the center frequency f,

of the resonator [28]-[31]. Works from [27] and [32] present
theoretical analysis on this resonator which is summarized
below in Eqns. (1)—(6).
The angular resonant frequency w, is approximated as
1

. 1
w 7o (D

where the loaded capacitance C' is given by
C=Cy+0C, 2

in which C, is equivalent capacitance of all the frequency
tuning varactors C'y, and C, is the surface gap capacitance.
The inductance L of the coaxial transmission line (ignoring
surface inductance) is given by

1= %o n (‘”Wa ) 3)
w C

where Z, is the characteristic impedance, h is the height of
the cavity, ¢, is the dielectric constant, and c is the speed of
light in air. For circular cavities, Z, is given in Eqn. (4a) and
for square cavities, Z, is given in Eqn. (4b),

Zy = \ilr In(b/a) (4a)
60 s
Z, = = In (1.0795) (4b)

where a is the radius of the inner conductor, b is the radius
of the outer conductor and s the is length of one side of the
square cavity’s wall.

The @, is approximated as

11
Qu Q. Q,

where @, is the quality factor of the C'f, varactors and Q). is
quality factor of just the circular resonator (without C',),
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in which R, is the surface resistance.

III. DISPERSIVE INTER-RESONATOR COUPLING

Fig. 1(b) shows the proposed filter with electric coupling,
where the conductive probe from the traditional filter in
Fig. 1(a) is moved to the surface as a planar structure which
resembles a CPW transmission line. There is a gap in the
middle of this CPW line which separates the two resonators.
The traditional filter in Fig. 1(a) and proposed filter Fig. 1(b)
both still have the same inter-resonator magnetic coupling,
where magnetic fields around the center posts couple to each
other through the iris opening in the resonators’ adjacent wall.
Thus, the presented filter has a mixed electric and magnetic
inter-resonator coupling structure.
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Fig. 2. Lumped circuit model for inter-resonator coupling. The parallel
combination of L. and C. creates a TZ at f,1 = 1/2m\/L.C..

A. Filter Design

In order to design filters with this mixed coupling, we
first present a lump circuit model that approximates the
inter-resonator coupling and aids in visualizing the creation
of the TZ. Guidelines are then presented to design filters
with a specified TZ location at a prescribed FBW based on
the lumped circuit model. Since the 3-D filter structure is
complex and coupling depends heavily on filter geometries,
more accurate design curves are then presented based on full-
wave electromagnetic simulations.

Since the mixed couplings is dispersive [21], it is possible
that the magnetic coupling equals the electric coupling at a cer-
tain frequency and a TZ occurs. Previous works from [7]-[9],
[25], [26], [33] report this TZ in 3-D structures, which is easier
to visualize with the lumped circuit model in Fig. 2. Inductance
L and capacitance C' model the bandpass resonators while L.
and C. represent the inductive and capacitive coupling [4].
The parallel combination of L. and C. creates a TZ (T'Z;) at

le (7)

1
- onJIL.C.'

Consider the case when the electric coupling and magnetic
coupling are equal at the center frequency, then T'Z; occurs
at center frequency or f,; = f,. If the electric coupling
increases or the magnetic coupling decreases, then T'Z; moves
below the passband (C,. and L. both increases). Conversely,
if the magnetic coupling increases and the electric coupling
decreases, then T'Z; moves above the passband (C. and L.
both decrease). Once the side of the T'Z; is determined (above
or below passband), then the exact location of the T'Z; can be
designed by either increasing or decreasing both the electric
and magnetic coupling together in order to maintain a constant
FBW. Consider the various filter designs with constant 6% 3-
dB FBW but different 7'Z; locations in Table I based on the
lumped circuit model in Fig. 2. For filters with T'Z; below
the passband, L. decreases from 47.5 nH to 6.44 nH and
C. increases from 0.1 pF to 0.5 pF to move T'Z; higher in
frequency closer to the passband. For filters with T°Z; above
the passband, C. increases from 0.1 pF to 0.5 pF and L.
decreases from 19.6 nH to 5.01 nH to move 7T'Z; lower in
frequency closer to the passband. Fig. 3 shows So; for selected
examples from the table. Based on the above discussion and
Table I, we can summarize the following for filters designed
at f, with a fixed FBW:

(a) When electric coupling is dominant, 7'Z; is below the
passband.

(b) When magnetic coupling is dominant, 7'Z; is above the
passband.

1.0 1.5 2.0 2.5 3.0 35 4.0 4.5 5.0
Frequency (GHz)

Fig. 3. Selected examples from Table I with filters designed with 6% FBW
but different 7'Z7 locations based on lumped circuit model from Fig. 2.

(c) Below the passband, 7'Z; moves to higher frequency
(closer to the passband) as the magnitude of both electric
and magnetic coupling increases.

(d) Above the passband, 7'Z; moves to lower frequency
(closer to the passband) as the magnitude of both electric
and magnetic coupling increases.

TABLE I
FILTERS DESIGNED WITH 6% 3-DB FBW AT f, = 3 GHZ BUT WITH
DIFFERENT T'Z1 LOCATIONS BASED ON LUMPED CIRCUIT MODEL FROM

FIG. 2
filter T7Z; (GHz) n L @®H C @F) C.®F) L. (nH)
T'Z1 below the passband (strongly electric coupling)
1 2.31 5 3.2 0.85 0.1 475
2 2.64 5 3.2 0.85 0.2 18.2
3 2.72 5 3.2 0.85 0.3 11.4
4 2.71 5 3.2 0.86 0.4 8.23
5 2.81 5 3.2 0.86 0.5 6.44
TZ, above the passband (strongly magnetic coupling)
6 3.18 5 3.2 0.91 0.5 5.01
7 3.21 5 3.2 0.91 0.4 6.16
8 3.26 5 3.2 091 0.3 7.97
9 3.34 5 3.2 0.91 0.2 11.4
10 3.60 5 3.2 0.91 0.1 19.6

The inter-resonator electric and magnetic couplings are
defined as kg and kj;. The total inter-resonator coupling k
is then the sum of kg and ks [4],

kv + kg
k= — = ky+k 8
1+ kykg M g ®
for narrow band filters and &k can be extracted from
2 42
it o
i+ f2

where fi; and fo are the eigen frequencies of the coupled
resonators. Since the signs of magnetic (4+) and electric (—)
coupling are opposite [21], k£ can be either positive, negative,
or zero.

According to [34], the required values for k£ and external
coupling . for a particular filter design is

FBW

kijy1=———="Ffori=1to (n—1 (10)
- V9igi+1 ( )
and Jog1 InGn+1
_ _ IYnIn+
Qel - FBW and Qen - FBW (11)

where n is the order of the filter and the g values are given
in any standard filter design reference such as [1], [4], [34].
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Fig. 4. Two resonators with mixed electric and magnetic inter-resonator
coupling and labeled dimensions.

Fig. 4 shows two resonators with inter-resonator coupling
designed around 2.7 GHz with dimensions listed in Table II,
where £ is the substrate height and ¢, is the substrate dielectric
constant. Fig. 5(a) shows the HFSS simulated k£ versus e,
(width of the electric coupling CPW) at various magnetic wall
openings wj. The electric coupling becomes stronger (more
negative) as e,, increases. The magnetic coupling increases as
wy or the iris opening becomes larger. For a prescribed FBW,
k maps to w; and e, in Fig. 5(a).

In order to externally couple to the filter, CPW transmission
lines are used as the input/output feeds which extend inside
the cavity where a via shorts them to the bottom. Current
flowing through the CPW shorting via creates magnetic fields
that couples with the magnetic fields of the center post. A
similar feed structure is analyzed in more details in [35].
Fig. 5(b) shows Q. versus fi.,, where fi., is the distance
between center post and the CPW shorting via shown in Fig. 4.
For a prescribed FBW, Q). maps to f., in Fig. 5(b).

TABLE 11
VALUES FOR RESONATORS WITH MIXED INTER-RESONATOR COUPLING
LABELED IN FIG 4.

parameter ~ value parameter  value
cavy 22 mm CPWay 3.5 mm
cavy 22 mm cpwg 0.18 mm
h 6.35 mm  fiep 10 mm
TiNgz 5.0 mm €len 14.51 mm
TiNngy 5.0 mm eg 0.26 mm
Tingy 0.26 mm ey 1.0 mm
post, 1.59 mm w; 20.0 mm
posty 20.0 mm €, 2.2

viar 1.01 mm

A filter with prescribed FBW and flexible 7'Z; location
can be designed based on the guidelines from the lumped
circuit model. For example, when 7'Z; is above the passband,
increasing e,, moves T'Z; lower in frequency. Conversely,
when 777 is below the passband, increasing w; moves 12
higher in frequency. For a given e,, or wj, the corresponding
w; and e,, are chosen according to Fig. 5(a) to keep a constant
|k|. Note that k can take negative values at larger e,,. When
k is negative, electric coupling is stronger and 7'Z; is below
the passband, while when k is positive, magnetic coupling is
stronger and 7'Z; is above the passband.

Alternatively coupling matrix theory can be used to design
the filters. Works from [36] and [37] provide design guidelines
to generate the coupling matrix at a fixed frequency. But
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Fig. 5. Simulated (a) k versus e,, at various wi values and (b) Q. versus
fien around 2.7 GHz.

dispersive coupling filters need frequency depended coupling
matrix to accurately model the frequency response. These
frequency dependent inter-resonator coupling parameters can
be simulated and extracted from HFSS. The steps below give
an iterative design procedure to design filters with frequency
depended coupling matrix.

1) Generate the coupling matrix for a filter with desired
specifications without dispersive coupling based on stan-
dard coupling matrix design in [36] and [37].

2) Generate a series of frequency dependent inter-resonator
coupling k(w) curves for different FBW using a full-wave
electromagnetic solver (Fig. 5(a)).

3) Extract the inter-resonator coupling m(w) values from
simulated k(w) curves.

4) Re-optimize coupling matrix values other than the dis-
persive inter-resonator coupling m(w) using numerical
simulations (s-parameter).

5) Based on the guidelines earlier and using the design curve
from step 2, increase or decrease the both electric and
magnetic coupling to move the 7'Z; while keeping k
constant.

6) Repeat steps 3 and 5 to get the desired FBW and TZ
location.

Examples of such matrix design is presented in Section III-B
and section III-C along with simulated and measured results.

B. Two-Pole Filter Example

To illustrate examples of dispersive coupling matrix, two
two-pole filters are designed based on guidelines from Sec-
tion III-A: filter M; has 6.3% 3-dB FBW and filter M,
has 8.0% 3-dB FBW around 2.75 GHz. Fig. 6(c) shows
the simulated k& versus frequency for the two filters, where
a second order polynomial kio(w) fits the simulation data.
A TZ (T'Zy) occurs when k15 = 0. For My, ki = 0 is
below the passband around 2.1 GHz and for M, k12 = 0
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is above the passband around 3.6 GHz. Eqns. (12) and (13)
show the coupling matrix with frequency dependent inter-
resonator coupling mo(w) extracted from kjo(w). Fig. 6(a)
and (b) show the fabricated filters with SMA connectors. The
dimensions are the same as those listed in Table II, except
for My, fienn, = 8.28 mm, e,, = 3 mm and w; = 14 mm,
and for Ms, fien, = 8.08 mm, e,, = 1 mm and w; = 22 mm.
Fig. 6(d) and (e) plot the coupling matrix along with simulated
and measured data. Simulated and measured insertion loss in
the passband is 0.58 dB and 0.45 dB for M; and 0.41 dB and
0.38 dB for Ms.

0  0.698 0 0
10698 0 mpw) 0
Mi@)=1"0" w0 0698
0 0 0.6908 0 (12)
miz(w) = kiz2(w) x FBW
w \2 w
— —0.007 (W) +0.070-55 +0.354
0 0774 0 0
Clora 0 mpw) 0
M@ =170 w0 0774
0 0 0.774 0 (13)

mlg(w) = k’lg(w) x FBW

w \2 w
— —0.005 (—) 0.1150- + 0.0325
100) * 109

C. Higher Order Filters with Cross-Coupling

In addition to designing filters with dispersive coupling in
adjacent resonators, we can use the presented structure in
cross-coupled resonators to design higher order filters with
additional TZs [23], [24]. For example, Fig. 7 shows the
coupling schematic for four-pole cross-coupled filters. Filters
in Fig. 7(a) and (b) have all inductive coupling between res-
onators except for the capacitive coupling between resonators
1 and 4 in Fig. 7(a) and between resoators 2 and 3 in Fig. 7(b).
In both filters, the main line path (1, 2, 3, and 4) and cross
coupling path (1 and 4) are out of phase and add destructively
to create a pair of TZs [38]. This is verified with coupling
matrix given in Eqn. (14) and plotted in Fig. 8. Both filters
have the same coupling matrix except for the coupling sign
between resonators 1 and 4 and between resonators 2 and
3, which is positive (4) when the coupling is inductive and
negative (—) when the coupling is capacitive.

0 1.02 0 0 0 0
1.02 0 0.856 0 F0.220 O
Mo — 0 0.856 0 +0.786 0 0
5710 0 +0.786 0 0.856 0
0 7F0.220 0 0.856 0 1.02
0 0 0 0 1.02 0
(14)

Mixed cross-coupling between resonators 1 and 4 generates
a third TZ compared to purely inductive or capacitive [6],
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Fig. 6. Fabricated two-pole filters (a) M1 and (b) M2 and (c) HFSS simulated
dispersive inter-resonator k for designed filters. Plots of measured, simulated
and coupling matrix in (d) Eqn. (12) and (e) Eqn. (13).

[39]. Fig. 7(c) and (d) show the schematic for mixed cross-
coupling between resonator 1 and 4. This work qualitatively
discuses the presence of all three TZs while additional analysis
is presented in [6]. In the passband, the magnitude of main line
path with resonators 1, 2, 3, and 4 (four-pole filter) is dominant
compared to magnitude of the cross-coupled resonators 1 and
4 (two-pole filter). As w moves away from the passband, the
magnitude of the four-pole filter (main line path) falls faster
than the magnitude of the two-pole filter (cross-coupling path).
A pair of real frequency TZ (T'Z; and T Z3) results when the
magnitude of the main line coupling and the magnitude of
the cross-coupling are the same at frequencies f,o and f,3.
Beyond f, and f.3, the two-pole filter (cross-coupling path)
is dominant and T'Z; appears at f.; due to the inter-resonator
coupling (same TZ from section III-A). T'Z; can be placed
anywhere below T'Z, or above T'Zs.
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0 1164 0 0 0 0
1.164 0 0957 0  mu(w) 0
0 0957 0 081 0 0
Ma(w) = | 0 081 0 097 0 mia(w) = —0. O54W +0.623 (15
0  muw) 0  0.957 0 1.164
0 0 0 0 1164 0
0 1114 0 0 0 0
1.114 0 0.957 0 mis(w) 0
0 0957 0  —0843 0 0
Ms(w)=| 0 —0.843 0 0957 0 mia(w) = —0. 0601—09 + 11843 (16)
0  muw) 0 0.957 0 1.114
0 0 0 0 1114 0
1 4
2 3 (@)

(b)

(d)

Fig. 7. Coupling schematic for four-pole cross-coupled filters with (a)
capacitive cross coupling, (b) inductive cross-coupling, (c) stronger capacitive
with weaker inductive cross-coupling and (d) stronger inductive with weaker
capacitive cross-coupling.
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Fig. 8. Both capacitive and inductive cross-coupling from Fig. 7(a) and (b)
result in two TZs, one on each side of the passband.

The design procedure for the mixed cross-coupling is the
same as that in section III-A, where the magnitude of cross-
coupling from the coupling matrix maps to extracted coupling
curves from simulation. Eqns. (15) and (16) gives the coupling
matrix for two designed filters, M, and M5, where frequency
dependent m14(w) is extracted from HFSS simulation, similar
to mya(w) in Eqns. (12) and (13). When mixed cross-coupling
is strongly electric, T'Z; will be below the passband and when
the mixed cross-coupling is strongly magnetic, T'Z; will be
above the passband (analogous to Fig. 6(d) and (e)). Fig. 9(a)
and Fig. 9(b) show the fabricated filter along with the filter
dimensions and SMA connectors. All other dimensions of

ingy(1&4)=4.34
ingy(184)=4.34

€q71=0.18
g1

&nngx(1 &4

(b) 20 %r/ng (184

W AROO®

w

OO 0o

Fig. 9. Fabricated four-pole filter (a) M4 and (b) M5 with mixed electric
and magnetic coupling.

the filter are same as those labeled in Fig. 4 and listed in
Table II. Fig. 10(a) and Fig. 10(b) plot the coupling matrix
along with simulated and measured data. The figure also labels
the location of 1T'Zy, T'Z5, and T Z3. Simulation shows M,
has 8.6% FBW and 0.45 dB insertion loss at 2.7 GHz while
measurement shows 9.3% FBW and 0.43 dB insertion loss.
Simulation shows M5 has 8.1% FBW and 0.46 dB insertion
loss at 2.6 GHz while measurement shows 7.6% FBW and
0.90 dB insertion loss. Incomplete plating of some of the vias
degraded insertion loss in M5 compared to simulation.

IV. EXTERNAL COUPLING TZ

Fig. 11(a) shows a modified lumped circuit model from
section ITI-A, where mutual inductance between L! models
the external coupling. Another capacitor Cgq.. is added in
parallel with the mutual inductance. If the mutual inductance is
modeled with an equivalent m-network [4], then Fig. 11(a) can
be represented as Fig. 11(b), where L! and L,, are absorbed
into L and L,. The series parallel combination of L,, and
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Fig. 10. Plots of measured, simulated, and coupling matrix in (a) Eqn. (15) and (b) Eqn. (16). Compared to Fig. 8, a third notch (7°Z1) is created (a) below
the passband for stronger electric coupling (M4) and (b) above the passband for stronger magnetic coupling (M5).
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Fig. 11. (a) Lumped circuit model for two-pole filter where mutual inductance
models the external coupling. The mutual inductance are modeled with 7-
networks and (b) shunt L,, inductance are absorbed into L and L.. The
parallel combination of Ly, and Cqe, creates TZs at wmm = 1/4/LimCQe»

CQe- creates another pair of TZs (1'Z,) located at
1

" 2n/LnCae:

Fig. 12(a) shows the first method to realize Cg.., where
part of the CPW feed line extends further into the cavity
and overlaps with the square ring gap. Some of the in-
put/output energy flows directly into the resonator through
this overlap capacitance (Cg..) while some energy couples
in parallel through the mutual inductance between the center
post and CPW shorting post. Measured and simulated results
in Fig. 12(b) shows a two-pole filter with T'Z,; above the
passband and 7'Z; below the passband. Simulation shows
5.5% FBW and 0.86 dB insertion loss at 2.8 GHz while
measurement shows 5.0% FBW and 0.64 dB insertion loss.
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Fig. 12. (a) Fabricated two-pole filter with two zeros where CPW feed line
extends further into the cavity and overlaps with the square ring gap, creating
some overlap capacitance Cg.. and (b) measured and simulated s-parameter.

The filter is fabricated on a 6.35 mm Rogers TMM3 substrate
with dielectric loss tangent of 0.002.

The second method to realize Cg., is to use a lumped
capacitor. First the filter is designed according to section III
and then Cq.. is included and the filter is re-optimized.
For example, the four-pole filter My from Fig. 9(a) and
Eqn. (15) is redesigned to include T'Z,. Fig. 13(a) shows the
fabricated filter with a close-up view of the surface mount
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Fig. 13. (a) Fabricated four-pole filter from Fig. 9(a) redesigned to include
CQe: and T'Zy4. (b) Measurement and simulation shows improvement in
upper stop band rejection with T'Z4.

Cqe- capacitor. The CPW feed line extends towards the cavity
but doesn’t overlap with the ring gap and a lumped capacitor
instead couples energy parallel to the mutual inductance.
Compared to the first method with overlapping capacitance,
this method requires less re-optimization to the initial design
before Cge, is added. Mainly, the external coupling parameter
fien needs to be redesigned after adding Cg... Fig. 13(a)
shows the modified dimensions. The upper passband rejection
improves when 1'Z, is included in Fig. 13(b) compared to the
same filter without T'Z,. Simulation shows 7.8% FBW and
0.59 dB insertion loss at 2.7 GHz while measurement shows
8.2% FBW and 0.64 dB insertion loss.

V. RECONFIGURABLE FILTER
A. Tunable BW Filter Design

Fig. 1 and Fig. 14 show that the proposed filter is easily
integrated with lumped elements to realize a reconfigurable
filter. Fig. 1(d) shows the equivalent lumped circuit model
for the reconfigurable filter. Varactors C, tunes the center
frequency, varactor C'gyy tunes the BW, varactor Cg. tunes
the external coupling, and capacitors C.. produces 1'Z,.

Work from [21] shows that @, up to 200 at 1 GHz can be
achieved for frequency-tunable filters while using only C',
varactors. Adding C'gy in the inter-resonator coupling path
degrades Q.. To minimize this loss and still achieve BW

I freq. tuning varactor (Crp) I ext. coupling tuning varactor (CQe)

) -
I BW tuning varactor (Cgyy) = ext. coupling TZ capacitor (CQez)

e mmmmmmmms s ————-——

Fig. 14. Tunable two-pole filter and close up of top surface showing the
various integrated lumped components.
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Fig. 15. HFSS simulation for (a) & versus frequency and (b) FBW solved
from Eqn. (10) for a two-pole butterworth filter.

tuning, kj; is designed to be the dominant inter-resonator
coupling path so that most of the electromagnetic energy flows
through the magnetic fields instead of the lossy varactors.
From the design guidelines in section III-A, a strongly mag-
netic coupled filter is designed. Fig. 15(a) shows k versus
center frequency for various Cpy . Fig. 15(b) shows the
range of FBW solved from Eqn. (10) for a butterworth filter
design. Since it is desired that kj; is dominant, only the
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Fig. 16. HFSS simulation for (a) Q. versus frequency and (b) FBW solved
from Eqn. (11) for a two-pole butterworth filter.

FBW corresponding to the positive values of k are plotted.
Theoretically, this two-pole filter can achieve a FBW of 0—
8% around 1.1 GHz and 7-13% FBW around 0.55 GHz, if
not limited by .. The range of FBW at all frequencies is
bounded by Cpyw = 0.63 pF and Cgyy = 2.67 pF curves.

Fig. 14 shows varactors (Cg.) mounted over slits created
in the CPW line. The lumped circuit model in Fig. 1(d) shows
that Cg. and L, act as a series-shunt matching network.
Thus, tuning Cg. varies the input impedance and tunes (..
Fig. 16(a) shows the HFSS simulation of (). versus frequency
as Cg. is tuned from 0.5 pF to 6.6 pF. The value of ). ranges
from 15 to 20 around 0.55 GHz and 7 to 52 around 1.1 GHz.
Since ). is known, FBW is extracted from Eqn. (11) and
plotted in Fig. 16(b). This gives the range of FBW of the
filter, if not limited by k.

The tuning range for FBW presented in Fig. 15 and Fig. 16
were based on k and (). independently. The actual tuning
range of the filter is given when the effects of both £ and Q.
is considered together. Thus the extreme values of Cpy =
0.63 pF and Cpw = 2.67 pF along with the extreme values
of Cge. = 0.5 pF and Cp, = 6.6 pF are plotted together
in Fig. 17. The tuning range of the filter is bounded (shaded
region) by the four curves.

The HFSS simulation in Fig. 18 shows BW tuning of
the filter around 1.1 GHz without including Cq.. capacitor.
Initially at Cgyw = 0.01 pF, BW is 170 MHz, and TZ;
is not observed up to 2 GHz. At Cpw = 0.63 pF, BW is
95 MHz and T'Z; appears at 1.38 GHz. BW decreases further
as Cgw increases and T'Z; moves closer to the passband.
At Cpw = 1.44 pF, kg =~ k) at the center frequency and
TZ is at f,: a zero BW filter or the off state of the filter.
Fig. 19 shows the simulation result when Cg., is added to
realize T'Z,. In this case, Cgw is kept at 0.63 pF. Increasing

Cqe (PF) Cyy (bF) |
12 ——05 —=—0.63
—0—6.6 —0—2.67 |
2 er /7/. |
= , ]
Qo tuning range

at / -
// / /Z}A' ]

O 1 1 1 1 1 1 1

. 1 1 1 1 1
0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
Frequency (GHz)

Fig. 17. The shaded region shows the FBW tuning range for the filter as the
center frequency tunes from 0.55 GHz to 1.1 GHz.

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Frequency (GHz)

Fig. 18. Simulated tunable BW filter from Fig. 14 without Cg. Increasing
Cpw decreases BW and tunes 7'Z; closer to the passband.

Cqe. moves T'Z, closer to the passband. Increasing Cge.
also decreases the BW and location of T'Z; slightly. The
dimensions of the simulated filter is given in section V-B.

B. Tunable BW Filter Validation

The reconfigurable filter from section V-A is fabricated
on a Rogers TMM3 board with 5 mm thickness and 0.002
loss tangent. The filter is modified to a double ring structure
with additional gaps created on the top surface to mount all
the varactors back-to-back. The back-to-back placement of
varactors conveniently isolates a dc bias point and improves
linearity [40]. Following the guidelines given in [2], vias are
drilled in the substrate and plated with copper to form the
cavities. The center posts and CPW shorting posts are also
created with copper plated vias. The modified filter design
is shown in Fig. 20(a) and the fabricated filter with SMA
connectors is shown in Figs. 20(b) and (c). Figs. 20(d) and
(e) show the dimensions of the board and traces on the top
surface. Table. III lists the details of the lumped components
used. Additionally, 1-MX? resistors are used in the dc bias line
to reduce RF loss.

The fabricated filter is first measured without the Cg.
capacitor. In Fig. 21(a), T'Z; is initially at 1.5 GHz but
moves closer to the passband as Cpy increases. The BW
decreases from 100 MHz to 20 MHz as C'gy increases. Both
of these observations are consistent with previous simulation
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Fig. 19. Tunable filter from Fig. 18 with Cgy = 0.63 pF shows T'Z4
changes significantly with C'ge.. Small change in BW and T'Z; is also
observed.

substrate height = 5mm

units: mm  all gap widths = 0.28 mm
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posty =13

Fig. 20. (a) Designed filter with two ring gaps and back-to-back varactors.
Fabricated filter with (b) close-up view and (c) full view. The dimensions of
the filter are labeled in (d) and (e).

in section V-A. When Cg.. is not included, T'Z, is not seen
within 2 GHz frequency range. However, when Cg., = 1.5 pF
is included, T'Z, appears around 1.9 GHz in Fig. 21(b),
which agrees well with Fig.19. The location of T'Z, appears
independent of the BW tuning, which makes this TZ ideal for
rejecting fixed spurious resonances or interferes.

Fig. 21(c) shows measured So; when the filter is in the off-
state: kg ~ kj; and the two resonators are asynchronously
tuned to 0.58 GHz and 1.15 GHz to improve isolation. More
than 30 dB of off-state isolation is achieved up to 2 GHz. As

10
TABLE III
SURFACE MOUNT LUMPED COMPONENTS

Type # Model Value (pF) Q @ 50MHz
Cto 64 Skyworks SMV1405 0.63-2.67 3200
Cpw 2 Skyworks SMV1405 0.63-2.67 3200
CQe 12 Infineon BB857H7902 0.55-6.6 1000
Cgez 2 Johanson Techno. S-Series 1.5 5000

1 1 1 1 1
1.0 1.2 1.4 1.6 1.8 2.0
Frequency (GHz)

Fig. 21. (a) Measured S21 shows both BW and T'Z; decrease as Cpgyy
increases. (b) T'Z4 appears around 1.95 GHz when Cg.. = 1.5 pF is added.
(c) As Cyw increases further, 7'Z7 moves below the passband while BW
increases. An off-state is also measured with the resonators asynchronous
tuned.

Cpw increases from the off-state, kg becomes dominant and
the BW increases again. 7'Z; has moved below the passband
and moves further from the passband as Cpy increases.
Though a larger BW range is possible for this filter when
kg is dominant, the loss is also higher since more energy is
flowing through the lossy C'pyy varactor.

Fig. 22 shows the measured S3; and Si; for center fre-
quency and BW tuning range. Typical examples of Butterworth
and Chebysheyv filter responses are shown. This figure can be
compared to Fig. 17 where the tuning ranges are predicted
from HFSS simulation. Both simulation and measured data
shows a center frequency tuning range of 0.55-1.1 GHz.
Table IV compares the simulation versus measured range of
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Fig. 22. Measured (a) S21 and (b) S11 showing both tunable center frequency
and tunable BW.

BW. The measured and simulated BW ranges match closely.
The measured FBW is 6.18-12% at 0.55 GHz, 2.38-11.3% at
0.84 GHz, and 1.77-8.05% at 1.1 GHz. For the measurement,
a 10 dB minimum return loss and 20 MHz minimum BW
criteria limits the range. Peak insertion loss of 1.28 dB
at 1.13 GHz is measured and about 30 dB of out-of-band
rejection is maintained up to 2 GHz. The extracted (), for the
resonators is approximately 80 at 0.5 GHz and 200 at 1.1 GHz.

TABLE IV
SIMULATION VERSUS MEASURED BW RANGE

Freq. (Ghz)  Simulation BW (MHz) Measured BW (MHz)
1.1 30-87 20-91
0.84 14-91 20-95
0.55 37-60 34-66

For some tunable filter applications, maintaining a constant
BW or constant FBW maybe desirable. This filter can achieve
a constant BW anywhere from 34 MHz to 66 MHz and a
larger BW range is possible with a reduced frequency tuning
range such as 20 MHz to 90 MHz BW from 0.7 to 1.13 GHz.
As examples, Fig. 23(a) shows 60 MHz 3-dB constant BW
tuning with insertions loss between 1.9 dB and 2.3 dB and
return loss better than 14 dB, while Fig. 23(b) shows 8% 3-dB
FBW tuning with insertion loss between 1.28 dB and 1.7 dB
and return loss better than 30 dB. More than 30 dB of out
band rejection is maintained in both cases.

C. Tunable TZ Four-Pole Filter

Fig. 24 shows filter M, (Fig. 9(a) and Eqn. (15) from
Section III-C modified to a tunable filter. Two MACOM
MA46H120 varactors (Q of 3000 at 50 MHz) are soldered
back to back on each resonator to tune the center frequency.
The MACOM varactors have a capacitance range of 0.13—
1.1 pF. Measured results in Fig. 25 shows the center frequency
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Fig. 23. Measured S21 and Si; for a (a) 60 MHz constant absolute 3-dB
BW and (b) 8% constant 3-dB FBW.

I TZ tuning varactor

I freq. tuning varactor.

(b) I freq. tuning
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I TZ tuning
varactor

dc bias
wires

Fig. 24. (a) Designed and (b) fabricated four-pole filter with tunable center
frequency and tunable TZs.

of the four-pole filter tunes from 2.24 GHz to 2.64 GHz with
the peak pass band insertion loss ranging from 3.9 dB to
3.4 dB. The 3-dB FBW increases from 9% to 10.8% as the
center frequency increases. The return loss of the filter is at
least 10 dB through out the tuning range.
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Fig. 25. Measured (a) S21 and (b) S11 of four-pole filter showing tunable
center frequency.

Similar to the results in section III-C, three TZs are created.
However in this case an additional MACOM MA46H120
varactor (C'rz) is used to tune the capacitive cross-coupling
between resonator 1 and 4. Since the cross-coupling in filter
My is strongly capacitive (section III-C), as Crz increases
the magnitude of cross-coupling also increases and 77> and
T'Z3 move closer to the passband. Fig. 26 shows the simulated
and measured results of the filter while the capacitive cross-
coupling is tuned. Since electric coupling is dominant, T'Z; is
below the passband and as the Crz increases, 7'Z; frequency
decreases.

VI. CONCLUSION

This work presents a planar structure for realizing mixed
electric and magnetic dispersive coupling in substrate-
integrated coaxial-cavity filters. Surface mount components are
easily integrated into the filter to allow for flexible control
of the filter center frequency, bandwidth, and locations of
the transmission zeros. Filter design methodologies based on
a dispersive coupling structure are presented using lumped
circuit models, coupling matrix, and full-wave simulations. In
addition, the external coupling structure can add another TZ
above the passband. Fabricated two-pole filters with one or
two TZs and four-pole filters with three or four TZs validate
the filter design. A frequency and BW tunable filter shows
tuning range from 0.55 GHz to 1.1 GHz with a BW of 20-
91 MHz at 1.1 GHz, 20-95 MHz at 0.84 GHz, and 34-66 MHz
at 0.55 GHz. A four-pole filter with tunable center frequency
and tunable transmission zeros is also demonstrated.
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