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ABSTRACT This paper reports a new class of compact inline dual-band bandpass filters using TM-mode
dielectric resonators in planar configuration. Thanks to the employment of the dielectric-loaded TM-mode
waveguide configuration and the dual-mode TM»o and TM»|( resonances, substantial size miniaturization
and volume saving (>70%) can be obtained in comparison with conventional waveguide technology. Ad-
ditionally, the planar topology of the presented concept offers highly desirable advantages for industry and
mass production including the ease of manufacturing, assembly, and tuning. Furthermore, the resonating
doublets and the nonresonating TM119 mode are effectively utilized to introduce and control both inter-band
and outer-band transmission zeros, advantageously increasing the isolation between the two passbands and
enhancing the outer-band rejection regions. The general design procedure of the proposed filter is discussed
in detail. A three-pole C-band dual-band dual-mode TM-mode dielectric filter is designed, implemented, and

(Senior Member, IEEE)

measured to validate the proposed configuration.

INDEX TERMS Bandpass filter, dual-band, dual-mode, dielectric resonator, TM-mode.

I. INTRODUCTION

The Current rapid development of multi-channel/multi-
standard RF and satellite communications have urged the
demand for more efficient, compact, and lightweight multi-
band payloads and subsequent filtering units. Often, those
essential requirements cannot be effectively fulfilled using the
conventional single-band filter structures, and more efficient
multi-band designs are needed [1]. Accordingly, various dual-
band bandpass filters were introduced in the literature using
different technologies and configurations [2]—[12]. Whereas
the majority of the presented dual-band bandpass filters are
developed using compact planar microstrip and SIW struc-
tures as presented in [2] and [3], they are not favorable in
satellite and high-performance communications due to the
high losses and limited power handling capabilities. There-
fore, high-Q and high-power compatible waveguide cavities
have gained more interest in the implementation of dual-band
BPFs [4]—[6]. For example, [4] introduced a new class of
waveguide dual-band bandpass filters in an in-line configura-
tion using dual-mode TE(;/TEo;; modes for size reduction.

However, a special milling machining is required to realize
such structures, and cross-couplings cannot be introduced to
generate additional transmission zeros (TZs). Folded side-
coupled dual-band dual-mode TE[;, mode elliptical cavity
filters were presented in [5] to facilitate the cross-coupling
and TZs’ creation. Nevertheless, the proposed filters suffer
from many unwanted spurious resonances and inflexibility
in controlling the transmission zeros’ positions. In addition
to the aforementioned limitations of empty-cavity waveguide
dual-band filters, more size reduction and lighter weight are
still required. This motivated the introduction of more com-
pact dual-band coaxial and dielectric-loaded waveguide fil-
ters [7]—[12]. Work performed by [9] presented a 3rd-order
dual-band filter using an open-circuited-stub-loaded quarter-
wavelength coaxial resonator. The bandpass filter operates
at 0.9 GHz and 2 GHz bands with a single uncontrolled
inter-band transmission zero. A third-order dual-band filter
was introduced in [10] using dielectric resonators to offer a
more compact size and higher Q, than the other configura-
tions. However, specially customized dielectric resonators and
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assembly processes are needed to implement the filter. Be-
sides, the filter suffers from close spurious modes and limited
selectivity due to the difficulty in the introduction and control
of transmission zeros. All of these drawbacks limit the exten-
sion of the proposed dual-band DR filter to higher orders and
also to use in industry.

TM mode dielectric resonators are particularly favorable in
filter applications due to their substantial size miniaturization,
mechanical stability, high Q,, and wider spurious-free band
[13]. To take the advantage of all these desirable features with
considering the limitations of the aforementioned dual-band
filter structures, the authors in [11] introduced a new highly
compact dual-band dual-mode TM mode dielectric filter with
more than 90% reduced volume than the conventional wave-
guide structures. The dual-band response is realized through
properly modifying the transverse doublet structure. Addition-
ally, the coupling scheme is adjusted to move at least one
transmission zero between the two passbands to enhance the
inter-band isolation. However, this transversal configuration
has many drawbacks including difficult tuning, sensitivity to
TZs locations, and precise selection of iris locations. Addi-
tionally, since the filter is built out of separated transversal
blocks, this leads to more assembly time and cost, and can
also increase the related losses. Therefore, alternative dual-
band TM-mode dielectric-loaded configurations are required
to benefit from the TM mode DR advantages and overcome
the challenges of the transversal topology.

A new miniaturized C-band dual-band dual-mode TM-
mode dielectric filter is presented in this paper. The filter is de-
signed in planar configuration for the purposes of easy tuning,
manufacturing, and assembly. Additionally, enhanced inter-
band isolation and outer-band rejection are realized through
flexibly positioned transmission zeros. The following sections
discuss the design procedure of the proposed topology and re-
port the measured results of a three-pole dual-band dual-mode
TM-mode dielectric resonator filter.

1. CONCEPT AND DESIGN

A. DUAL-RESPONSE DUAL-MODE TM-MODE DIELECTRIC
RESONATOR

The basic doublet block was introduced earlier in [14] and em-
ployed to design a dual-mode dielectric filter using TE mode
dielectric resonators in [15]. Similarly, dual-mode TM-mode
DR configurations were introduced in planar topology for
miniaturized single-band fixed and tunable filters applications
[16], [17]. For instance, in [17], a dual-mode filter is designed
using the two orthogonal degenerate modes TM >0 and TM»q
in a single resonator structure. The resonant frequencies of
the orthogonal modes are adjusted primarily through the cav-
ity length (Cr) and width (Cw) where each mode is mainly
propagating and more sensitive in a corresponding dimen-
sion. Herein, the cavity length and width are set equal in
order to obtain the desired dual-mode passband (Cp~Cw).
Alternatively, the dual-mode configuration can be altered to
a dual-passband response by shifting any of the degenerate
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FIGURE 1. Dual-band TM mode DR cavity. (a) Perspective view. (b) Top
view. Both modes TM;3o, TM,;¢ are excited equally through input probe
with angle 6; = 45° and output probe with angle 6, = —45°. (c) fru20,
frmz210 change in relation to the change in the cavity width (Cy) while the
cavity length is kept unchanged (C, = 26 mm). The TM mode dielectric
resonator has outer diameter D = 8 mm, inner diameter d = 4 mm,
height = 6 mm, and dielectric constant ¢, = 45.

resonant frequencies away from the other one as depicted
in Fig. 1. This is basically done by changing the respective
dimension of any of the resonant modes (Cp#Cw). As can
be seen in Fig. 1(c), both TM|79 and TMj1¢ resonate at the
same central frequency (4.58 GHz) when Cp= Cw = 26 mm,
while fry270 increases and moves away from frys720 with the
reduction of the cavity width creating a dual-band response.
The separation of the two passbands is proportionally related
to the ratio between the cavity length and width (CL/Cy).
Similar to conventional doublet configurations [15], the input
and output feeding probes are rotated to excite both modes
with angles 61 = 45°and 0, = —45°, respectively. If the
rotation equals to 45°, then the IO probes are coupled to both
orthogonal TM 19 and TM3o modes equally. If 0 is less than
45°, then the IO probes are more coupled to TMj3jo while in
contrary, they’ll be more coupled to TM >0 when 6 is larger
than 45°. 01 and 6, are related to the coupling coefficients
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FIGURE 2. S-parameter responses of 3 different dual-band configurations
and their corresponding coupling routes (black, red, blue) realized by
proper excitation and orientation of the 10 feedings. Dual-band response
is obtained through Cw = C (fnvnzo = 4.66 GHz, frmzm =4.98 GHZ).
Blackline: Chebyshev responses (Ms; = Ms;, My = —Ms;, My, = Ms;,

Ms, = 0). Redline: inter-band TZ is introduced (sign change of M,, causing
a phase reversal at the output with respect to the input). Blueline: 2 TZs
are introduced by the mean of the nonresonating TM;;o mode bypass
source-load coupling (NRM) (Ms, < 0). The TM mode dielectric resonator
has outer diameter D = 8 mm, inner diameter d = 4 mm, height = 6 mm,
and dielectric constant ¢; = 45. Cyy = 14 mm, C, = 26 mm.

using:

Msi1 MiL
tan(f) = —, tan(fr) = — (D
Ms> Mor

The angular distance between the dielectric resonator and
the IO probes (D) controls the coupling strength to both
modes. Fig. 2 demonstrates a dual-response cavity using a
dual-mode TM-mode dielectric resonator with three differ-
ent coupling routes and S parameter responses. The H-fields
of the resonating TM |20, TM210, and nonresonating TMj g
modes are also included. The cavity length is set larger than
the width to move fry2;0 away from fru;20, therefore, cre-
ating a dual-band response at 4.98 GHz and 4.66 GHz, re-
spectively. Based on (1), the input probe is positioned at an
angle 61 = 45° (Ms> = Mg)), and the output pin is rotated
to an angle 6, = —45° (MaL = —M). The first path S-1-L
corresponds to the lower channel (f77720) and the second route
S-2-L represents the upper band (frar270). The blackline rep-
resents the basic dual-response configuration with Chebyshev
characteristics (Msp = Mg, ML = —Mg;, My = Msz’
Mg, = 0). Also, both inter-band and outer-band TZs can
be easily introduced and flexibly controlled which provides
high isolation between the two bands and also improves the
out-of-band rejection level. The appearance of an inter-band
transmission zero in the second case (redline) is due to phase
reversal of the orthogonal modes at the output port with re-
spect to the input side (Mgy = Msj, ML = —Mg, My =
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FIGURE 3. Generalized coupling scheme of the proposed dual-band
dual-mode TM mode DR filters. N corresponds to the filters’ orders. Each
orthogonal degenerate mode creates an individual channel (f;, f;). In some
cases, the nonresonating TM;;o mode (NRM) is excited and creates a S-L
coupling path introducing outer-band transmission zeros.

—Ms», and Mgy, = 0). This is realized by rotating the output
probe to an angle 6, = —135° to change the sign of Mj..
While in the third case (blueline), the bypass coupling caused
by the nonresonating mode (NRM) TM1 ¢ mode creates a pair
of outer-band transmission zeros (Mg = Mg, M. = Mgy,
My, = —Mso, Mgt < 0) [11], [14]. In this case, the output
pin is rotated to an angle 6, = —225°. All of these interesting
capabilities of the proposed concept can be effectively applied
to filter’s configurations and will be discussed in the following
sub-section.

B. DUAL-BAND DUAL-MODE TM-MODE DIELECTRIC
FILTERS

The generalized coupling mechanism of the proposed minia-
turized dual-band dual-mode TM-mode DR filters is depicted
in Fig. 3. It is comprised of two coupling paths that are com-
posed of directly coupled doublet blocks. Each doublet block
exhibits two orthogonally resonating modes (TM 120, TM310)
at two different frequencies which create a dual-passband re-
sponse. Also, in particular configurations, the nonresonating
fundamental TM;;9p mode is employed to create a bypass
source-load coupling path that introduces additional transmis-
sion zeros [18]. The general design procedure begins with
the synthesis and extraction of the corresponding coupling
scheme and parameters of each passband individually which
has been then optimized and applied to the overall dual-band
response and any additional transmission zeros [19]. The cou-
pling matrices in this paper are extracted following simple
steps:

1) A good start point is by using the standard synthesis
method [20] to extract the coupling matrix of every
single passband individually (fj, ABW}), (>, ABW»)
with an order of N/2 for each band.

2) Normalize both channels to a single-band N-order fil-
ter using the pre-synthesized values from the first step.
The 1, 2, 3, ....N/2 resonators from the first and second
single-band filters represent 1, 3, 5, .....N-1 path and 2,
4,6, ....N channel, respectively, and constitute the initial
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coupling coefficients of the overall matrix (M;; o). The
chosen channel has a centre frequency fy = (fi+/2)/2,
and an absolute bandwidth ABWy = ABW/. Note that
Jfo, ABWy, and normalized coupling coefficients can
also be chosen arbitrarily [19]. The mutual and self-
couplings are calculated using:

Mii = — Jo X (ﬁ—&)
ABW, fo N
i=1,3,...... ,N—1 (2a)
Mot = Jo L fo
i+1,i+1 ABW() fo f2 s
i=1,3,...... ,N—1 (2b)
fo ABW;
sz —Mz,j 0 fl ABW(),
i=1,3,...... ,N—=3,j=i+2
(3a)
fo ABW;
Mit1,j+1 = Mit1,j+1.0 Xf_2 X ABW,
i=1,3,...... ,N—=3,j=i42 (3b)
/ fo
Ms1 = | 5>
Qext_l XABWO
Ji
Ms = | —2— “4)

Qo 2 XABW

where Qex¢ 1 and Qex; 2 are the calculated external quality
factors from the coupling matrices of the single-band filters
from the first step. Next, the required physical coupling co-
efficients (K) and external quality factors (Qex¢) for the lower
passband (f7) and higher passband (f>) are calculated using the
corresponding fy and bandwidth (ABW) as follows:

ABWy x M ; .
_ i =

Kij= =13, LN =3, j=i+2
fo
(5a)
ABWo X Mit1,;
Kit1,j+1 = 0 ; l+1,j+1’i:1,3, ______ ,N =3,
0
j=i+2 (5b)
fO f()

= —’ — 6

Qext_l ABW() % M51 Qext_2 A—BWO < M52~2 ( )

Afterward, the dual-band bandpass filter is realized us-
ing the presented dual-mode TM mode dielectric resonators.
Figs. 4 to 13 show two design examples of second and third-
order dual-band TM mode DR filters based on the proposed
planar topology, respectively. SMA connectors are used for
the I/O feeding and a compact TM mode DR (outer diame-
ter = 8 mm, inner diameter = 4 mm, height = 6 mm) is also
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FIGURE 4. Second-order dual-band dual-mode TM-mode DR filter in
aligned 10 configuration. (a) Coupling scheme, optimized coupling matrix
(redline), and simulted S-parameters (blackline): no inter-band
transmission zero (M3, = Ms;, My = Ms;), and no outer-band
transmission zero (Ms. = 0). (b) Perspective view. (c) Top view. All
dimensions in mm unit.

employed with a high dielectric constant of 45 to provide more
volume reduction. Considering the fields’ coupling nature of
the two orthogonal modes, the required dual-band response
cannot be obtained with conventional coupling irises configu-
rations because they cannot provide the required isolation be-
tween the two modes. Therefore, inductive rectangular posts
are effectively employed to obtain the required inter-resonator
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FIGURE 5. Relationship between the physical coupling coefficients of
TM,20 and TM;;o modes and (a) side posts length Ls, and (b) central post
length Lp.

couplings and provide bands’ isolation and separation. The
IO feedings are rotated to excite both orthogonal modes at
the same time as discussed earlier. Fig. 4 demonstrates a
2nd-order dual-band filter of the proposed structure operates
at 4.65 GHz and 4.79 GHz with a narrow bandwidth of 12
MHz at both passbands. The coupling topology and optimized
matrix are provided in Fig. 4(a) following the aforementioned
procedure. The simulated S-parameter responses are also in-
cluded in Fig. 4(a) with excellent agreement with the required
specifications. The simulated Q, for the first passband is 3440
and 3330 for the higher band. Fig. 4(b) shows the realized
dual-band BPF using dual-mode TM-mode DR in planar con-
figurations. The TMj,9 mode constructs the lower passband
(f7) while the higher channel (f>) is formed by the orthogonal
TMj3190 mode. As shown earlier, the separation between the
resonant frequencies of the two modes is mainly controlled
by the cavity length/width ratio. In this example, the two
channels are closely-spaced with 140 MHz separation. The
required inter-resonator couplings of both passbands (Kj3,
Ky4) are realized using common inductive irises with side
and central inductive posts. The relation between the coupling
coefficients (K) of TM»g (Ki3), TM»219 (Kp4) channels and
the central and side posts is depicted in Fig. 5. The inter-
resonator coupling of the first passband is more controlled by
the side posts (Ls) since the TM 29 mode resonates mainly in
sides and it is less distributed in the centre of the cavity (see
Fig. 1(c)). In contrast, the coupling bandwidth of the upper
passband is more related to the central post (Lp) as the TM»g
mode is more distributed in the centre of the cavity than the
sides. Furthermore, as the central post is located close to the
maximum of the TM»;9 mode, the post width (Wp) can be al-
tered to push the TM31¢ channel further away from the TM 2
mode passband as can be seen in Fig. 6. All these capabilities
advantageously provide a more relaxed degree-of-freedom to
the designers towards getting different/similar bandwidths at
the two passbands with extended spacing. Tuning screws can
be introduced easily and utilized effectively in this planar
structure to compensate for various tolerances and retain the
required response. The inter-resonator couplings of both pass-
bands can be tuned through T4 and TS5, while T1 is used to
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to the rotation of the 10 probe.

tune the resonant frequency of both bands at the same time
(frequencies will move up with tuning [17]). Furthermore,
T2 and T3 can be employed to tune the lower (TMj39) and
upper (TM»jo) bands independently (frequencies will de-
crease with tuning). Similarly, T6 can be added to control the
IO coupling.

The desired external quality factors Qexi 1 (TM120), Qext 2
(TM3j0) are realized using inductive probes rotated with an
angle 6. The dependence of Qey 1 and Qex 2 on the rotation
angle of the IO probe is presented in Fig. 7. As shown, Qex; |
of TMyy increases with smaller angles whereas Qex; 2 of
TMy ) is decreasing, and vice versa.

The introduced dual-band filter has Chebyshev outer-band
response and inter-band isolation at 22 dB level. These two as-
pects need to be enhanced for high-performance applications.
Therefore, the introduction of inter-band and outer-band TZs
is importantly needed to improve the isolation between the
two channels and the outer-band selectivity. [21] presented a
detailed overview of the TZs’ generation in multi-path cou-
pling structures. Similarly, [22] showed that a TZ can be
created between the passbands through the proper orienta-
tion of the feeding waveguides to cause a phase reversal be-
tween the signals traveling through different paths. The same
concept can be employed effectively and more flexibly in
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FIGURE 8. Phase shift diagram of the presented two-pole dual-band
dual-mode filter in in-phase configuration (Fig. 4).

TABLE 1. Total Phase Shifts for the Two Paths of the Two-Pole Dual-Band
Filters

Filter Phase shift at the transmission
zero’s frequency
1% filter Lower passband _900_900_900_900_900 :_900
with no (Resonators 1, 3)
mter- | Upper passband -90°+90"-90"+90"-90"=-90"
band TZ | (Resonators 2, 4)
Result In-phase
2nd filter Lower passband _900_900_900_900+900 :_2700
with (Resonators 1, 3)
e | Upper passband | _99°.90"90"+90"90" =-90"
band TZ (Resonators 2, 4)
Result Out-of-phase
Y . A .
s11 VY
- A - Aligned |0 configuration T NRM |
Phase-reversed |0 configuration|
.20
)
2,
D40 -
0]
©
£
o .
© 60"
o
]
-80 4
-100 T T

4.0 45 5.0 55
Frequency (GHz)

FIGURE 9. Second-order dual-band dual-mode TM-mode DR filter in
phase-reversed configuration. Inter-band transmission zero is introduced
(M3, = —Mg;, My, = Ms;), and outer-band transmission zeros are created
(Ms, < 0= —.0004).

the proposed dual-band TM-mode DR filter configuration. In
the original structure in Fig. 4, the input and output probes
are in aligned configuration with the same angle (6,=67;). The
phase change diagram of the presented filter is demonstrated
in Fig. 8. All couplings are inductive with reference to the
corresponding coupling topology in Fig. 4. As can be seen in
Table 1, the signals of both bands are in-phase to each other,
hence, no inter-band transmission zero can be introduced.
An inter-band TZ is generated if the output probe is rotated
by 90° for phase reversal between the two modes. Fig. 9
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FIGURE 10. Outer-band transmission zeros relation to the 10 feeding
angle.

depicts the phase-reversed 1O configuration of the presented
filter with its corresponding coupling route and simulated S
parameters. As can be seen, inter-band transmission zero is
effectively generated. As the output probe is rotated by 90°,
the sign of M3, changes to negative causing the two channels
to be coupled out-of-phase as shown in Table 1. Thus, a
transmission zero is introduced between the two passbands
enhancing the isolation to more than 50 dB. In addition to the
creation of the inter-band transmission zero, the 90° rotation
of the output probe also excites the non-resonating fundamen-
tal TM119 mode creating a source-load (S-L) coupling path
(MsL = —0.0004) introducing two asymmetrical transmission
zeros below and above the filter passbands at 4.1 GHz and
5.1 GHz, respectively. The introduction and control process
of the transmission zeros due to the nonresonating modes
are well explained in [23] at transversal TM-mode structures.
In principle, multiple inter-band and outer-band transmission
zeros can be introduced and controlled in the proposed pla-
nar configurations. However, this is practically challenging
since the 10 probes will need to be rotated close to/inside
the coupling irises unlike the transversal configurations [11]
where the 10 feedings can be rotated freely 360°. This limits
the flexibility of controlling the outer-band transmission ze-
ros in the presented filter. Fig. 10 shows the dependence of
the transmissions zeros on the feeding angle (6). As can be
seen, both transmission zeros are controlled towards the same
direction [23]. Referring also to Fig. 7, when 6 decreases,
Ms1/Mgy, increases and Mgy/Mgp, decreases resulting-in a
decrease in the zeros’ frequencies and vice versa. To lo-
cate both TZs closer to the passbands, the transferred energy
through the nonresonating TM119 mode should increase with
respect to the coupling of the resonating TM 20, TM»219 modes
[18]. A possible straight-forward option is by pushing the
nonresonating TM119 mode to a higher frequency closer to
the resonating TM129, TM»210 modes. This can be done at
the first design steps with the selection of the DR and its
dimensions.
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FIGURE 11. Third-order dual-band dual-mode TM-mode DR filter in
reversed 10 configuration. (a) Coupling scheme, optimized coupling matrix
(redline), and simulated S-parameters (blackline): with an inter-band
transmission zero (Ms. = Ms;, Mg = Ms;), and no outer-band
transmission zero (Ms, = 0). (b) Perspective view. (c) Top view. All
dimensions in mm unit.

Another design example of a three-pole dual-band TM-
mode DR filter is demonstrated in Fig. 11 to Fig. 14. The
filter here is designed to operate at 4.77 GHz and 5.11 GHz
with fractional bandwidths of 1.1% and 1.3%, respectively.
The generalized corresponding coupling matrix is stated
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FIGURE 12. Phase shift diagram of the presented 3rd-order dual-band
filter in phase-reversed configuration (Fig. 11).
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FIGURE 13. 3D structure, simulated S-parameters and optimized coupling
matrix (CM) of the proposed third-order dual-band dual-mode TM-mode
DR filter in aligned 10 configuration. No inter-band transmission zero
(M5, = —Mg;, Mg, = Ms;). Outer-band transmission zeros are introduced
(MSL <0= —0.00021).

in (7).
s 1 3 5 2 4 6 L
S 0 108 0 0 125 0 0 0
110870103 0 0 0 0 0O
30 103687103 0 0 0 0
50 0 10370 0 0 0 1.08] (7
2125 0 0 0 —-65 137 0 0
4 0 0 0 0 137 —637137 0
6 0 0 0 0 0 137 —65125
L 0 0 0 108 0 0 125 0

Structures and corresponding responses of the phase-
reversed and in-phase configurations are demonstrated in
Fig. 11 and Fig. 13, respectively. Here in these designs, the
cavity length/width ratio is set larger than in the previous two-
pole examples to obtain wider spacing between the two pass-
bands (350 MHz). The simulated unloaded-Q for the lower
passband is 3200, while in the upper passband is 3000. Similar
to the two-pole designs, inter-band and outer-band TZs can
be positioned effectively by controlling the I/O orientation.
Fig. 11 depicts one configuration of the proposed third-order
dual-band filter with an inter-band transmission zero having
a high isolation level >70 dB. As discussed earlier, the ap-
pearance of this TZ is due to the phase reversal between the
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TABLE 2. Total Phase Shifts for the Two Paths of the Three-Pole Dual-Band
Filters

Filter Phase shift at the transmission
zero’s frequency
I*filter | Lower passband 90°-90"-90"-90"-90"-90°-90" =270’
with (Resonators 1, 3, 5)
inter- Upper passband -90+90°-90"+90°-90"+90™-90" =-90"
band TZ (Resonators 2, 4, 6)
Result Out-of-phase
2" filter | Lower passband -90"-90"-90"-90"-90"-90"+90" =90
with no (Resonators 1, 3, 5)
inter- Upper passband 90°+90"-90"+90"-90"+90"-90" =-90’
band TZ (Resonators 2, 4, 6)
Result In-phase
04
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0 40
2
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-80 4
—— Mg, =-0.00021
-100 4 —— Mg =-0.001 p
Mg,= - 0.009
-120 T T T
40 45 50 55 6.0

Frequency (GHz)

FIGURE 14. Optimized coupling matrix (CM) of the proposed thrid-order
dual-band dual-mode TM-mode DR filter in aligned 10 configuration with
different S-L couplings.

two paths of the filter as can be seen from the phase shift
diagram in Fig. 12 and Table 2. Since each cavity causes a
180° phase shift to the signals (3 x 180°), the output probe is
rotated 90° to keep the sign of M5 positive. Consequently, the
NRM bypass coupling is not excited and no outer-band TZs
are obtained (Msp, = 0). The case is the opposite in the second
dual-band filter example shown in Fig. 13. When the input and
output ports are aligned, the sign of M5, changes to negative
and both signals become in-phase. As a result, the inter-band
transmission zero cannot be introduced. On the other hand, the
NRM bypass coupling is excited and creates two asymmetri-
cal TZs at both edges (Mg, < 0 = —0.00021). Conceptually,
the source-load coupling strength can be changed to control
the positions of the TZs as can be seen in Fig. 14. Here, good
isolation > 30 dB is obtained between the two passbands but
with no inter-band TZ.

It should be noted that the design procedure and control
process of the TZs of the presented 2nd and 3rd order filters
extend and apply the same to all other multiples of even and
odd cavities. Also, the proposed planar configuration can be
utilized effectively to implement other miniaturized TM-mode
DR components (e.g., diplexers, tunable filters). For example,
a 3-pole ultra-compact TM-mode diplexer can be introduced
by just modifying the output feeding mechanism of the pro-
posed 3-pole dual-band dual-mode DR filter. All dimensions
and passbands’ specifications are the same as the dual-band
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FIGURE 15. 3D structure and simulated S-parameters of a
highly-miniaturized 3-pole diplexer using the proposed planar dual-mode
TM-mode DR configuration. The structure dimensions and channels
specifications are the same as the presented three-pole dual-band BPF
examples. Input port (P;) excites both orthogonal modes TM29,TM;1.
Unlike the dual-mode configurations, each degenerate mode is excited
separately at the output side. Port 2 (P,) excites only TM;,o mode
constructing the RX channel. Port 3 (Ps) excites only TM;;o, mode forming
the TX channel.

filter. The only adjustment needed here is to modify the output
structure to receive each channel separately unlike in the dual-
band configuration. This can be done easily since the TM 20,
TM> 0 modes are orthogonally distributed. Then, as shown in
Fig. 15, the input probe (port 1) is positioned with 45° angle
to excite both modes. On the other side, port 2 is positioned
at an angle (6=0°) to only excite the TM 79 mode and receive
only one channel corresponding to the lower passband of the
dual-band filter. Similarly, port 3 is positioned orthogonally
at 90° angle to only excite the TM219 mode and receive just
the upper channel of the dual-band filter. As can be seen in
Fig. 15, the passbands’ specifications of the ultra-compact
diplexer are ideally identical to the dual-band channels.

IIl. EXPERIMENTAL RESULTS AND COMPARISON

A three-pole C-band dual-band TM-mode dielectric resonator
filter is manufactured and measured to validate the concept
of the proposed planar configuration. A photograph of the
implemented filter is shown in Fig. 16. The TM-mode di-
electric resonator that has been used is an E6045 (e, = 45,
Qu = 8000 @ 5 GHz) from EXXELIA [24] with the same
dimensions stated in the above section. The TM-mode dielec-
tric resonators are then soldered in a compact metallic housing
milled out of copper. Fig. 17 and Fig. 18 depict the measured
responses of both the in-phase and phase-reversed configura-
tions. Measurement results generally agree with simulations
in the bandwidth specifications and the transmission zeros
that have been created and controlled. A shift in the passband
frequencies from simulated ones is noticed mainly due to the
tuning process and uncertainty of the dielectric constant of

333



WIDAA AND HOFT: MINIATURIZED DUAL-BAND DUAL-MODE TM-MODE DIELECTRIC FILTER IN PLANAR CONFIGURATION

FIGURE 16. Photograph of the manufactured 3-pole dual-band dual-mode
TM-mode DR filter. The used TM mode dielectric resonator and some of
the tuning screws are also included.

S parameters (dB)

----a-- Simulated

807 —— Measured

-100 T T
45 5.0 55 6.0

Frequency (GHz)

FIGURE 17. Simulated and measured S parameters of the implemented
3-pole dual-band dual-mode TM-mode DR filter in aligned 10
configuration.

S parameters (dB)

804 --+--- Aligned 10 configuration ‘
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4.5 5.0 55 6.0

Frequency (GHz)

FIGURE 18. Measured results of the manufactured 3-pole dual-band
dual-mode TM-mode DR filter in both aligned and phase-reversed 10
configurations.

the DRs (100 MHz in the first passband, and 190 MHz in
the upper band). The frequencies in simulations were then
re-optimized to resemble the measured results. Fig. 17 shows
the measured S parameter responses in comparison with the
optimized simulations. The first passband operates at a centre
frequency of 4.86 GHz with a 53.5 MHz of bandwidth com-
pared to a bandwidth of 53.8 MHz in the simulated one (both
at 15 dB level of Sy1). The measured insertion loss is <1.1 dB
and the return loss is better than 19 dB. The upper band has a
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FIGURE 19. Wideband response of the presented 3-pole dual-band
dual-mode TM-mode DR filter.

TABLE 3. Comparison With Other Reported Dual-Band Filters

Ref. | Technology fifs FBW (%) | IL (dB) | Spurious- | Controllable
(GHz) free band TZs
(GHz)
[5] FWG 3.4/3.6 1.77/167 | 0.15/022 0.18 No
[10] CDR 2.6/3.5 0.7/1.1 0.45/0.4 0.5 No
[11] T-TMDR 4.25/455 1.5/1.5 1.3/1.15 NA No
AL P-TMDR 4.86/5.3 1.1/1.46 1.1/0.9 gl Yes

T.W.: this work, FWG: folded waveguide, CDR: customized dielectric resonator,
T-TMDR: transversal-TM mode dielectric resonator, P-TMDR: planar-TM mode
dielectric resonator.

central frequency of 5.3 GHz with 77.2 MHz BW compared
to 78.2 MHz of the simulated one. The mid-band insertion
loss is lower than 0.9 dB and the return loss is better than
17 dB. Measurements and simulations have a good agreement
in the lower passband frequency, while the measured higher
passband has a slight shift of 50 MHz from simulations. This
could be due to the sensitivity of this band (TMjg) to the
central post as aforementioned, especially since the resonators
are positioned very close to the central post and the cavity.
Fig. 18 depicts the measurements of the implemented filter
in both in-phase and out-of-phase configurations obtained by
the rotation of the output probe. As can be seen, an inter-band
TZ provides high isolation between the two passbands up to
60 dB in the out-of-phase case, while two outer-band TZs are
introduced in the in-phase configuration. Silver-plated tuning
screws (shown or located where the empty holes in Fig. 16)
were added similar to those in Fig. 4(b) to tune both frequen-
cies or each one independently, inter-resonator couplings, and
the 10 couplings. The extracted unloaded Q factor is better
than 1040 (= 35% of the simulated ones). Silver-plating and
larger dielectric resonators can be considered to increase the
Qu up to 3000. The filter has a compact size of 41.3 x 36 x
5.9 mm? offering more than 70% volume reduction than the
conventional waveguide structure. Fig. 19 exhibits the mea-
sured wideband response of the implemented filter. As shown,
the filter has a good spurious-free band of 1.5 GHz at the
lower side, 1.7 GHz to the next higher unwanted spurious
frequency. Table 3 summarizes a comparison between the
proposed compact inline dual-band dual-mode TM mode BPF
and similar designs. The filter has a good spurious-free band
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>1.5 GHz which is better than the other configurations. Also,
the proposed filter offers the advantage of effective introduc-
tion and control of inter-band and outer-band transmission
zeros. Despite that the transversal configuration in [11] is able
to introduce multiple inter-band and outer-band TZs, those
TZs are sensitive to many parameters and cannot be effec-
tively controlled. Contrary, the generated inter-band TZ in the
proposed planar configuration is controlled just through the
phase shift between the two signal paths and it is not affected
by any other parameters. Additionally, whereas the structure
must be folded in [5] to introduce both inter-band and outer-
band TZs at both sides, out-of-band rejection characteristics
of the inline filters in [10] and [11] need to be improved either
at one or both edges. While the presented configuration has
shown the capability of obtaining and controlling inter-band
and outer-band TZs at both edges to provide higher out-of-
band rejections. Nevertheless, it should be mentioned that the
positioning of the outer-band TZs closer to the passband is
not easy and the coupling ratio of the nonresonating TMj g
mode should be considered carefully. Another attractive ad-
vantage of the proposed planar topology is that it makes the
assembly and tuning process easier and more feasible than the
transversal configurations resulting-in better responses and
less implementation effort. Post-tuning is even more impor-
tant in such designs where each of the two signals needs to
properly couple and excited in the same single cavity with
the same IO feedings. Advantageously, the introduced planar
configuration allows the designer to introduce tuning screws
to efficiently control all resonant frequencies, bandwidths, and
IO couplings.

IV. CONCLUSION

A miniaturized dual-band dual-mode TM-mode dielectric fil-
ter is presented in planar configuration for the first time.
The use of the TM-mode DRs and the orthogonal degener-
ate TM120 and TMj319 modes effectively provide substantial
compactness with high Q, and good spurious-free response.
Also, high inter-band isolation and outer-band rejections are
obtained through the introduction of flexibly controlled trans-
mission zeros. The proposed planar configuration brings var-
ious advantages in comparison with the transversal configu-
ration including easier tuning, assembly, and production. All
these features strongly promote the employment of the pre-
sented planar design in other ultra-compact components (e.g.,
tunable filters, diplexers). A prototype has been manufactured
and the measurements allow for the design approach to be
verified.
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