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ABSTRACT This paper reports on a new class of 3D additively-manufactured dual-band bandpass
filters (BPFs). They are based on miniaturized dual-mode nested-spherical resonators which consist
of two post-supported metallic spheres that load a hollow spherical cavity and give rise to two
independently-controlled resonant modes. The two modes can be exploited for the realization of dual-band
BPFs with two independently-controlled bands in terms of frequency and bandwidth. The four transmission
zeros (TZs) also can be controlled which give rise to better stopband response. To validate the filter concept,
a dual-band BPF was designed, manufactured and measured. It exhibited, two passbands centered at 1.5 GHz
and 2.47 GHz with fractional bandwidths (FBWs) of 8.13 and 2.87 %, in-band insertion loss (IL) of 0.14 and
0.39 dB, and effective Q factor (Qep) of 1,448 and 2,088 respectively. The measured and simulated results
have a good agreement. A low-cost and compact monolithic integration concept enabled by stereolithography
apparatus (SLA) additive manufacturing is also demonstrated.

INDEX TERMS Additive manufacturing (AM), bandpass filters (BPFs), dual-band filter, low-loss filter,

RF-filter.

I. INTRODUCTION

Emerging communication applications such as 5G and Inter-
net of Space (IoS) are increasingly calling for RF transceivers
able to support multiple bands and modes of operation while
exhibiting the smallest possible physical size and weight.
To facilitate size compactness while enabling multi-band
operability, bandpass filters (BPFs) able to operate in multiple
bands are currently being explored with dual-band configu-
rations being among the most popular ones [1], [2], [3], [4],
(51, [61, [71, [8], [9], [10].

For RF applications where, low insertion loss (IL) or
high RF power handling is required, 3D RF dual-band fil-
ters such as those based on computer numerical control
(CNC)-machined 3D metallic waveguides [1], [2], [3], and
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coaxial cavity resonators [4], [5], [6] are typically pre-
ferred due to their high unloaded quality-factor (Q) and
high RF power handling characteristics. However, these con-
figurations are bulky and expensive with the majority of
the CNC-machined 3D dual-band BPFs being realized by
multi-part assemblies using screws and fixtures that increase
the cost and weight and add radiation loss.

Additive manufacturing (AM) techniques (or 3D print-
ing) have been increasingly explored for manufacturing 3D
resonators-based microwave dual-band BPFs, such as the
spherical resonator-based configuration in [7], the ellip-
soidal resonator-based in geometry in [8], and the coaxial
resonator-based dual-band BPFs in [13] and [14]. Com-
pared to traditional CNC machining techniques, AM facil-
itates filters with higher geometrical complexity and is
potentially suitable for monolithic 3D integration. Vari-
ous examples of monolithically-integrated 3D printed BPFs
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FIGURE 1. (a) Geometrical configuration of the dual-mode
nested-spherical resonator having two independently-controlled modes
(Mode A, B) within the same air-filled cavity. E-field of (b) Mode A (f =
1.27 GHz) and (c) of Mode B (f = 2.1 GHz).

TABLE 1. Comparison between the nested spherical resonator and the
conventional hollow spherical resonator.

Type Nested spherical (=24 mm)Conventional spherical (3=24 mm)
Mode 1 2 3 4 1 2 3 4
Frequency 127 2.1 3.71 451 | 550 550 550 7.76
[ 2,127 3,522 6,693 5,042| 19,409 19,413 19,441 18,825

have been shown to date [9], [10], [11], [12], [13], [14]
and have demonstrated improved performance, smaller size
and weight than their CNC-machined counter parts. How-
ever, to the best of the author’s knowledge, monolithic
AM-based integration concepts haven’t been demonstrated
for multi-band nested spherical BPFs with the exception of
the work [13], [14] which however is focused on coaxial
resonators where dual posts were used for the realiza-
tion of dual-band BPFs and the concepts in [15] and [16]
which is focused on conventional cylindrical and spherical
resonators.

Considering the merits of AM and the need for com-
pact high-Q dual-band BPFs in terrestrial 5G base stations,
in emerging instrumentation systems and in IoS, this paper
presents for the first time a compact dual-mode nested spher-
ical resonator concept and a monolithic integration scheme
using stereolithography apparatus (SLA). The proposed res-
onator concept is based on a hollow-metal sphere that is
loaded by two dissimilar post-supported spheres which act
as capacitive loads [17] that give rise to two independently-
controlled modes. These modes have a significantly lower
resonant frequency than those of a conventional hollow spher-
ical single- or multi-mode resonator and can be exploited
for the realization of compact single- [9] or dual-band BPFs.
A similar post-loaded concept was demonstrated in [15],

64440

;E? 2.2
9’2.0
1.8 Mode A
2 1.6 Mode B
%1.4-.\-
@ 1.2- ]
W 1.0 ; , :
17.0 17.5 18.0 18.5 19.0
h; (mm)
(a)
§2.4 - - ‘
g:.i_\
c 18 —— Mode A
$1.6 —— Mode B|
51 4
1.2 - : ‘
14 15 16 17 18
h, (mm)
(b)
—~3.0 ‘
T Mode A
D25 —— Mode B |
> T
©2.0 -
g
D
1.0 ; ; |
9 10 11 12 13
ry (mm)
©
~ 3.0
T
9-' 2.5‘\
7y
5 2.0, —— Mode A ]
—— Mode B
> 1.5
o
L 1.0 : : :
40 45 50 55 6.0
r, (mm)
)

FIGURE 2. Resonant frequency of Mode A and Mode B as a function of:
(a) hy. (b) hy. (c) ry. (d) ry. The dimensions of the resonator are: r; =

13 mm, ry = 6 mm, r3 = 24 mm, h; = 18 mm, h, = 16 mm, rp; = 2 mm,
py = 2.3 mm.

however for a cubical resonator and only for single-band
transfer function as opposed to dual-band in this work.
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FIGURE 3. (a) Dual-band nested-spherical BPF. (b) Detail view of the
T-shaped feeding network. (c) Top view. (d) Side view.

Furthermore, the proposed dual-mode nested spherical res-
onator concept allows to independently adjust the bandwidth
and the center frequency of each passband as unique
advantages to be highlighted.

Il. FILTER DESIGN AND ANALYSIS

A. NOVEL DUAL-MODE NESTED SPHERICAL RESONATOR

The 3D geometry of the dual-mode nested-spherical res-
onator is shown in Fig. 1(a) alongside the E-field distribution
of its first two modes, namely Mode A and Mode B
in Fig. 1(b) and Fig. 1(c) respectively. It comprises a
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FIGURE 4. (a) Qe for the low frequency band as a function of h¢;. (b) Qe
for the high frequency band as a function of hy,. (c) K1, K, as a function
of p;. (d) K1, K¢, as a function of p,.

nest of spheres, i.e., a hollow metallic sphere and two
post-supported fully-metallic spheres that give rise to two
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q @ y Table 1 depicts a comparison between the resonant fre-

quencies and Q of the conventional spherical resonator and
the proposed nested-spherical resonator. They have been
obtained with eigenmode simulations. As shown, the resonant
frequency of first four modes of the nested spherical resonator
are significantly lower than those of the conventional hol-
low spherical resonator for the same outer radius. As such

FIGURE 5. (a) Simulated |S21| as a function of hy, (b) h,, (c) p; and (d) p,.
In these examples: r; = 13 mm, r, = 6 mm, r; = 24 mm, h; = 18 mm,
hy =16 mm, p; = 2.4 mm, p, = 10.2 mm, fpy =2 mm, rpp =2.3 mm.

independently-controlled resonant modes. The bottom part of
the sphere has been flattened to enhance mechanical stability
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FIGURE 7. (a) EM-simulated response of the dual-band BPF in the
absence and presence of Cu-platting holes with rp, = 1.25 mm (b) Detail
of insertion loss zooming in each passband.

TABLE 2. Comparison with state-of-the-art 3-D printed dual-band filters.

CF FBW RL IL Size
Ref0rd) RT- | Gz | o) | @) | 97 | @B | @)
[71| 2 |Sp./SLS|12.0/12.49 1/2 20/20 [2176/1504{0.6/0.45| 3.88
[8]1| 3 |Sp./SLA|9.7/10.06| 1/1.2 | 11/21 |4680/54000.44/0.29| 0.858
[13]| 2 [Co./SLA| 3.7/4.2 | 8.1/4.3 | 12/22 {800/1000 |0.26/0.3 | 0.049
[13]| 3 [Co./SLA| 3.7/4.0 | 4.9/3.3 {14/>20{1020/1300/0.32/0.34| 0.072
[14]| 2 [Co./SLA[3.34/5.04|11.1/2.6| >13 | 420/670 (0.32/0.84] 0.021
T.W. 2 |Sp./SLA| 1.5/2.47 [8.13/2.87|16.5/17|11448/2088|0.14/0.39/0.0255

(Ref. = reference, Ord. = order, R.T. = resonator type, R.W. = rectangular
waveguide, Co. = coaxial, Sp. = spherical, T.W. = this work)

they can be exploited for the realization of smaller filters.
Furthermore, the resonant frequencies of first two modes
(Mode A, B in Fig. 1) can be independently adjusted by
changing the radius of each sphere (7] and r;) or their distance
from the bottom wall (h; and hy) of the cavity as shown
in Fig. 2.

B. DUAL-MODE DUAL-BAND FILTER

The dual-mode nested spherical resonators can be exploited
for the realization of a dual-band second order BPF as shown
in Fig. 3. The resonant modes of each resonator are excited
through a T-shaped external coupling (Q,) configuration that
is directly attached to the SMA connector and on the spheres.
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FIGURE 8. (a) CAD model for SLA-based monolithic manufacturing.

(b) Prototype. The dimensions of the filter are: r; = 6 mm, r, = 13 mm,
rs3 =24 mm, h; = 18 mm, h, = 16 mm, p; = 2.4 mm, p, = 10.2 mm,
rp1 =2 mm, rpy = 2.3 mm, hy = hy = 15 mm. (c) Simulated and
measured S-parameters.

Furthermore, it is also connected to ground through a post
to enhance mechanical stability. The Q, for each band can
be independently determined and controlled by altering the
taping location (hr1 and hrp) as shown in Fig. 4 (a), (b).
Likewise, the inter-resonator coupling of the low (K1) and
the high band (K») can also be independently materialized
and adjusted by the loading spheres spacing between the two
resonators p and pp as shown in Fig. 4(c), (d). The center
frequency of two passbands can be modified by changing
hy and hy as shown in Fig. 5(a) and (b) and the bandwidth
of each band also can be controlled by altering p; and p»
as depicted in Fig. 5(c) and (d). TZ; is due to the phase
difference between coupling paths; TZ; is due to cross cou-
pling between the different modes. TZ3 and TZ4 are due to
destructive interference of the RF signals reaching the filter
output through the higher-order modes as in any multi-mode
filters. The location of the transmission zeros (TZs) can also
be altered as shown in Fig. 5. Specifically, TZ; can be tuned
by & and Ay and TZ; can reconfigured through /1 and A, and
TZ3 and TZ4 can be controlled by changing hp, hy, p1 and
p2. Moreover, the coupling routing diagram of the filter is
shown in Fig. 6(a) and the resonant nodes 1-4 are used in
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this design and node 5-6 are higher-order modes. This is
also demonstrated in the synthesized response of the corre-
sponding coupling routing diagram of the filter in Fig. 6(b)
below.

IIl. TEST RESULTS AND DISCUSSION

To validate the dual-band nested-spherical concept, a mono-
lithic two-pole/four-TZ dual-band BPF geometry comprising
of two nested-spherical resonators was designed for two fre-
quency bands with the following characteristics: low band:
Jeen = 1.52 GHz, FBW = 7.9 % and high band: f..,, =
2.5 GHz, FBW= 2.4 %. Manufacturing was accomplished
with an SLA 3D printer and Cu metallization was performed
using a commercially-available copper plating process with
50 um copper thickness. The surface holes are needed to
facilitate Cu-platting process of the SLA 3D printed filter
that needs to be printed as fully-enclosed plastic structure.
The diameter of the holes is selected so that they don’t
radiate at the center frequency and as such have no impact
in the passband insertion loss as evidenced in Fig. 7. The
CAD model for SLA manufacturing and the practical pro-
totype are shown in Fig. 8(a) and (b), respectively. Higher
order transfer functions can be implemented by cascading
multiple dual-post spherical resonators through impedance
inverters. The EM-simulated and RF-measured S-parameters
of the proposed filter are shown in Fig. 8(c) and appear to
be in a good agreement successfully-validating the proposed
dual-mode nested-spherical resonator concept. Besides, the
passband around 3.4 GHz is the higher order mode as
evidenced in Fig. 6. The measured RF performance can
be summarized as follows: low-frequency passband: feep:
1.5 GHz, FBW: 8.13 %, minimum IL: 0.14 dB, return
loss (RL): > 16.5 dB, and effective Q factor (Q.) 1448,
high-frequency passband: f..,: 2.47 GHz, FBW: 2.87 %,
minimum IL: 0.39 dB, RL > 10.7 dB, and Q.y: 2088.
A comparison with state-of-the-art 3D dual-band BPFs is
depicted in Table 2. As shown, the proposed dual-band
filter has lower IL and higher Q. than the majority of
the reported 3D printed dual-band BPFs and especially the
ones in [13] and [14]. Furthermore, the dual-mode nested-
spherical resonator concept is uniquely shown in this work
for the first time for the realization of compact dual-band
BPFs.

IV. CONCLUSION

This paper reported on a new class of dual-band
monolithically-integrated BPFs. They are based on a novel
compact dual-mode nested-spherical resonator configuration
that facilitates the realization of two independently-controlled
resonant modes that can be exploited for dual-band BPF
design. The proposed resonator geometry is composed of
a spherical hollow air-filled cavity that is loaded with
two post-supported metallic spheres that give rise to two
independently-controlled resonant modes that resonate at
significantly lower frequencies than a conventional hol-
low spherical resonator allowing for smaller filters to be
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realized. Further miniaturization is achieved through mono-
lithic SLA-based integration. The proposed filter concept
allows for versatile dual-band transfer function design whose
bands can be independently controlled in terms of frequency
and bandwidth.
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