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ABSTRACT In this paper, the design methodology and implementation of single-band and multiple-band
elliptic function bandpass filters (BPFs) are presented, based on the concept of bandstop resonator (BSR)
sections. One or more single-mode and multiple-mode BSRs can be dangled from a non-resonant node. Each
BSR can generate one reflection zeroes (RZ) and one transmission zeroes (TZ). Multiple BSR sections are
used to flexibly and independently control the location and bandwidth of the stop bands and therefore the
same of the passbands. The method to design single- and multiple-band elliptic function BPFs has been
detailed using a number of examples based on waveguide technology. For proof of concept, a 6th-order
single-band BPF with six BSR = 2 sections and a 3"-order dual-band BPF using three BSR = 3 sections
are designed and fabricated monolithically using a selective-laser-melting (SLM) 3-D printing technique.
Excellent agreement between simulated and measured results verifies the proposed design methodology and
its versatility as well as the additive-manufacture approach.

INDEX TERMS Bandpass filter, bandstop resonator, e-plane stubs, multiple bands, transmission zeroes,

waveguide filter.

I. INTRODUCTION

Compared with Butterworth and Chebyshev responses, el-
liptic and quasi-elliptic bandpass filters (BPF) offer a better
solution for the filtering structure because they can simul-
taneously synthesize in-band reflection zeroes (RZs) and
out-of-band transmission zeroes (TZs). This leads to better
in-band flatness, sharper roll-off at the band-edge, and higher
out-of-band rejection. There are several well-established tech-
niques that can be used to generate TZs. Firstly, creating
more coupling paths can produce TZs. This can be achieved
through cross-coupling between non-adjacent resonators [1],
[2]1, [3], [4], or transversal topology based on multiple-mode
resonators (MMRs) [5], [6]. Secondly, frequency-variant cou-
pling [7], [8], [9], [10] may be used when the inverters J

not only control the coupling between resonators, but also
generate TZs. Thirdly, TZs can be generated by the resonator
itself, which means that the resonators in a filter can be
used to produce both RZs and TZs. There is also the TZ-
generating bandstop resonator (BSR) [11], [12], [13], [14].
What is most interesting about this technique is its inherently
low transmission loss in the passband when used to synthe-
size elliptic-function BPFs, since it resonates in the stopband
rather than the passband. Extracted pole resonator [15], [16],
[17] is also widely used to produce one RZ-TZ pair. It will
become clear later that this can be treated as a special case of
one BSR section (denoted as BSR = 1 in this work, as will
be detailed later), while the dual-behavior resonator originally
came from [18] and further developed in [19], [20], [21], can

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see
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be treated as the case of two BSR sections (i.e., BSR = 2),
producing two RZs and two TZs.

Multiple-band filters are in growing demand in new com-
munication systems. A simple and effective method to design
a multiple-band filter is the use of MMRs with their modes
coinciding with the center frequencies of the specified pass-
bands. Multiple-band filters can be realized in other ways: (1)
Using transversal topology based on multiple-mode bandpass
resonators (BPRs). Dual-band filters based on two BPR sec-
tions (denoted as BPR = 2) [22], [23], [24] and triple-band
filters based on BPR = 3 sections [25], [26], [27] have been
demonstrated using resonators of different unloaded qual-
ity factors. In [23], a dual-mode circular spiral resonator is
adopted in a 2"d-order dual-band filter with a miniaturized
circuit size, with the TZs implemented by the source-load
coupling. In [25], three fundamental modes (TE;;1v, TMo1o0,
and TEjj1y) are excited and coupled simultaneously in a
triple-band filter; (2) By the combined use of BPR and BSR
in a resonator section. Dual-band filters based on BPR =1 &
BSR = 1 sections and triple-band filters based on BPR = 1
& BSR = 2 sections are synthesized and designed in [28]
and [29]. Both methods can be used to control the multi-
ple frequency bands individually. However, the number of
realizable TZs is limited. In order to achieve more TZs, the
cross-coupling technique was used in [23] and [28]. This
inevitably increases the geometric complexity and model sen-
sitivity to dimensional tolerance. [30] proposed a 250 GHz
waveguide filter using two groups of E-plane stubs, which
achieved Sth-order response with 5 TZs in lower stopband
while 5 TZs in upper stopband.

In this paper, the design of multiband filters based on
multiple BSR sections are proposed for the first time. It is
based on the concept of dual-behavior resonators [18], [19],
[20], [21], where the center RZ of two BSR sections forms a
passband between the sets of TZs for single-band filter design.
Compared with the conventional use of multiple BPRs in a
section [31], [32], [33], the filters using multiple BSRs have
lower insertion loss since the BSR resonates in the stopband
avoiding excessive energy consumption associated with res-
onators in the passband. Furthermore, multiple BSRs in a
section can be more easily implemented and independently
controlled than multiple BPRs. This helps to reduce the design
complexity. A 6th-order single-band filter based on BSR = 2
sections and a 3"-order dual-band filter based on BSR = 3
sections are designed, fabricated, and measured in this work.
The key features of the proposed multiband filters are: (1)
Elliptic-function response with up to 2xN TZs can be gen-
erated beside the passband in a N-th-order filter. (2) Low
insertion loss, as the BSR sections resonate in the stopband
rather than in the passband. (3) A cascaded configuration with
low geometric complexity and therefore low susceptibility to
manufacturing tolerance.

II. CIRCUIT ANALYSIS OF THE BSR SECTION
Fig. 1(a) presents the equivalent circuit of a composite
bandpass-bandstop resonator section (RS). It composes m
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FIGURE 1. (a) Equivalent circuit of a generic composite
bandpass-bandstop resonator (CBPBSR) section. (b) The case with BPR
=0&BSR + 0.

BPRs and n BSRs in a single section. The BPRs are connected
in parallel to the source and load via inverters J,,, while the
n BSRs are dangled in the same resonator section with their
respective inverters J,,. There are a total of four cases to be
discussed in a single RS: (1) BPR = 0 & BSR = 0, (2) BPR
#(0&BSR =0, (3)BPR=0&BSR # 0, and (4) BPR + 0 &
BSR =+ 0. This paper concerns the case with BPR = 0 & BSR
+ 0 case, and a series of single-band and multiple-band BPFs
will be synthesized based on this type of resonator section.
Its equivalent circuit is shown in Fig. 1(b), which includes n
BSRs and no BPR. The source and load conductances Gg and
Gy are both normalized to unity. Each BSR is represented by
the frequency-dependent unit capacitors s= jow in parallel with
the frequency-independent reactances (FIR) jB. Since there is
no BPR, all BSRs are dangled in parallel on the main all-pass
line with their respective inverter Jy. The interconnection node
(non-resonating node) between the BSR and main line is rep-
resented by the junction reactance jBygy.

For each BSR, the input admittance Y, (k =1, 2, ... ... )
seen from their respective inverter Jy to the resonator s+-jB; i
can be expressed as

ey
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The input admittance Yj,psr seen from the junction reac-
tance jBygy to the n BSR admittances is given by

n

Yiu_Bsk(s) = jBNRN + ) _ Yink(s). 2)
k=1

The input admittance Y;, from the source can be obtained
by
2
_Jo
Yin_ssg + I3
where Jj is the inverter between the source/load and the non-

resonating node. Y, is also related to the reflection coefficient
by

Yin(s) = 3)

I —5811(s)
L+ S1(s)

Therefore, the S-parameters of the n BSR sections can be
derived as

Yin(s) = “)

J3
iy (0 B - 5 )

S11(w) = E (@) (5a)
_AR2TR
Sni(w) = 20 “ﬁi‘f £h0, (5b)

where Eg(w) are the polynomial denominators of both |Sy1]
and |S;1| with the polynomials of degree n. It is deduced that
the numerator of |S;| has n zeroes with wy = —Br (k= 1, ...,
n), while the numerator of S| also has n zeros.

The first three BSR sections (BPR=0& BSR =k, k=1, 2,
3) will be investigated in the following sections. Single-band
and multiple-band BPFs will be demonstrated. Waveguide
technology will be adopted to implement the designs.

1Il. RESONATOR SECTION WITHBPR =0 &BSR =1

The equivalent circuit of a RS with BPR = 0 & BSR =1
is shown in Fig. 2(a). It has an FIR named jBg;, dangled
on the main line via inverter Jg; and the junction reactance
JjBnrN. According to (5), when n = 1, there is one zero at
wpt = —Bg1 +J% /Bygy in [S11] and one zero at wy = —By)
in [S21|. This RS model is essentially the well-known extracted
pole resonator [15], [16], [17]. To implement the resonator
section, an E-plane TM-mode waveguide resonator is dangled
on the straight waveguide section via a coupling iris as shown
in Fig. 2(b). The length a is equal to the broad wall width of
the standard WR-28 waveguide, while the width b and height
¢ are used to control the resonant frequency and unloaded
quality factor (Q,), respectively. The resonant frequencies of
this waveguide resonator can be represented by

v? N2 smm\2
Z)+(5) | (©)

Erldr a b

where v stands for the speed of light in the vacuum, &, and

wrare the permittivity and permeability of the air, respectively.

The first three resonant modes in this waveguide resonator
are TMj19, TMi29, and TMj3¢. Their resonant frequencies

2
D(1,m,0) =
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FIGURE 2. RS with BPR = 0 & BSR = 1: (a) Equivalent circuit,
(b) Waveguide model, (c) Frequencies and Q, values versus varied
parameters; (d) Simulated S-parameters of waveguide resonator.

versus b and Q, values versus ¢ are shown in Fig. 2(c). It
can be seen that TMo has the lowest resonant frequency,
followed by TMjz0 and TMj39. As b increases, the three
modes shift to lower frequencies. The Q, value decreases
from TM39 to TM|;9 modes. When ¢ increases, Q, values
of the three modes become larger. Fig. 2(d) presents the
simulated S-parameters of the model in Fig. 2(b), where
a=712,b=8,c=2,1=1,w =1, all in millimeter (mm).
As expected, there are three transmission zeroes (TZs) from
20 to 40 GHz. The TM;j9 TZ is at 21.9 GHz, while TM ;g
TZ at 27.5 GHz, and TM 30 TZ at 37.8 GHz.

Fig. 3 presents a Sth-order waveguide bandstop filter proto-
type using BSR = 1 section E-plane stubs. In Fig. 3(a), five
stubs are all placed on the same side of the waveguide with a
separation of 1/4)( in between, where 1 is the wavelength of
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FIGURE 3. A 5th-order bandstop filter with: (a) All stubs are on the same
side, (b) Stubs are on the opposite side, (c) S-parameters.

the center frequency in free space. In Fig. 3(b), the first, third,
and fifth stubs are still on the same side, while the second and
fourth stubs are placed on the opposite side of the waveguide.
The distance between the alternating stubs is still 1/4 Ag. The
simulated S-parameters in Fig. 3(c) show that the alternating
configuration in Fig. 3(b) has a wider bandwidth than that
in Fig. 3(a). This feature could lead to a wider spurious-free
bandwidth when used in a BPF design. Therefore, the config-
uration with alternating stubs will be adopted in the following
designs.

IV. SINGLE-BAND ELLIPTIC-FUNCTION FILTER

This section presents the design of a single-band elliptic-
function filter based on a RS with BPR = 0 & BSR = 2. We
will first use a simple Ist-order filter to demonstrate the con-
cept and design methodology. Its equivalent circuit is shown
in Fig. 4(a), which includes two FIRs, jBs; and jBsy, dangled
on the main line through inverters Jg; and Jsp. According to
(5), when n = 2, both |S;| and |S,1| have two zeroes:

w51 = — By, w2 = —Byp (7a)
2 2
_ Jxl _ JsZ
Wpl = Bg1 + ,wp = —Bgp + > (7b)
BNrN Bngry

For a 33 GHz filter with a 10% fractional bandwidth
(FBW), the external quality factor (Q.) is determined by FBW
and also calculated by Q. = Barn/Jo? [16], the parameter val-
ues of equivalent circuit in Fig. 4(a) are obtained as follows:
B =—12,Bp =12, Bngy = —0.6,J51 = 1.3, J = 1 and
Jo = 1. An E-plane waveguide model is used to realize the
design as shown in Fig. 4(b). It has two E-plane TM119 mode
stubs. The derived S-parameter responses from the resonator
section using formulas (1)—(5) and the simulation is compared
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FIGURE 4. RS with BPR = 0 & BSR = 2: (a) Equivalent circuit,

(b) Waveguide model, (c) The synthesized and simulated S-parameter
comparison (The orange area represents the utilized RZs and TZs),
(d) H-field distribution at 32 GHz, (e) H-field distribution at 34 GHz.

in Fig. 4(c). They are in very good agreement. One TZ is at
32 GHz and the other at 34 GHz, while one reflection zero
(RZ) occurs between the two TZs at 33 GHz, and the other
at 29.5 GHz. Fig. 4(d) and (e) present the simulated H-field
distributions at the two TZs. A magnetic-field loop can be seen
in both cases, indicating TM;19 mode.

The 1st-order filter is of little practical use. Now we will
apply the same method and design a 6th-order waveguide
BPF at the center frequency of 33.4 GHz and with a FBW
of 10.7%, a return loss better than 20 dB, and an out-of-band
rejection higher than 40 dB (from 28 to 31 GHz and 36 to 44
GHz). The low-pass prototype circuit is shown in Fig. 5(a).
It contains six cascaded resonant sections with BPR = 0 &
BSR = 2. All the RSs are coupled using inverters. As shown in
Fig. 5(b), it consists of two groups of E-plane stubs. The group
of longer stubs will be responsible for defining the lower
stopband, whereas the group of shorter stubs will define the
upper stopband. Each group can be designed separately. An
alternating stub configuration is used for each group as in the

VOLUME 4, NO. 2, APRIL 2024
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FIGURE 5. 6th-order waveguide BPF using RS with BPR = 0 & BSR = 2:
(a) Low-pass prototype circuit, (b) Geometry, LS: low stopband, US: upper
stopband, (c) Simulated S-parameters.

case of Fig. 3. The extracted Q. of low stopband TMj1¢ and
upper stopband TM 9 modes are 34.4 and 37.2, respectively.
The simulated S-parameters are given in Fig. 5(c). It is evident
that six TZs are realized in the lower stopband centered at
29.5 GHz with a 40 dB out-of-band rejection bandwidth of
3.3 GHz. For the upper stopband centered at 40 GHz, again six
TZs are identifiable. The 40 dB rejection bandwidth is 6 GHz.
The passband is clearly defined with six RZs and a return loss
better than 20 dB. The minimum simulated insertion loss is
0.2 dB when brass material with a conductivity of 2.74x 107
S/m is assumed. The 20 dB return-loss (RL) bandwidth is
from 31.7 GHz to 35.3 GHz.

Fig. 6 presents the parameter study to show the independent
control of the lower and upper passband edges. When /_r s
decreases, the lower stopband shifts to the higher frequency
maintaining a constant fractional stopband bandwidth, while
the upper stopband remains unchanged. Similarly in Fig. 6(b),
the smaller the h_ys values are, the higher the upper stop-
band frequencies. w_rs and w_ys can be used to control the
stop bandwidth. When w_;g increases, the achieved lower
stopband bandwidth is reduced, and it slightly affects the
upper stopband. When w_ys increases, the upper stopband

VOLUME 4, NO. 2, APRIL 2024
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FIGURE 6. Parameter study for |S;| in the 6th-order single-band filter:
(a) h_is, (b) h ys, (€) w s, (d) w ys.

bandwidth is reduced, and the lower stopband remains un-
changed. Essentially, these four parameters can individually
control the location and the bandwidth of both stopbands.

This 6th-order BPF was 3-D printed monolithically using a
selective laser melting process by a Concept Laser M2 printer.
More specifically, all prototypes in this work were printed
monolithically using A20X alloy (aluminum-copper alloy).
After printing, the flange interfaces were polished to ensure
good interconnection with the test ports. The printed proto-
type is shown in Fig. 7(a), with a size of 19.1x19.1x40 mm?.
Fig. 7(b) presents the internal physical dimensions of the
air-filled stubs and waveguides. Fig. 7(c) compares the sim-
ulated S-parameters by CST studio and measured results. The
measured |Sy1| curve is slightly shifted up by 100 MHz (2.7%
passband bandwidth), but generally matches very well with
the simulation. The measured minimum in-band insertion loss
is 0.45 dB, compared with 0.2 dB in simulation, as shown in
the inset of Fig. 7(c). The measured |S;| is below —12 dB,
worse than the simulated one, which may be attributed to the
printing tolerance and the high surface roughness, typically
5-7 pm.

V. DUAL-BAND ELLIPTIC-FUNCTION FILTER

This section will present the design of a dual-band filter based
on a resonant section with BPR = 0 & BSR = 3, using a
dual-mode resonator.

We first introduce the dual-mode resonator. Its geometry
is shown in Figs. 8(a) and (b). It is still based on TMj,,0
waveguide cavity where ¢ is much smaller than a and b as
in Fig. 2(b). A key feature is that a metal post is inserted into
the cavity from the xoy plane. The post has a radius of r and
a length of A. The E-field distributions of the first four modes
(TM 110, TM120, TM 130, and TM4¢) are plotted in Fig. 8(c).
Because the field of the TM 29 and TM 49 has a minimum at
the position of the post, the post would only have a significant
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FIGURE 7. 6th-order BPF model with: (a) Photograph of the 3-D printed
prototype, (b) Physical dimensions, all in mm, (c) simulated and measured
S-parameters.

influence on the TMjj9 and TMj39 modes. The parameter
study in Fig. 8(d) shows that when / increases, the TMjg
and TM 3¢ shift to lower frequencies, while TM 209 and TM 149
remain unchanged. This property can be used to control the
separation between the TM|y9 and the TM;39. We use this
behavior of the two modes in the following designs to control
the frequency ratio of the two bands.

The low-pass prototype circuit of the RS with BPR = 0 &
BSR = 3 is shown in Fig. 9(a). It includes three FIRs jB;i,
jBs2, and jBg3. According to (5), when N = 3, both |S;;| and
|S>1| have three zeroes:

w51 = — Bg1, wgp = —Byp, w3 = —Bg3, (8a)
J2 J>
wpt = — By + = wpp = —Byp + 2,
r " Byry' " * " Bygn
2
- _B JL 8b
wp3 = 53+ s (8b)
Bnrn

The center frequencies of the dual-band filter have been
specified to be 30.5 GHz and 32.5 GHz with FBWs of 2% and
2%. The parameter values of equivalent circuit in Fig. 9(a)
are obtained as follows: By = —2.5, By = 0, Bgy = 2.55,
BNRN = —0.6, Jsl = 1.6, Jsz = 1.2, Js3 = 1.4, and J() = 1.
The waveguide model used to implement the RS is presented
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in Fig. 9(b). It has two E-plane stubs. One stub has an inserted
metal post used to control the two resonant modes TM ;g and
TM130, corresponding to jBs; and jBg3. The other stub will
operate as a single TM 2o mode. The comparison in Fig. 9(c)
shows good agreement between the synthesized and simulated
S-parameters. There are three TZs at 29.5 GHz, 31.5 GHz, and
33.5 GHz. Two RZs are sandwiched between the three TZs,
while the third at 24.4 GHz.

Now we will demonstrate a dual-band filter: 3"-order for
each band, center frequencies at 30.5 GHz and 32.4 GHz,
FBW of 2% and 2.2%, return loss better than 15 dB, and out-
of-band rejection better than 30 dB (from 29 to 30 GHz, 31.1
to 31.7 GHz, 33.1 to 34 GHz). The low-pass prototype circuit
is shown in Fig. 10(a). It has three cascaded RSs of BPR = 0
& BSR = 3. The waveguide model is shown in Fig. 10(b). It
includes two groups of E-plane stubs following the alternating
layout. The group of longer stubs with metal post support the
two resonant modes (TMj20 and TM30). TMj2q is respon-
sible for the lower stopband (LS, as indicated in Fig. 10),
whereas TM 3¢ is for the upper stopband (US). The group
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FIGURE 9. RS with BPR = 0 & BSR = 3: (a) Equivalent circuit,
(b) Waveguide model, (c) The synthesized and simulated S-parameter
comparison (The orange area represents the utilized RZs and TZs).

of shorter stubs (with no post) supports a TMjy¢ resonant
mode at the middle stopband (MS). Therefore, each of the
RS contributes to the three stopbands that separate the two
passbands. Since the slot between mainline and dual-mode
BSR controls the Q. values of TM 29 and TM 3¢ modes in the
dual-mode resonator [21], Fig. 10(c) presents the Q. curves of
TMjiy9 and TMj30 versus width wy and thickness #; change.
The extracted Q. values of TMjyo (LS), TMj3¢ (US) in the
dual-mode resonator and TM >0 (MS) in the single-mode res-
onator are 143.5, 180, and 157.7, respectively. The simulated
S-parameters are shown in Fig. 10(d). Each stopband has three
transmission zeros. Each passband has 3 RZs with a return
loss better than 17 dB. The minimum insertion loss of the
lower band is 0.3 dB, and the 1-dB bandwidth is from 30.2
GHz to 30.8 GHz, while the upper passband has a minimum
insertion loss of 0.2 dB and 1-dB bandwidth from 32.1 GHz
to 32.8 GHz.

Fig. 11 uses the parameter study to show the independent
control of the stopbands/passbands. In addition to the width
b of the waveguide resonator controlling the resonant fre-
quencies of TM-type modes as shown earlier in Fig. 2(c),
the width of the coupling slot between waveguide resonator
and the main line also affects the frequencies of these modes.
As shown in Fig. 11(a), when the width w; of the slots be-
tween the dual-mode resonator and the main line increases,
both LS and US shift to higher frequencies, where LS shows
a lager frequency offset. In Fig. 11(b), when the width w»
of the slots between the TM | resonator and the main line
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FIGURE 10. 3"-order dual-band waveguide BPF using RS with BPR = 0 &
BSR = 3: (a) Low-pass prototype circuit, (b) Geometry, LS: low stopband,
MS: middle stopband, US: upper stopband, (c) Extracted external quality
factor (Q.) curves of TM;39 and TM;3, in a dual-mode resonator,

(d) Simulated S-parameters.

increases, MS move to higher frequency, while LS and US
remain unchanged. The height c; of the shorter stubs control
the O, value of the resonator and the frequency ratio of the
two passbands. As it increases, the MS moves to a lower
frequency, and the fractional bandwidth increases from 2.5%
to 3%, as plotted in Fig. 11(c). The length h; of the metal
post in the longer stubs is used to independently control the
US frequency. As shown in Fig. 11(d), US moves to a lower
frequency when A increases.

The same printer was used to manufacture the monolithic
dual-band filter (Fig. 12(a)), including the metal posts that
would be tricky to implement otherwise. However, the print-
ing tolerance (100-200 pm) has a more significant adverse
effect on the complex internal structure. Although the mea-
sured S-parameters generally match well with the simulation
especially across the three stopbands, the measured insertion
losses are higher than expected at 1.3 dB and 1.2 dB for the
two passbands, and the passband matching degrades signif-
icantly as shown in Fig. 12(c). A higher precision printer
may be required to print complex structures like the posts at
this high frequency and a better solution to polish and refine
the internal cavities of the monolithic 3-D print structures.
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FIGURE 12. 3"-order dual-band BPF model with: (a) Photograph of the
3-D printed prototype, (b) Physical dimensions, all in mm, (c) simulated
and measured S-parameters.

The internal physical parameter dimensions are shown in
Fig. 12(b).

Furthermore, a triple-band filter using RSs with BPR = 0
& BSR =4 is designed as single section shown in Fig. 13(a)—
(b). Then, three RSs with BPR = 0 & BSR = 4 are
cascaded to form 3"-order triple-band BPF as low-pass
prototype circuit and waveguide model shown in Fig. 13(c)-
(d). The group of longer stubs with metal posts propa-
gates TMiy9 low stopband (LS) and TM 39 middle-upper
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with BPR = 0 & BSR = 4: (c) Low-pass prototype circuit, (d) Geometry, LS:
low stopband, MLS: middle-low stopband, MUS: middle-upper stopband,
US: upper stopband, (e) Simulated S-parameters.

stopband (MUS) modes, while the group of shorter stubs
with the metal posts propagates TM 209 middle-low stopband
(MLS) and TM 3¢ upper stopband (US) modes. The simulated
S-parameters are provided in Fig. 13(e), which shows four
prescribed stopbands. Three passbands, each of a 3"-order
response, are sandwiched between the stopbands.

Finally, we summarize and compare the demonstrated
waveguide multiple-band filters in this work with other re-
ported ones in the literature in Table 1. Conventionally,
multiple-mode bandpass resonators are usually adopted to
implement multiple-band filter designs, i.e., dual-mode band-
pass resonators [23], [24] for dual-band filters, triple-mode
bandpass resonators [25], [26] for triple-band filters. In [28]
and [29], the composite section with bandpass resonators and
bandstop resonators were proposed for multiband filter de-
signs (corresponding to a RS with BPR = 1 & BSR =1
for dual-band filters, and a RS with BPR =1 & BSR =2
for triple-band filters). In this paper, we put forward a new
single- and multiband filter design methodology, based on all
BSR-based resonators. RSs with BPR = 0 & BSR = 2 for the
single-band filter and RSs with BPR = 0 & BSR = 3 for the
dual-band filter are designed and analyzed. Compared with the
conventional methods, the proposed method has the merits of
low insertion loss, up to 2xN TZ generation in a N-th-order
filter, and a cascaded configuration with low geometric com-
plexity.
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TABLE 1 Comparison With Reported Waveguide Multiple-Band Bandpass Filters

Ref. Frequency FBW 1L Filtering No. of TZs | Techniques Type of resonator section
(GHz) (%) (dB) Order

[23]-dualband 0.194/0.268 1.6/2.1 1.75/1.1 2/2 1/2/1 CNC BPR=2&BSR=0
[24]-dualband 3.44/3.57 1/1 0.15/0.22 4/4 1/2/1 CNC BPR=2&BSR=0
[28]-dualband 20/21 1.5/1.4 1.37/1.1 3/3 0/1/0 SIW BPR=1&BSR=1
[29]-dualband 3.7/4.2 8.1/4.3 0.26/0.3 2/2 0/1/0 3-D printing BPR=1&BSR=1
[25]-tripleband 3.8/4/4.2 1/0.9/0.8 | 0.22/0.22/0.22 | 4/4/4 0/1/1/0 CNC BPR =3 &BSR=0
[26]-tripleband 2.95/2.99/3.03 | 0.3/0.2/0.2 | 0.6/1.7/1.2- 2/2/2 0/1/1/0 CNC BPR =3 &BSR=0
[28]-tripleband 20/21/22 1.5/1.4/1.3 | 1.6/0.9/0.85 3/3/3 0/1/1/0 SIW BPR=1&BSR =2
[28]-tripleband 3.5/3.7/4.0 4.6/2.7/5.5 | 0.44/0.49/0.54 | 2/2/2 0/1/1/0 3-D printing BPR=1&BSR =2
Single-band 334 10.7 0.4 6 6/6 3-D metal BPR=0 & BSR=2

Dual-band 30.5/32.4 212.2 1.2/1.3 33 3/3/3 printing BPR=0& BSR=3

* FBW: 3-dB Fractional Bandwidth, IL: Minimum Insertion Loss, No. of TZs: Number of Transmission zeroes, CNC: Computer Numerical

Control.
The bold values indicate the best performance.

VI. CONCLUSION

The key contribution of this work is the proposed multiple-
band design concept and implementation method by exclu-
sively using bandstop resonator sections. To validate this
concept, multiple filter prototypes have been developed and
tested, including a 6th-order single-band BPF and a 3%-
order dual-band BPF. The limitation of proposed BSR-based
configuration lies in its relatively narrow spurious bands on
both sides of the passband. Therefore, the use of BPR sec-
tions (which provides far-band suppression) and BSR sections
(which provides near-band rejection) can be combined to
synthesize the filter with wide spurious-free range. SLM-
based 3D printing has been used to manufacture the filters
in one piece without requiring any assembly. This also al-
lows the monolithic manufacture of the metal posts inside the
waveguide cavity. The approach reported in this work repre-
sents a new systematic design and implementation method
to realize complex transfer functions by flexibly control-
ling the transmission zeros for single-band and multiple-band
compact BPFs.
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