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Abstract — This article presents a novel microstrip line
topology implementation of an ultra-wideband (UWB)
bandpass filter. The proposed topology is a short-
circuited stepped-impedance ring resonator with an
open-circuit stub and a short-circuit stub loaded at the
central vertical position of the low impedance of this
resonator, respectively. Within the UWB spectrum, five
modes are allocated under weak coupling, and to in-
crease filter selectivity, two transmission zeros are added.
It is possible to extend the upper stopband and pro-
vide sufficient external coupling by utilizing interdigital-
coupled lines. To demonstrate the design theory, a pro-
totype is designed and manufactured on a 0.8 mm thick
substrate of the affordable F4B-2, and its performance
is verified. Measurements show a 3-dB bandwidth span
from 2.8 t0 9.5 GHz, insertion loss of 0.36 dB, and return
loss better than 13 dB.

Index Terms — Bandpass filter, stepped-impedance res-
onator (SIR), stub-loaded, ultra-wideband (UWB).

L. INTRODUCTION

One of the essential elements of wireless communi-
cation systems that operate in the ultra-wideband (UWB)
spectrum is the UWB bandpass filter (BPF). The atten-
tion of pertinent scholars has always focused on its prop-
erties of low insertion loss and good selectivity since it
can simultaneously pick up the anticipated signal and fil-
ter out junk. The Federal Communications Commission
(FCC) authorized the allocation of unlicensed frequency
bands in the range of 3.1-10.6 GHz in 2002 in order to
realize several novel commercial communication appli-
cations of ultra-wideband (UWB) technology [IL]. This
encourages UWB BPF [2-3] to thrive in an atmosphere
supporting UWB technology. In recent years, a number
of approaches for designing UWB BPFs have been put
forward.
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The cascaded high-low pass filter or the cascaded
band-stop and band-pass filter is a straightforward way
for designing UWB filters [4H5]. While these filters of-
fer a sufficiently broad stop band, there are a few issues,
including a big circuit size and a significant insertion
loss. A multimode resonator (MMR) that has a rectangu-
lar stepped impedance stub, two open-circuit stubs, and
two high-impedance lines for input and output feeders is
used to create the UWB filter [6]. A novel MMR made of
interdigital-coupled lines that are cascaded and stepped
impedance stubs that are loaded with short circuits is
also suggested in [7], and UWB filters may be created
by implementing it further. [8] proposes a stub-loaded
UWSB filter based on MMR. In the design, there are three
open-circuit stubs: one step impedance stub in the cen-
ter and two open-circuit stubs in symmetrical places on
each side. Stepped impedance stubs enable the construc-
tion of two transmission zeros (TZs) and great selectiv-
ity. In these publications [9H11]], filters with this kind of
MMR design are also investigated. These MMR-based
filters seek to attain ultra-wideband features by using
several resonant modes in a resonant structure. The de-
fect ground structure (DGS) is suggested in [12]], which
comprises a square ring etched into the ground and a
metal film. While the electrical performance is compro-
mised, this design offers improved fractional bandwidth
(FBW) and frequency characteristics.

To create UWB filters in [13414], both step
impedance resonators (SIRs) are employed. Wide band-
width features are achieved by varying the resonant fre-
quency. Nevertheless, [15H16] also use an asymmetric,
irregular SIR to produce the BPF. Another method is to
employ coplanar waveguide and hybrid microstrip tech-
nology [17H18]], which requires a substrate with a rela-
tively high dielectric constant and results in lower circuit
size. Unfortunately, such BPFs may not have good har-
monic rejection. Furthermore, ring resonators are often
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used in the construction of UWB filters. To build UWB
filters with excellent passband selectivity and broad up-
per stopband, the square ring resonator utilized in the lit-
erature [19]] has the benefits of simple construction and
good passband performance. In [20], the two ring res-
onator provides a broader fractional bandwidth for in-
creased channel capacity in addition to enabling a UWB
filter with a wide upper rejection band.

In this article, a new design of the UWB band-
pass filter is proposed based on the short-circuit stepped-
impedance ring resonator. Two types of stubs are put on
the short-circuit resonator to produce a quintuple mode.
First, the model evolution description of the designed
filter is carried out. The resonant properties of this res-
onator are then analyzed theoretically and accurately us-
ing the odd- and even-mode approach. The analysis al-
lows the odd- and even-mode frequencies to be tuned
such that they are uniformly distributed across the UWB
spectrum. Strong coupling is obtained by feeding the
proposed resonator with interdigital-coupled lines at the
input and output ports to produce excellent bandwidth.
The suggested structure is manufactured on an F4B-2
substrate with a height of 0.8 mm. The relative permit-
tivity (&) is 3.38, and the loss tangent is 0.003. The BPF
is fabricated and its measurements are validated.

II. DESIGN EVOLUTION

This section illustrates the structural design evo-
lution of the proposed UWB BPFE. Figure [I] depicts
four configurations and their corresponding frequency
responses. Initially, for better impedance matching, the
stepped-impedance ring resonator (SIRR) is fed by a 50
ohm microstrip line at the ports, designated as case 1, as
shown in Fig.[I] (a). It provides a wider bandwidth and a
deeper attenuation zero. It resonates at 6 GHz and pro-
vides good return loss, but the 4-8 GHz passband band-
width is narrow.

To widen the bandwidth, a short-circuit metallized
hole was added to the bottom half of the SIRR, forming
a short-circuit SIRR (case 2). FigurelIl (b) shows a wider
bandwidth than case 1, but poor insertion loss at the pass-
band edges. Figure[T] (c) shows multiple passband poles
but poor return loss.

To adjust the passband cutoff frequencies, short- and
open-circuit stubs were added to the upper half of the
short-circuit SIRR. The short-circuit stub (case 3) im-
proved the lower cutoff frequency, as shown in Figs.[T|(b)
and (c). An open-circuit stub could similarly adjust the
upper cutoff frequency, simplified here.

The final filter (case 4), offers a 2.8-9.5 GHz pass-
band, a 108.9% fractional bandwidth at 6.15 GHz, and
the attenuation poles are located at 1 = 3.2, f2 = 3.8,
fp3 =42, fpa=6.1,fp5 =72, fps = 8.3, and f,7 = 9.2.
FigureEl (d) shows excellent in-band performance.
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Fig. 1. (a) Evolution layout of the proposed filter, (b)
and (c) frequency response for different cases, (d) S-
parameter response for case 4.

III. ANALYSIS OF THE PROPOSED UWB
FILTER

Figure [2| depicts the structure of the proposed mi-
crostrip line UWB-BPF. We introduce a new short-
circuit stub-loaded stepped-impedance ring resonator
that has been thoroughly analyzed. This innovative de-
sign deviates from the traditional ring resonator by in-
tegrating a short-circuit stub and an open-circuit stub
above the central position of the resonator. Additionally,
a metalized hole structure is loaded on the microstrip
line beneath its symmetric position. The ring resonator
also features a pair of coupled transmission lines on
both sides for feeding, each with a length of one-quarter
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Fig. 2. Architecture of the proposed UWB-BPF.



wavelength (4,/4) and admittance Y. The resonator is
divided into two parts from the horizontal position of
the coupled transmission lines. The upper part measures
one-half wavelength (A ¢/2) and has admittance Y>, while
the lower part is the same half wavelength (A4/2) and has
admittance Y3.

The symmetry of the resonator allows us to utilize
the odd- and even-mode approach to study its resonance
characteristics, where the odd and even modes can be
calculated in the same way as in [21]]. Figure [3] illus-
trates the equivalent transmission line circuit for both
odd and even modes. Yj,, represents the odd-mode in-
put admittance and Yj, represents the even-mode input
admittance. For odd-mode excitation, the odd-mode in-
put admittance can be expressed as

(Yol —|—Y02) + jYitan 6,
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at the f). Therefore the physical length is chosen to be
7.4 mm. Assume here that the width of w; is 0.2 mm,
then Z; = 127.4 Q. According to [22]], it can be deter-
mined that the impedance values of Z, and Z3 are 50.3
Q and 77.8 Q, respectively. In this way, we can calculate
wy = 1.5 mm and w3 = 0.8 mm.

When g and O, are equal to 0° (there are no open-
circuit and short-circuit stubs), we determine the odd-
mode and even-mode frequencies under weak coupling,
as shown in Fig. EL At this time, we set 05;/01 = 0/7.4
(1.1/7.4, 2.2/7.4, 3.3/7.4). In Fig. E| (a), the even-mode
frequencies (fe1, fe2, fe3) decrease from high to low fre-
quencies as the electrical length ratio 64;/0 shifts from
0 to 0.86. fe» and f.3 experience the sharpest drop.

When 64,/68; changes from 0/7.4 to 0.9, and it is
observed that the even-mode frequencies (fei, fe2, fe3)

Yino =11 Y1+ j(Y, +Yy)tan6; M are significantly lower at an electrical length ratio 65,/61
where of 0 than at 0.1. Between electrical length ratio 64,/60
Y1+ Y,y = — j¥scotBy — j¥scot Bs. 2 of 0.1 to 0.9, the three even-mode frequencies transition

According to the resonance condition Yj,, = 0, we
can get

gradually to lower frequencies. According to Fig.[d] we
choose 61/0 equal to 0.44 and 6,/0; equal to 0.47. So

j(Y] tan 0, —Y2C0t92—Y3C0t93) =0. 3)
When the even mode is excited, the resonant modes 10 —-—,
are derived: N —— 7,
Yine = Ye1 +Ye3 = Yo1 — j¥3 0103, 4) T 4l :631
where ) ) - X
Jj(Y51/2tan 0 — Y52 /2cot 6,) + jY>tan 6, 5 71
Yo=" 6)) g
Y, — (Y1 /2tan 0 — Yy /2 cot 6;) tan 6, 2 6 '\‘\\
Similarly, the resonance condition Yij,e = 0. g
Using equations (1)-(5), we can explicitly determine *] —
all even- and odd-mode resonant frequencies. Equations 4+
(3) and (5) reveal that O and O, (or I and I) solely B I —————
impact the even-mode frequencies and do not affect the 00 02 04 06 08 L0 12
odd-mode frequencies. 0.1/,
Where 6 = 2nf = BI, the electrical length ratio: (a)
041/01 =151/11, 052/01 =55/l . According to the designed 10
center frequency f. = 6.85 GHz and the effective dielec- | T A— =
tric constant of the substrate, it is easy to determine that o] +';f3
the value of /1 is Ag/4 (A is the guided wave wavelength ™ o . +/:
S 7 ——1y
g 6 /\t—o\.
Y/2,0, = v—v v—v v
4 -
Yo
3 -
Ysl/zﬂesl
2 : . . . .
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Fig. 4. (a) Even- and odd-mode frequencies (fe1, fe2, fe3s
fols fo2) under variation of 61; (b) even- and odd-mode
frequencies (fe1, fe2, fe3. o1, f02) under variation of 65,.

Fig. 3. Equivalent circuits of the proposed resonator: (a)
odd-mode equivalent circuit, (b) even-mode equivalent
circuit.
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we can get [i; = 3.3 mm and /y; = 3.5 mm. While keeping
l51 and [y unchanged, by increasing the stub width, it is
found that when Z5; = 56 Q and Zy, = 69.8 Q, the five
resonant frequencies have a good frequency distribution.

After analyzing the five resonant frequencies, we
can further achieve the required passband by vary-
ing the length of each stub of the proposed resonator.
Figure [3] (a) depicts the variation of the five odd-even
mode frequencies with the length /;, indicating that /[
has an effect on both odd- and even-mode frequencies.
Furthermore, we studied the impact of [ and Iy on
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Fig. 5. Simulated response of the proposed resonator un-
der weak coupling: (a) /; length variation, (b) /;; length
variation, (c) /> length variation.
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the even-mode frequencies in the passband, as shown in
Figs. E] (b) and (c). We found that /;; has a greater ef-
fect on the even-mode frequency f.3, whereas [y has a
greater effect on the even-mode frequency f.;. By tun-
ing these two parameters, we can expand the frequency
range to meet the UWB passband requirements. The five
frequencies of the resonator are 3.24 GHz, 4.42 GHz, 6
GHz, 7.86 GHz, and 9.45 GHz. Hence, the first five res-
onant frequencies can be assigned over a broad range,
making it advantageous for UWB filter design. Accord-
ing to the above analysis, the optimal value of the short-
circuit SIRR here is as follows: I, = 8.5, Z, =51 Q, I3
=0.78, 723 =782 Q, 51 =3.3,Zs1 =565 Q, [, =3.5,
Zs =70.2 Q. To achieve the necessary frequency range
for UWB, the interdigital-coupled lines structure has
been utilized. This structure effectively shifts the atten-
uation zero of the lower stopband, resulting in a tighter
coupling. However, the current manufacturing methods
present a limitation on the coupling strength. The mini-
mum coupling gap that can be achieved is only 0.1 mm.
After conducting the aforementioned analysis, we
have successfully optimized the fundamental structure
of the filter. The simulation S-parameters of the UWB
bandpass filter are illustrated in Fig.[6] Considering fac-
tors such as impedance matching and reflection effects,
the passband of 2.8-9.5 GHz is finally selected. An ad-
ditional pole in the passband may be due to the strong
coupling of the interdigital-coupled lines. It is worth
noting that there exists a transmission zero at both the
lower and upper passband edges, specifically located at
0.2 GHz and 11.74 GHz, respectively. Moreover, the in-
sertion loss and return loss are both better than 0.5 and
14.3 dB, respectively, in the passband. Furthermore, ad-
ditional transmission zeros present in the upper stopband
contribute to extending the stopband to 16 GHz.
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Fig. 6. Simulated response of the basic UWB filter for
the range 0-17 GHz.

As demonstrated in Figs.[/|(a-d), we may also mod-
ify additional parameters (/> and /3) to improve the fre-
quency characteristics of the filter. The location of the
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transmission zero on the passband’s edge and the pass-
band return loss are both impacted by the length of the
stepped impedance ring short-circuit resonator. Chang-
ing the lengths of /; and /3 will move the transmission
zeros, as seen in Figs. |Z| (a) and (c), which will af-
fect the passband bandwidth. The filter may adhere to
the UWB spectrum restriction and provide outstanding
roll-off characteristics by optimizing the lengths of both.
As illustrated in Figs. [7] (b) and (d), changing the res-
onator length further reduces the passband insertion loss,
and fine-tuning the corresponding length may further en-
hance in-band performance. As the passband in this in-
stance exhibits a reflection characteristic larger than -13
dB and the passband edge transmission zero is better
than the suppression of 30 dB, the ideal values utilized
here are [ = 8.5 mm and /3 = 6.78 mm. The suggested
structure’s final optimal dimension values are (in mil-
limeters): [} =7.4,w; =0.2,1, =8.5,w, = 1.8, I3 =6.78,
w3 = 0.8, l4 = 7.4, Wy = 0.3, lsl = 3.3, Wg1 = 1.5, 152 = 3.5,
wo=1,® =05 P,=04,a=63,g=0.1.

IV. EXPERIMENTAL VERIFICATION

The results of testing the manufactured filter on a
Vector Network Analyzer ZNB40 are shown in Fig. [§]
The experimental findings are fundamentally consistent
with the simulation outcomes. The passband, with a 3
dB threshold, spans from 2.8 GHz to 9.5 GHz, denoting
a relative bandwidth of 108.9%. The highest level of in-
sertion loss within the band is measured at 0.36 dB. The
proposed filter exhibits an in-band return loss that ex-
ceeds 13 dB. Moreover, it demonstrates out-of-band sup-
pression of over 110 dB at the lower stopband and atten-
uation greater than 20 dB at the upper stopband, which
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Fig. 8. The measured and simulated (a) S-parameters and
(b) group delays.

extends to approximately 15 GHz. The measured group
delay, which exhibits excellent linearity, remains flat and
varies from 0.38 to 0.85 ns within the passband. Dis-
crepancies between the measured data and the simulation
outcomes can be attributed to human error in fabrication
and measurement, restricted substrate area, and possible
connector reflections. Our ultra-wideband (UWB) band-
pass filter is compared with existing examples found in
the current literature, as presented in Table [T} The ma-
jor benefit compared to materials of the same level is its

Table 1: Comparison of the proposed filter with other re-
ported UWB bandpass filters

Ref. |3 dB Stopband Size (A, x | Material
FBW|(GHz)/Attenuation Ag)
(%) (dB)
[4] | 95 14/>20 1.24x0.67 | Copper
[9] | 110 18/>12 0.8x0.3 Copper
[10] | 110 20/>10 0.74x0.67 | Copper
[16] [109.6 17/>17 0.95x0.78 | Copper
[20] [109.4 27.6/>20 0.514x0.312) Copper
[21] [125.3 16/>20 1.57x1.18 HTS
This [108.9 15/>20 0.84x0.41 | Copper
work

500



501

lower insertion loss. The size has a minor benefit over
different material levels.

V. CONCLUSION

A compact UWB bypass filter employing
interdigital-coupled lines and a multi-stub-loaded
stepped-impedance ring resonator is presented and
implemented. By adjusting the corresponding stub
electrical length and impedance ratio, the distribution
of two odd mode frequencies and three even mode
frequencies within the passband can be readily achieved.
The implementation of a interdigital-coupled line as
the feed for the filter is preferred due to its ability to
offer optimal reflection and bandwidth. The proposed
resonator possesses inherent characteristics that result
in the generation of multiple transmission zeros at the
upper and lower edge of the passband. This feature
enhances the filter selectivity, rendering the proposed
filter an attractive choice for ultra-wideband wireless
communication systems.
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