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proposed antenna are 4.84, 1.96, 8.16, and 3.49 dB at 3.4,
6.8, 9.3, and 10.2 GHz, separately.

4 | CONCLUSION

In this article, an SIW cavity backed equilateral triangle slot
antenna is presented. It has multiband characteristic. The
position of the feeding point is optimized to excite higher
modes. Both of theoretical analysis and simulation are car-
ried out to reveal the working mechanism of TM;y, TM,,,
TM,,, and TM33. It is convenient to adjust the resonance fre-
quency by changing the side length of inner equilateral trian-
gular. The measured results have good agreement with
simulations.
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Abstract

A novel defected ground structure (DGS)-inserted stub
(DIS) resonator is proposed. The proposed DIS resonator
features a typical dumbbell-shaped DGS inserted into an
conventional open-circuited stub (OCS) resonator, and it is
modeled by a series LC resonator. The inserted DGS can
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suppress a harmonic and extend an upper passband. There-
fore, the proposed DIS resonator to generate a resonance
at 2.0 GHz keeps the upper passband up to 8.0 GHz or
higher, while the OCS resonator with the same resonance
gives rise to the harmonic at 5.78 GHz. These properties
are investigated through EM simulation. Moreover, in
order to verify the applicability of the proposed DIS reso-
nator to microwave filters, two optimum bandstop filters
(BSFs) with the same stopband at 2.0 GHz using the pro-
posed DIS and OCS resonators are fabricated and
measured, respectively. Compared to the optimum BSF
using the OCS resonator, the optimum BSF using the pro-
posed DIS resonator shows two notable improvements: a
50% increase in the upper passband and a 15% reduction
in the size.

KEYWORDS

bandstop filter (BSF), defected ground structure (DGS), electromagnetic
bandgap (EBG), stub resonator

1 | INTRODUCTION

The forbidden bandgap structures such as defected ground
structures (DGSs) and electromagnetic bandgap (EBG) struc-
tures have been widely investigated in order to improve per-
formances of various microwave components.'® In
particular, various DGSs have been proposed to suppress
unnecessary passbands and widen stopbands.'

In this article, a novel DGS-inserted stub (DIS) resonator
is proposed. The proposed DIS resonator features a typical
dumbbell-shaped DGS that is inserted into a conventional
open-circuited stub (OCS) resonator. While many DGSs are
mostly used to remove unwanted passbands and widen stop-
bands, the DGS inserted in the OCS resonator is used to

suppress the harmonic and extend the upper passband. More-
over, as a DGS can be substituted for an inductor,l’5 the pro-
posed DIS resonator requires a shorter physical length,
which helps in compact designs. The DIS and OCS resona-
tors with the same resonance at 2.0 GHz are designed and
investigated through EM simulation. The OCS resonator
gives rise to the harmonic at 5.78 GHz. However, the DIS
resonator maintains the upper passband up to 8.0 GHz or
higher, without generating any harmonic. The stub length of
the DIS resonator is 33% shorter than that of the OCS reso-
nator. Finally, in order to verify the applicability of the pro-
posed DIS resonator to microwave filters, two optimum
BSFs with the same stopband at 2.0 GHz are designed, fabri-
cated, and measured. One is based on the proposed DIS reso-
nator and the other on the OCS resonator. Compared to the
OCS-based optimum BSF, the upper passband of the DIS-
based optimum BSF is increased by 50% and its size is
reduced by 15%.

2 | CONFIGURATION AND
CHARACTERISTICS

Figure 1A shows the configuration of the proposed DIS reso-
nator. The proposed DIR resonator consists of the conven-
tional OCS resonator and the typical dumbbell-shaped DGS
that is located under the T-junction. The inset of Figure 1A
shows the geometric parameters of the inserted DGS. Figure
1B shows the conventional OCS resonator, which is repre-
sented as a shunt-connected series RLC resonator and the
resistor is so small that it is generally omitted.

In order to investigate the characteristics of the proposed
DIS resonator, the two stub resonators with the same reso-
nance at 2.0 GHz are designed. One is based on the DIS res-
onator in Figure 1A and the other on the OCS resonator in
Figure 1B. The parameter values for the equivalent circuit of

A

FIGURE 1 Configuration. A, DGS-inserted stub (DIS) resonator. B, Open-circuited stub (OCS) resonator
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FIGURE 2 Comparison of transmission responses between the DIS
and OCS resonators

the OCS resonator are as follows: L =3.93 nH and C = 1.61
pF. The design procedure of the DIS resonator is described
in the following section. Their dimensions are as follows:
x=12.1 mm, y=22 mm, s=0.5 mm, d=4.0 mm,
[=3.5 mm, g=1.5 mm, m= 1825 mm, and n = 1.16 mm.
The width (w) of the conductor strip on the substrate is
1.85 mm, corresponding to 50 € characteristic impedance.
The Rogers RT/Duroid 6006 substrate with a relative dielec-
tric constant of 6.15 and thickness of 1.27 mm is used. All
the simulations in this article have been carried out by using
ANSYS HFSS.

Figure 2 shows the simulated insertion losses of the DIS
and OCS resonators. The DGS-removed DIS resonator,
which is an ordinary stub resonator that is obtained by
removing the inserted DGS from the DIS resonator, is also
simulated, and the results are shown together in Figure 2, for
reference. The simulated results of the two stub resonators
are almost identical at frequencies below 4.5 GHz, and thus
the proposed DIS resonator can be also modeled by the series
RLC resonator, which is shown in the inset of Figure 2.
However, while the OCS resonator gives rise to the harmonic
in the vicinity of 6.0 GHz, the DIS resonator keeps its upper
passband up to 8.0 GHz or higher.

Figure 3A shows the simulated insertion and return
losses of the DGS resonator, and the inset of Figure 3A
shows the configuration of the simulated DGS resonator
located under the 50 ohm transmission line. The pattern and
size of the DGS resonator is the same with the inserted DGS
in the inset of Figure 1A, and the same substrate is also used.
The DGS resonator operates as an one-pole BSF with a wide
stopband centered at 7.4 GHz. When the DGS resonator is
located between the stub resonator and the 50 ohm transmis-
sion line, it behaves like a BSF preventing a harmonic signal
from going into the stub resonator. As a result, the harmonic
signal is reflected back into the load port and the harmonic
does not show up. Figure 3B shows the current distribution
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FIGURE 3 A, Simulated results of the DGS resonator. B, Current
distribution of the DIS resonator at 6.0 GHz. C, Current distribution of the
OCS resonator at 6.0 GHz [Color figure can be viewed at wileyonlineli-
brary.com]

at 6.0 GHz on the ground plane of the DIS resonator, which
illustrates the results described above. In contrast, Figure 3C
shows that the current at 6.0 GHz in the OCS resonator flows
into the stub and is reflected back to the source port.

Figure 4 shows the equivalent circuit for the DIS resona-
tor. The DGS is typically modeled by the parallel LC resona-
tor, but it can be substituted for an inductor in a lower
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FIGURE 4 Equivalent circuit for the DIS resonator
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TABLE 1 Extracted equivalent circuit parameters
Class Stub length [mm] L [nH] C [pF] Jfo [GHZz]
OCS resonator 18.25 3.965 1.646 1.97
DIS resonator DIS resonator 12.1 4.093 1.547 2.0
(1) DGS-removed DIS resonator 12.1 2.073 1.451 2.9
(2) DGS resonator - 2.753 0.168 7.4
Circuit parameter - 3.930 1.610 2.0

frequency range than its resonance.'” When the DGS is
inserted into the stub resonator, it increases the inductance
value of the stub resonator. Consequently, the stub length of
the DIS resonator is decreased in proportion to the added
inductance value and the DIS resonator is also modeled by the
series LC resonator, without change. In Figure 4, the resistor is
omitted and the inductor consists of two components: one by

the inserted DGS and the other by the stub resonator.
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FIGURE 5 A, Simulated results of the proposed DIS resonator for

different lattice sizes. B, Extracted circuit parameters

Table 1 shows the circuit parameters of the DIS, OCS,
and DGS-removed DIS resonators, which are extracted from
the simulated results in Figure 2 using the following

equations®:
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FIGURE 6 A, Simulated results of the proposed DIS resonator for

different gaps. B, Extracted circuit parameters
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BSF. B, DIS-based optimum BSF (top-view). C, DIS-based optimum
BSF (bottom-view) [Color figure can be viewed at wileyonlinelibrary.
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where Z, is a characteristic impedance of the transmission
line. f; is the resonant frequency and Af is a 10 dB band-
width. On the other hand, according to the approach pro-
posed by Ref. [1], the circuit parameters for the DGS
resonator are extracted from the results in Figure 3A and are
also listed in Table 1. From Figure 4 and Table 1, it is shown
that when the DGS resonator is inserted into the DGS-
removed DIS resonator, approximately 73.5% of the induct-
ance value extracted from the DGS resonator is added to the
DGS-removed DIS resonator. Therefore, the stub length of
the DIS resonator is reduced by 33.5% compared to that of
the OCS resonator. Meanwhile, the inserted DGS increases
the capacitance value of the DGS-removed resonator by
6.6%. The current flow changed by the inserted DGS is
thought to affect the increase in the capacitance value, which
is very small and thus is relatively insignificant.

3 | PARAMETER ANALYSIS

In order to study the effect of the inserted DGS on transmis-
sion responses, the proposed DIS resonator is simulated by
changing two geometric parameters of the inserted DGS.
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FIGURE 8 Simulated and measured results. A, OCS-based optimum
BSE. B, DIS-based optimum BSF. C, Comparison of measured results
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Figure SA shows the transmission responses of the pro-
posed DIS resonators, whose simulations are conducted for
four different lattice dimensions. For reference, the responses
of the DGS-removed DIS resonator are also shown. The cir-
cuit parameters extracted for four lattice sizes are shown in
Figure 5B. As the lattice size increases, the effective induct-
ance steeply increases so that the resonant frequency moves
to a lower band. On the other hand, the effective capacitance
is almost unchanged.

Figure 6A shows the transmission responses of the pro-
posed DIS resonators, which are simulated for four different
gap dimensions. The extracted circuit parameters are shown
in Figure 6B. The resonant frequency and bandwidth are
almost unchanged, which shows that the gap parameter does
not affect the resonance as expected in Figure 4. All the
parameters in Figures 5B and 6B are also extracted using the
three equations mentioned above.

Based on the findings so far, the design procedure of the
DIS resonator can be obtained. In case of the OCS and DGS-
removed DIS resonator, although the circuit parameters in
Table 1 are extracted from EM simulation, the physical
dimensions can be simply calculated’ and are already in Fig-
ure 1. First, the DGS-removed DIS resonator with half of the
required inductance value can be calculated, and then the
DGS resonator can be designed to implement the other half
of the inductance value according to Ref. [1]. However, it is
noted that about 70% to 75% of the inductance value
extracted from the DGS resonator is added. Therefore, all the
approximate physical dimensions for the DIS resonator are
obtained. Finally, some tuning process through EM simula-
tors is required for accurate dimensions.

4 | BSF WITH EXTENDED UPPER
PASSBAND

In order to verify the applicability of the proposed DIS reso-
nator to microwave filters, two 3rd-order optimum BSFs
with the same stopband are designed and fabricated.” The
optimum BSFs have a midband frequency of f; =2.0 GHz,
ripple constant of 0.1005, and fractional bandwidth of 0.6.
One is the conventional optimum BSF based on the OCS
resonator, and it is shown in Figure 7A. The dimensions are
as follows: w=1.85 mm, m;=m3=19.2 mm, m,=
18.25 mm, n; =n3=0.26 mm, n,=1.16 mm, and r=
18.25 mm. The other is the proposed optimum BSF based on
the DIS resonator, and it is shown in Figure 7B,C. The
dimensions are as follows: w=1.85 mm, s;=s,=
s3=0.5 mm, x; =x3 = 14.0 mm, x, = 13.2 mm, y; =y; =
0.7 mm, y, =2.0 mm, v=18.25 mm, d, =d3=4.5 mm,
d,=40 mm, g =g3=24 mm, g =15 mm, and
Iy =16, =13 =3.5 mm. Figure 7B,C show the top and bottom
views of the DIS-based optimum BSF, respectively, and the

dotted lines in Figure 7B represent the respective DGSs shown
in Figure 7C. The difference between the two optimum BSFs
is that the OCS resonators are replaced with the DIS ones.

Figure 8A shows the simulated and measured transmis-
sion responses of the OCS-based optimum BSF, and Figure
8B shows the results obtained from the DIS-based optimum
BSF. The measured results agree with the simulated ones
very well except that they are slightly moved downwards.
The discrepancy between simulation and measurement is
thought to be mainly because of fabrication tolerance. Figure
8C compares the measured results of the two optimum BSFs,
which clearly shows that the DIS-based optimum BSF
removes the spurious stopband and extends the upper pass-
band. The —3.0 dB upper passband of the DIS-based opti-
mum BSF is maintained up to 6.65 GHz, while that of the
OCS-based optimum BSF is terminated at 5.15 GHz. The
1.5 GHz extension of the upper passband is equivalent to the
bandwidth increase of about 50%. Moreover, as the stub
length is reduced, the DIS-based optimum BSF is about
15.0% smaller than the OCS-based optimum BSF.

5 | CONCLUSION

In this article, the novel DIS resonator is presented, which
features the dumbbell-shaped DGS inserted into the general
stub resonator. The effects of the inserted DGS on the trans-
mission responses are investigated through EM simulation,
and they are as follows: a harmonic suppression, an exten-
sion of upper passband, and a reduction of stub length. In
addition, the optimum BSF with the extended upper pass-
band is implemented using the proposed DIS resonator. Its
improved performances are verified through fabrication and
measurement. The proposed DIS resonator is expected to be
widely applied wide-band microwave components.
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Abstract

The main aim of this study is to design an Ultra-Wide
Band antenna with an almost constant level of gain over
3.1-10.6 GHz. A modified antipodal Vivaldi antenna with
rake-like wires (called MAVARW-III), is designed for this
goal. The MAVARW-III has two flared metal arms with
rake-like wires printed on a dielectric substrate. Rake-like
wires are primarily associated with balancing the gain over
the operating bandwidth of the antenna. The proposed
MAVARW-III has 7.90 dB minimum gain level over the
bandwidth in simulations. The difference between the min-
imum and maximum value of the gain is <1.55 dB over

WILEYL*

whole frequency range in simulations. The proposed
MAVARW-III is characterized both numerically and
experimentally with a good agreement. The given design
approach can be extended to relatively larger or smaller
MAVARWIIIs to achieve almost constant gain level over
desired other frequency bands.

KEYWORDS

antipodal vivaldi antenna, constant gain antenna, flat gain antenna, ultra-

wideband antenna

1 | INTRODUCTION

Ultra-wideband technologies over the bandwidth of 3.1-
10.6 GHz are common in the wireless communication
systems, as well as radar systems. One of the foremost
components of these systems is the Ultra-Wide Band
(UWB) antenna. One of the desired characteristics for
the UWB antennas is having almost constant gain along
a given direction over the whole operating range. How-
ever, the gain of the lower frequency region of the
UWB antennas is inherently lower than the gain of
higher frequency region.

Some recent publications have addressed the design of
constant gain broadband antennas."® To the best of our
knowledge, having “almost constant gain over 3.1-10.6
GHz” is only demonstrated in the multilayer UWB antenna
designs as reported in Refs. [5] and [6]. The Vivaldi antenna
and its modified versions’~'" are common types of the UWB
antennas due to its planar geometry, wide operating fre-
quency range, directive radiation pattern, and capability of
high gain. Similar to the case of the other UWB antenna
types, the Vivaldi antenna and its modified versions have
usually lower gain levels at the lower frequencies of the
operating bandwidth compared to the higher frequencies.'®'"

To overcome the constant gain problem especially in the
lower frequency region of the UWB, a new modified antipodal
single layer Vivaldi antenna is designed. In this study, a modi-
fied antipodal Vivaldi antenna with rake-like wires
(MAVARW-III) for the purpose of obtaining almost constant
gains over 3.1-10.6 GHz as a geometrically simple constant
gain UWB antenna is proposed. The presented antenna has 7.90
dB minimum gain level as well as the gain deviation <1.55 dB
over 3.1-10.6 GHz in simulations. The MAVARW-III is char-
acterized both numerically and experimentally with a good
agreement. The design principles of the suggested UWB
antenna topology operating over 3.1-10.6 GHz are anticipated
to be useful in the design of the constant gain UWB antennas
operating over other bandwidths.
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