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ABSTRACT: A design of a compact planar SIW filter with notch band characteristics is proposed. Double split square complementary split
ring resonators are used to realize the ultra-wideband (UWB) characteristics. Proposed UWB filter contributes a passband from 2.9 GHz
to 10.3 GHz with minimum insertion loss 0.7 dB at 3.7 GHz and maximum of 1.84 dB at 7 GHz. By employing a complementary split
ring resonator in the ground plane, a narrow band characteristic is obtained to reject the undesired wireless local area network (WLAN)
signals. The notch band frequency ranges from 5 GHz to 5.7 GHz with insertion loss of 14 dB at center frequency. The 3 dB fractional
bandwidth in the notch band is 12.9%. The variation of group delay is less than 0.5 ns in the passband range. Overall size of the proposed
filter is 0.35)¢ x 1.06)\4. Because of these salient features, the proposed filter can be used for space applications.

1. INTRODUCTION

Recently, ultra-wideband (UWB) technology has become in-
creasingly popular due to its high-speed data transfer, high
channel capacity, and reliable communications for markets like
telecommunications, aerospace, and defense [1]. UWB band-
pass filters were designed to remove noise and unwanted sig-
nals in UWB applications, and UWB spectrum is prone to in-
terfere with WLAN, WIFI, RFID, etc. Nowadays, researchers
mainly focused to develop a compact and low-profile notched
band bandpass filters with easy-to-integrate existing applica-
tions. These notch filters can be implemented using different
transmission lines, like microstrip lines, strip lines, rectangu-
lar waveguides, etc. [2,3]. Microstrip notch filters have dif-
ferent techniques like open circuited stub, meander line slot
multi-mode resonator with parasitic coupled line, etc. [4]. But
the mentioned filters suffer from high radiation loss and ohmic
loss, which leads to high insertion loss in the passband. Fur-
thermore, the quality factor is also not reasonable compared to
a traditional rectangular waveguide. The substrate-integrated
waveguide circuit with complementary split-ring resonator ele-
ments are capable of achieving high quality factors, high-power
handling capability, and easy integration with planar compo-
nents [5,6]. To achieve compactness and improve the perfor-
mance standard of the microwave filters, metamaterials such as
split ring resonator (SRR) and complementary SRR (CSRR) are
added to substrate integrated waveguide (SIW). SRR has neg-
ative permeability, and the complementary structure of SRR,
i.e., CSRR, provides negative permittivity near its resonance
frequency, hence providing a sharp rejection band [7]. Fur-
thermore, in SRR-loaded waveguide, according to the theory
of evanescent mode, the additional passband below the cutoff
can be obtained by loading CSRRs. Using SRRs, many single
and dual-band filters have been implemented.
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The CSRR-loaded notched bandpass filters were reported
in [8—10] to miniaturize the filter structure. The CSRR carved
on a ground plane under signal path leads to stopband behaviors
reported in [11-14].

In this brief, a SIW-based UWB notch band bandpass filter
designed using a dual-split square complementary split ring res-
onator (DSS-CSRR) and conventional CSRR defected ground
structure is presented. The DSS-CSRR was etched on the top
and bottom layers to obtain the required passband characteris-
tics and to improve the selectivity of the filter. A notched band
is created and controlled using CSRR defected ground struc-
ture. The slots were introduced in the ground plane to compen-
sate the impedance variation. The designed filter contributes
low insertion loss in the operating band. Hence, it is well suited
for space applications.

2. DESIGN AND ANALYSIS OF SIW FILTER

2.1. Design of SIW

Substrate integrated waveguide and conventional rectangular
waveguide have similar wave and mode characteristics and be-
have like a high pass filter when unloaded. Its cutoff frequency
depends on the effective separation between the two-side walls
W and the dielectric material on which it is realized. Us-
ing Equations (1) and (2), SIW filter was designed for an FR4
substrate and validated using CST software. To obtain the de-
sired passband characteristics, SIW is loaded with a novel DSS-
CSRR to control the band edge characteristics of the filter and to
reject the upper WLAN frequency. A circular CSRR is carved
on a ground plane. The inherent characteristics of the CSSRs
are shown in Figure 3. The CSRR provides a negative permit-
tivity at resonance frequency and generates an abrupt rejection
band around the designed frequency.
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In SIW, periodic vias are utilized to realize the side walls, and
the separation between the vias (s) and via diameter (d) should
obey d/s > 0.5, d/A. < 0.125 to minimize the leakage loss,
where ). is the cutoff wavelength of the waveguide. Figure 1
shows the isometric view of proposed notch filter.
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FIGURE 1. Isometric view of proposed notch filter.

2.2. Design of CSRR

CSRR provides a negative permittivity at resonance frequency
and generates an abrupt rejection band around the designed fre-
quency. In this proposed SIW filter, a novel dual-split square
CSRR of 8.45 GHz resonant frequency is implemented to ob-
tain the desired wideband characteristics. A dual-split square
CSRR is etched on an FR-4 substrate. The optimized di-
mensions are Wesgr = Lesgr = 7.5mm, R = 2.2mm,
S = 42mm, g1 = go = g3 = 0.5mm, R; = 2.7mm,
Ry = 1.7mm. To validate the design, DSS-CSRR is simulated
using CST software. The band reject frequency of the unit cell
is 8.45 GHz, and its negative permittivity is high at the resonant
frequency. By incorporating this resonator into the unloaded
SIW filter, the band edge characteristics of the bandpass filter
can be tuned to obtain the required bandwidth. The notch band
is obtained by the circular CSRR carved on a ground plane, un-
der the signal path. Due to the negative effective permittivity
(5.38-5.64 GHz) in the proximity of CSRR resonance, the sig-
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FIGURE 2. Schematic diagram of square CSRR and circular CSRR.
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nal is inhibited from 5 to 5.7 GHz. Figures 2 and 3 depict the
schematic and relative permittivity of dual-split square CSRR
and circular CSRR.
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FIGURE 3. Relative permittivity of square and circular CSRRs.

2.3. Design and Analysis of Proposed UWB Notch Filter

The SIW filter is fed by a tapered transition to a 50 {2 microstrip
line. The width of the tapered transmission line depends on the
waveguide impedance (3), and its length corresponds to quarter
wavelength of the filter in order to maintain impedance match-

ing.
60 h Ty
Z=——1In(8=—+025—

N ( T, "7 )

where Z denotes the waveguide impedance, and T, represents

the flaring width. CSRRs etched on the top and bottom layers

to control the upper band edge characteristics. Slots are etched

in the bottom layer to improve the return loss and insertion loss

characteristics of the filter. Figure 4 shows the methodology

and frequency response characteristics of proposed UWB filter.

(€)

Loading a SIW with dual split-CSRR on the top layer ex-
hibits wide passband characteristics with 3 dB cutoff frequen-
cies of 3.1 GHz and 13.2 GHz (Figure 4(a)). Adding a CSRR
to the ground plane (Figure 4(b)) changes the filter’s resonance
frequency by lowering the upper cutoff frequency of the pass-
band from 13.2 GHz to 10.5 GHz. Loading CSRRs in the top
and bottom layers of SIW changes the impedance of the fil-
ter, which in turn affects the return loss and insertion loss char-
acteristics. Hence, the slots are etched in the ground plane to
compensate the variation (Figure 4(c)). The circular CSRR is
implemented in the ground plane to create a notch band charac-
teristic. The 3 dB notch band frequency range is from 5 GHz to
5.7GHz. By modifying the dimensions of CSRR, the notch
width and position can be easily adjusted, as shown in Fig-
ure 5. The simulated notch band has the center frequency of
5.4 GHz with 14 dB insertion loss and 3 dB fractional band-
width of 12.9%. The proposed notch filter is mainly designed
to eliminate the interference from WLAN applications. A trian-
gular slot in the ground plane enhances the stopband attenuation

WWwWw.jpier.org



Progress In Electromagnetics Research L, Vol. 117, 41-46, 2024

rlER Letters

@ Top Layer Bottom Layer 5
000 O o g &3 0
1
P N | ' 5]
| (e
! 1|15
=28 | 1| 5201
— & 2
A B ﬂ 8 Al :W :Ww £ -25
3 g ' 1| 5-30-
! ] Y f=8.2GH !
i) R N
1 : -40 f=13GHz='  |—S21
t I S 1 -45 T T T
000 o boclet 0 5 10 15 20
—————— Frequency (GHz)
Ly
(b) Top Layer Bottom Layer
O O O O o000
0-
= 5
o) @
o 07
[o}
£ _ 90
|5 2 S 20
= 3_25_
i [
e el
2 5 10 15 20
© 0 00O o 00O Frequency (GHz)
(C) @ Copper Lw —Substrate Bottom Layer 04
L O O O O
S RV -104
IR €
Wy " 2
g i : 3 30
(@) £
i o
if © -40
v o
[ E
.50
| S—
OO0 00 -60 T T T
0 5 10 15 20
Frequency(GHz)

FIGURE 4. Design steps and corresponding simulation results of proposed UWB bandpass filter. The optimized dimensions of the designed filter are
Fo =27, F, = 1.85, T, = 1.90, Ty = 4.4, Lng = 1.7, Ly = 7.5, Ly = 15, Ws = 22.3, F = 3.8, ¢ = 1, Wy = 0.5, 5 = 2,d = 0.8,
Ly = 4.53, Ly = 3.54, Ly = 8, Ly = 6.8, R = 2.2mm, T = 4.2mm, g1 = ¢o = g3 = 0.5mm, R; = 2.7mm, R» = 1.3mm, W = 20.88,
Ww = 20.08 and substrate h = 1.6, &,, = 4.3 respectively. (Unit: mm).
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FIGURE 5. S2; characteristics of varying CSRR dimensions.
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FIGURE 6. Equivalent circuit model of proposed UWB notch filter. The electrical parameters are: Loi = 2.48nH, Co1 = 2.643 pF, L1

0.337nH, Cs1 = 0.322pF, Lo = 2.47nH, Cea = 2.555pF, Lss = 0.3062nH, Csy = 0.323pF, L,y = 4.37nH, Cpy = 0.549pF, L,» =
5.73nH, Crs = 0.539 pF, Lyi, = 3.9nH, Ly = 4.15nH, Cy = 0.2pF.

with the maximum of —55dB at 15.2 GHz. The overall stop-
band attenuation is greater than 20 dB and is maintained up to
18.2 GHz. The horizontal slot improves the return loss charac-
teristics. The designed filter exhibits a maximum insertion loss
of 1.3dB at 5.3 GHz and a minimum insertion loss of 0.6 dB at
3.5GHz.

2.4. Equivalent Circuit Model

Figure 6 shows the equivalent circuit model that explains the
transmission characteristics of the proposed UWB filter. The
top and bottom metallic surfaces of SIW can be considered as
a two-wire transmission line with an infinite number of short-
circuited stubs called via walls. These vias are modelled as an
inductor Lvi,. The CSRR is modelled as a parallel combination
of capacitor C,. and inductor L,.. L. and C, indicate the induc-
tive and capacitive coupling between the waveguide transmis-
sion line and CSRR, while L, and Cy indicate the inductive
and capacitive coupling between CSRRs. The circular CSRR
in the ground is modelled as a series combination of inductor
and capacitor, Ly and C respectively, which creates a notch
band in the passband range. The coupling element values and
via inductance are calculated using the following design equa-
tions (4), (5), and (6) then optimized by advanced design system

(ADS).
W L
Le = po <27r> log {csc <72TWJZ>} 4
Cc = coeep (2‘:[:11;) log [csc (271:5 ﬂ %)
L = 5.08h [ln (?) + 1} nH (6)

where h indicates the height of the substrate, and d indicates the
diameter of the vias. Figure 7 shows the comparison between
EM and circuit simulations of the proposed SIW bandpass filter,
which are carried out by CST and ADS software. The results

44

are in good agreement with the circuit simulation. The trans-
mission zero at low frequencies is due to the external coupling
between the SIW and resonators, and the coupling between the
CSRRs results in transmission zero at high frequency.
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FIGURE 7. S parameter of circuit simulation and EM simulation.

2.5. Surface Current and Field Distribution

The surface current distribution at different frequencies is delin-
eated in Figure 8. The current distribution at 1 GHz and 15 GHz
indicates the stopband property of the bandpass filter as there is
no current flow between port 1 to port 2 and vice versa. From
this current distribution, a stopband at 1 GHz is created due to
the evanescent mode characteristics of the filter, but at 15 GHz,
attenuation is generated due to the triangular slot in the ground
plane. The notch band creation from 5 GHz to 5.7 GHz due to
the ground etched CSRR is depicted in Figure 8.

3. FABRICATION AND MEASUREMENT RESULTS

The fabricated prototype was measured using Anritsu-M2027C
vector network analyzer. The measured results are in good
agreement with the simulated ones (Figure 9), but the band-

WWwWw.jpier.org



Progress In Electromagnetics Research L, Vol. 117, 41-46, 2024

rPlIER Letters

Top Layer Bottom Layer

e

f=1 GHz(Stop band)

f=5.5 GHz (Notch band)

=7.06 GHz (Pass band)

FIGURE 8. Surface current distribution for different frequencies.
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FIGURE 9. Simulated and measured S-parameter characteristics of pro-
posed notch filter.
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FIGURE 11. Simulated and measured group delay of proposed notch
filter.

width varies due to the fabrication tolerance. The maximum
return loss in the passband achieved is 30 dB. The proposed fil-
ter has a fractional bandwidth of 106% and notch bandwidth of
13% centered at 5.46 GHz with —18 dB insertion loss. Due to

45

Front View Bottom View

FIGURE 10. Fabricated prototype and measurement setup using Vector
Network Analyzer (VNA).

the VNA frequency range limitations, measurements are per-
formed up to 15 GHz. The small deviation in the measured re-
sults are due to the loss tangent of dielectric material and effect
of SMA connector loss. The fabricated prototype and measure-
ment setup are shown in Figure 10.

3.1. Group Delay

The group delay over the lower and upper passbands is almost
constant. Figure 11 shows the simulated and measured group
delays of a proposed filter. The measured maximum group de-
lay in lower and upper passbands are 0.3ns and 0.5ns. Flat
group delay is achieved over passband except the notch band,
which indicates that the linearity between the input and output.
The external quality factor can be calculated using Equation (7).

Q. = 5 Toulen) ™
where Tg,, () represents the group delay at passband mid-
frequency (wp). The maximum variation in group delay is ob-
served near the passband edges, which is caused by a sharp
transition in the rejection level. The comparison of recently
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TABLE 1. Comparison of UWB notch filter with previously reported literature.

Size . Stopband
Passband (GHz) 5 No. of 3dB FBW Suppression i
Ref. (AgL * Agw = Ap) attenuation
/Substrate . Notches NB (%) Level
/Technique > 20dB up to GHz

2] 3.1-10.6/Taconic 0.514 x 0.31/Microstrip 1 6.7 > 10 > 20 up to 25
[3] 3-10.75/Rogers TMM 10 | 0.45 x 0.79/Microstrip 1 52 > 18 > 25upto 15
[7] 3.1-10.6/Rogers5880 | 0.85 x 0.693/Microstrip 1 5.7 > 20 > 10 up to 20
[8] 2.9-11.1/Rogers 5880 | 1.12 x 0.548/Microstrip 1 9 > 10 > 15upto 13
[9] 3.1-10.6/Taconic 2.03 x 0.53/Microstrip 1 18 > 25 > 20upto 12.5
[10] 3.1-10.6/Rogers 5880 1.275 x 0.56/SIW 1 12 > 30 > 10upto 14
This Work 2.9-10.3/FR-4 0.35 x 1.06/SIW 1 12.9 > 14 > 25upto 18

Ag — guide wavelength at the center frequency of pass band. NB — Notch band.

published UWB bandpass filters (BPFs) with single notch band
characteristics is given in Table 1. The proposed filter con-
tributes high stopband characteristics with compact size.

4. CONCLUSION

A compact size ultra-wideband bandpass filter with notch-
band characteristics is proposed and implemented. To obtain
required ultra-wideband characteristics, a DSS-CSRR is em-
ployed on both top and bottom layers. Slots are etched in the
ground layer to improve the performance characteristics of the
filter by creating a transmission zero at the upper band edge.
By etching a conventional CSRR on ground plane, a notch band
ranging from 5 GHz to 5.7 GHz is obtained with insertion loss
of 19dB and fractional bandwidth of 12.9%. The measured
results exhibit good passband characteristics with an insertion
loss of less than 1.5 dB. Since the proposed filter contributes
low insertion loss, it can be used for space applications.
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