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A Compact, Wideband Waveguide Bandpass Filter Using
Complementary Loaded Split Ring Resonators

Amit Bage* and Sushrut Das

Abstract—This paper presents a Complementary Loaded Split Ring Resonator (CLSRR) based
compact, wideband, waveguide bandpass filter. Three identical CLSRRs were fabricated and placed
on the transverse plane of a standard WR-90 waveguide at a quarter wavelength distance to form the
filter. The proposed filter was initially simulated using Ansoft HFSS (version 14) and then fabricated
and measured. The measured result shows a fractional bandwidth of 18.80% at 10.05 GHz. Total length
of the filter is only 20.33 mm which is compact enough. Detailed design procedure has been presented
along with the equivalent circuit of the filter. A table has been provided to compare the performance
of the proposed filter with those already available in the literatures. The table shows that the proposed
filter is compact and has higher bandwidth, lower insertion loss and higher return loss.

1. INTRODUCTION

Waveguide bandpass filters are required for low-cost, low-loss and high power filtering applications in
modern microwave and millimeter wave systems. To fulfill this need, several waveguide bandpass filters
were developed in last few decades, generally using posts and irises. These are called direct-coupled
waveguide resonator filter. A detailed theory for designing such filters has been provided by Matthaei
et al. [1] and Hunter [2]. In addition to the use of post and irises, waveguide filters using Frequency
Selective Surfaces [3–7], resonant window [8] and fractal shaped irises [9] were also reported.

During the last few years, as the demands for portable systems have increased, low-profile systems
have drawn much interest from researchers. Therefore, several types of filter miniaturization techniques
have been introduced. These include the use of evanescent mode [10–12], circular posts [13], dielectric
filling [14, 15], ridge waveguide [16], fractal shaped irises [17] and ridge resonator [18].

In 1968 Veselago proposed the theoretical concept of negative permittivity and permeability, which
he called left handed medium (LHM) as in such case the electric field (E), magnetic field (H) and
wave vector (K) forms a left handed system [19]. Later, in 2000, Smith et al. [20] demonstrated this
theory using a periodic array of interspaced conducting nonmagnetic split ring resonators and continuous
wires, which put a great potential for the circuit miniaturization. It was found that the introduction of
Split Ring Resonators (SRRs) can provide band stop responses [21–22]. Therefore, based on Babinet’s
principle [23] and duality theorem, the complementary screen of SRR is expected to provide a dual
behavior, that is a bandpass response. Following this concept a few papers have been published on
compact waveguide filter using CSRRs [24–26].

In addition to the filter miniaturization, many efforts also have been made to design wideband
waveguide bandpass filters to accommodate more bandwidth. Different techniques like ridge
waveguide [27], cavity backed inverters [28], cross-coupled K-inverters [29] and fractals [9, 17] were
used.
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The above literatures shows that only Olumi et al. [17] have tried to achieve both compactness and
enhanced bandwidth. Since the fractals, used in this filter design, are made of metals, they are difficult
to fabricate, and also make the circuit heavy.

In this paper attempt has been made to design a compact, wideband waveguide bandpass filter
with 3 dB bandwidth from 9.07 GHz to 10.98 GHz and fractional bandwidth of 19.13% at 9.98 GHz using
CLSRR. Three identical CLSRRs were fabricated on Roger RO4350 substrate with relative permittivity
3.66, dielectric loss tangent 0.004, substrate height 0.762 mm, copper thickness 0.035 mm and PCB cross
sectional dimension same as WR-90 waveguide (22.86 mm×10.16 mm) and were placed on the transverse
plane of a standard WR-90 waveguide at quarter wavelength distance. Since printed circuit board (PCB)
based CLSRRs have been used instead of metal fractals, the filter has lower weight and is also easy
to fabricate. The proposed filter was initially simulated using Ansoft HFSS (version 14) and then
fabricated and measured. The detailed design procedure has been presented along with the necessary
formulae and equivalent circuit of the filter. A table has been provided to compare the performance of
the proposed filter with those already available in the literatures. The table shows that the proposed
filter is compact and has higher bandwidth, lower insertion loss and higher return loss.

2. FILTER DESIGN

The objective of the design is to realize a wideband, three-section Chebyshev bandpass filter with lower
cut-off frequency (f1) 9.07 GHz, higher cut-off frequency (f2) 10.98 GHz, center frequency (f0) 9.98 GHz
and pass band ripple 0.15 dB. To achieve the goal, we have started with a low pass filter prototype with
unity source and load impedance and unit cut-off frequency and then applied impedance and frequency
scaling [29]. For a three-section, 0.15 dB equiripple Chebyshev lowpass filter with unity source and load
impedance and unity cut-off frequency, the element values can be found as g0 = 1.0000, g1 = 1.1397,
g2 = 1.1546, g3 = 1.1397 and g4 = 1.0000. If the first element of the low-pass filter is considered
to be inductor, then after impedance and frequency scaling, the prototype lumped element equivalent
bandpass filter will be as shown in Fig. 1, where [30]
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The lumped element equivalent circuit, shown in Fig. 1, requires two different types of resonator

circuit with different L and C values, which makes the filter design complicated. Therefore, to simplify
the design, we have modified the series resonators into equivalent parallel resonators having L and C
values same as the parallel resonator of Fig. 1 with the help of inverters on both sides of them, as
shown in Fig. 2 [31]. If LS and CS be the inductance and capacitance of the series resonator and LP

and CP be the inductance and capacitance of the equivalent parallel resonator then they should satisfy
the following relation:

LSCS = LP CP = 1
/
ω2

0 (9)
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Figure 1. Lumped element equivalent circuit of the bandpass filter.

Figure 2. Lumped element equivalent circuit of the bandpass filter consisting of identical parallel tuned
circuits.

where ω0 is the angular resonance frequency of the resonators. The value of the impedance inverter can
be calculated as:

K = ω0

√
LSLP = 496.66Ω (10)

Once the equivalent lumped element circuit of the proposed wideband bandpass filter has been
found, the next step is to establish the inverters and resonators. The inverters can be implemented
using a λg/4 waveguide with dominant TE10 mode characteristic impedance of 496.66 Ω at 9.98 GHz.
This corresponds to a waveguide with width 23.06 mm. A standard WR-90 waveguide has a dimension
of 22.86 mm, which is 0.2 mm less than that calculated. Since the difference is small (only 0.87%), we
have tolerated this difference and used a standard WR-90 waveguide to implement the inverter.

To establish the parallel resonator, CLSRR structure embedded in a WR-90 waveguide, has been
used. The schematic circuit is shown in Fig. 3. Rectangular waveguide, loaded with CSRR, was earlier
reported by few researchers [24, 26, 32–35]. For an incident TE10 mode, the resonance frequency can be
calculated using [24].

f0 =
1

2π
√

L0C0
(11)

Schematic diagram of the CLSRR structure, used in this paper, is shown in Fig. 4 whereas its
lumped equivalent circuit model is shown in Fig. 5. In the circuit model, CC represents the capacitances
formed by the semi-circular metallic patches at the middle and the ground plane at a distance (R1 − R0),
the inductor LP represents the inductances of the metallic patches connecting the semi-circular metallic

Figure 3. CLSRR inserted in a WR-90 waveguide.
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Figure 4. Typical complementary loaded split ring resonator.

Figure 5. Equivalent lumped element circuit model of the CLSRR.

 

Figure 6. Equivalent lumped element circuit model of the CLSRR in waveguide (Approximate).

patches to the ground plane, and CM represents the mutual capacitance between the two semi-circular
metallic patches, separated by a distance G1. In practice CM has a much higher value than CC and at
the frequencies of interest it provides a very low impedance path. Therefore, to estimate the different
dimensions of the CLSRR structure, shown in Fig. 4, we will temporarily neglect this capacitance and
will assume the equivalent circuit of Fig. 6.

To estimate different dimensions of the CLSRR, first the ABCD parameters of the lumped element
resonator circuit, shown in Fig. 6, have been calculated, assuming βl = 90◦. The equation to calculate
the ABCD parameter of the circuit is given by[

A B
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Once the ABCD parameters have been found, corresponding [S] parameters can be calculated using
the formulae provided in [30]. Next the circuit, shown in Fig. 3, has been modeled in HFSS and its
dimensions were optimized to achieve the same [S] parameter, obtained theoretically for the lumped
element resonator circuit. Doing so, the estimated dimensions of the CLSRR have been found as
R0 = 4.4 mm, R1 = 4.9 mm, G1 = 0.425 mm and G2 = 1.4 mm respectively. The comparison of the
|S11| of the circuits, shown in Figs. 3 and 6, is given in Fig. 7.

It may be noted that the CLSRR dimensions, obtained above, are estimated values as we have
neglected the presence of CM in Fig. 6. In the final circuit, these dimensions need slight optimization to
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Figure 7. Comparison of the S-parameters of the CLSRR inserted in a WR-90 waveguide with its
equivalent lumped element circuit model.

Table 1. Filter parameters before and after optimization.

Parameter Before Optimization After Optimization
R1 4.9 mm 4.9 mm
R0 4.4 mm 4.4 mm
G1 0.425 mm 0.4 mm
G2 1.4 mm 1.4 mm

Inverter Length 8.91 mm 9.78 mm

 

Figure 8. HFSS 3D model of the proposed wideband waveguide bandpass filter.

take into account the effect of CM and hence to achieve a better response. Table 1 shows the comparison
of different filter parameters before and after optimization. The proposed wideband bandpass filter is
shown in Fig. 8. The final equivalent circuit is shown in Fig. 9.

3. RESULT AND DISCUSSION

Circuit simulator has been used to simulate the circuit model, shown in Fig. 9, whereas Ansoft HFSS
has been used to simulate the 3D model of the filter, shown in Fig. 8. The HFSS, circuit model and
measured data for |S11| and |S21| have been plotted and compared in Fig. 10, which shows a good
agreement between them. The fabricated filter is shown in Fig. 11.

It may be noted that the quarter wavelength sections, shown in Fig. 8, are not completely air
dielectric. A part of it is filled with the substrate RO4350 which has a relative permittivity 3.66 and
thickness 0.762 mm. This substrate behaves as a dielectric filling of 0.762 mm within WR-90 waveguide.
Since the guided wavelength of TE10 mode at 9.98 GHz with air as dielectric (λg,air) is larger than
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 Figure 9. Final lumped element equivalent circuit of the proposed wideband waveguide bandpass filter
with its elemental values CC = 0.10693 pf, Lp = 2.35 nH and CM = 210.395 pF.

Figure 10. The comparison of the S-parameters of the proposed filter, obtained using HFSS, Circuit
model and measurement.

(a) (b)

Figure 11. Photograph of the proposed fabricated filter. (a) Side view. (b) Front view.

that with the RO4350 as dielectric (λg,RO4350), the distance between two successive CLSRRs should
be less than λg,air/4. It can be found that for TE10 mode at 9.98 GHz, λg,RO4350 = 16.72 mm and
λg,air = 39.89 mm. Therefore the RO4350 will contribute 16.41◦ to the 90o (λg/4) section. Rest 73.59◦
will be provided by the air dielectric part, which corresponds to a length 8.15 mm. Therefore the
distance between two successive CLSRRs should be around 8.91 mm. In practice, fine optimization was
required in the HFSS model and the distance between the CLSRRs has kept at 9.78 mm, as described
in Table 1.
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The comparison of the measured and simulated results is tabulated in Table 2. The slight mismatch
between the measured and HFSS results is due to the finite capacitive gap between the filter and flanges,
probable misalignment of CLSRRs within the waveguide, compromise made in the inverter dimension
and fabrication tolerances.

The transmission phase and group delay response of the filter have been plotted in Fig. 12 which
shows that the phase varies almost linearly with frequency, and the group delay is almost flat.

 

Figure 12. Measured transmission phase and group delay of the fabricated filter.

Table 2. Comparison of the measured result and simulated result.

Parameter Measured Simulated (HFSS) Simulated (Circuit Model)
Lower cut-off frequency 9.15 GHz 9.14 GHz 9.11 GHz
Higher cut-off frequency 11.04 GHz 11.02 GHz 11.04 GHz

Center frequency 10.05 GHz 10.03 GHz 10.02 GHz
Bandwidth 1.89 GHz 1.88 GHz 1.93 GHz

Fractional Bandwidth 18.80% 18.74% 19.26%

Comparison of the characteristics of the proposed filter with few other CSRR filters [9, 17, 24, 31]
is tabulated in Table 3.

Table 3. Comparison of characteristics of the proposed filter with few other CLSRR based waveguide
bandpass filter.

Reference
Center

Frequency
in GHz

Bandwidth in GHz
/% BW

Return Loss
in dB

Insertion
Loss
in dB

Length in
mm/electrical

[9] 9.25 1.5/16.21% 13 0.5 92.76/2.02λg

[17] 9.63 0.82 /8.51% 10 0.8 133.71/3.14λg

[24] 11.95 0.5/4.18% 10 0.5 15.02/0.51λg

[31] 11.95 0.5/4.18% 10 0.5 17.42/0.56λg

Proposed 10.03 1.88/18.74% 15.21 0.49 20.33/0.51λg
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4. CONCLUSION

This paper presents a compact, three-section CLSRR based wideband waveguide bandpass filter.
Detailed design procedure has been provided along with necessary formulae and lumped element
equivalent circuits. Based on the design, a filter has been fabricated and tested. Both simulated
and measured results have been presented and described.

Total length of the filter is 20.33 mm, which has a fractional bandwidth of 18.74% at 10.03 GHz,
compared to only 4.18% available in the literatures. A further compactness can be obtained by modelling
the inverters in terms of iris [24]. However, this will bring additional fabrication complexity. So this
technique has not been incorporated in the proposed filter.

The comparison of the characteristics of different CSRR based waveguide filters with the proposed
filter is presented in Table 3. The table shows that the proposed filter is compact and has higher
bandwidth, lower insertion loss and higher return loss. The proposed wideband waveguide bandpass
filter may find applications in aeronautical navigation (10.45–10.5 GHz), amateur satellite (10.45–
10.5 GHz), radiolocation (9.37–10.55 GHz) and radio navigation (9.37–9.55 GHz) systems.
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