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Abstract: This paper presents a new design of a fifth order bandpass waveguide filter with Chebyshev
response which operates in the X-band at 10 GHz center frequency. By using a complementary split
ring resonator (CSRR) upper and lower sections that are placed on the same transverse plane and are
not on the same parallel line, CSRR sections are shifted from each other. A simple model of lumped
elements RLC is introduced and calculated as well. The model of the proposed bandpass waveguide
filter is synthesized and designed by using computer simulation technology (CST). Hereafter, by
selecting proper physical parameters and optimizing the overall CSRR geometrical dimensions by
taking into consideration the coupling effect between resonators, a shortened length of the overall
filter, and a wider bandwidth over the conventional one are obtained. As a result, the proposed filter
is compared with the conventional bandpass waveguide filter that is coupled by inductive irises
with Chebyshev response, in addition to other studies that have used the metamaterial technique.
The proposed filter reduces the overall physical length by 31% and enhances the bandwidth up
to 37.5%.

Keywords: Chebyshev filter; cavity; metamaterial; waveguide; X-band; meta-resonator

1. Introduction

Waveguides are in general hollow metallic wave guiding structures used as filters, couplers,
combiners, and amplifiers in various microwave and millimeter wave applications due to their less
power consumption and high power handling capacity [1]. Recent advents in wireless communication
applications have enormously increased the demand on antennas and filters with improved frequency
selectivity as well as decreased overall physical size. For instance, such a demand results in various
forms of designs and implementations of waveguide filters with improved characteristics of sharpness,
bandwidth, and physical size [2—4].

Filters are components designed with the purpose of selecting or transmitting signals over
specified band and rejecting signals over the other bands. Although various forms of microwave
filters are available in the literature, they all have the same common point by which their performance
is evaluated using the distributed network concept, assuming that they usually consist of periodic
structures exhibiting passband and stopband characteristics in various frequency bands [1]. A variety of
waveguide filters with different characteristics of low insertion loss, high Q factor, and sharp frequency
selectivity have been proposed for various applications [5-8]. For example, inductive irise-coupled
resonators are implemented into waveguide structures to have a Chebyshev response with N-poles [9].
In addition, stepped-impedance resonators are employed in the design of an X-band waveguide filter
at 10 GHz to have superior filter characteristics [10]. Furthermore, a co-planar waveguide filter by
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using the bended stub and folded structure at 2.4 GHz [11], E-plane waveguide filter with periodically
loaded resonators [12-14], and T-shaped resonators with reduced size [15] are also implemented.
On the other hand, the introduction of the substrate-integrated waveguide technique [16] has lead to
the emergence of many microwave filters with quarter wavelength resonator based on impedance
and admittance inverters” method [17]. An aperture engraved in the middle common ground of
the vertically stacked cavities [18] and U-shape slots on substrate integrated waveguide (SIW) with
low temperature co-fired ceramic (LTCC) [19] at 40 GHz and 3D printed inserted into waveguide
filter at 10 GHz [20] are implemented. In a recent study, two quarter-wavelength stepped-impedance
resonators are realized to suppress the effect of a third harmonic in a wideband bandpass filter design
being presented [21].

After the implementation of engineered materials [22] coined as metamaterials (MMs) based
on the study of Veselago [23], a new era has been opened in the design and implementation of
microwave filters due to their unique, unnatural, and exotic electromagnetic properties. Split ring
resonators (SRRs) played a vital rule in the design of microwave applications like filters. Because
of resonance structures of (SRRs) and their resonance behavior, they can be used for miniaturizing
overall microwave devices. Waveguides embedded with metamaterial in various forms with diverse
electromagnetic properties are designed to reduce the size of the filter [24]; to have a narrow-band
filter in a rectangular waveguide using complementary split ring resonator (CSRR) has been proved,
but the authors didn’t mention the type of response or the final size of the proposed filter [25]. Using
different models of CSRRs inside rectangular waveguide to design bandpass filter for single and dual
mode has been demonstrated [26], and a compact dual-band waveguide bandstop filter using double
SRR structure is designed [27].

In addition to these studies, gradually, metamaterials have spread out in many syntheses and
designs to improve performance whether cutoff frequency or bandwidth of filter by using coupled split
ring resonators (SRRs) and a negative image of split ring resonator CSRRs [28-33] are proposed and
designed. However, previous studies have discussed and focused on dimensions of meta-resonators
without mentioning or discussing shifts between upper and lower rings. Due to the shift property
between CSRR rings, reaching the center frequency in a faster way is expected.

In [34], the authors have designed and simulated a three poles Chebyshev bandpass waveguide
filter by using single CSRR in the X-band at center frequency 11.95 GHz. Although the methodology
used in this article is straightforward due to the usage of a single resonator, it gives a narrow bandwidth
500 MHz and is not able to control the bandwidth or the selectivity of filter well; particularly, they
have implemented two filters with a different number of poles and given the same narrow bandwidth;
furthermore, they didn’t mention the overall physical size of the proposed filter. Whilst the authors
in [33] have proposed a unit cell of CSRR and tuned it at 12.1 GHz center frequency without mentioning
the type of filter or the number of filter’s poles, they have just implemented their resonator based
on optimization of its physical dimensions to get a desired center frequency with 2 GHz passband.
In addition, their method has just depended on the changing physical dimensions of CSRR itself.

Here, in our work, in order to improve the miniaturization of Chebyshev bandpass waveguide
filter based metamaterials over a conventional filter at 10 GHz center frequency with five resonators,
and to improve its selectivity and insertion loss alongside bandwidth as well. Simple double symmetric
unit cells with electric coupling between CSRRs which are engraved from the center to facilitate and
tune the resonating frequency at 10 GHz are used. The CSRRs have been designed with shifting
between the upper and lower sections. The shifting between two CSRRs—right or left from each
other—means the changing of electric coupling between them, and, due to this change in coupling, the
center frequency will be affected directly with respect to this shifting. In this work, with the change
in CSRR’s physical dimensions besides the shift between two loops, the optimal waveguide filter is
obtained in a systematic manner as it will be shown in Section 3.1. Cutoff frequency, Q factor, and
S-parameters are studied and calculated by using computer simulation technology (CST), and a circuit
simulator is used to implement and simulate a lumped element bandpass filter as well.
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Unlike the conventional filters, the proposed filter is designed based on the metamaterial
resonators’ technology that are coupled directly without H-plane waveguide junctions between
resonators that give the design important factors, especially for telecommunication applications such
as compact size, simple structure, and wide bandwidth. Thus, according to these features, the proposed
filter could be employed inline with low noise amplifier (LNA) for X-band receiver circuits which
works at 10 GHz center frequency (9.15 GHz-10.44 GHz) to suppress the unwanted signal band,
and waveguide size is critical in such circuits as well [35]. In addition, the proposed filter could be
employed inline with X-band power amplifier at 10 GHz center frequency to achieve the maximum
power and extend the desired bandwidth [36]. An X-band RADAR transceiver module that works at
the same frequency band (9.15 GHz-10.44 GHz) could be inserted with high selectivity and a high
quality factor [28].

2. Fundamentals of Waveguide Resonators

The working principles of microwave filters operating at high frequencies are very similar to those
of lumped elements series or parallel RLC resonators in circuit theory [1]. Microwave resonators are
constructed by enclosing (short circuiting) both ends of waveguide structures as shown in Figure 1a by
metallic walls. For instance, Figure 1b shows the geometry of a rectangular waveguide resonator (a > b)
with length d shorted at both ends z = 0 and z = d. Here, it is assumed that waveguide is extending
in the z-axis. Electromagnetic energy (in the electric and magnetic fields) is stored within the box
enclosure as shown in Figure 2, and it reaches its maximum at good coupling, and it dissipates power
in the metallic walls and/or within the filling dielectric material € = €yp€,, where €, is a medium’s
relative permittivity.
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Figure 1. (a) rectangular waveguide a > b; (b) rectangular cavity, shorted and perfect electric conductor
(PEC) for all sides d > a > b.

Figure 2. Electromagnetic energy stored in the rectangular waveguide resonator for X-band WR-90
with dimension a = 22.86 mm and b = 10.16 mm at center frequency 10 GHz with length d.

By applying the Poynting vector P = E x H in a cavity in which applying conditions of modes,
power will be purely imaginary, and time averaged power density (real part) will be zero. This means
that there is no real power in/out the cavity will be transferred. However, the imaginary part means that
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there is a stored energy in electromagnetic fields inside the cavity [1]. Meanwhile, the quality factor (Q)
is an important parameter and should be taken into consideration once design of the microwave filter is
needed. The quality factor measures the strong coupling either in electric (aperture) or magnetic origin
(loop) between resonators; in other words, it measures the losses in the resonator. Q is alternatively
defined as the ratio of a resonator’s center frequency to its 3-dB bandwidth (means bandwidth of the
range of frequencies for which the energy is at least half its peak value) and given by the formula

Q= BVJ\;O [1]. However, the external coupling factor (k factor) between resonators is defined by
3dB

f-fi _ _wi-wi
ki=F5—5=F—75 ,
fi+fi wy +wy

)

where f1 and f, are the lower and higher frequencies of the filter, and i, j the adjacent cavities.
Under the condition that a cavity is lossless, transverse electric field intensity can be derived
as [1]:
Ei(x,y,2) = e(x,y) (ATe TP 4 Aclbmz) @)

where &(x, y) is the transverse variation of mode, A" and A~ are, respectively, the arbitrary amplitudes
of the forward and backward traveling waves, and B, is the phase constant of wave. Application of
boundary conditions on the side walls (x = 0,4) and (y = 0, ) of the cavity results in

_Jie— (MY (12

pon = = () (5 ®
where k = , /ji€ is the wave number of the material filling the waveguide, # and € are the permeability
and permittivity of the filled material, and m and n denote the number of half-sine (or cosine) variations

in x and y directions. Application of boundary conditions at the front and rear faces of the enclosed
waveguide cavity at (z = 0,d) yields the well-known following resonant frequency f,

1 mr\ 2 niy2 I\ 2
fr(mnl) = Zn,/ye\/(a) + (7) + (d> ’ @
where | denotes the number of half-sine (or cosine) variations on the z-axis. Figure 3a shows the Sy;

parameter of the resonator at 10 GHz resonant frequency when the port 2 in Figure 2 is weak, and
Figure 3b shows the real reference impedance to the same resonator Z,.y = 499 () at 10 GHz.
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Figure 3. (a) 521 parameter of waveguide resonator, and (b) reference Impedance real part of waveguide resonator.

3. Design and Simulation

In the late 1960s, Veselago has paved the way for using artificial materials (unnatural material) [23]
with negative ¢ and €. Considerably later, the evidence of medium with simultaneous negative p and e
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was demonstrated experimentally [22]. As demonstrated in [25], one can use CSRR to design a compact
waveguide filter by an engraving metallic sheet. Here, in this paper, a double ring meta-resonator
engraved from the center of CSRR as shown in Figure 4a to reduce the physical size of the waveguide
filter that is coupled by inductive or capacitive irises has been used. The engraved rings on the copper
plane are not mutually aligned to each other, thus the upper ring and the lower ring are not on the
same vertical line (shifted). Nevertheless, the shifting of rings plays another role besides selecting
proper CSRR physical dimensions to move the resonant frequency as desired. Based on the coupling
phenomena, shifting changes the coupling between two rings, so that selecting a good shift with a
proper physical dimension of CSRR gives a quick response at desired resonant frequency as shown in
the response in Figure 4b.
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Frequency [GHZz]
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Figure 4. (a) rectangular meta-resonator design; (b) S-parameter response of waveguide meta-resonator
S11 and Sp; which is compared by using (CST) and a circuit simulator.

As shown in Figure 4, computer simulation technology (CST) is used to simulate rectangular
waveguide resonator which initial length is d = A/2 at 10 GHz for X-band applications with lower
cutoff frequency f; = 9.15 GHz, higher cutoff frequency f;, = 10.44 GHz, and 0.043 dB passband ripple.
In addition, using substrate material (RT/Duroid) with a thickness of 0.5 mm, permittivity constant
€, = 2.2, and appropriate mesh density selection 10 steps per wavelength with 20 min number of steps
are selected. Annealed copper (lossy material) with conductivity o = 5.8 x 107 [S/m], thickness 30 um
is chosen for metallic layer, and impedance at resonant frequency Zy = 499 () as shown in Figure 3b.
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The microwave resonant circuits in high frequency behave as RLC elements in low frequency
circuits (including ohmic losses) that can be excited by external magnetic source. In other words, to
obtain lumped elements model from distributed model, values of components that are calculated
using Equations (5)—(7) as proposed in [26] will be used. The equivalent lumped elements model for
the proposed meta-resonator (microstrip) is shown in Figure 5:

|S21 (jewo) |
R; = Z, - , 5
F= 2050 = S o)) ©
So1(jw
Li = BsapZo |212(+0)|, (6)
Wo
C 2 )

" BsupZo|Sa (jwo)|”

where wy is angular frequency (rad/s), Bssp bandwidth at specific frequency, Zy port impedance,
and Sp; is S-parameter at considered resonant frequency. Based on what is proposed in [26] and the
definition of circuit R, L, and C parameters, shown in Figure 5, and, because of symmetry between two
CSRREs, the values are obtained at 10 GHz resonant frequency by using Equations (5)—(7): Zp = 499 (),
Bssp = 0.07 GHz, Ry = 5989.65 Q) , C; » = 0.0508 pF, L1, = 4.9807 nH.

C1=LL1 ;;>R1 . a

=
L,
Cz T § -R2 ~—w v
@ &

Figure 5. Rectangular meta-resonator and its simple lumped model RLC circuit.

3.1. Bandpass Waveguide Filter Using Symmetric CSRR

Up to now, a single waveguide meta-resonator by using CSRR and according to simulation results
of meta-resonator as shown in Figure 4b has been analyzed, it can be noticed that the variation of
parameters sh, w, and t introduce a shift of the resonant frequency and effect on bandwidth according
to the main values of the same Figure 4a (fy = 10 GHz and Bs;g = 0.07 GHz), as listed in Table 1
and already has been shown in Figures 6-11. Changing the width (s) of the engraved center of two
loops leads to changing resonant frequency according to the variation coupling capacitance as shown
in Figure 7 and, once engraving width increases, the resonant frequency increases as well. Figure 8
shows the variations of vertical separation (x) between the two loops and its effect on the change
electrical coupling between loops, as a result of increasing the separation, the resonant frequency
will be decreased and will then move to the left. Figure 9 shows an increase in the height (h) of the
loop, decreasing the resonant frequency and moving to the left. In Figure 10, alternation in the line
width of loops has a direct effect on the resonant frequency, decreases (t) parameter, and increases
resonant frequency according to a variation of currents that moves along a path of the loops. As well
as changing the width of the loops (upper and lower), the bandwidth and the resonant frequency
change accordingly, and an increase in the (w) parameter decreases the resonant frequency as shown in
Figure 11. For the waveguide filter design, WR- 90 standard, a > b, a = 22.86 mm, b = 10.16 mm, and
Chebyshev response are used here. The Chebyshev response that exhibits the equal-ripple passband
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and maximally flat stopband. The alternation of the Chebyshev response as well as changing the
bandwidth and sharpness of a filter could be affected based on the number of its resonators. Meaning
that an increase in filter order N will give more sharpness and enhance bandwidth, but, meanwhile,
filter design will be more complicated. Figure 12 shows the sharpness of a filter with a Chebyshev
response. The sharpness of a filter with a Chebyshev response gets better with an increase in filter
order, as expected. The amplitude-squared transfer function that describes this type of response is

given by [37]
1

[52GO) = 7 1T

®)

where T;,(Q)) is a Chebyshev function of the first kind of order n and the ripple constant € is related to
a given passband ripple L 4, in dB by
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Figure 6. Alteration of horizontal shift between two CSRR rings (upper and lower loops) sh-parameter
for sh = 0.14, 0.22, 0.32, 0.4, and 0.5 mm; resonant frequency is shifted to the left once the sh parameter
is increased.
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Figure 7. Engraving the center width of both CSRR rings, the s parameter for both loops and its
changing s = 0.4, 0.505, 0.65, and 0.775 mm; the resonant frequency is shifted to the right as a result of
changing capacitance.
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Figure 8. Alteration of both CSRR rings (upper and lower loops) vertical separation, x parameter for x

=0.25,0.5,0.75, and 1 mm, and resonant frequency is shifted to the left according to the coupling effect.
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Figure 9. Alteration of CSRR height, h parameter for h = 0.3, 0.466, 0.633, and 0.8 mm, and the resonant
frequency is shifted to the left.
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Figure 10. Changing the line width t parameter of both CSRR rings, for t = 0.4, 0.6, 0.8, and 1 mm,
the resonant frequency is shifted to the left and the changing is high in frequency according to

this parameter.
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Figure 11. Alteration of CSRR rings width w parameter and its efffect on resonant frequency w =2,2.333,
2.666, and 3 mm; resonant frequency is shifted to the left as well as the bandwidth being decreased.
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Figure 12. The alternation of the Chebyshev response as well as changing the bandwidth and the
sharpness of a filter could be affected based on the number of its resonators, meaning that an increase
of filter order N will give more sharpness and enhance bandwidth for N =5,7 and 9.

Table 1. The influence of changing parameters of the meta-resonator and its effect on cutoff frequency

and bandwidth of a bandpass filter, <— response shifts to the left, — response shifts to the right, and ~
response doesn’t change.

Parameters Resonant Frequency Bandwidth

w T — decreases
s T — increases
h1 — decreases
t1 ~ increases
x T — decreases
sh 1 — ~

With increasing value of modes (propagation patterns) in the waveguide, attenuation increases as
well (evanescent); particularly, the waveguide acts as a high pass filter and supports all possible modes
higher than cutoff frequency, but the attenuation losses are minimum in the lower order mode. Thus,
assuming that the dominant pattern of propagation is TEg; for the cavity, this means that transverse
electric or there are no components of electric field in the direction of propagation E, = 0, and magnetic
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components exist in the the same direction of propagation H, # 0. The proposed waveguide filter
has the symmetry modeling of resonators, so this feature reduces the number of variables of design
(physical dimensions). The structure of waveguide filter, initially used quarter wavelength % distance
between adjacent resonators. The gap between the inserted metamaterial and the metallic walls of
waveguide is less than 30 um. The procedure used here to design the waveguide bandpass filter
is proposed in [38], which depends on the coupling between cascaded meta-resonators. The first
waveguide resonator is run and optimized at 10 GHz as shown in Figure 4, the initial length of the
waveguide resonator without inserting metamaterial is 40 mm and with inserting metamaterial is
17 mm. After that, another resonator has been inserted within the waveguide, or cascaded with the
previous one and so on, as shown in Figure 13. Once the overall waveguide filter is totally designed,
the initial response is optimized by using an Interpolated Quasi Newton method to reach the desired
filter specifications. The flowchart of the filter design procedure is shown in Figure 14. It is noticed
that, at 10 GHz, the return loss S1; is the lesser of —12 dB with insertion loss S,; being close to 0.04 dB,
cutoff at —70 dB, and Q factor is 7563 as shown in Figures 15 and 16.
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Figure 13. Cont.



Electronics 2020, 9, 101

d

110f 16

S - Parameter [Mag in dB]

)

95 10 105 11
Frequency [GHz]

Figure 13. Design steps of bandpass waveguide filter based on rectangular meta-resonator and its
S-parameters for (a) first resonator and its S-parameter; (b) second resonator is added to the first one
and its S-parameter; (c) the third resonator is added to both resonators and its S-parameter; (d) the
fourth resonator is added in, cascaded to three resonators and its S-parameter.
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Figure 14. Flowchart of the waveguide filter design methodology.



Electronics 2020, 9, 101 12 of 16

added

Figure 15. Final design of the proposed waveguide meta-resonator filter N = 5 for X-band at resonant

frequency 10 GHz.
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Figure 16. Optimized final response of the proposed waveguide meta-resonator filter and its S-parameters
S11 at —20 dB and Sy 0.045 dB at center frequency 10 GHz, N = 5.

4. Discussion

Based on the initial design specifications of the bandpass filter H-plane, resonant frequency fy,
number of resonators (cavities) N, relative bandwidth BW, low pass prototype with element values
gi, and insertion loss of filter being assumed, then the conventional resonators are designed to get
the desired BPF. To obtain the bandpass filter from a low pass prototype filter with ¢ parameters
g0 =1,81 = 09714, go = 1.3721, g3 = 1.8014,g4 = 1.3721, g5 = 0.9714, and g¢ = 1, the frequency
transformation method is used here [37] as shown in Figure 17. If the conventional bandpass waveguide
filter for X-band application as shown in Figure 18a, with its design method (insertion loss method) as
has been proposed in [9,38] that consists of five resonators with inductive apertures (discontinuities),
and the proposed metamaterial bandpass waveguide filter (cascaded meta-resonators) as shown in
Figure 15 are compared with each other, the use of metamaterial technology shortening the overall
physical length of the waveguide filter by 31% and enhancing the bandwidth up to 1.22 GHz with
increasing 37.5% at 10 GHz will be noticed. In Table 2, a quick comparison between two waveguide
filters has been summarized. In Figure 19, both responses S,; of the conventional and the proposed
bandpass filters could be seen.
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Table 2. Comparison between conventional waveguide bandpass filter and the metamaterial waveguide

filter for the X-band at 10 GHz.
Filter Type fo(GHz) L (mm) s11(dB) Z,(Q) BW (GHz)
Proposed filter 10 51 —20 499 1.22
Conventional filter 10 97.1 —-19 497 0.550
L1 T ; L3 L5

2]
—_w
—— o0
e

L I iy I g

% R1 L2 p— 4} L4 _——rc4 i R2

Figure 17. Circuit model of a symmetrical bandpass filter for the Chebyshev response after transformation
from low pass prototype filter, Ry = Ry = 498 (), C; = C5 = 0.002644 pF , C; = C4 = 0.6932 pF,
C3 =0.001113 pF, L1 = Ls = 122.7nH, L, = Ly = 0.3653 nH, and L3 = 227.54 nH [37].

I 2 3 4 5

st o - --@——0 O
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120 - = =s21|1

! ! ! ! T

8.5 9 9.5 10 10.5 11 115
Frequency [GHz]

(b)
Figure 18. (a) conventional Bandpass waveguide filter with inductive irises fifth order N = 5 for WR- 90
standard, a > b, a = 22.86 mm, b = 10.16 mm, and (b) illustration of S-parameters S11 and S21.
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Figure 19. S-parameter comparison between conventional rectangular waveguide filter with direct
waveguide junctions and meta-resonator waveguide filter without waveguide junctions for X-band,
N = 5. The proposed filter has enhanced the bandwidth to 37.5% as seen in the figure.

5. Conclusions

In this paper, a simple methodology to control bandwidth and cutoff frequency of waveguide filter
is proposed and simulated. Inserting CSRRs in the same plane of transverse in the waveguide filter for
X-band applications such as the RADAR communication system and LNA is presented. A CSRR-loaded
bandpass waveguide filter with a Chebyshev response using a symmetry structure with a shifted
upper or lower ring of CSRR is designed and discussed here. Adding a meta-resonator to another at
the same time in the structure, with an initial distance % between them, is simulated. A fifth order
CSRR-loaded bandpass waveguide filter is designed and simulated by computer simulation technology
(CST) along with a circuit simulator as well. The filter’s dimensions are optimized and tuned toward
the desired center frequency at 10 GHz, as well as the shifting of upper and/or lower rings from each
other. The bandwidth of the proposed bandpass filter increases up to 1.22 GHz, meaning that the
bandwidth of the filter is increased by 37.5%, and the filter’s size reduced by 31% as well if it was to
be compared with the conventional X-band bandpass filter, which is designed by using the insertion
loss method at the same center frequency. For future work, the proposed waveguide filter will be
employed to design a waveguide diplexer and multiplexer based on the metamaterial technology.
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