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Abstract

Here, we discuss the virtues of glide symmetry for designing low-frequency band-pass peri-

odic filters in substrate integrated waveguide (SIW) technology based on complementary split-ring

resonators (CSRRs). Conventional (non-glide) versions of these filters have a narrow passband,

due to the fact that this band is below the cutoff frequency of the background waveguide. When

glide symmetry is added to the filter configuration, the low-frequency passband is significantly

widened, as well as the first stopband. The dispersion properties of both conventional and glide-

symmetric periodically loaded waveguides are analyzed and compared with commercial software

and an equivalent circuit model. Finally, two prototypes of the proposed glide-symmetric structure

have been designed and built, illustrating the potential of this technique to widen the passband and

reduce insertion losses of conventional sub-wavelength CSRR-loaded SIW filters.

I. INTRODUCTION

Periodic waveguiding structures have attracted a lot of interest among microwave engineers

due to their slow-wave and passband/stopband characteristics [1]. These characteristics have

been used for size reduction [2], [3] and rejection band improvement [4], [5]. Periodic
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structures can possess additional higher symmetries [6], which provides useful supplementary

features. These special periodic structures, in their 1-D configuration, were first studied in

the 1960’s and 1970’s through the generalized Floquet theorem [7].

One relevant type of higher symmetry is glide symmetry, which is created with a combi-

nation of a translation and mirroring over a plane [8]. This symmetry has recently been used

to reduce the dispersion of conventional periodic structures [9], and has advantageously been

used to produce broadband lens antennas [10]. Glide symmetries are also able to increase

the equivalent refractive index of periodic structures [11], [12] as well as the bandwidth

and attenuation constant of electromagnetic band gaps [13]. Other researchers have also

attempted to broaden stopbands by means of metamaterials [14], [15]. Stopbands have been

employed to produce cost-effective fully metallic gap waveguides [16], [17], flanges [18] and

filters [19]. Additionally, glide symmetry allows for an increase of the anisotropy contrast of

periodic structures [20] and their magnetic responses [21]. These properties can be used to

compress lenses [20], for example with transformation optics, or to reduce the reflections at

their contour [21].

It is worth noting that, to produce an operational difference with respect to conventional

periodic structures, the constituent shifted sub-cells of a glide-symmetric unit cell have to be

strongly coupled, which implies short electric distances between sub-cells [22]. Therefore,

when using any approximate approach to study glide-symmetric structures, such as the

equivalent circuit proposed in this work, the mutual coupling between sub-unit cells has

to be well accounted for [23].

In this paper, we prove that glide symmetry is able to increase the bandwidth of operation

of a substrate integrated waveguide (SIW) operating below cutoff frequency. In particular,

we study and compare the transmission/reflection response and dispersion characteristics of

a SIW loaded with complementary square split-ring resonators (CSRRs) [24]–[26] with and

without glide symmetry [see Fig. 1]. First, a physically-based equivalent circuit model of

the structures is discussed, which is able to explain in simple terms its operation and the

differences between conventional and glide operations. Second, the full-wave simulator is

used to accurately study the dispersion properties of the structures and to extract useful

information for the practical implementation of the filters. Finally, in order to validate the

potentialities of our proposal, a low-frequency pass-band filter is designed and built based

on the proposed glide-symmetric CSRR-etched structure. The experiments show a clear

improvement in bandwidth and insertion losses with respect to similar sub-wavelength filter
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Fig. 1. (a) Top view of a SIW periodically etched with two rows of CSRRs. Unit cell of a periodic SIW with a pair of

face-to-face (2-sided) CSRRs etched on (b) the top waveguide metallic surface [conventional structure], and (c) on both

waveguide metallic surfaces with glide symmetry.

topologies reported in the technical literature that employ resonators to produce evanescent-

wave transmission.

It is worth mentioning that the advantages of using glide symmetry are not exclusive for

the specific case studied in this paper. In fact, glide symmetry can be used complementary

to the majority of the techniques existing in the literature.

II. EQUIVALENT CIRCUIT MODEL

A. Derivation of the topology and circuit parameters

Our aim in this section is to find a simple physically-based equivalent circuit that models

a SIW section below cutoff when loaded with CSRRs. In order to keep the circuit model as

simple as possible, we assume a rectangular waveguide of width a [27] filled with a dielectric

material and only one row of periodic CSRRs, as illustrated in Fig. 2(a). The corresponding

unit cells (period p) without and with glide symmetry are shown in Figs. 2(c) and (d),

respectively. These simplified unit-cell versions of the structures in Fig. 1 will conveniently

account for the main characteristics of the physical performance of the filters. The presence

of two rows of CSRRs will certainly enhance the passband bandwidth [25], [26], [28] but will

also complicate the circuit model, hindering the effects of higher symmetries in the structure.

The physical insight provided by this circuit model will allow us to better understand the

evanescent-wave transmission behaviour of the structure, and then to exploit this knowledge

for practical applications in the following sections.
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Fig. 2. (a) Top view of a rectangular waveguide filled with dielectric and periodically etched with one row of CSRRs.

(b) Equivalent circuit model of a section of rectangular waveguide of length ∆l working below the cutoff frequency of

the TE10 mode. (c) Conventional (no-glide) unit cell of the etched waveguide. (d) Glide-symmetric unit cell of the etched

waveguide.

The specific dimensions employed in this section for the rectangular waveguide are a =

10 mm, b = 0.86 mm, and εr = 2.55 (corresponding to the substrate Taconic TLX8), which

set the cutoff frequency of the waveguide at 10.92 GHz. Following the derivations in [29],

[30], a section of length ∆l of the unloaded metallic waveguide working below cutoff is

modelled as shown in Fig. 2(b) for TE10-mode operation. The circuit parameters are given

by [3], [29], [30]

Lw
s = µ0∆l (1)

Lw
p =

µ0a
2

π2∆l
(2)

Cw
p = ε0εr∆l . (3)

In order to obtain a relatively simple equivalent circuit of the unit cell in Fig. 2(c,d) in terms

of only lumped elements, the unit cell of length p is split into four electrically-short sub-

sections of length ∆l = p/4 coupled to a single square CSRR etched on the top wall of

the waveguide. Starting from the theoretical model given in (1)–(3), each sub-section of the
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etched waveguide in evanescent regime is then modelled as

Ls = ξsL
w
s , Lp = ξpL

w
p , Cp = ξpC

w
p (4)

with ξs and ξp being factors that will take into account the deviation of the etched-waveguide

subsection with respect to the theoretical rectangular-waveguide one.

The circuit modeling of the CSRR is a LRCR tank, as shown in the yellow highlighted

area of Fig. 4(a). For the case of a CSRR in a microstrip line, the corresponding values of

the capacitance and inductance (say, Lm and Cm), as well as the resonance frequency, of

the CSRR were derived in [24]. These results are directly employed here with a correcting

factor ν that should be slightly adjusted in each case; namely,

LR = Lm/ν , CR = νCm . (5)

The study of the coupling of the CSRR to the waveguide gives as result that this coupling

is of magnetic nature, and thus it is accounted for the four inductive couplings illustrated

in the equivalent circuit of Fig. 4(a) with a coupling factor kRW . Although, to the authors’

knowledge, there is no closed-form expression for this parameter, its value is not expected to

be very different from 1 (namely, total magnetic influence). The geometrical parameters of

the square CSRR, defined in Fig. 1(b), are set for all the cases in this work as l = 3.92 mm,

c = 0.32 mm, s = 0.54 mm, t = 0.26 mm, and g = 0.18 mm. According to [24], the initial

values of the inductance and capacitance of the CSRR are Lm = 1.68 nH and Cm = 0.4 pF,

which have to be modified in our case by a factor ν = 1.33 to give finally LR = Lm/ν =

1.26 nH and CR = νCm = 0.52 pF. These values will be employed in all the three different

cases analyzed next.

When more than one CSRR is etched on the waveguide walls, as in the structures shown

in Figs. 2(a) or (d), there will be electromagnetic coupling between the CSRRs. The nature

of this coupling can be studied by following the procedure reported in [23], [31]; namely,

checking how the coupling coefficient of a pair of resonators,

k =
f 2
2 − f 2

1

f 2
2 + f 2

1

(6)

(f1, f2 are the resonance frequencies of the coupled pair of resonators), varies with respect

to the permittivity/permeability of the substrate. This variation of the coupling coefficients

is plotted in Fig. 3, which clearly shows that the stronger coupling corresponds to the glide

scenario. It is also observed that the coupling has a combined electric/magnetic nature, with

the magnetic coupling being slightly more significant. In similarity with [23], this combined
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Fig. 3. Coupling factor (k) versus the relative permittivity (black lines) and permeability (blue lines) of the substrate.

coupling effect will approximately be accounted for by only the magnetic coupling kR, as

depicted with blue arrows in the equivalent circuits shown in Figs. 5(a) and 6(a).

B. Single CSRR etched on the SIW top wall

The first and simplest situation is a waveguide section of length p = 5 mm shown in Fig. 2(c),

with a single CSRR etched on the top metallic wall. According to the above discussions, the

proposed physically-based equivalent circuit for this structure is the one shown in Fig. 4(a),

with the following values of the different elements taken from (1)–(4): Ls = 1.71 nH,

Lp = 16.7 nH, and Cp = 0.046 pF with correcting factors ξs = 1.09 and ξp = 1.64.

The magnetic coupling factor is kRW = 1. The transmission response of this network is

computed using the commercial software ADS, taking a value of impedance for the ports

of Zp = 8400 Ω (this high impedance value should account for the evanescent nature of the

waveguide sections). The circuit response is compared in Fig. 4(b) with simulations of the

same structure obtained with CST Microwave Studio. An acceptable qualitative agreement

can be observed for the frequency range where a bandpass behavior appears below the cutoff

frequency of the SIW (the frequency range of interest in this work). This bandpass is well

predicted by the simple equivalent circuit proposed and arises from the coupling of the CSRR

resonator (LRCR tank) with the different sections of the evanescent waveguide. Certainly, a

further purely numerical tuning of the elements of the circuits can enhance the agreement

with CST data in the considered frequency band. However, since in this work one of our

goals is to gain as much physical insight as possible from the equivalent-circuit approach, we
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Fig. 4. (a) Equivalent circuit model of a rectangular waveguide section with one square CSRR etched on the top surface

of the waveguide. (b) Response of the etched waveguide section of length ∆l.

restrict ourselves to physically-based circuits with the minor possible a posteriori numerical

fitting.

C. Two in-line CSRRs etched on the SIW top wall

In order to include the coupling effects between consecutive CSRRs in the structure shown

in Fig. 5(b), we study the equivalent circuit model of a rectangular waveguide section of

double length ∆l = 10 mm with two in-line square CSRRs etched on the top waveguide wall

(that is, two periods of the previously considered structure). The coupling of the resonators

to the waveguide is again accounted for by the four inductive couplings shown in the

corresponding equivalent circuit in Fig. 5(a) with red arrows and coupling factor kRW while

the magnetic coupling between the two in-line resonators is modeled by the coupling factor

kR with a blue arrow. The values of the different elements for this case are (LR and CR are the

same as before): Ls = 3.42 nH, Lp = 8.35 nH, and Cp = 0.092 pF. The correcting parameters

in this case are ξs = 1.09 and ξp = 1.64. Convenient values for coupling coefficients are
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Fig. 5. (a) Equivalent circuit model of a rectangular waveguide section with two square CSRRs etched on the same

waveguide surface. (b) Response of the etched waveguide section of length ∆l.

found to be kRW = 1 and kR = 0.46. The transmission response of the present equivalent

circuit is plotted in Fig. 5(b), showing a reasonable agreement with CST full-wave data. Due

to the in-line magnetic coupling between CSRRs, the passband is now better defined and

wider than in the previously analyzed single CSRR case.

D. Two CSRRs, etched separately on the SIW top and bottom walls

Finally, the equivalent circuit model of the glide-symmetric case is shown in Fig. 6(a),

where the four-sections waveguide has a length of ∆l = 7.5 mm. This structure corresponds

to 1.5 periods of the initial structure but now with one CSRR in the top surface and another

CSRR in the bottom surface and translated half period, where the added length takes into

account the translation performed in the glide-symmetric case. The topology of the equivalent

circuit is exactly the same as the previous non-glide case, except for the fact that the magnetic

coupling between the two CSRRs is now negative; namely, kRW = 1, kR = −0.46. The values

of the different elements for this case are: LR and CR as before, Ls = 2.57 nH, Lp = 11.1 nH
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Fig. 6. (a) Equivalent circuit model of a rectangular waveguide section with two square CSRRs etched on the top and

bottom waveguide surfaces. (b) Response of the etched waveguide section of length ∆l.

and Cp = 0.07 pF, which come from taking ξs = 1.09, and ξp = 1.64. The transmission

response of the equivalent circuit is plotted in Fig. 6(b), showing now a good agreement

with CST data. The figure reveals the presence of two resonances that are significantly

more separated than in the previous non-glide symmetric case. This larger separation will be

responsible for a wider passband when several unit cells are stacked.

In accordance with the discussion reported in [23], it is key to note here that the effect

raised by the glide-symmetric disposition can be well accounted for by the same circuit used

for the non-glide configuration but now simply changing the sign of the magnetic coupling

between resonators. The key idea is that the resonators and waveguide sections are basically

the same in the standard and the glide configurations. It means that self-inductance of the

resonators is the same in both configurations. The only difference comes from the value of the

mutual inductance, and specifically from a change of sign in this parameter. This change of

sign is ultimately related to the location of the resonators since the mutual inductance between
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two identical resonators (initially aligned vertically) changes from positive to negative as the

horizontal distance between the resonators increases. It means that the mutual inductance

in the glide configuration is expected to be negative. The widening of passband caused by

changing the sign of the mutual inductance does not seem to have a direct and easy answer

in the frame of circuit theory. In the present case, this widening is explained by the effect

of the glide symmetry, as already reported and discussed in [8], [13].

This important information allows us to understand that the widening of the passband

cannot only be achieved by increasing the magnitude of the magnetic coupling between

resonators but also by changing the sign of this coupling. As shown with the present study

case, a very simple and effective way of attaining this relevant change of sign turns out to

be the use of glide symmetry in the filter geometry.

III. DISPERSION PROPERTIES

Once the equivalent-circuit approach has shed some physical insight into the underlying

effects of the glide symmetry in our periodic structure, in order to characterize the elec-

tromagnetic field propagation of the periodic structures that will be used in the prototypes

to be experimentally tested, the commercial software tool Ansys HFSS has been employed.

The eigenmode module of such analysis tool yields the phase delay, φ = βp, between its

periodicity planes, with β being the modal phase constant. The cutoff frequencies of the

modes of the periodic waveguide of unit cell p (see Fig. 1a) can be related to the frequency

values where φ = 0. An additional reason to use the full-wave simulator is that, in similarity

with [25], we will include two rows of CSRRs etched on the top/bottom metallic surface

of the SIW. The existence of a pair of CSRRs makes the corresponding equivalent circuit

more complex because of the inductive couplings required to account for the additional

couplings of the CSRRs with the waveguide as well as between the CSRRs themselves. In

that situation, we would loose one of the basic advantages of the physically-based equivalent-

circuit approach: the simplicity. As it is well known, we can always find an equivalent circuit

that numerically fits the full-wave response in a given frequency band at the expense of

loosing much of the expected physical insight provided by such equivalent circuit.

The structure under analysis in this section is shown in Fig. 1 and consists in a SIW of

width aSIW = 12.4 mm and height b = 0.63 mm in which CSRRs have been periodically

etched on the waveguide metallic walls. The selected substrate is Taconic RF-10 (εr = 10,

tan δ = 0.0025), which thus yields a cutoff frequency of the initial SIW at about 4 GHz.

The vias defining the lateral walls of the SIW have diameter ds = 0.8 mm and separation
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Fig. 7. Dispersion diagram of periodically CSRR-etched SIWs: Black line (1-sided) refers to a single array of etched

CSRRs on the top waveguide wall. Blue line (2-sided non-glide) stands for the case where a pair of face-to-face arrays of

CSRRs are etched on the top and bottom waveguide walls with no translation between them. Red line (2-sided glide) refers

to the glide-symmetric configuration.

sv = 1.2 mm, which guarantees negligible radiation losses. The geometrical parameters of the

CSRRs in the unit cell are the same as those used in Sec. II. The substrate and dimensions

have been chosen to achieve a low-frequency passband and a high level of compactness in

the developed filters. Figs. 1(b,c) represent the unit cells without and with glide symmetry,

respectively. In Fig. 1(b), the unit cell without glide symmetry has a pair of identical CSRRs

etched on the top waveguide wall and centered in a waveguide section of length p with the

bottom wall being a conventional metallic wall. Glide symmetry is created in Fig. 1(c) by

also etching on the bottom waveguide surface the same CSRRs as the ones in the top surface,

but translated p/2 along the waveguide axis (y-axis). The glide symmetry plane is normal to

the z-axis, located in the middle of the substrate.

With the aid of the eigenmode module of Ansys HFSS, the dispersion diagram of the unit

cells without and with glide symmetry shown in Figs. 1(b,c), along with the intermediate

case of a non-glide two-sided etched structure, has been computed for a period of length p =

7.55 mm. CSRRs etched on the bottom side also act as resonators. However, it should be

clarified that, only when etching CSRRs on both waveguide walls in the glide configuration,

an increase in bandwidth is found. This fact can be observed by comparing the blue and red

curves in Fig. 7, which correspond to CSRR etched on both the top and bottom waveguide

walls without and with glide symmetry. When the CSRRs are superimposed (i.e., non-glide
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symmetric configuration, with blue line), the only effect with respect to the case of CSRRs

etched only on the top wall (black line) is that the frequency of the passband decreases, but no

increase of bandwidth is observed. This decrease in the passband is associated with a lower

resonance frequency of the CSRRs, which can be explained if we see this structure as its

equivalent case of a waveguide with half the height and CSRRs etched on the top waveguide

wall. However, when glide symmetry is introduced, a clear increase of bandwidth is observed

(red line). Thus, the glide symmetry effectively entails an increase of the filtering orders and

strengthening of inter-resonator couplings. Plots in Fig. 7 also reveal that, in the non-glide

configurations (both 1-sided and 2-sided cases), the propagation constant for the first modes

(between 2 and 3 GHz) is highly dispersive. For the glide configuration (red lines), the first

two modes are connected and their propagation constant is less dispersive, i.e., the bandpass

is wider. Additionally, the second passband (second pair of modes) is pushed significantly

to higher frequencies, thus resulting in a wider rejection band. These two properties are

attractive for bandpass filters.

Fig. 8 shows the dispersion diagram of the first passband for the glide configuration

analyzed in Fig. 7 for three different values of the period p. A direct observation from

this figure shows that the lower the period, the wider the first passband of the structure,

fact that can be attributed to a higher level of coupling between the unit cells. However, a

very small value of p may lead to an extremely wide passband, which is not desirable for

some practical applications, such as communications systems in which the bandwidth is often

narrow. A convenient trade-off has to be considered for the specific application that is aimed

to.

IV. EXPERIMENTAL VALIDATION

In order to demonstrate the enhanced characteristics of introducing glide symmetry in

CSRR-based filters, a bandpass SIW filter has been designed with the same glide-symmetric

unit cell analyzed in Sec. III, with 3 periodic cells; i.e., 3 pairs of CSRRs etched on the top

surface of the SIW, and 3 pairs of CSRRs on the bottom surface, but translated p/2 in the

waveguide axis.

Taper transitions from microstrip to SIW have been designed [32] and optimized. The

design of the filter parameters for obtaining a desired frequency response (center frequency,

bandwidth and rejection band) has been directly carried out from the information provided

in Fig. 7, and only a final optimization process of the parameters of the taper transitions

has been done. In the optimization process, we used the Quasi Newton (Gradient) Optimizer
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Fig. 8. Dispersion diagram of the two first modes of the periodic glide-symmetric configuration in Fig. 1(c), for different

values of the period p.

provided by HFSS software). The optimized variables were wt and lt; i.e., the taper width and

length, and we selected as cost function a S11 (dB) lower than -15 dB in the pass-band. The

final parameters are: aSIW = 12.4 mm, with period p = 7.55 mm, wt = 8.6 mm, lt = 10.5 mm,

wm = 0.6 mm, lg = 2.64 cm, lT = 6.24 cm, lin = 1.8 mm, lout = 5.6 mm, and lR = 7.94 mm.

The scheme of this filter is shown in Fig. 9(a), and photographs are provided in Fig. 9(b).

The footprint area of the filter is lg × aSIW = 327.4 mm2.

The simulated electrical response of this glide-symmetric filter is represented in Fig. 10

with red lines, and it is compared to that of the same filter without glide-symmetry with

black lines (i.e., an identical filter in which the bottom CSRRs have been removed). The S21

parameter of the original SIW is also represented in blue line for comparison purposes. In

the glide-symetric case, 6 poles can be identified, yielding a much wider passband (defined

at 10 dB input matching) from 2.2 to 2.86 GHz, in addition to a more extended rejection

band, which extends up to 6 GHz. A narrower passband from 2.5 to 2.72 GHz is obtained

in the corresponding non-glide symmetric filter configuration (showing only 3 poles in this

case), along with a more reduced rejection band which extends up to 5 GHz. It can also be

appreciated that the return losses in the passband are significantly lower in the glide-symmetric

case (despite the optimization process carried out), given that a microstrip-to-SIW transition

has been needed in order to get the filter response measured, and the wider passband of the

glide configuration has been more difficult to match around 2.15 GHz [see the mismatch peak

near the lower passband edge in Fig. 10]. However, it is important to remark that depending
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(a)

(b)

Fig. 9. (a) Scheme of the designed glide-symmetric filter. (b) Top and bottom views of the prototypes with 3 and 4 unit

cells (a displacement of p/2 in the CSRR location can be observed in the bottom view).

on the final location of the filter in a practical system, the transition may not be required

and thus the mismatch would be avoided. Insertion losses (IL) are significantly lower in

the glide-symmetric filter configuration (lower than 1.8 dB from 2.2 to 2.6 GHz), which is

consistent with a wider passband. In order to check that there are not radiation losses in the

resonators, the filter response has also been obtained without material losses (see the dotted

lines in the figure inset in Fig. 10), showing that the insertion losses are very low in the

pass-band (lower than 0.3 dB), or, equivalently, that the resonators are not radiating energy.

In order to check the resonant and coupling mechanisms between resonators, Fig. 11 shows

the electric and magnetic field distribution in the periodic cell of the designed glide-symmetric

filter at 2.37 GHz. At the selected phase, a high electric field intensity in the top resonators

within the periodic cell is observed at this frequency while the magnetic field intensity is

maximum in the area between them, thus revealing that the dominant coupling mechanism

between the top and bottom resonators is of magnetic nature, as already predicted in Sec. II-A.
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Fig. 10. Simulated electrical response (|S21|: solid lines and |S11| dotted lines) of the designed glide-symmetric filter

of Fig. 9 (red lines) along with the one of its equivalent non-glide symmetric filter (black lines). The |S21| parameter of

the original SIW is also plotted (blue line) for comparison.

Fig. 11. (a) Electric and (b) magnetic field distribution in the periodic cell of the designed glide-symmetric filter at 2.37 GHz.

In Fig. 12, the measured response of the 3 unit cells glide-symmetric filter prototype is

represented with red lines. The measured IL at the center frequency f0 = 2.5 GHz is 2.4 dB,

which is consistent with the 1.53 dB obtained in the simulation, being this difference attributed

to the SMA-conector losses and to fabrication tolerances. Table I summarizes the performance

characteristics of the proposed filter in this work and it is compared to conventional sub-

wavelength CSRR-loaded SIW filters.

Finally, in order to experimentally determine the filter loss, an enlarged filter identical to
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Fig. 12. Measured electrical response of the fabricated SIW filters with glide symmetry.

the previous one but with 4 unit cells has been fabricated, and its measured response has also

been plotted in Fig. 12 with black lines, showing slightly higher ILs in the passband. In this

figure, it can also be observed a higher number of poles with respect to the previous fabricated

filter of 3 unit cells, which is consistent with a higher number of resonators, although the

pass-band is almost unchanged. The loss difference between the 3 and 4 unit cells prototypes

as a function of frequency is represented in Fig. 13 with black crosses. This graph represents

only the frequency range with 10 dB input matching, which goes from 2.21 to 2.75 GHz.

A linear fitting of the IL difference is represented in red. A mean insertion loss difference

of 0.5 dB is observed in the passband of the filter, which results in a value of 2.5 dB/λε.

Our experiments show a clear improvement in bandwidth and insertion losses with respect

to similar sub-wavelength filter topologies reported in the technical literature that employ

resonators to produce evanescent wave transmission (see Table I). All the miniaturized filters

that operate below cut-off are narrowband and have higher insertion losses than conventional

filters. Our goal here was to reduce the level of losses while compressing the transversal

dimension of the waveguide. This transversal compression is crucial in practical applications;

for example, in communications systems where the space to feed antenna arrays is limited.

Therefore, to have waveguides that operate below the cut-off frequency is needed to reduce

the levels of grating lobes.
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TABLE I

COMPARISON OF PERFORMANCE OF THIS WORK WITH OTHER SUB-WAVELENGTH FILTER TOPOLOGIES

Number of Center freq. FBW Minimum Minimum Size

CSRRs (GHz) (%) IL (dB) RL (dB) (mm2)

[33] 10 5.45 3.43 5.8 > 10 442.26

[34] 4 2.4 10 4.5 8 875

[35] 3 1.6 20 4.5 > 10 100

This work 12 2.5 24 2.4 > 10 327.4

*FBW: Fractional Bandwidth

Fig. 13. Comparison of the filter losses in the passband as a function of frequency.

V. CONCLUSION

Here, we have demonstrated that glide symmetry modifies the dispersion properties of a

SIW loaded periodically with CSRR. In particular, glide symmetry reduces the dispersion

of the first propagative mode, and increases the bandwidth of the stopband between the

first and second pair of modes. This effect has been explained with a circuit model in

which the coupling between elements plays a key role. In the case of glide symmetry, the

magnetic coupling is negative, strongly modifying the properties of the periodic structure.

The opportunities of the proposed structure are demonstrated with an example which has been

experimentally tested. In this example, propagation below the cutoff has been evidenced with
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an enhanced bandwidth and reduced losses when compared to the case of a conventional unit

cell. As a general conclusion, it can be stated that the results of this work show that glide

symmetry can easily be complemented with other design strategies in SIW technology to

enhance different performance characteristics.
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