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This paper proposes an alternative technique for the design of miniaturized waveguide filters based
on locally resonant metamaterials (LRMs). We implement ultrasmall metamaterial filters (metafilters)
by exploiting a subwavelength (sub-λ) guiding mechanism in evanescent hollow waveguides, which are
loaded by small resonators. In particular, we use composite pin-pipe waveguides (CPPWs) built from a
hollow metallic pipe loaded by a set of resonant pins, which are spaced by deep-subwavelength distances.
We demonstrate that, in such structures, multiple resonant scattering nucleates a sub-λ mode with a cus-
tomizable bandwidth below the induced hybridization band gap (HBG) of the LRM. The sub-λ guided
mode and the HBG, respectively, induce pass and rejection bands in a finite-length CPPW, creating a
filter, the main properties of which are largely decoupled from the specific arrangement of the resonant
inclusions. To guarantee compatibility with existing technologies, we propose a subwavelength method
to match the small CPPW filters to standard waveguide interfaces, which we call a metaport. Finally, we
build and test a family of low- and high-order ultracompact aluminum CPPW filters in the X and Ku bands
(10–18 GHz). Our measurements demonstrate the customizability of the bandwidth and the robustness of
the passband against geometrical scaling. The three-dimensional printed prototypes, which are 1 order of
magnitude smaller and lighter than traditional filters and are also compatible with standard waveguide
interfaces, may find applications in future satellite systems and 5G infrastructures.
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I. INTRODUCTION

Over the past few years, the development of next-
generation satellite systems, such as nano- and micro
satellites, has fueled a considerable search for miniatur-
ized microwave and mm-wave systems. Microwave filters
are the main building blocks of passive devices, which
typically rely on microstrip, dielectric, coaxial, and waveg-
uide technologies. Waveguide filters are the ideal solution
for space applications due to low energy loss and high-
power handling capabilities, with no frequency limitation
[1]. The main drawback of waveguide filters is their large
volume and high weight due to the size of their consti-
tutive waveguide cavities, which directly scale with the
operating wavelength (λ). These cavities are coupled using
E-plane or H -plane irises, stubs, or posts [2–4]. Among
various efforts to make microwave filters smaller, coax-
ial combline filters [4] and evanescent waveguide filters
[5] have established themselves as compact microwave
filters for space applications, respectively, with coaxial
and waveguide interfaces. Combline filters have reduced
dimensions because they use parallel-coupled coaxial cav-
ities, where cascaded coaxial cavities implement a chain of
TEM modes coupled with self- and mutual capacitances.

*romain.fleury.epfl.ch

On the other hand, evanescent filters rely on the evanes-
cent modes of a hollow waveguide, below cutoff [5],
loaded by an array of ridges, spaced in λ/4 distances. Both
filters are implemented in a hollow metallic waveguide or
box, the width of which is smaller than the width of a stan-
dard waveguide (λ/2). The operating frequency of these
filters strongly depends on the air gap between the ridges
or rods and the top plate [5], and their overall transverse
size and length are strongly tied to the operating frequency.

This work aims to demonstrate an opportunity to design
and manufacture ultrasmall waveguide metamaterial fil-
ters (metafilters), the small footprints of which are largely
decoupled from the operating frequency, by using the
strong nonlocal interactions enabled within metamateri-
als. Metamaterials are artificial wave media, structured
at subwavelength scales, where the collective action of
the constitutive elements (meta-atoms) triggers effective
properties not readily found among natural materials [6].
Metamaterials are typically studied using homogenization
approaches, where the mesoscopic properties of the com-
posite are exploited for the creation of various devices
over a wide range of frequencies [7–10]. Locally resonant
metamaterials (LRMs), in particular, are interesting, since
they employ local resonant inclusions to create a medium
with strong frequency and spatial dispersion. LRMs
consist of a subwavelength ensemble of small local
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resonators embedded in a propagating host, which enables
strong multiple scattering down to the deep-subwavelength
scale in a wide variety of nonplanar platforms, from
microwaves to acoustics [11]. Each basic cell in a res-
onant metamaterial generally includes a locally resonant
element that scatters an incident field with a π phase shift
right above its resonance frequency, resulting in a stop
band known as a hybridization band gap (HBG). The HBG
nucleates from the anticrossing between the continuum
wave and the resonator level, a phenomenon similar to
level repulsion in a polariton [12–14]. Unlike the Bragg
band gap, the HBG is mainly determined by the individual
resonant behavior of the scatterers, rather than their col-
lective spatial arrangement. The HBG can be exploited for
blocking microwaves over ultrasmall volumes or manipu-
lating them over small electrical scales by resonant doping
[13,15,16]. They have enabled ultrasmall cavities and dif-
ferent types of waveguides, which localize modes inside
the HBG, from acoustic to optical frequencies [16–19].
However, these solutions all have a narrow bandwidth and
high group-velocity dispersion and cannot be readily used
for waveguide filter design.

Here, we propose and experimentally demonstrate an
approach for using LRMs to provide a guided mode, and
accordingly, a metafilter with customizable bandwidth, in
an ultrasmall footprint that does not scale with the wave-
length, while being compatible with standard interfaces
used in current waveguide technology. For this purpose,
instead of building a LRM with free space as a host,
we load a hollow metallic waveguide or pipe with local
resonators and leverage the sub-λ mode of such a LRM
waveguide (LRMW). Remarkably, the sub-λ guided mode,
which falls below the HBG of the loaded LRM, has an
adjustable bandwidth, enabling us to build custom band-
pass filters. The LRMW can be implemented by arranging
small uniaxial metallic elements, such as wires or pins
and helical, spiral, or ring resonators spaced at deep-
subwavelength distances. To demonstrate the features of
LRMWs, in most sections of the paper, we use an exem-
plary model built by inserting ultrathin pins inside a hollow
rectangular pipe, named a composite pin-pipe waveguide
(CPPW). In all sections of the paper, we target the X
and Ku band (10–18 GHz), commonly used for satellite
communications. We demonstrate that the size of the pins
can be modified for tuning a specific operating frequency,
while the width of the host pipe adjusts the bandwidth
independently. We also show that the induced HBG pro-
vides a sharp frequency selection and high level of rejec-
tion in the upper side of the passband, where the positions
of the passband and rejection bands are decoupled from the
arrangement of the resonant pins and geometrical scaling.
We design and simulate three coaxial CPPWs with various
types of hollow pipes and resonators. Finally, we investi-
gate a solution to make an adapter between the miniatur-
ized CPPW filter and the standard waveguide interfaces

and propose a specific type of CPPW port, named a meta-
material port (metaport), which can be used to improve
the matching in a subwavelength volume. These results
are confirmed with experiments on low- and high-order
CPPW filters, which are fabricated by selective laser melt-
ing using an aluminum alloy. Our findings demonstrate
the customizability, compactness, and ideal rf metrics of
CPPWs, allowing these miniaturized components to be
used in a wide range of frequencies and bandwidths for
space and terrestrial applications.

II. RESULTS

A. Dispersion engineering of LRMWs

As shown in Refs. [16–18], in volumetric LRMs, built
by arranging electrically small resonators with sub-λ sep-
arations in a host medium, the interaction between the
continuum of plane waves and local resonators allows effi-
cient wave manipulation over sub-λ distances [Fig. 1(a)].
The possibility of blocking wave transmission or impart-
ing large phase delays over electrically small distances
can be intuitively understood near the resonance frequency
of the local resonators, since the large phase variations
of the scattered field near the resonance result in Fano
interferences that give rise to a high-index frequency band
followed by a HBG [15,16,19]. Nucleation of the HBG
can also be pictured as a classical equivalent of quantum
polaritons [12–14], an anticrossing between a continuum
of states and an individual resonance. In LRMs, the lower
and upper polaritonlike modes are obtained, respectively,
below and above the HBG, due to multiple resonant scat-
tering coming from the resonant meta-atoms. Very differ-
ent from Bragg band gaps, the position of the HBG is
relatively independent of the periodicity of the medium
and is dominantly determined by the resonant behavior of
the inclusions. However, the width of the HBG depends
on the strength of multiple scattering and the density of
inclusions.

At microwave frequencies, the wire medium, which
is often described as a low-frequency plasma [20,21], is
employed to create a HBG and guide electromagnetic sig-
nals along defect lines made from additional shorter wires,
resonating in the HBG [13]. However, the slow guided
mode associated with such a line defect is highly disper-
sive, and its bandwidth cannot substantially be manipu-
lated. The technique proposed here for realizing custom
waveguide filters can also be based on wires, pins, or
other small local resonators [Fig. 1(a)], but the crucial
difference is that they are inserted inside a dispersive
host, a hollow metallic waveguide, as schematically rep-
resented in Fig. 1(b). As we shall see, the parameters
of the dispersive host, namely, its cutoff frequency fc,
characteristic impedance Z0, and propagation constant k,
bring crucial degrees of freedom to design practical fil-
ters with customizable properties. The obtained LRMW,
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(a) (b)
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FIG. 1. Concept of LRMW. (a) Cluster of local resonators in free space induce strong multiple scattering near their resonance
frequency, fr. (b) Single-mode host waveguide with characteristic impedance Z0, propagation constant k, and cutoff frequency fc. (c)
LRMW created by loading an ensemble of subwavelength resonators inside a host waveguide. (d) Simpler version of LRMW using a
one-dimensional (1D) periodic array of resonance inclusions, with a subwavelength periodicity of a. Schematic of the band diagrams
of 1D LRMWs in two different regimes, where dashed lines show the host mode (HM) and lower and upper polaritons (LP and UP,
respectively) are indicated by solid lines: (e) host waveguide is above cutoff (fr > fc) and (f) host waveguide is evanescent (fr < fc). In
the second case, two different cutoff frequencies are considered, where fc1 > fc2, leading to different bandwidths for sub-λ modes (LP)
BW2 < BW1.

shown in Fig. 1(c), is very different from LRMs in free
space in terms of its ability to create a guided mode. In this
paper, we mostly focus on the archetypal case displayed
in Fig. 1(d), namely, a 1D periodic LRMW, in which the
local inclusions can be modeled by identical admittances,
Yr = iBr, forming periodic parallel loads inside the host
transmission line. We note fr, the resonance frequency of
the inclusions, and a, the period, with a � λ. We use a
simple analytical model to show that, generally, resonant
periodic inclusions inside a host waveguide can lead to two
different propagation regimes. To simplify this initial dis-
cussion, we assume that resonators are only coupled via the
modes of the host (direct coupling between the resonators
will be taken into account later when a more advanced
model is needed). This LRMW, accordingly, has a constant
propagation of γ =α + jβ, which depends on Z0, k, a, and
Br, as derived in Appendix A for any periodic medium:

cosh(γ a) = cos(ka) − 1
2

BrZ0 sin(ka). (1)

This relationship allows us to identify the two oper-
ating regimes that can occur if we operate near the
resonance frequency of the inclusions [22]. Whenever
|cos(ka) − (1/2)BrZ sinh(ka) | ≥ 1, the cosh(γ a) term is
larger than one, which means that γ is purely real, and
the structure supports only attenuating waves. Considering
a lumped shunt admittance for modeling each resonator
(Yr = G + jBr), it is evident that, at resonance, Br equals

zero. Thus, this relationship leads to |cos(ka)| ≥ 1, which
implies that k is imaginary. Thus, the unloaded waveg-
uide must support propagating waves at that frequency
for this attenuating regime of the LRMW to be possible:
loading a propagative waveguide with resonant inclusions
induces a band gap near their resonance frequency. On
the other hand, the opposite case of a propagative LRMW
implies that γ should be imaginary, and this happens when
|cos(ka)| ≤ 1, namely, that k is purely real. Thus, the host
waveguide must be operated in the evanescent regime:
below cutoff, resonant inclusions can open a passband into
an otherwise attenuating waveguide.

With this in mind, we expect LRMWs to fall into two
classes, depending on whether the host is propagative or
evanescent at the resonance frequency of the inclusions.
Figures 1(e) and 1(f) show the band structures in the cases
of propagative and evanescent host pipes, respectively.
Considering the first regime, if the unloaded host waveg-
uide supports propagative waves around fr, i.e., fr > fc
[Fig. 1(e)], we obtain the nucleation of a HBG near fr, sur-
rounded by lower and upper polaritons (LP and UP). The
LP mode, which goes from fc up to the lower edge of the
HBG, is a sub-λ mode, since its dispersion curve is below
that of the host waveguide: its phase varies over smaller
distances than in the host, especially near the upper band
edge. In the second regime, we load an evanescent host
medium, the cutoff frequency (fc) of which is larger than
fr [Fig. 1(f)]. The result is the creation of a sub-λ guided
mode, the bandwidth (BW) of which depends on how close
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the resonance is from the cutoff frequency. Figure 1(f) rep-
resents two cases on the same plot, showing that adjusting
fc controls the bandwidth of the sub-λ mode. By decreas-
ing the cutoff frequency of the unloaded host waveguide
from fc2 to fc1, we can extend the lower edge of the band,
implying a larger bandwidth (BW1 > BW2). Another inter-
esting feature is the creation of a HBG above this band due
to hybridization with the evanescent modes, which boosts
the natural evanescent behavior of the host in the HBG fre-
quency range. This suggests the use of this second regime
for small filters with customizable bandwidth and sharp
roll-off near the band edges. In the next section, we demon-
strate these hypotheses using a 1D LRMW, composed of an
array of pins inside a hollow pipe, named CPPWs, in the
frequency range of 10–18 GHz.

B. Characterization of the subwavelength mode in
CPPWs

We now implement a subwavelength LRMW in a
realistic structure, namely, a CPPW, composed of a
host rectangular metallic waveguide loaded with a deep-
subwavelength arrangement of pins of height hr, radius
r, and periodicity a, where r � a and a � λ. The pins
touch only the bottom wall of the waveguide and res-
onate when hr approaches the quarter-wavelength condi-
tion. To adjust the cutoff frequency, fc = c/2W, we vary
the waveguide width W, keeping a fixed waveguide height
of h = 9.52 mm, which corresponds to the height of the
standard WR75 waveguide. The WR75 standard is com-
monly used for satellite communication systems in the X
and Ku bands (10–18 GHz). We set hr = 5 mm, so that the
pins resonate in the target frequency range (fr = 15 GHz)
and assume a pin diameter of 2r between 0.5 and 1 mm,
which is close to the minimum thickness that can be
fabricated by selective laser melting (SLM) using a low-
loss aluminum alloy of AlSi10Mg, according to current
technological standards.

Let us now check the occurrence of the two abovemen-
tioned regimes: (i) 2hr < W, the host waveguide supports
a propagative TE10 mode around fr; and (ii) 2hr > W, the
host waveguide is evanescent around fr. A unit cell of an
infinite system with a length a = 2.5 mm, with periodic
boundary conditions (PBCs) along x, is shown in Fig. 2(a).
The metal is assumed to be a PEC. For the first regime, we
choose W = 19 mm, which is the standard WR75 width,
where fr = 15 GHz falls above the cutoff fc = 7.9 GHz. The
band structure, obtained by finite-element simulations, is
plotted in Fig. 2(b) with a dashed black line. Consistent
with our expectations, a HBG is created, and a sub-λ mode
is observed starting from fc = 7.9 GHz to the lower edge of
the HBG, close to fr. In the second (evanescent) regime,
keeping the pin sizes to hr = 5 mm, we use a narrower
width, W = 7 mm (f c= 21.5 GHz), to meet the condi-
tion 2hr > W2. As shown by the red dispersion bands in

Fig. 2(b), a sub-λ mode is induced below f c, from 11.5 to
13.7 GHz. The electric field of this mode (LP1), shown in
Fig. 2(c), is localized to the pins with a field distribution
that allows the energy to be transmitted from pin to pin.
We therefore expect this mode to create a passband below
the HBG. On the other hand, the UP2 mode, as shown in
Fig. 2(c), is not localized, and it is perpendicular to the
incident TE modes of the waveguide ports. Thus, the UP2
mode cannot be efficiently excited from the ports and will
not create a passband above the HBG.

After this model study, we design a finite-length CPPW
by connecting an array of six unit cells to standard WR75
waveguide ports, as shown in Fig. 2(d). This component,
which acts as a sixth-order filter, is made from six pins
with hr = 5 mm separated by distances of a = 2.5 mm. We
perform a full-wave simulation to extract the transmission
coefficient, S21, of the two-port system in the two consid-
ered regimes. The transmission spectra of Fig. 2(e) are in
complete agreement with the eigenvalue studies. S21 of
the device for W = 19 shows perfect transmission of the
TE10 mode above 8 GHz and a deep stop band in the
HBG region. On the other hand, the CPPW in the sec-
ond regime (W = 7 mm) supports a narrower passband,
which results from the sub-λ mode below the HBG (LP)
and has a sharper roll-off at 14 GHz. It also confirms that
the UP band above the HBG does not create a good pass-
band; accordingly, the rejection band expands over a wide
range of frequencies from 14 to 20 GHz. This CPPW struc-
ture (W = 7 mm), with a passband in the frequency range
of 10–13 GHz, has a total length of 13.5 mm, implying
an overall size of 0.45λ (λ = 30 mm), which is roughly
an order of magnitude smaller than commercially avail-
able filters in this frequency range [23]. Assuming two
waveguide ports (with an arbitrary length of 9 mm), at
both sides, the overall length of the component is only
31.5 mm, which is 35% of the size of the most compact
Ku-band waveguide filter that we find on the market [24].
To obtain a reasonable impedance matching in the pass-
band, the first and last pins of the filter are inserted at the
boundary between the CPPW and the adapters. Matching
can be improved further by designing compact metaports,
as we demonstrate in Sec. II D.

From now on, we exclusively focus on the second
regime, based on an evanescent host. In Appendix A, we
detail our analytical modeling and highlight the guiding
mechanism of the sub-λ mode in this regime, which allows
us to calculate the evanescent coupling coefficient (κevan)
between adjacent pins as a function of the main geomet-
rical parameters. The formula shows that κevan strongly
depends on the width of the pipe W, and thus, W is
the parameter with the most impact on the guided-mode
bandwidth. To illustrate the effect of W, we compute the
band diagram for various values of this parameter, as
shown in Fig. 3(a), assuming a = 2.5 mm, hr = 5 mm,
and hg = 4.52 mm (h = 9.52 mm). It shows that the lower
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FIG. 2. Implementation of a waveguide-based LRMW. (a) Unit cell of a 1D CPPW structure is made by one ultrathin pin, with height
hr, inserted in a rectangular waveguide of length a � λ with a width of W. Pin and bottom wall, made of a perfect electrical conductor
(PEC), are in contact, and PBCs are along x. (b) Corresponding band diagram for W = 19 mm (propagative host) and W = 7 mm
(evanescent host). (c) Electric field distributions of the lower and upper (LP and HP) modes for the evanescent regime (W = 7 mm).
(d) CPPW waveguide filter is formed using six unit cells directly connected to standard WR75 waveguide adapters (19 mm wide), on
both sides. (e) Transmission spectra of the filter for two different regimes. Shaded blue region shows the HBG. (f) Group velocity of
subwavelength modes below the stop band.

edge of the HBG (fo) does not depend on W, contrary to
the bandwidth of the guided mode (passband). Besides,
as shown in Fig. 3(b), the position of the passband can
be tuned by altering the heights of the pins. Consistent
with the predictions of our analytical model (Appendix C),

varying a slightly affects the coupling coefficient. Larger
values of a lead to relatively narrower bandwidths, as con-
firmed by the full-wave simulations of Fig. 3(c). Finally,
Fig. 3(d) shows only a slight shift of the guided mode band
when altering the pin radii, where r varies from 0.1 to
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HBG (hr = 4 mm)

h r =
 4 mm

hr =
 5 mm

hr =
 6 mm

HBG (hr = 5 mm)

HBG (hr = 6 mm)

(W = 7 mm, h = 9.52 mm, r = 0.3 mm)

W = 3 mm

W = 7 mm
W = 9 mm
W = 11 mm

W = 5 mm

(W = 7 mm, hg = 4.5 mm, hr = 5 mm)

(hr = 5 mm, hg = 4.5 mm, r = 0.3 mm)
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r = 0.3 mm

r = 0.5 mm

a = 1.5 mm
a = 2 mm

a = 3 mm
a = 2.5 mm

(a) (b)

(c) (d)

FIG. 3. Variation of the guided mode dispersion band for various values of (a) width of the pipe, W; (b) height of the pins, hr; (c)
period, a; and (d) radius of the pins, r. Shaded region shows the HBG. For each panel, values of fixed parameters are indicated in
parentheses.

0.5 mm. These behaviors are very different from what is
typically observed in traditional evanescent and combline
filters, which are sensitive to the cross section of rods and
ridges. A more in-depth comparison between our method
and combline filters is given in Appendix C.

We now confirm that the main tuning knobs of the band
structure have similar direct effects on the transmission
spectra of finite-length filters. First, we compute the
scattering parameters (S21, S11) of a filter built by

loading a single meta-atom (pin) in a narrow-width pipe,
where hr = 5 mm. This filter is the smallest instance of
a single-pole CPPW bandpass filter, and it is shown in
Fig. 4(a). This first-order CPPW filter is examined for var-
ious values of a (2–3.5 mm) and W (3 and 7 mm). The
transmission scattering parameter, S21, confirms that, for
smaller values of W, this single-pole filter has sharper roll-
off and a higher rejection level, while the bandwidth is
reduced.

(a) (b)
W = 3 mm

W = 3 mm

W

W = 7 mm

a = 3.5 mm

a = 3.5 mm

a = 2.5 mm

a = 3 mm
a = 2 mm

a = 2 mm
W = 5 mm

W = 7 mm

W = 9 mm

FIG. 4. Bandwidth tuneability. Transmission spectra of (a) single-pin CPPW filter for various values of W and a, and (b) sixth-order
CPPW filter for various values of W, with sharp selectivity at fo.
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FIG. 5. CPPW filters with standard waveguide ports (WR75), considering hr = 5 mm, a = 2.5 mm. (a) One row of pins, which
are randomly positioned around the y axis with maximum deviation �y = ±2 mm, �x = ±1 mm from a periodic 1D array;
(b) two-dimensional (2D) array of periodic pins, comprising two rows of pins with distances ax = 2.5 mm; (c) two rows of pins,
which are arranged with a maximum random deviation of �y =±2 mm, �x = ±1 mm; (d) squeezed CPPW, for which all geomet-
rical parameters are scaled down by 80% in the guiding direction (y axis), making the device shorter and the pin cross section oval.
(e) Scattering transmission spectra (S21) for all these various pin arrangements.

Figure 4(a) also exhibits a larger bandwidth and
lower insertion loss [IL = 20log10(S21)] in the passband,
for smaller values of a. This information helps us to
design high-order CPPW filters, where we need to con-
sider a trade-off between size a and the selectivity of
the filter. Thus, we can minimize the insertion loss
[IL(dB) =−S21(dB)] by reducing a, but at the cost of
decreasing the sharpness of the filter and the rejection
level.

By stacking multiple identical cells, each additional
pin adds a zero to the upper rejection band, which can
be interpreted as the gradual formation of the HBG. By

FIG. 6. Short-length WR75 waveguide, loaded by a resonant
pin with size hp , where hp < hr. Transmission spectrum, S21, for
various values of hp .

increasing the number of pins to more than five, a sharp
roll-off between the guided mode and the HBG is obtained
at a converged frequency, fo = 13.7 GHz, and increasing
further the number of pins does not change this fre-
quency. Besides, fo is also robust against varying W. As
demonstrated in Fig. 4(b), for a sixth-order CPPW filter
(hr = 5 mm, a = 2.5 mm), increasing W results in enlarg-
ing the bandwidth of the CPPW filter without moving the
location of the HBG. Our studies indicate that, by setting
the upper cutoff frequency to around 14 GHz, altering W
from 3 to 16 mm results in a fractional bandwidth varia-
tion from 3% to 80%, which is a truly remarkable property
for a device with a constant subwavelength footprint.

We now demonstrate that the position and bandwidth
of the passband are largely decoupled from the exact
arrangement of the pins or a geometrical scaling of the
component along to the direction of the wave path. For this
purpose, we now consider a CPPW filter with one row of
randomly positioned pins [Fig. 5(a)], with maximum devi-
ations of �y =±2 mm, �x =±1 mm from the periodic
1D array. For the two other filters, we put two rows of peri-
odic and randomly positioned pins [Figs. 5(b) and 5(c)],
respectively, comprising two rows of pins with fixed dis-
tances of ax = 2.5 mm or two rows of pins arranged
with a maximum random deviation of �y = ±2 mm,
�x =±1 mm. Finally, we simulate a squeezed 1D peri-
odic CPPW, for which the entire geometry is scaled down
by 20% in the guiding direction [Fig. 5(d)].

In all of these cases, we assume W = 7 mm, r = 0.3 mm,
and hr = 5 mm. The S21 values of these structures
are shown in Fig. 5(e), where all instances still
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FIG. 7. Designing metaports. Transmission spectra for structures built by inserting 2 × 2 arrays of pins with height hp = 3.5 mm
(a) inside and near one standard port WR75 (A) and in the proximity of the connection of WR75 to an evanescent waveguide with
W = 7 mm (B); (b) adjacent to the connection border of WR75 and a one-pin CPPW filter (C).

support a passband at the same position, with negligible
differences in passband ripples and relatively small shifts
around f o. These findings exhibit the very stark con-
trast between CPPW filters and traditional filters, which
are typically extremely sensitive to the arrangement of
elements inserted to create the poles and zeros of the
transfer function.

There are other possibilities for the design of LRMW
filters, with coaxial or waveguide ports, and with vari-
ous types of hollow metallic hosts. Besides, the concept
is not limited to resonators in the form of wires or pins; we
can use small metallic helical, spiral, or ring elements. In
Appendix D, we present the simulation results of different
LRMW filters, with various geometries.

C. Subwavelength metamaterial waveguide ports

To create a miniaturized CPPW filter compatible
with standard waveguide systems, we must provide an

improved matching between a narrow CPPW and a
standard waveguide port. Here, we consider a WR75
(19.05 × 9.52 mm2) standard waveguide interface con-
nected to a sixth-order CPPW. Since the mode profile
of a CPPW waveguide is much narrower than the stan-
dard waveguide, the direct connection of WR75 to the
CPPW induces a considerable reflection and results in
a low matching efficiency, which leads to passband rip-
ples in the S21 spectra of Figs. 2(e), 4(b), and 5(e).
Among different methods that we investigate for improv-
ing the wave transition and reduced insertion loss, the
following technique has proven itself to be particu-
larly relevant, as it is realized in a subwavelength
volume.

We construct a short-length CPPW inside the WR75
transition by loading it with pins resonating above the
WR75 cutoff to make an alternative metamaterial port,
which we refer to as a metaport. Our goal is to increase S21

(a)

(b) (d)

(c)

Without metaport

With metaport

Without metaport

With metaport

M
et

ap
or

t

M
et

ap
or

t

FIG. 8. Efficiency of the
designed metaport in a realistic
filter. (a) Sixth-order CPPW filter
with hr = 5.15 mm, connected
to metaports at both sides with
hp = 3.5 mm, (b) field distri-
bution of the CPPW filter and
metaports and a CPPW filter at
12.5 GHz. Effect of a metaport on
(c) S11 and (d) S21 of the CPPW
filter.
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(a)

(b)

(c)

FIG. 9. (a) Top and (b) three-dimensional (3D) views of the
compact WR75 filter with two pins; (c) measured and simulation
results for S21 and S11.

and smooth the ripples seen in Fig. 2(e) near the upper edge
of the passband, around 13–14 GHz. As explained in the
first section, if we insert a single pin (with size hp ) inside
a WR75 waveguide, where 2hp < W′ (W′ = 19.05 mm), it
induces a drop point (zero) in the transmission spectrum.
We choose the size of hp to be slightly smaller than the size
of the pins of the CPPW filter designed in previous sections
(hp < hr), so that it resonates beyond the edge of the pass-
band. Such a structure, shown in Fig. 6, can be assumed
to be a notch waveguide filter, which makes a zero at fp .
Clearly, the association of this notch filter with the CPPW
filter will add a zero to the upper rejection band, with-
out changing its functionality, probably even improving
its roll-off. However, because it modifies the field near the
transition, it creates an opportunity to improve impedance
matching.

For this purpose, we do not use a single resonant pin
but a cluster of them, and we place them inside the WR75
port, with the goal of shaping the field distribution near
the transition between the WR75 and the CPPW sections.

Figure 7(a) shows a square array of four pins (2 × 2), with
height hp = 3.5 mm and separating distances ap = 2.5 mm,
placed in a standard WR75 (we do not yet connect it to
the CPPW filter). The transmission spectrum (S21) of this
structure (label A) shows a stop band at around 18 GHz.
However, this waveguide efficiently transmits at around
13–14 GHz. Polarization of the pins in this frequency
range (see inset for the energy distribution near 13.7 GHz)
is not the same as the modes near the band edge (around
18 GHz). The field distribution is also different from that
of the typical TE10 WR75 modes, since it has subwave-
length variations and more concentration around the pins.
By connecting this array of four pins to an evanescent
waveguide with a similar width to that of our CPPW fil-
ter (W = 7 mm, Le = 2.5 mm), labeled as structure B, the
transmission is decreased over the whole frequency range,
since the second waveguide does not support propaga-
tion below 20 GHz [Fig. 7(a)]. Next, we put one pin with
height hr = 5 mm in the evanescent waveguide, near the
transition, which resonates at the ripple frequency (around
13.7 GHz). This pin, placed in an evanescent host (the tran-
sition), makes a first-order CPPW filter (label C), with a
transmission pole around 13.7 GHz [Fig. 7(b)]. As seen in
the inset, the metaport squeezes the electric field distribu-
tion to match the WR75 mode and the narrower CPPW.
Obviously, there is a trade-off between the upper roll-
off and the insertion loss that has to be considered when
choosing an ideal value for hp . In our case, metaports
with hp = 3.5 mm result in a minimum passband-insertion
loss.

Now, we use such transitions on both sides of a
CPPW, with hr = 5.15 mm, to make a bandpass filter for
11–13 GHz [Fig. 8(a)]. As expected, these two metaports
work as adapters to realize a field distribution that can
match the mode profile of the CPPW filter [Fig. 8(b)] and,

(a)

(b)

(c) (d)

W = 7 mm, S11, Experiment

W = 7 mm, S21, Experiment

W = 5 mm, S11, Experiment

W = 5 mm, S21, Experiment

W = 7 mm, S21, Expt.

W = 5 mm, S21, Expt.

W = 5 mm, S21, Simulation

W = 7 mm, S21, Simulation

FIG. 10. (a) Top and (b) 3D views of second-order CPPW filter with thicker walls, including metaports (hp = 3.5 mm). (c) Trans-
mission spectra of second-order filters, for W = 5 and 7 mm, extracted from simulation and experiments. (d) Measured S21, which
shows an insertion loss of 0.5 dB.
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(a) (b)

W = 7. 4 mm
BW = 17.5%

W = 5 mm
BW = 10.2%

W = 4 mm
BW = 4.5%

W = 7. 4 mm, Expt.

W = 5 mm, Expt.

W = 4 mm, Expt.

W = 7. 4 mm, Sim

W = 5 mm, Sim

W = 4 mm, SimB
W

 =
 4

.5
%

B
W

 =
 1

0.
2%BW

 =
 1

7.
5%

FIG. 11. (a) Fabricated sixth-order CPPW filters with different widths W = 3, 5, and 7.4 mm, comprising metamaterial ports and
improved matching. (b) Transmission spectra of CPPW filters (S21) extracted from simulation and experiments, indicating the fractional
BW in percent.

accordingly, induce ripple-free transmission in the pass-
band, while improving the level of rejection in the upper
rejection band. This is evident in the full-wave simulation
results of Figs. 8(c) and 8(d), showing the S11 and S21 coef-
ficients of the CPPW filter, with and without WR75 ports,
respectively.

D. Fabrication and experiment

We initially design and fabricate a two-pin second-order
CPPW filter at 13 GHz [Figs. 9(a) and 9(b)], directly con-
nected to a standard WR75 waveguide with square flanges
(no metaport). Among different manufacturing techniques
for such a metallic component, we choose the SLM process
with AlSi10Mg aluminum alloy because of its good con-
ductivity, relatively high fabrication speed, and low weight
[25]. This aluminum metal 3D-printing technique supports

fine details as small as 0.5 mm, a minimum wall thickness
of 1 mm, a dimensional tolerance of ±0.2 mm, and matt
and glossy finishing. Figures 9(a) and 9(b) show pictures of
the prototype, in which the length of the primary host pipe
is 2.5 mm (∼λ/10) and the width is 3 mm, aiming at 2%
bandwidth. The total size of the component, comprising
two pins, is 9 mm (0.39λ) and the weight is 7.4 g, con-
sidering 1 mm for the diameter of pins. Figure 9(c) shows
the results of the characterization of the prototype, which
agree well with measurements.

To create a wideband filter without changing the length
of the CPPW, we increase the width, choosing W = 5
and 7 mm. We also add metaports on both sides to
improve matching and use thicker walls to avoid dis-
sipations caused by wavy shapes on thin flanges. The
whole length of the two samples, which have the same
footprint, is 12.5 mm, as shown in Figs. 10(a) and 10(b).

(a) (b)

W = 7. 4 mm, 100%, S11

L
2  =

 26 m
m

 =
 0.8 L

1

L
1  =

 32 m
m

W = 7. 4 mmW = 7. 4 mm

19 mm

19 mm

W = 7. 4 mm, 100%, S21

W = 7. 4 mm, 80%, S11

W = 7. 4 mm, 80%, S21

FIG. 12. (a) Manufactured standard CPPW filter and its scaled-down version (80% along y direction), considering W = 7.4 mm. (b)
Scattering spectra (S21 and S11) for the CPPW filter and its scaled-down version.
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FIG. 13. Fabricated aluminum CPPW filters, with and with-
out silver plating, and their scattering spectra, highlighting the
reduction of insertion losses after silver plating.

As confirmed by our measurements [Fig. 10(c)], these
miniaturized waveguide filters exhibit 5% and 10.4%
bandwidths, respectively, for W = 5 and 7 mm, with an
average return loss (−S11) of 15 dB in the passband and
an insertion loss below 0.7 dB [Fig. 10(d)].

Moving to higher-order bandpass filters with sharper
roll-off, we consider a CPPW with an even higher num-
ber of pins and construct a practical preselected WR75
Ku-band filter with metaports, as shown in Fig. 10(a).
This filter can be used in broadband satellite commu-
nications, for example, for 5G or internet-over-satellite.
Samples with different widths are fabricated based on SLM
(AlSi10Mg aluminum alloy) and are shown in Fig. 11(a).
The results of simulations and experimental measurements
of three fabricated filters with widths of W = 4, 5, and
7.4 mm are shown in Fig. 11(b). By increasing W from 4
to 7.4 mm, the bandwidth enlarges from 4.5% to 17.5%
for devices of similar footprints (0.76λ × 1.28λ, where
λ = 25 mm).

Next, we investigate the effect of geometrical scaling
by shrinking the CPPW filter by 20% in the longitudi-
nal direction [Fig. 12(a)]. This implies multiplying all
lengths along y by 0.8, and the cross sections of the
pins become oval. The total length of the scaled com-
ponent is accordingly reduced to 26 mm, and its weight
decreases from 26 to 21 g, while the position of the
passband remains unchanged [Fig. 12(b)], with untouched
insertion loss (<0.7 dB), rejection level (>60 dB), and
return loss (∼15 dB). This experiment indicates that the
design may be open to further size optimization, as long
as it remains within reach of the manufacturing method.
We also fabricate a silver-plated filter to reduce the
insertion-loss level, as shown in the inset of Fig. 13.
As shown in Fig. 13, this silver-plated waveguide fil-
ter exhibits reduced insertion loss down to 0.25 dB.
Such competitive rf specifications establish CPPWs as
high-performance waveguide filters, but with sizes at
least 1 order of magnitude smaller than conventional

waveguide filters in this frequency range, which is partic-
ularly remarkable.

III. CONCLUSION

We demonstrate an application of locally resonant
metamaterials for creating metamaterial waveguide filters
(metafilters) that are compatible with standard waveguide
interfaces and with significantly reduced size and weight
compared to current solutions. To illustrate the capabili-
ties of the proposed metafilter, we introduce the exemplary
model of CPPWs. We show that their passband is strongly
related to the cutoff frequency of the host waveguide.
The concept is also compatible with periodic and ran-
dom resonator arrangements and various types of ports.
By proposing subwavelength metamaterial ports (meta-
ports), we improve the matching between such a CPPW
filter and standard rectangular waveguides. Finally, we fab-
ricate low- and high-order CPPW bandpass filters with
various bandwidths, ranging from 4.5% to 17.5%, in a
small and fixed footprint. We also manufacture a ver-
sion of a bandpass filter with 80% size reduction, which
retains its rf specifications, and confirm silver plating as a
viable option to optimize insertion losses. Our experimen-
tal measurements on 3D-printed Ku-band filters exhibit
competitive insertion loss (down to 0.25 dB), rejection
levels (>60 dB), and return loss (∼15 dB). This study
demonstrates the relevance of the CPPW concept to real-
ize efficient devices with unprecedented small sizes, small
volume, and light weight, while maintaining compatibility
with standard waveguide ports and without sacrificing the
rf specifications when compared to traditional designs.
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APPENDIX A: PROPAGATION
CHARACTERISTICS OF A PERIODIC

RESONANT STRUCTURE

In Eq. (1), γ = α + jβ is the propagation constant of the
loaded waveguide (LRMW). The value of cosh(γ a) is used

Resonator ( fc)

FIG. 14. Distributed model of a CPPW.
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to indicates that γ is real or imaginary, and accordingly we
can distinguish the attenuating and propagating regime.

As can be seen in Fig. 14, a unit cell of a LRMW with
length a can be expressed by the symmetrical division of
the host pipe into two parts, with length a/2, loaded by a
shunt reactance of Yr = jBr in the middle. Therefore, the
transmission matrix of a unit cell can be written as [22]

[
A B
C D

]
=

[
cos(ka/2) j Z0 sin(ka/2)

j Y0 sin(ka/2) cos(ka/2)

] [
1 0

j Br 1

]

×
[

cos(ka/2) j Z0 sin(ka/2)

j Y0 sin(ka/2) cos(ka/2)

]
, (A1)

where, based on Fig. 14, the ABCD matrix is defined by

[
Vn
In

]
=

[
A B
C D

] [
Vn+1
In+1

]
. (A2)

The condition AD−BC = 1 is due to reciprocity. Consid-
ering the propagation constant, γ , for the LRMW, we can
write the following relationships:

[
Vn
In

]
=

[
A B
C D

] [
Vn+1
In+1

]
=

[
Vn+1eγ a

In+1eγ a

]
, (A3)

[
A − e−γ a B

C De−γ a

] [
Vn+1
In+1

]
. (A4)

Accordingly, to obtain nontrivial solutions, we need

AD + e2γ a − (A + D)eγ a − BC = 0. (A5)

Considering reciprocity, Eq. (A5) can be written as

1 + e2γ a − (A + D)eγ a = 0, (A6)

eγ a + e−γ a = A + D or cosh(γ a) = A + D. (A7)

Since

A = D = cos2(ka/2) − BrZ sin(ka/2). (A8)

Equation (A7) results in the following relationship, which
is Eq. (1) used in this paper:

cosh(γ a) = cos(ka) − 1
2

BrZ sin(ka) . (A9)

APPENDIX B: GUIDING MECHANISM OF CPPWS
IN THE EVANESCENT REGIME

We propose a distributed-circuit model to illustrate the
effect of various coupling mechanisms that take part in
the creation of a guided mode. Contrary to microstrip
metamaterial filters [8,26,27] and planar interdigital fil-
ters, which can often be modeled using a lumped-circuit
model, here we must employ a distributed-element cir-
cuit to model both finite and infinite CPPWs. Such a
model is useful for explaining the guiding mechanism
at play and determining the effect of pipes on realiz-
ing custom bandwidths. In a general model, a CPPW is
composed of a cluster of coupled resonant pins and an
evanescent pipe [Fig. 15(a)]. As shown in Fig. 15(b), we
assume resonant pins as shunt LC tanks, directly electri-
cally and magnetically coupled [Fig. 15(b)], while higher-
order modes can exist. These couplings are represented by

(a) (b)

(c) (d)

W<2hr W<2hr

W<2hr
W<2hr l = 2a

FIG. 15. (a) Decomposition of a CPPW in the evanescent regime into direct-coupled pins and an evanescent pipe. (b) Lumped-
circuit model of coupled resonant pins, where mij = j ωCij + (1/j ωLij ). (c) Distributed element model of an evanescent pipe. (d)
General distributed model of a CPPW.
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a (mm) W (m
m)

k ev
an

FIG. 16. Variation of evanescent coupling versus pin separa-
tion distance, a, and width of the pipe, W.

the mutual capacitance (Cij ) and mutual inductance (Lij )
parameters [mij = j ωCij + (1/j ωLij )] in this microscopic
model, while their macroscopic effect is to contribute to the
creation of the HBG.

Besides, we need to use a distributed model for a short
length of evanescent pipe, with length l. The lumped-LC-
circuit model, such as that used for metamaterial planar
devices, is not applicable here. To model an evanescent
waveguide, we can use the inductive π -circuit model,
as shown in Fig. 15(c) [2]. The elements of the dis-
tributed model can be calculated based on a real propa-
gating constant k and an imaginary impedance Z0= jX 0.
By loading coupled deep-subwavelength resonators inside
the evanescent pipe, we obtain Fig. 15(d), where both the
effects of direct electromagnetic coupling and evanescent
host are considered, but each one alone is not sufficient
to explain the guiding mechanism. The coupling of the
energy between different meta-atoms can equivalently be
pictured by defining electric and magnetic coupling coeffi-
cients κE and κM , respectively, and an evanescent coupling
coefficient κevan, which can be written as κevan= 1/cosh(kl),

where k = (2π f /c)
√

(fc/f )2 − 1 is the propagation con-
stant of the evanescent waveguide and l is the distance
between the pins (l = a − 2r). The primary parameters
that can be used for adjusting the coupling coefficients
include the distances separating the pins (l = a) and the
pipe width, W, while the latter changes the value of
κ total = κE + κM + κevan significantly. Although κE and κM
can be computed numerically based on equations reported
in Ref. [28], here, we focus on κevan, since it dominates the
coupling of pins when separated by deep-subwavelength
distances and strongly coupled. As shown in Fig. 16,
reducing the separating distance results in a higher κevan.
Nevertheless, this effect is not as effective as increas-
ing the width of the pipe. Thus, varying W is the most

straightforward solution to construct both narrow and
wideband CPPWs, where the pipe is below the cutoff.

APPENDIX C: DIFFERENCES BETWEEN CPPW
AND COMBLINE FILTERS

CPPWs must not be confused with another type of
waveguide filters, involving circular rods, known as
combline filters. CPPWs are based on a totally differ-
ent guiding mechanism, involving strong spatial disper-
sion (multiple scattering), whereas combline filters do
not include spatial dispersion, and as a matter of fact
are always described with local circuit models, leading
to markedly different features and size constraints. We
explain here, in detail, the difference between CPPWs and
combline filters.

Combline filters are designed using parallel quarter-
wavelength coaxial cavities, where the impedance, quality
factor, and resonance frequency of the cavities are calcu-
lated based on coupled TEM modes, which are absent in
CPPWs. Unlike for CPPWs, the operating frequency in
combline filters strongly depends on the cross section of
internal rods or ridges, the size of the surrounding box, and
the air gap between the inner rods and the top plate. The
rod diameter (2r) is usually selected to obtain the highest
quality factor; thus, it is chosen in a range of 0.2W to 0.5W,
where W is the distance between the ground plates. The
numerical results from TEM theory for larger values of W
(W/λ > 0.08) show significant deviation from experiment
[29]. This deviation is initially because of the limitations
of TEM-mode theory for modeling structures with wider
widths, especially at higher frequency. Thus, the combline-
filter model is completely inadequate and not applicable
in the case of deep-subwavelength structures, such as the
CPPWs proposed in this paper (2r � W, 2r � λ).

Contrary to combline filters, CPPWs are composed of
deep-subwavelength coupled pins, with a cross section
much smaller than the waveguide width (2r � W). The
interaction of host modes and local resonances is exploited
around the resonance frequency of the pins, to create cus-
tomizable pass- and rejection bands. Since the width of the
pipe is in the range of 0.08λ < W < λ/2 and the cross sec-
tions of the pins are very small, the local combline-filter
theory is not adequate. For example, it is not possible to
model the structure using a local model, with self- and
mutual capacitances. The behavior of a CPPW can be
captured using more advanced models or full-wave simula-
tions that will correctly consider the spatial dispersion and
multiple scattering of the resonant elements. This makes
CPPWs a markedly different paradigm.

The main feature of CPPW filters, as demonstrated in
Sec. II, is that the induced HBG (rejection band) is inde-
pendent of the arrangement and distances of elements,
and it is also decoupled from the size and shape of the
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(a)

(b)

(c)

(d)

(e)

(f)

FIG. 17. (a) Unit cell of a CPPW, composed of a thin pin (r � W and r � a), W = 8 mm, hr = 5 mm, and the electric field distribution
around the pin. (b) Band diagram of the CPPW for various values of hg , which shows the HBG for all cases and a converged sub-λ
mode for hg > 3 mm. (c) Coaxial cavity with a = W = 8 mm, hr = 5 mm, and 2r = W/2. (d) Sensitivity of the guided-mode dispersion to
the top gap size in an infinite array of coaxial unit cells. (e) Sixth-order combline filter with hr = 5 mm and 2r = W/2. (f) Transmission
spectra of the combline filter with a total length of 6a = 6W for various values of W. Very different from CPPWs, the frequency band
of combline filters shifts significantly when hg or W is varied, providing evidence of a very different guiding mechanism.

hollow pipe or the surrounding box. However, the pass-
band bandwidth can be altered by changing the pipe width,
which is a striking feature. All these properties are absent
in combline filters, for which the positions of the pass-
and stop bands are sensitive to the size of the surround-
ing cavity and air gap between the rod and the top plate.

For a brief example of this, we compute the band dia-
grams of an infinite periodic CPPW, with the unit cell
shown in Figs. 17(a) and 17(b), for various values of hg .
We see that the HBG is not sensitive to hg [Fig. 17(b)].
We compare this behavior to a basic design of a combline-
filter unit cell [Figs. 17(c) and 17(d)], using a rod with the

(a)

(b)

(c)

(d) Artificial wall’s  band gap FIG. 18. Different host waveg-
uides. Example of sixth-order
CPPW filter with coaxial ports,
based on (a) rectangular metal-
lic pipe, compatible with planar
structures; (b) cylindrical metal-
lic pipe with a diameter of
10 mm; (c) band-gap material
walls, where the walls have rods
with length hw = 7 mm. (d) Trans-
mission scattering spectra (S21) of
all these different CPPWs.
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(a) (b)

(c)

(d) (e)

(f)

FIG. 19. Different resonators. Alternative LRMWs compatible with WR75 standard waveguide using (a) unit cell of parallel uniaxial
1D periodic helical wires with two turns, a height of 4.2 mm, and diameter of 1.5 mm; (b) typical field distribution in the passband;
(c) transmission spectra for two different values of pipe width. (d)–(f) Same as (a)–(c) but for 1D periodic parallel rings (torus), with
diameters of 5 mm.

same height (hr = 5 mm). The extracted band diagram for
various values of hg exhibits completely different behav-
ior when compared to CPPWs. Figure 17(d) shows that
the band edges of the guided modes vary significantly by
altering the values of hg . Thus, the operating frequency is
susceptible to the air gap. Besides, Figs. 17(e) and 17(f)
show that, for a sixth-order coaxial combline filter (total
length 6W), the operating frequency shifts when altering
the width of the hollow metallic box, forcing the whole
system to scale with the wavelength of operation, unlike
CPPWs (total length 6a). These differences are due to the
different guiding mechanisms at play in the two distinct
types of filters.

APPENDIX D: OTHER DESIGN POSSIBILITIES

By design, CPPWs are also compatible with coax-
ial ports and various other types hollow metallic hosts,
with different cross-section shapes, where the bandwidth
of each CPPW is determined merely by the relationship
between the cutoff frequency of the host pipe and the
resonance frequency of the inclusions. In coaxial filters,
we use surface mounted coaxial connectors, extending
their inner conducting line through two holes in the top
metallic wall of the CPPWs, located at a distance of

2.5 mm from the first and last pins. Different types of
host pipes can support a HBG in the same frequency
range, as long as the same pin size is used. For exam-
ple, rectangular and circular CPPWs, shown in Figs. 18(a)
and 18(b), respectively, with diameters of 7 and 10 mm,
have equal pass- and stop bands. Besides, to form a host
waveguide, we can use an artificial band-gap material
instead of metallic walls, such as the artificial perfect mag-
netic conductor (PMC) walls used for gap waveguides
(GWs) [30,31]. As a side note, notice that GWs are very
different from the technique proposed here: while they
use metamaterials to realize artificial PMC walls, their
waveguide modes and the resonant cavities that are used
are similar to those found in conventional waveguide tech-
nology, and thus, they are not suited to manipulate waves
within deep-subwavelength volumes. To illustrate the case
of a CPPW based on artificial walls, we build a sixth-order
CPPW filter [Fig. 18(c)], where 2D arrays of rods, which
are 7 mm apart, are inserted around the line of resonant
pins. These rods, with a size of hw = 8 mm, create a large
HBG above 9 GHz. By design, the passband of the CPPW
filter falls inside the band gap of these artificial walls. The
transmission spectrum, shown in Fig. 18(d) together with
the one of the other cases discussed in this section, exhibits
a large HBG above 13.8 GHz. However, the rejection band
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of this filter cannot go beyond the upper frequency of the
artificial wall’s band gap, which ends at 16 GHz. Although
the rejection band of this filter is not as wide as that of a
hollow pipe, it has a sharper roll-off before the passband
due to resonances within the artificial walls, which effec-
tively increase the filter order. The position and size of the
artificial wall’s band gap can be modified by altering the
density and length of the rods (hw).

The capability of LRMs to create bandpass filters in
the evanescent regime is not limited to resonators in the
form of wires or pins. Figure 19 indeed reports simi-
lar transmission spectra obtained with helical resonators
and rings. We adjust the size of these small electrical
resonators such that their resonance frequencies both occur
near 14 GHz.
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