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Abstract— A novel band-pass filter topology in waveguide
technology is presented in this work. The proposed filter design
is based on a periodic structure that uses modified sections of
a single-ridge waveguide (SRW) as the unit cell to produce the
desired frequency response. Two-step height profiles are included
in the central part of the SRW, which provide useful parameters
to yield a simple design method to achieve the required filtering
characteristics. The suggested topology and design process are
used to achieve band-pass filter responses with different frac-
tional bandwidth and rejection characteristics. A 54% fractional
bandwidth band-pass filter centered at 5.4 GHz is implemented
using low cost 3-D additive manufacturing techniques, which
allow fast prototyping and the fabrication of complex geometries.
Experimental measurements are in agreement with the expected
simulated response of the designed band-pass filter.

Index Terms— 3-D printing, additive manufacturing, bandgap,
microwave filter, single-ridge waveguide (SRW).

I. INTRODUCTION

ADDITIVE manufacturing techniques and 3-D printers
are currently arousing great interest in a wide variety

of fields such as medicine and science and technology [1].
Nowadays, commercial 3-D printers combine low cost with
high precision, allowing a large number of degrees of freedom
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for the end user. One of the most interesting features of 3-D
printing is the suitability to perform devices with complex
geometries [2], [3], which are not feasible with current milling
machines, based on subtractive material technologies. Due
to these characteristics, 3-D printing techniques are being
widely used in recent years to develop microwave devices in
different technologies such as waveguide technology, substrate
integrated waveguide (SIW), and planar circuits [4]–[8].

On the other hand, periodic structures show very attractive
properties in the frequency domain associated with their elec-
tromagnetic bandgap (EBG) characteristics, such as greater
out-of-band rejection and reduced size, which makes them
possible candidates for being used in filtering applications
at microwave and millimeter-wave frequencies [9]. Recently,
a new filter topology in rectangular waveguide technology
has been introduced [10], where variations in the height of
the rectangular waveguide allow to modify the impedance
of the waveguide, thus creating sections with different wave
impedance values. Similar developments of this kind of filters
have been reported in [11]–[13], adding flexibility to the
design and extending this concept to SIW structures.

In this work, a new band-pass filter topology is presented,
where single-ridge waveguide (SRW) technology is used,
following a similar concept as in [10], to implement periodic
structures and achieve EBG characteristics. The SRW technol-
ogy is used to move the cutoff frequency of the second mode
of the waveguide to higher frequencies [14]–[16], so that wider
single-mode bandwidths are obtained allowing the design of
wider fractional bandwidth band-pass filters. This is accom-
plished by adding impedance variations in the central section
in the direction of propagation of the SRW waveguide. The
implementation of the proposed filter topology is not evident
making use of conventional fabrication techniques, which is
why, in our work, this implementation is done by means of
3-D additive manufacturing techniques.

This article is organized as follows. In Section II, the
electromagnetic analysis of the SRW waveguide is carried
out through the dispersion diagram of the Floquet modes
of the infinite periodic structure, providing the allowed and
prohibited frequency bands of the structure for different design
parameters. Section III is first dedicated to the study of the
finite EBG waveguide. In this section, two filter designs with
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Fig. 1. Cross section of the SRW with design parameters.

Fig. 2. Simulated propagation constants of the first two modes in the SRW.

different fractional bandwidths are presented, and finally one
of them is fabricated. Section IV describes the manufacturing
and measurement process of the implemented filter, and some
final conclusions of this work are given in Section V.

II. STUDY OF THE UNIT CELL

Periodic waveguides are a particular case of EBG structures,
which have a unidimensional periodic pattern in the direction
of the signal propagation [9]. Then, it is possible to obtain
bandgap frequencies where the signal cannot propagate. In this
section, an SRW structure as a periodic unit cell is studied.
The unit cell includes in the middle of the waveguide a step
to achieve a prohibited bandgap for the fundamental mode.

It is well-known that a periodic waveguide structure presents
pass bands and rejection bands in the frequency domain
associated with the dispersion of the Floquet modes [17], [18],
which are the solutions of Maxwell’s equations in this type
of periodic structure. The frequency bands in which at least
one Floquet mode is propagated provide the different pass
bands of the periodic structure. On the contrary, the rejection
bands are characterized by the absence of propagation of the
Floquet modes. Therefore, to characterize the behavior of the
periodic structure in a given frequency range, the dispersion
or Brillouin diagram of the different Floquet modes in the
periodic structure must be calculated. This can be achieved in
different ways, depending on the dimensions of the waveguide
under study. In this work, the eigenmode solver of the com-
mercial electromagnetic software Ansys HFSS [19], [20] has
been used.

Fig. 3. EBG SRW unit cell.

A. Design and Simulation of the SRW

To design the SRW shown in Fig. 1, a cutoff frequency
of f1 = 4 GHz has been selected [14], [21]. The optimized
final dimensions of the SRW are a = 10 mm, b = 3.78 mm,
t = 0.63 mm, and l = s = 3.33 mm. The material used to
implement the waveguide is a low-cost 3-D printing filament
of natural polylactic acid (PLA) with a diameter of 1.75 mm,
and its measured characteristics are as follows: relative
dielectric permittivity constant εr = 2.8 and loss tangent
tan δ = 0.02, [10], [22]. The metallic layers are implemented
using copper. Fig. 2 shows the propagation constant for the
first two modes of the designed SRW. The respective cutoff
frequencies are f1 = 4 GHz and f2 = 17.5 GHz, leading to a
single-mode bandwidth factor of B = 3, where B is defined
in [17] as

B = f2 − f1

f1
. (1)

B. Analysis of the Unit Cell in the Periodic Structure

Hereafter, a unit periodic cell of the previously designed
SRW is studied, including in the central waveguide part a two-
step section as shown in Fig. 3. The propagation constants of
the modes in the structure are modified by the inclusion of this
step, depending not only on the SRW design parameters but
also on the step dimensions. To maintain a cutoff frequency
of f1 = 4 GHz for the first mode, the dimensions transversal
to the direction of propagation are recalculated using the
electromagnetic software HFSS increased by a factor of 1.16.

The period of the unit cell can be determined as in [9]
and [10] by

D = λg

4
(2)

where λg is the guided wavelength at the central frequency of
the bandgap. In this case, the bandgap has been selected at a
central frequency of 7 GHz to act directly on the fundamental
mode.

The final dimensions of the designed unit cell are as
follows: a = 11.65 mm, b = 3.78 mm, t = 0.63 mm,
y l = s = 3.88 mm, H = 3.15 mm, and D = 15 mm. Fig. 4
shows the dispersion diagram of the first five Floquet modes
of the structure. Their cutoff frequencies are f1 = 4 GHz,
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Fig. 4. Dispersion diagram of the periodic structure.

Fig. 5. Dispersion diagram of the EBG SRW for a step height H and different
period lengths of the unit cell.

f2 = 9.8 GHz, and f3 = 13.8 GHz, while the designed
bandgap is as desired centered around 7 GHz, which yields
B = 1.42. A passband bandwidth is defined between the
cutoff frequency of the fundamental mode f1 and the lowest
frequency of the band-gap fB , which allows to calculate a
fractional passband bandwidth of � = 17.8% using

� = fB − f1√
( fB · f1)

. (3)

C. Study of the Design Parameters in the
Periodic Structure

The modification of the length D in the unit cell has a
direct impact on the behavior of the waveguide dispersion
diagram, in terms of the different modes’ cutoff frequency,
on one hand, and in terms of the single-mode bandwidth and
prohibited bandgap position, on the other. Fig. 5 shows the
dispersion diagram of the Floquet modes for different period
lengths of the unit cell. As can be seen, for a step height
equal to H , the fractional bandwidth � increases significantly
by reducing the period D. This is due to the fact that by
reducing D, the bandgap moves toward higher frequencies.

Fig. 6. Electric field distribution of the first three Floquet modes for a step
height H and different period lengths of the unit cell.

TABLE I

CUTOFF FREQUENCIES OF THE FIRST TWO MODES AND BANDWIDTHS

FOR A STEP HEIGHT H AND DIFFERENT PERIOD VALUES

It can also be noted in Fig. 5 that the rejection bandwidth
increases significantly as the parameter D is reduced, obtain-
ing the maximum rejection bandwidth for ∼0.5D. This is due
to the fact that the first upper Floquet mode propagates at
higher frequencies when the period is 0.5D. Fig. 6 shows the
electric field distribution in the central cross section of the
unit cell corresponding to the first three Floquet modes for
different unit cell lengths. It can be seen that the unit cell
modes B and C change positions depending on the unit cell
length, while the fundamental mode remains the same.

As a summary, Table I collects the cutoff frequencies of the
different Floquet modes and the passband and rejection-band
bandwidths for different periods of the unit cell.

On the other hand, the modification of the central section
step height H also impacts directly on the Floquet modes
in the structure in terms of the passband and rejection-band
bandwidths. Fig. 7 shows the dispersion diagram for different
values of H . It is worth mentioning that for a period 0.5D,
the passband bandwidth increases as H gets smaller.

This behavior was already explained in [10] where it was
shown that when increasing the step section height in a rectan-
gular waveguide periodic structure, the passband bandwidth
increases due to a lower mode impedance contrast within
the periodic cell. With regard to the rejection bandwidth
(prohibited bandgap bandwidth), it gets wider as H increases.
Table II shows the cutoff frequencies of the different Floquet
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Fig. 7. Dispersion diagram of the EBG SRW for 0.5D and different step
heights in the unit cell.

TABLE II

CUTOFF FREQUENCIES OF THE FIRST TWO MODES AND BANDWIDTHS FOR

A PERIOD 0.5D AND DIFFERENT STEP HEIGHTS

modes and the passband and rejection-band bandwidths for
different step height H values in the unit cell.

III. FINITE SRW STRUCTURE DESIGN

Once the infinite periodic SRW structure has been studied
and the effects of the design parameters (D and H ) have been
determined regarding f1, B , and �, the finite implementa-
tion of the structure is analyzed. In this section, two filter
designs with different pass-band bandwidth specifications are
presented.

In these designs, two main aspects have to be accounted
for. On one hand, to obtain a high rejection level in the
prohibited bandgap shown in Fig. 4, a large number of unit
cells (periods) must be considered [9]. However, the larger the
number of periods, the longer the filter implementation. On the
other hand, the Bloch impedance Z0∞ of the ideal periodic
structure [9] differs from the fundamental mode impedance of
its finite implementation [23].

It is necessary to determine the fundamental mode
impedance and perform the required matching solutions to
have good filter return losses in the pass-band. Fig. 8 shows an
eight-unit cell finite implementation of the periodic structure
of Fig. 3, where no matching element is introduced.

A. Design of a Band-Pass Filter With a Fractional
Bandwidth of � = 27%

An SRW periodic filter with eight unit cells and � = 27% at
a central frequency of 4.6 GHz as shown in Fig. 9 is designed.

Fig. 8. Finite implementation of the EBG SRW with eight periodic cells.
The dimensions indicated are as follows: D = 7.5mm, H = 2.52 mm,
a = 11.65 mm, b = 3.78 mm, t = 0.63 mm, l = 3.88 mm, and Lt = 60 mm.

Fig. 9. Bottom view, top view, and 3-D view of the EBG SRW band-pass filter
for � = 27%. EBG SRW filter dimensions are as follows: D = 11.25 mm,
H = 3.15 mm, a = 11.65 mm, b = 3.78 mm, t = 0.63 mm, l = 3.88 mm,
δ = 4.08 mm, Lext = 14 mm, lt = 3.88 mm, Wt = 5.05 mm, Wi = 1.6 mm,
and Lt = 130 mm.

The design parameters are the period length 0.75D (11.25 mm)
and the central section step height H (3.15 mm), and they have
been obtained directly using Figs. 5 and 7. A taper element
is used to proceed with the matching of the structure to the
50-� characteristic impedance input and output microstrip
lines. To calculate the width of the taper Wt on the SRW
end, the fundamental mode impedance is calculated using

Z0 = Z0∞
1√

1 −
(

f1

f

)2
(4)

where f = 4.6 GHz is the design central frequency [21].
In addition, to further improve the return losses in the

passband, the first and the last periods in the finite periodic
structure are modified so that their central step length measures
D/2-δ instead of D/2 [10]. The simulated filter response is
shown in Fig. 10 together with the cutoff frequencies of the
first Floquet mode in the periodic structure.

B. Design of a Bandpass Filter With a Fractional Bandwidth
of � = 54%

A second SRW filter, as shown in Fig. 11, is designed next
with the same number of eight periodic unit cells. In this case,
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Fig. 10. Simulated scattering parameters of the � = 27% filter (black lines).
Also shown are the cutoff frequency of the fundamental mode and the lowest
frequency of the bandgap.

Fig. 11. Bottom view, top view, and 3D view of the EBG SRW band-
pass filter for � = 54%. EBG SRW filter dimensions are as follows:
D = 7.5 mm, H = 2.52 mm, a = 11.65 mm, b = 3.78 mm, t = 0.63 mm,
l = 3.88 mm, δ = 1.41 mm, lm = 10.26 mm Lext = 12.26 mm, lt = 4.8 mm,
Wt = 2.85 mm, Wi = 1.6 mm, and Lt = 96.4 mm.

Fig. 12. Side view (a) and front view (b) of the SRW Chebyshev transformer.

the passband bandwidth has been increased up to � = 54% for
a central frequency of 5.4 GHz. Again, the design parameters
have been determined using Figs. 5 and 7. The length of the
periodic unit cell is 0.5D (7.5 mm), while the height of the
central section step is 0.8H (2.52 mm).

Fig. 13. Simulated scattering parameters of the � = 54% filter (black lines).
Also shown are the cutoff frequency of the fundamental mode and the lowest
frequency of the bandgap.

As this second design presents a wider band-pass band-
width, a single taper element is not suitable for matching
purposes, so it is necessary to include a more elaborate
matching solution. A three-quarter wavelength section SRW
Chebyshev transformer is used to match the filter to the 50-�
microstrip transmission lines [24]. A maximum allowable
reflection coefficient magnitude of �m = 0.05 is chosen for
the transformer. The Bloch impedance Z0∞ of the infinite
periodic structure is determined by means of Ansys HFSS, and
the fundamental mode impedance is obtained using (4) at a
central frequency of f = 5.4 GHz. The different fundamental
mode impedances in the three sections have been synthesized
changing their heights hi as shown in Fig. 12, using the
expressions [21], [23] given next

Z0∞SRW =
πη0

(
t

λcr

)
X1 + X2

X1 = 4t

λcr
ln

(
cosec

(
π t

2b

))
cos2(θ2) + θ2

2
+ sin(2θ2)

4

X2 = t

b

(
cos(θ2)

sin(θ1)

)2[θ1

2
+ sin(2θ2)

4

]

θ1 = π(a − s)

λcr

θ2 = πs

λcr
(5)

where fcr = c/λcr is the cutoff frequency of the SRW and c
is the speed of light [23].

To further improve the matching of the structure, a final
taper is included between the last section of the transformer
and the 50-� microstrip transmission lines, while the length
of the first and the last periods in the finite periodic structure
is also modified.

Once the response of the filter is optimized, the final dimen-
sions of the transformer sections are those as given in Table III.
The simulated filter response is shown in Fig. 13 with the
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TABLE III

FINAL DIMENSIONS OF THE MATCHING
NETWORK SECTIONS

Fig. 14. Photograph of the filter printed in 3-D using PLA before the
metallization process.

cutoff frequencies of the first Floquet mode in the periodic
structure.

IV. EXPERIMENTAL VALIDATION

To validate the theoretical analysis given in previous sec-
tions, the 54% fractional bandwidth band-pass filter shown
in Fig. 11 was fabricated and measured. A 3-D printer (3NTR
A4v3) with a resolution of 15 μm in the XY-axis and a nozzle
diameter of 300 μm along with 3-D PLA filament were used
to yield the prototype as shown in Fig. 14.

The 3-D PLA filter structure produced is metallized follow-
ing a two-step process. First, a conductive paint is applied
to the whole surface of the structure, and second, a con-
ventional electroplating procedure is carried out to grow the
thickness of the deposited copper up to ∼35 μm. Finally,
an LPKF Protomat E44 milling machine is used to implement
the SRW to microstrip transitions on the bottom side of
the filter. Fig. 15 shows the fabricated final prototype and the
Anritsu text fixture used to characterize it. Fabricated physical
dimensions are within a 1% error margin from the simulated
structure. The fabrication process proved to be precise and
reliable. The high flexibility of 3-D printing can be exploited
to improve the power handling of the component by rounding
the corners of the structure.

Scattering parameter filter measurements were carried out
using a Hewlett-Packard 8516A vector network analyzer. The
measured S-parameters are compared with the simulated filter
response in Fig. 16. The measured filter passband frequencies
are f1 = 4.03 GHz and fB = 6.8 GHz, which are very
similar to the simulated f1 = 4 GHz and fB = 6.8 GHz
(this small deviation of the fundamental mode cutoff frequency
might be due to small variations in the relative permittivity

Fig. 15. (a) Photograph of the final filter prototype after the manufacturing
process. (b) Measurement setup.

Fig. 16. Simulated and measured scattering parameters of the eight-unit cell
� = 54% filter as a function of frequency.

of the material and in the final filter dimensions). Simulated
insertion losses within the passband are 3.5 dB, close to
the 4.4-dB insertion losses obtained in measurements (this
deviation might be due to the text fixture not included in the
simulation). Return losses within the passband are better than
10 dB except for low frequencies, as predicted by simulations.

V. CONCLUSION

In this work, a new band-pass filter topology in waveguide
technology is presented. It is based on a modified SRW
structure where a periodic step height change is included in
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the central section of the waveguide. A band-pass filter design
process is discussed making use of the proposed topology,
where the dispersion diagram of the periodic structure sets the
characteristics of the filter frequency response. This process
allows the full and separate control of the different filter
design parameters by specific geometrical dimensions. The
dispersion diagram of the periodic structure unit cell has been
obtained for different design parameters, showing the ability
of the designing process to provide the required passband and
prohibited band frequency specifications.

To validate the proposed filter topology and designing
process, two band-pass filter responses with different fractional
bandwidth requirements are studied. Finally, a 54% fractional
bandwidth band-pass filter prototype is fabricated using a 3-D
additive manufacturing process, demonstrating the suitability
and simplicity of using this type of 3-D printing implemen-
tation techniques for the proposed novel filter topology. The
measured filter response is in good agreement with electro-
magnetic simulations and shows good passband and rejection-
band performances.

The main advantages of the proposed solution are the
following: The basic features of the filter frequency response
(like passband and the rejection band) are defined by the
simple and fast analysis of the periodic structure. The unit cell
of the SRW exhibits a sufficient number of degrees of freedom,
to guarantee full and separate control of the different filter
design parameters by specific geometrical dimensions. The
use of additive manufacturing offers large design flexibility
and simple fabrication of the prototypes.
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