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Two-dimensional metallic photonic crystal slabs with square lattice are proposed to be used for the design
of waveguide bandpass filters operating in millimeter to terahertz region. Filter characteristics are studied
when rod radii and lattice constants are changed. Based on the frequency scaling technique, a series of
higher frequency filters has been designed. By using laser drilling and welding processing techniques, a
compact waveguide filter embedded in an EIA-WR10 waveguide with central frequency 145.5 GHz and
3-dB bandwidth of 5.26 GHz is fabricated and measured. The measurement data agree well with the
simulation prediction.
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Millimeter to terahertz (THz) radiations[1,2] have at-
tracted much attention for their special properties[3−5],
such as biomedical diagnostics, communications, imag-
ing, and spectroscopy. In recent years, many researches
on photonic crystals (PCs) have attracted much attention
for the remarkable feature of photonic band gap, which
offers a possibility to design new devices[6−10]. The pass
band filter is one of the most important devices which
can manipulate THz radiations effectively. With the
development of THz communication technology, minia-
turization has become the new direction of development
of the waveguide filter. However, traditional technologies
targeting on microwave, infrared or visible light maybe
unsuitable or difficult to fabricate bandpass filter for
THz region. Metallic photonic crystal filters (MPC) are
promising alternatives, and have the advantages of be-
ing compact, robust, and inexpensive. Tunable metallic
photonic crystal filters composing of two orthogonal lin-
ear grids proposed and demonstrated[11,12]. A passband
filter which had a dual array structure of the same pe-
riod but different pillar diameters was fabricated and
tested[13]. Recently, a passband filter utilizing the dis-
tinction between positive and negative refractions in a
metallic photonic crystal prism was studied by the finite
difference time domain (FDTD) method[14].

In this letter, the filter characteristics of two-
dimensional (2D) metallic photonic crystals are analyzed
by varying the radii of metallic rods and lattice constants
using the FDTD method and a three-dimensional (3D)
full-wave electro-magnetic solver, ansoft HFSS[15].A se-
ries of compact waveguide bandpass filters employing 2D
metallic photonic crystals for THz range are designed. A
prototype of MPC filter with a central frequency of 145.5
GHz and a 3-dB bandwidth of 5.26 GHz is simulated and
measured in the region of 100–150 GHz.

Band diagrams provide a quick overview of the most
important properties of photonic crystals. Figure 1(a)

shows the normalized band diagram of a square lattice
MPC obtained by FDTD. Only the first and second
TM modes are given along Γ − X direction with r and
a being the radius and lattice constant and rod ratio
t = r/a=0.26. It can be seen that the first mode shows
a passband characteristic, if selecting a=1.43 mm. The
passband frequency varies from 128 to 142 GHz.

The simulation model is symmetrical along the center
rods which are named as rod “1”, “2”, and “3”, with
rod ratios t1 = t2 = t3=0.26, respectively, as is shown
in Fig. 1(b). The number of rods of a single lattice is
expressed as Ny, and Ny=5. The box is defined as air
material with width Lx = a, length Ly = 5a, and height
Lz = 0.5a. The rod is defined as perfect metal with ra-
dius r = 0.26a. As for boundary conditions[16], the yz
and xy planes on each side of the box are assumed to be
perfect magnetic conductor (PMC) and perfect electric
conductor (PEC), respectively, and the xz planes are set
as waveports.

In order to achieve the fundamental structure of a
band pass filter with central frequency 145 GHz, opti-
mization of rod ratios and MPC periodicity Ny toward
the transmission direction in a single slab is performed

Fig. 1. (a) Band diagram of the first and second modes along
Γ − X direction. (b) Simulation model for metallic TM pho-
tonic crystals.
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Fig. 2. (a) Transmission spectra of MPC for no defect (solid
line) and one central rod missing (dashed line). (b) Trans-
mission spectra of MPC with defection for different numbers
of layers.

firstly. Transmission spectra for five-layer MPC with the
same rod ratios are shown in Fig. 2(a). The transmission
curve of the solid line represents MPC without defects,
as t1=0.26. It is found that there is a wide pass band
corresponding to the first mode. Four ripples caused by
Bragg scattering are strong and their magnitudes reach
to –20 dB in the band. Band region of the first mode
varies from 135 to 150 GHz with about 7 GHz offset than
that of the FDTD results for different theoretic models.
For FDTD calculations, MPC is a perfect 2D model,
while it is a 3D model with five rods in transmission
direction for HFSS simulation. Nonetheless the band
diagram of FDTD results would give a first direction
for the design of a simulation model. The dotted line
represents the transmission spectrum of MPC when the
central rod is removed, as t1=0. It is found that two
narrow pass bands appear. One is around 145 GHz for
the first mode and the other one appears around 177
GHz in the gap of two previous modes.

MPC would possess filter characteristics when appro-
priate defects are made. When the central rod is re-
moved, Fig. 2(b) shows the transmission spectra of MPC
with three-layer, five-layer, and seven-layer toward the
transmission direction. In the original region of the first
mode, for Ny=3, there is no pass band; for Ny=7, a pass
band with two deep ripples appears, which is unfavorable
for widespread band filtering. In the original gap region,
a pass band exists for every structure. For Ny=3, the
outer band attenuation is smaller on the high frequency
band. For Ny=7, the pass band attenuation is too large
so that it exceeds 40 dB. Therefore, the five-layer MPC
is more suitable for forming a narrow band filter with
two pass bands.

By using the Multiple Multipole Program combined
with Model-Based Parameters Estimation technique,
Cui et al. have proposed to design metallic-dielectric
photonic crystal filters at optical frequency by optimiz-
ing rod radii[17,18]. In the following, we intend to study
the filter characteristics of five-layer MPC by changing
the rod radii.

The transmission spectra of MPC by changing the rod
ratio t2 = r2/a and t3 = r3/a simultaneously are shown
in Fig. 3(a). The solid, dotted, and dot-dash lines denote
t2 = t3=0.2, 0.15, and 0.1, respectively. It can be seen
that with t2 = t3 decreasing simultaneously, the band
shifts to a lower frequency and band ripples diminish.
When t2 = t3=0.1, a wider pass band with the central
frequency of 117 GHz and the 3-dB width of 2 GHz
occurs. Now, by only varying t3 while keeping t1=0.26
and t2=0.15 constant, transmission spectra of MPC are

shown in Fig. 3(b). The solid, dotted, and dot-dash lines
denote t3=0.15, 0.1, and 0.05, respectively. One can see
that the band moves toward a lower frequency with the
decreasing band width and ripples as t3 decreases. While
t3=0.05, a band pass with a central frequency of 115 GHz
and the 3-dB width of 2.1 GHz appears.

Figure 3(c) shows transmission characteristics of MPC
by changing t1 while keeping t2=0.15 and t3=0.05 con-
stant. The solid, dotted, and dot-dash lines denote
t1=0.26, 0.23, and 0.2, respectively. When t1 is de-
creasing, a wider pass band filter at a low frequency is
obtained, and stronger ripples appear. Assuming t1=0.2,
t2=0.08, and t3=0.06, a wide pass band filter with a cen-
tral frequency of 106 GHz and the 3-dB band width of
5.8 GHz is obtained as shown in Fig. 3(d).

By using the scaling properties for photonic crystal[19],
one could design a series of THz pass band filters. If
decreasing or increasing the rod radii while keeping rod
ratio unchanged, the pass band would shift to higher
or lower frequency, respectively. Furthermore, one can
easily obtain desired bandwidth by tuning the rod ratios.
However, the filter characteristics would not remain the
same unless one only changes the lattice constant and
rod radii but keeps the rod ratios fixed.

Three pieces of single 5-layer slab MPC were cascaded
to form a waveguide filter. The layout of the filter de-
sign is illustrated in Fig. 4(a). It is a 3×5 array of metal
rods lying on a square lattice. Fifteen metal rods were

Fig. 3. Transmission spectra of MPC by changing rods pa-
rameters with 5 layers and lattice constant a=1.43 mm. (a)
By changing rod “2” and “3” simultaneously; (b) by changing
rod “3” only; (c) by changing rod “1” only; (d) by changing
rod “1”, “2”, and “3”, respectively.

Fig. 4. (a) Simulation model of MPC waveguide filters. (b)
Transmission and reflection spectra of MPC waveguide filters.
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Table 1. Geometrical Parameters for MPC Filter

Parameters (mm)

Lattice Constant a=1.16

Radius of Rod “1” r1=0.2725

Radius of Rod “2” r2=0.1025

Radius of Rod “3” r3=0.115

Width of the Filter Lx = 3a=3.48

Length of the Filter Ly = 5a=5.8

Length of Wave Ports Py = a=1.16

Wider Side of Wave Ports Px=2.54

Narrow Side of Wave Ports Pz=1.27

embedded in a rectangular cavity linked with a particular
rectangular waveguide. All the metal rods were divided
into three groups. Group 1 of 3 pillars was located in the
middle of the filter cavity and group 2 and group 3 of 6
pillars were symmetric relative to group 1, respectively.

Parameters of the waveguide filter are given in Table 1.
Square lattice constant a=1.16 mm. Radii of rods “1”,
“2” and “3” are r1=0.2725 mm, r2=0.1025 mm, and
r3=0.115 mm, respectively. Filter cavity width, length,
and height are Lx = 3a=3.48 mm, Ly = 5a=5.8 mm
and Lz=1.27 mm, respectively. Waveports are normal
EIA-WR10 ports with Px=2.54 mm, Pz=1.27 mm, and
length Py=a=1.16 mm. Figure 4(b) gives the simulation
results where the solid and dotted lines denote the trans-
mission and reflection spectra, respectively. It can be
seen that there is a pass band with a central frequency
of 145.5 GHz and the bands of 141.94-147.20 GHz. The
maximum loss in the pass band region is less than 0.15
dB.

A series of THz bandpass filters from 110 GHz to 1 THz
have been designed by scaling the present filter design
accordingly. The dimensions of these filters can be de-
termined by the scale factors related to wavelength of the
center frequency: λ/a=1.784, λ/r1=7.593, λ/r2=20.185
and λ/r3=17.990. Figure 5 shows several designs of MPC
filter working at the frequencies of 220, 291, 340, 420,
and 500 GHz. These filters were embedded in the stan-
dard rectangular waveguides of EIA-WR6, WR5, WR4,
and WR3. By changing lattice constant a and rod raius
“r1”, “r2” and “r3” and keeping rod ratios unchanged,
the center frequency shifts toward higher or lower fre-
quencies with almost the same bandwidth and insertion
loss.

The waveguide filter was produced by traditional me-
chanical operations. At the beginning, two flimsy steel
plates with similar array holes were fabricated by laser
beam machining, followed by plating with gold. The
varied gilt rods were manufactured by coating removal
enamelled wires. The filter cavity was divided into
two symmetrical plates. Then the filtering parts were
mounted on the recombined cavity plates with several
locating dowels. At the end we welded the gilt wires to
the gilt flimsy plates, and embedded the filtering struc-
ture in the waveguide. Figure 6(a) shows two metallic
flimsy plates and Fig. 6(b) shows the fabricated MPC
filter parts where gilt rods are sealed with cavity parts
between the plates. Four dowels around the filter cavity
were used to fix the MPC in a metallic shell. Two parts

of the metallic shell and the whole outlook drawing of
the shell are shown in Fig. 6(c) and 6(d), respectively.

Figure 7(a) shows the experiment setup for the mea-
surement of S21 with a backward wave oscillator (BWO)
as source and a broadband power meter. In Fig. 7(a)
no. 1, 2, 3, 4 and 5 represent BWO, BWO voltage
modulator, power meter probe, power meter and filter
respectively. The BWO output frequencies can be ad-
justed by the cathode voltage modulator. As shown in
inset of Fig. 7(b), the output frequencies are approxi-
mately linear with respect to the voltages. In order to
match with the power meter probe and BWO output
waveguide, two WR28-WR10 waveguide converters were
adopted to connect the filter with probe and output
waveguide. To measure the transmission characteristic
of MPC filter, we firstly obtained the output power P1

at different input voltages when filter was absent. Then
we got the output power P2 with the filter at the same
input voltages. Transmission spectra could be obtained
through equation S21=10 log (P2/P1).

The measurement results (circle-solid line) along with
simulation results (solid line) are shown in Fig. 7(b). One
can see that the trend of the measurement is in agreement
with the simulation results; however, the attenuation of
experiments is larger. The measured central frequency is
145 GHz, with a minor frequency offset (0.5 GHz). The
insertion loss around the measured central frequency is
2.9 dB. The large attenuation is mainly caused by non-

Fig. 5. (Color online) Simulated transmittance of frequency
scaled MPC filters.

Fig. 6. Image of the fabricated MPC filter and its metallic
shell: (a) metallic flimsy plates, (b) fabricated MPC filter
parts, (c) two parts of the metallic shell, and (d) outlook
drawing of the metallic shell.
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Fig. 7. (a) Experimental setup to measure S21. (b) Simula-
tion and measurement results for the compact bandpass filter.

ideal sample fabrication and mismatching between joints
of the waveguides. The bandpass filter shows a big offset
of first band region, exactly as predicted by simulation
for machining and assembling tolerances. The calculated
transmission spectrum (dot-dash line) fits the measured
line much better if the rods deviations are considered.
The actual rod radii are r1=0.255 mm, r2=0.1275 mm,
and r3=0.1225 mm. The rods offset distances of X and
Y axes are (0 mm, –0.06 mm), (0 mm, –0.005 mm), and
(0 mm, –0.02 mm), respectively. The experiment results
accord with the analysis. The truth is that as rod radii
decrease or increase while lattice constant remains the
same, pass band region tends to shift toward lower fre-
quencies or higher frequencies.

In conclusion, filter characteristics of MPC are studied
in this letter. It is found that two narrow pass bands
appeared when the central rod is removed for five-layer
structure. By decreasing or increasing rod radii, while
keeping the rod ratio fixed, the pass band would shift to
higher or lower frequencies, respectively. Furthermore,
one can improve the bandwidth and attenuation slope
by tuning the rod ratios. A series of THz waveguide
filters with almost identical bandwidth and attenuation
are designed by changing the lattice constant and rod
radii and keeping rod ratios unchanged. Therefore, de-
sired passband waveguide filters with desired central

frequency and bandwidth can be obtained by optimiz-
ing radii of the rods with a reasonable lattice constant.
Finally, a compact passband waveguide filter with a cen-
tral frequency of 145.5 GHz and a bandwidth of 5.26
GHz is fabricated and measured. The measured results
are in accordance with the simulation results. The MPC
waveguide filter with compact and robust chip structure,
inexpensive and easy fabrication features has great appli-
cation value at THz communication and radar systems.
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