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Abstract In this article we present the design and characterization of the first
3D printed guided-mode filter for terahertz frequencies. The device consist on
a diffractive grating fabricated on top of a rectangular dielectric waveguide by
3D printing. Finite difference numerical modeling shows this device acts as a
filter at a frequency that can be geometrically engineered and tuned around
such frequency by varying the radiation incidence angle. Three devices were
designed to operate at 200 GHz, 250 GHz and 300 GHz, the devices were fabri-
cated and successfully characterized using terahertz time-domain spectroscopy.
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1 Introduction

The use of terahertz electromagnetic waves (between 30 GHz and 3 THz) for
high-speed short-range wireless telecommunications is one of the most promis-
ing applications for this spectral band in the near future. The development for
passive components for communications at terahertz frequencies is of great
relevance in order to bring this idea to practical use. Important progress has
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been made in this field in recent years [1]. This is, to great extent, the conse-
quence of the need to reach higher carrier wave frequencies in order to increase
the bandwidths currently available and given that the microwave region is now
completely allocated, it is necessary to access the next higher frequency re-
gion, which is the THz band. Many efforts to build passive components for the
next generation of terahertz systems have been made. Few examples of these
devices are lenses [2-5], waveguides [6-8], demultiplexers [9,10] among others.
All of these devices have a considerable degree of complexity in their building
process. Fortunately some polymers used in 3D printers are transparent to
THz radiation [11,12]. Although other methods are available [13], the resolu-
tion of a typical 3D printer (= 400 um) is enough to build THz components, it
is a very convenient method for fast prototyping and has the advantage that
once the device is optimized it can easily be mass-produced by mold-based
manufacture. This is why 3D printing has attracted the attention of terahertz
researchers in recent years. Many 3D printed devices for THZ have been re-
ported recently, such as, lenses [14,15,11], dielectric fibers [16-18], gratings
[19,20] and many others, giving evidence that 3D printing can be a useful tool
for the prototyping and fabrication of novel devices.

In this article we report the design and characterization of the first, to the
best of our knowledge, 3D printed guided-mode filter for the terahertz band.
Similar devices have already been explored for the near infrared region [21,
22]. We demonstrate devices resonant at frequencies of 200 GHz, 250 GHz and
300 GHz. The device structure consist of a 3D printed grating on a dielectric
rectangular waveguide. Our simulations predict and the experiments support
that the coupling of electromagnetic radiation into the waveguide is highly
frequency selective resulting in a filter. Devices for different frequencies can be
made by changing the physical dimensions of the diffraction grating.
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Fig. 1 a) Simplified diagram of the operation of the resonant waveguide proposed. The exit
angle of some of the diffracted modes at an specific frequency fit the total internal reflection
condition, guiding the light inside the waveguide. Simulation results for a device designed
to act as a band pass filter at 300 GHz when illuminated at b) 250 GHz, ¢) 300 GHz and d)
350 GHz
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2 Design and theoretical modelling

The principle of operation of the device is explained in the simplified diagram
of Figurela). It consists of a grating printed over a rectangular dielectric
waveguide made of the same material. The electromagnetic beam couples lat-
erally through the grating. The diffraction angles are given by [23,24]

ng sin[0(m)] = nine sin O — m%, (1)
where n; is the refractive index of the grating, #(m) is the diffracted angle of
the m-th diffracted mode, n;,. is the refractive index of the external medium,
Oinc the angle of incidence of the beam, A the wavelength in vacuum and A the
period of the grating. If the exit angle of a diffracted mode is equal or higher
than the total internal reflection angle inside the waveguide, the radiation will
be confined and it will propagate in the waveguide until it reached its end
point, where it will be coupled back into the free space.

The effective refractive index of the waveguide is given by [25]

Nefp = ngsing = ny sin[f(m)). (2)
Combining equation 1 and equation 2 we obtain

A

Neff = Ninc sin ainc - mz; (3)

given that nne < nepp < my, the condition to be satisfied for any particular
wavelength to be guided inside the waveguide is

. A
Nine < [NineSin One — mz\ < ng. (4)

We used a finite-difference-time-domain approach to perform the simulation at
250 GHz, 300 GHz and 350 GHz. This method discretizes the Maxwells’ “curl”
equations in order to obtain a detailed solution in an arbitrary geometry. For
the simulation A = 0.8 mm ¢ = 0.2mm, b = 0.4mm, 6;,. = 0, h = 1 mm.
The dimensions of the dielectric waveguide were chosen in order to get single-
mode operation. In Figure 1b), ¢) and d) the simulations results are shown,
it is easy to see that the coupling of the 250 GHz and 350 GHz beams into
the waveguide is relatively poor, while the coupling of the 300 GHz one is
comparatively strong. According to the simulation the electric field amplitudes
at the right-hand-side end of the device, relative to the incoming amplitude are
0.23, 0.80 and 0.12 at 250 GHz, 300 GHz and 350 GHz. This is consistent with
the analytical model presented earlier, using Equation4 the 300 GHz beam
satisfies the condition of total internal reflection only for the first diffraction
order (m = 1), while the beams at 250 GHz and 350 GHz do not, regardless of
the diffraction order. In order to change the optimal coupling frequency inside
the waveguide, a change in geometry has to be done following Equation 4.
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3 Experiment

We used a Prusa i3 3D printer to build our devices. The devices were made
of polystyrene (PS). This polymer has an absorption coefficient of 0.4 cm™!
at 500 GHz and a refractive index of 1.56 between 0.2 and 3 THz[11]. We
printed three different devices to operate at 200 GHz, 250 GHz and 300 GHz.
The dimensions of the devices were h = 1mm, w = 0.8mm, a = 0.2mm,
b= 0.4mm, AQOOGHZ = 1.2mm, A250GHZ = lmm, ASOOGHZ = 0.8 mm and
the propagation length of the waveguide was 5cm for every device. All the
parameters were optimized using the simulation software for the particular
operation frequency, and the dimensions of the waveguide were optimized in
order to have single-mode behavior for theses three frequencies.

The experimental characterization of the device was carried out with a com-
mercial fiber-coupled time-domain spectrometer API Tera-gauge. The schematic
of the experimental setup is shown in the inset of Figure3. In order to focus
and collect the THz radiation we used two 1inch focal length HDPE lenses.
As shown in the schematic mentioned earlier, we placed an aperture in front
of the receiver in order to ensure no direct cross-talking between the trans-
mitter and receiver. The filter was placed away from the focal position of the
transmitter lens in order to ensure a wider interaction region between the THz
beam and the grating.
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Fig. 2 THz pulses time traces after propagation in 5cm devices optimized for 200 GHz,
250 GHz and 300 GHz are shown. The curves were offset and the reference pulse rescaled
(x0.01) for clarity, at the top.



Guided-mode filters for terahertz frequencies fabricated by 3D printing 5

4 Discussion

In Figure2 the time-dependent waveforms of the pulses after propagation
through the device are shown. The amplitude spectra of the different wave-
forms are shown in Figure 3. The dashed lines correspond to the experimental
measurements, while the continuous lines are the numerical results. In the
figure a good agreement between the numerical results and the experiential
measurements can be seen. From these data we estimated the Q-factor of the
filters to be 2.6 (6.45), 4.5 (6.4) and 4.5 (8.3) determined experimentally (the-
oretically) for the 200 GHz, 250 GHz and 300 GHz devices. In addition, taking
into account the geometrical fact that the incoming radiation was coupled
away from the focus, we estimate a coupling efficiency of 21%, 25% and 28%
respectively. The differences between numerical and experimental curves can
be explained by imperfections in the fabricated devices inherent to the 3D
printing technique. The stronger differences are shown in the spectrum for the
300 GHz device, this is consistent with our explanation because imperfections
in the fabrication process have stronger effects at the shorter wavelengths, yet
the frequency shift of the main peak of the curve and the approximate shape
can be predicted reasonably well with the FDTD simulation. It is worth men-
tioning that only about 6 periods of the diffraction grating are illuminated
both in the experiment and simulations presented, according to further simu-
lations (not shown) the structure in the spectra around the peaks disappears
as more periods get illuminated.
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Fig. 3 Amplitude spectra corresponding to the THz pulses. The dotted lines are experi-
mental results at 200 GHz, 250 GHz and 300 GHz and continuous lines are numerical results
for the same frequencies.

Another interesting property of the devices we are presenting is that by
using Equation 1 it can be analytically shown that the position of the coupling
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peak of the device is dependent on the angle between the incoming beam and
the waveguide axis. This dependence is given by the expression

AN ninc/l
Aoinc B m ’ (5)

from this equation it is clear that the position of the central peak can be
tuned linearly by varying the angle formed by the incoming beam and the
device. This property can be exploited in order to use this device as a tuner for
example for telecommunications. In Figure 4 the central peak angle dependence
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Fig. 4 Central wavelength as a function of the incidence angle. Dots are the experimental
values and the discontinuous lines is the expected position of the central peak predicted by
Equation 5.

is presented. The experiment was carried out using the same setup shown in
Figure 3 but holding the device, aperture and detector on a rotational stage
in order to change the incidence angle, which was varied from —20° to 20°
in steps of 4°. In order to find the position of the peak we fitted a Gaussian
curve to the experimental data. The peak wavelenghts are shown as circles in
Figure 4, which shows a linear trend consistent with the dashed line, which
is the predicted position of the resonance wavelength as a function of the
incident angle given by Equation 5. The measurements were carried out using
the 250 GHz filter. At this point it is worth mentioning that since the angle of
incidence modifies the coupling frequency, using a 1in focal length lens, such
as the one we used in the experiments, reported here produces a relatively
large acceptance cone (< 19°) for the radiation incident on the device. Yet,
we reproduced the experiments shown in Fig. 3 and 4 using a 6 in focal length
lens producing a smaller acceptance angle (< 3.5°) and the differences were
marginal.
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5 Conclusion

In this letter we reported the design and experimental demonstration to pro-
duce plastic dielectric filters for the THz band by 3D printing. The devices
consist of a grating printed over a rectangular dielectric singe-mode waveguide.
We demonstrated that our devices behave as a filter at 200 GHz, 250 GHz and
300 GHz depending on their physical dimensions. These result agree with our
numerical simulations. These devices can be used for the construction of THz
frequency tunable filters for telecommunications among others applications.
Furthermore this work provides one more evidence that the 3D printing tech-
nique is a powerful tool for the design and fabrication of novel THz components
which can be used in various applications.
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