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High efficiency conical shape THz coupler
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Abstract: A coupler for coupling terahertz radiation into a waveguide was designed, which is the combination of a
conical column and a short cylinder made of aluminum. The performance of the coupler in the cases of a broadband
collimated terahertz wave and a single frequency collimated terahertz wave from free-space into an anti-resonate
waveguide was simulated by theory and verified by experiment. The results confirm that the coupler is a high effi-
ciency and broad band THz coupler. By optimizing the dimension parameters of the coupler, the amplitude cou-
pling ratio of 71% and the amplitude concentration factor of 6. 125 in the terahertz time domain spectroscopy sys-
tem have been achieved.
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Introduction

Terahertz radiation is the electromagnetic wave loca-
ting in the spectrum between infrared and microwave. In
the past years, the terahertz technology has brought great
progress in multitudinous applications in the fields of
spectroscopy, imaging, biotechnology, communication,
public security, chemical analysis, etc. In the THz ap-
plications THz waveguide is of importance for efficient
THz transmission and has attracted many attentions. By
now there are many works present diverse terahertz
waveguides such as hollow metallic waveguide, parallel-
plate waveguide, wire waveguide, dielectric waveguide,
and photonic crystal fiber, etc. ™. Among these
waveguides, one of dielectric waveguides or anti-resonant
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waveguide as a sensor was reported by some litera-
tures' ™. In our group Liu Jing used a 150 mm long
anti-resonant waveguide to detect absorption spectrum of
edible 0il'"*). To reduce the transmission loss and im-
prove signal to noise ratio and transmission efficiency of
the waveguides a coupler coupling terahertz beam into
waveguides is one of the solutions. In the past years some
couplers to enhance terahertz transmission efficiency by
different structures have been reported "', In 2012,
M. Gerhard et al. coupled focused terahertz into a paral-
lel plate waveguide by using a tapered structure, and got
amplitude coupling ratio of 80% ', In 2013, Shuchang
Liu et al. studied a conical aperture combination with a
slit and found that the conical aperture or tapered struc-
ture can concentrate terahertz beam and the resulting
transmission spectrum is a weighted sum of the spectra
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associated with a tapered aperture with a slit''®. In the
same year they studied an array of tapered conical aper-
ture, which can concentrate broadband terahertz (0.2 ~
1T) """, Different coupler design may only fit a certain
coupling demand. To increase terahertz signal coupling
into the anti-resonant waveguide and get a broader band
THz coupler, we designed and fabricated a coupler with
the shape of a conical column combining with a short cyl-
inder.

1 Design

The coupler was designed to work in two experimen-
tal systems. First, the incident terahertz wave is a pulsed
collimated beam with 2 ps pulse length with frequency in
the range of 0.2 ~2 THz , which is a common effective
frequency range presented by a typical THz-TDS system.
Second, the incident terahertz wave is a continuous colli-
mated wave (CW) with the frequency of 3. 1THz, which
is presented by a terahertz CW laser. Although the cou-
pler is designed to match a cylinder waveguide working in
THz-TDS, we also hope that it can work in a CW system
to improve imaging, communication and other aspects.

Besides, the following factors have been considered
in our design. Firstly, coupling a pulsed signal needs to
enhance the terahertz intensity in broadband. In a con-
ventional THz-TDS system the effective bandwidth is usu-
ally about 2 THz and many samples’ characteristic peaks
locate in the range of 0.2 ~2 THz. So we simulated and
designed the coupler worked in this frequency range,
which is much broader than the previously work''®!. Sec-
ondly, the enhancing terahertz wave by the coupler
should connect the waveguide closely, rather than the
terahertz beam goes through a certain distance of free
space as reported in reference'”’ | since terahertz beam
usually be disturbed and lose energy in free space.
Thirdly, instead of a silicon lens, by which only 20% ~
30% coupling ratios can be achieved'”’ | a tapered
structure is used to concentrate the terahertz beam for a
high coupling ratios.
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Fig.1 (a) Assembling drawing of the coupler. The
right part is used to fix the coupler, (b) The cross-sec-
tion drawing of the coupler
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Figure 1 (a) shows the coupler sketch we de-
signed. The main functional structure is the combination
of a conical column and a cylindrical column, and the
cross-section is shown in Fig. 1(b). The conical part is
used to concentrate terahertz wave from a thick beam to a

slender beam, and the cylinder part is used to connect
the following anti-resonant waveguide. Adapting to di-
mensions of the waveguide and the size of the terahertz
beam, we selected lengths of the cylinder part and the
conical part as 4 mm and 15 mm, inner and outer radii of
the cylinder part as 1 mm and 1.5 mm, respectively.
Clearly, the output port radius of the conical column is
the same as that of the cylinder part. The inner radius of
the input port of the conical column can be optimized by
the simulation. Since the cylinder part connects the fol-
lowing waveguide conveniently and has not the function
of beam concentration, the length of it was set as 4 mm,
as short as possible. Being light, easy to be processed,
and low cost, aluminum was chosen as the material of
which the coupler was made. Moreover, as metal materi-
al aluminum is taken as a perfect conductor (reflector)
and should realize broadband transmission.

2 Simulation

In order to understand the distribution of the THz
field and to optimize the coupler, we simulated the trans-
mission process of the THz beam and calculated the THz
field distribution. The enhancement of terahertz electric
field by the coupler and the transmission properties were
studied using a two-dimensional axis symmetric finite ele-
ment method (FEM) in the frequency domain. The rota-
tional symmetry of the coupler makes it possible to set up
a half sector plus a small rectangular in two dimensions
as the simulation region, as shown in Fig.2 (a). All the
dimension parameters are labeled. The boundary is a
perfect electric conductor. The simulation region is set as
filled with air. The advantage of setting the model in 2D
is much faster in calculation and saving memory in simu-
lation. Since the coupler is made of aluminum, the
boundary of the simulation region is set as perfect con-
ductor. The inside region of the coupler is set as air.
Considering two aspects, to couple more energy into the
waveguide and the THz beam size ( ~13 mm), in the
simulation we set the input port radius of the conical col-
umn in the range from 5 mm to 13 mm, and will get the
best value of the radius according to the simulation re-
sults.

The performances of the coupler is shown in Figs. 2
(b), (¢), and (d). Figure 2 (b) shows the terahertz
amplitude distribution in the case of a pulsed THz wave,
from which we can see that energy of terahertz field main-
ly distributes in the area of the rotational axis of the cou-
pler and it is enhanced at the output port of the conical
column.

To describe the coupling effect a terahertz amplitude
concentration factor f(r) is introduced, which is defined

J(r) = A (r) /A, , (D)

where A, (r) is the amplitude of terahertz wave at the

out
output port of the coupler and A, is terahertz amplitude
at the same location without the coupler. Clearly, the
A, (r) is the function of input port radius r and, there-
fore, the f(r) is also the function of r. Figure 2 (c)
shows the terahertz amplitude concentration factor f(r)
versus the radius of the input port of the coupler. In Fig.
2 (c) the black and red curves present f(r) of a conical
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Fig.2 (a) Simulation region, (b) terahertz field dis-
tribution by the simulation, ( ¢) terahertz amplitude
concentration factor versus the input port radius of the
coupler,and (d) coupling ratio versus the input port
radius of the coupler
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column itself and the coupler (a conical column plus a
cylinder part) , respectively, in the case of the input CW
terahertz at 3. 1 THz, and the blue and green curves
present the f(r) for the pulsed input terahertz beam. It
is easy to see that the shapes of this two groups curves
are different because the input THz beam in one case is
pulsed and in the other is continuous wave. Nevertheless
the changing tendencies of the curves are the same. The
terahertz amplitude concentration factor f(r) increases
with the increase of the input port radius when the radius
is small. However, when the radius is beyond a certain
value, the f(r) declines with the radius increasing.
From the red and black curves it is shown that f(r) is at
a higher level ( ~7) with the r in the range from 8§ mm
to 10 mm. From the blue and green curves we find that f
(r) reaches its highest value ( ~6) at the radius of 8
mm. Since we hope the coupler works in both pulsed ter-
ahertz wave and continuous terahertz wave, we choose 8
mm as the input port radius of the coupler according to
the results shown in Fig.2 (c¢).

Another factor to describe the performance of the
coupler is the coupling ratios which is defined as

C(r) = [A,(r)/A, ()] x100% , (2)

where A, (r) is the amplitude of THz wave at the output
port and the A, (r) is the amplitude of terahertz wave at
the input port. Figure 2 (d) presents the amplitude cou-
pling ratios versus the radius of the input port of the cou-
pler. We can see from Fig. 2 (d) that the amplitude
coupling ratio remains a high level ( ~70% ) when the
input port radius is smaller than a certain value (8
mm) , and it declines sharply when the radius is larger
than 8 mm. These results are easy to understand. The
smaller the input port radius is, the smaller the cone an-
gle of the conical column is. There will be less terahertz
energy flowing into the coupler. As the radius increases
or the cone angle becomes larger, although the input ter-
ahertz beam still increase, more incident terahertz beam
is held back, so the coupling ratio goes down. According
to the result shown in Fig. 2 (d) we set the input port ra-
dius of the conical column in the range from 6 ~8 mm.

In consideration of both the concentration factor f
(r) and the coupling ratio C(r) in terahertz TDS and
CW by the simulation results shown in Fig. 2 (¢) and
Fig.2 (d), we obtain the best input port radius of the
coupler, which is 8 mm. Moreover, from Fig.2 (c¢) and
Fig.2 (d) we can see that the curves of the conical col-
umn itself are almost above the curves of the coupler.
Since the cylinder part does not have concentration func-
tion, the terahertz energy transmission slightly decline.
The resulting transmission of the coupler is the sum of
that passing through conical part and the cylinder part.

As mentioned above that terahertz amplitude mainly
distributes in the area of the rotational axis of the coupler
and a quasi-periodic distribution away from the output
port can be observed from Fig.2 (b). The distribution is
discussed following. Due to the conical shape, which
limits and changes the propagation direction of the inci-
dent THz beam, the beam in the conical column forms
into two traveling terahertz beams after the process rea-
ches a stable state. One propagates forwards from the in-
put port to the output port, and the other propagates
backwards. The two terahertz beams travel oppositely and
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therefore a quasi-stationary wave forms. It leads to the
amplitude of terahertz field enhanced nearby the cone
vertex of the conical column. We call the position of the
enhanced amplitude as terahertz field maximum position
(TMP). By simulation we find out that the TMP is near-
by the cone vertex and the TMP is mainly related to both
the wavelength of the incident beam and the cone angle.
Adjusting the input port radius of the conical column is
equivalent to adjusting the cone angle. Optimizing the
best radius actually make the TMP at the output port of
the conical column to lead the most incident terahertz en-
ergy coupling into the following waveguide.

3 Experiment

We fabricated a coupler with aluminum by digital
machining according to optimized parameters in the simu-
lation. The coupler was tested in two experimental set-
ups. One is a THz-TDS system, by which the incident
terahertz wave is a pulsed beam with 2 ps pulse length
and in 0.2 ~2 THz frequency range. The other is a THz-
CW system, from which the incident terahertz beam is
the continuous wave at the frequency of 3.1 THz. The
schematic diagram of the experimental setups are shown
in Figs.3 (a) and (b). In Fig.3(a) a collimated tera-
hertz beam from PM3 is limited by an aperture and then
enters into the coupler. We selectively used two aper-
tures with different diameters; the bigger one with the ra-
dius the same as that of the input port of the coupler and
the smaller one with the radius the same as that of the
output port of it. The terahertz intensity is enhanced by
the coupler and then travels through an anti-resonant
waveguide. In Fig.3(b) for THz-CW system, a collima-
ted continuous terahertz beam (3.1 THz) goes in the
coupler, then travels through the following anti-resonant
waveguide just like in THz-TDS system. The temperature
is 22 degree centigrade, and the relative humidity is
10% in the THz-TDS experiments.

The corresponding THz time-domain signals and fre-
quency-domain signals are shown in Figs. 4 and 5. These
spectra were measured in 6 different experimental config-
urations, which are shown in the small graphs at the bot-
tom right in Fig. 4. To compare the effect of the coupler
on the THz beam the time-domain curves in Fig. 4 are di-
vided into 3 groups. Figure 4 (a) is in group 1, (b) ~
(d) in group 2, and (e) ~ (f) in group 3. Figure 4
(a) is the terahertz time domain signal traveling in free
space, in the situation of no coupler, no aperture, and
also no waveguide. Group 2, the curves in Figs. 4 (b)
~ (d) are the terahertz signals of traveling through a big
aperture, a small aperture, and the coupler, respective-
ly. The first two signals are taken as references for calcu-
lating the amplitude coupling ratio and the amplitude
concentration factor, which will be explained in detail in
following paragraphs. Group 3, the curves in Figs. 4(e)
and (f) present the signals passing through an anti-reso-
nant waveguide with or without the coupler.

The maximum value in the curves shown in Fig 5
was used to calculate the THz amplitude concentration
factor and the coupling ratios according to Eqs. 1 and 2,
and f(r) =6.125 and C(r) =71% are obtained, re-

spectively. Due to the terahertz signal detection method,
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Fig.3 The schematic diagram of the experimental setups (a)
The terahertz time-domain spectroscopy system, the upper right is
the local zoom in, and (b) the THz continuous wave system
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the A, (r) in Eq. 2 is actually measured as the terahertz

in

signal passing through the big aperture. It is reasonable
to do the replacement since the radius of the big aperture
is the same as that of the coupler’ s input port, Fig. 4
(b), and the terahertz amplitude passing through the big
aperture should be similar to A,, (r). Due to the same
reason, we used the terahertz signal passing through the
small aperture as the reference A, ; in Eq. 1 to calculate
the amplitude concentration factor. Considering the am-
plitude concentration factor and the coupling ratios are 6
and 73% , respectively, by the simulation, the experi-
mental results are almost consistent with the simulation
results.

Besides the above two factors to show the perform-
ance of the coupler, another important property can be
observed in the experimental results shown in Figs. 4 and
5, that is, it is a broad band coupler. This means that
the coupler dose enhance the terahertz intensity and has
little negative affection on the spectrum. It also shows
that the shapes of the terahertz signals through the
waveguide with and without the coupler are nearly the
same from the group3, Figs.4 (e) ~ (f). This perform-
ance of the coupler is especially obvious by seeing in fre-
quency domain spectrum, for each spectrum the corre-
sponding peaks are almost at the same frequency. This
smooth terahertz intensity concentration performance is
very important for terahertz spectral applications.
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Fig.4 Terahertz time-domain signals in various situations. The
inserts in the bottom right present the visual view of the 6 situa-
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through the anti-resonant waveguide without the coupler, and
(f) the terahertz beam goes through the anti-resonant waveguide
with the coupler
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The corresponding experimental results by the THz-
CW system are shown in Fig. 6, in which the terahertz
intensity distributions detected by the Pyroelectric Array
Camera (Pyrocam' III) are plotted in the cases of free
space (a), the coupler (b), and the waveguide with
(c¢) or without (d) the coupler. From Fig. 6 we can see
that the coupler does enhance the terahertz intensity or
couple more terahertz energy into the waveguide. It can
also been seen that the mode distribution both in the cou-
pler and in the waveguide with the coupler is HE,;.

4 Conclusions

We have designed a coupler for THz cylinder
waveguides structured as a conical column and a cylindri-
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Fig. 6  Terahertz intensity distribution in THz CW experi-
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waveguide with the coupler
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cal column and simulated the properties for both the
pulsed collimated wave in the frequency of 0.2 ~2 THz
and the continue collimated wave at 3.1 THz. The pa-
rameters of the coupler is optimized by the simulation and
the best radius of the input port of the coupler, 8 mm, is
obtained. The performance of the coupler is demonstrated
on the two experimental systems, THz-TDS and THz-
CW. With the desinged parameters the amplitude cou-
pling ratios of 71% and the concentration factor of 6. 125
are achieved by the coupler. The results indicate that the
coupler we fabricated can be used to couple the THz
wave into a waveguide. The high coupling efficiency cou-
pler is very important for the implementation of
waveguides.
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