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Abstract: A broadband spectroscopy of anti-resonant waveguides in the terahertz region was investigated. The
broadband spectral transmission properties of a poly ( methylmethacrylate) (PMMA) pipe waveguide, a PMMA
self-supporting waveguide, and a SiO, pipe waveguide were studied using terahertz time domain spectroscopy
(THz-TDS). The existence of the anti-resonance phenomenon was demonstrated. Additionally, the PMMA self-
supporting waveguide has been experimentally shown to realize transmission bandwidth of over 2 THz without dip
frequencies. Also, based on the anti-resonance mechanism, the dielectric pipe waveguide was successfully used as

a terahertz refractive index sensor for liquid sensing, which offers a possible method for materials detection.
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Introduction

As terahertz (THz) technology develops rapidly in a
variety of application areas, low propagation loss and
flexible waveguides are regarded as an essential compo-

[1]

nent for convenient THz communications Therefore ,
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many different types of waveguides have been developed,
including metallic  waveguides'**' |
waveguides'™® | and Bragg waveguides''*"?'.

Compared with the metallic materials, dielectric
waveguides can realize low loss and flexible bending. At
the same time, broadband spectroscopy studies are highly

important to the understanding of THz transmission prop-
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erties. Many types of waveguides based on various mech-
anisms have been investigated, and among them, the an-
ti-resonant waveguide is considered the most effective
way to transmit broadband THz waves' ™', This
waveguide is a thin pipe that consists of a large air core
and a thin dielectric layer with uniform refractive index.
Because of the anti-resonance mechanism, the power of
the THz wave can be restricted within the air core, and
only certain resonant modes can be leaked towards the
exterior, which means that THz waves can be transmitted
in the waveguide over a broad range of frequencies that
are separated from the specific range where the so-called
dip frequency is attained.

As to the dielectric material of such waveguides,
both Cyclic olefin copolymer Topas (COC) "' and Poly-
methylmethacrylate (PMMA) "™ have good optical trans-
parency in terahertz band. Especially, PMMA have been
widely used in polymer fibers thanks to its excellent char-
acteristics for fiber fabrication. We have previously stud-
ied the properties of PMMA pipe waveguides''® ') and
self-supported waveguides''® for THz continuous wave
transmission. These waveguides can realize low loss
propagation for THz waves at 3.1 THz. However, their
broadband transmission properties have not been studied
experimentally.

As part of our subsequent investigations, we present
here the broadband transmission properties of these die-
lectric waveguides. Importantly, the self-supporting
waveguide has been experimentally confirmed to have its
designed broadband propagation properties. Also, it is
already known that the dip frequency is related to the re-
fractive indices of the cladding, which means that the di-
electric pipe waveguide can be used as a THz refractive
index sensor. In this paper, we also present our work on
the liquid sensing applications of these polymer
waveguides.

2 Propagation and sensing mechanism

A double-layer model can be used as the theoretical
sensing model ', The cross-sectional schematic of this
model is shown in Fig. 1(a). During the THz transmis-
sion process, part of the THz wave is reflected at the in-
terface between the two-layer structures, with a one-di-
mensional optical path as shown in Fig. 1(b).

When the light is grazing incidence into the
waveguide, the resonance frequency can be derived as

f. = me m=1,273"
! 2(d, \/n} —nl +d, /ni —n))
, (D)

where f, is the resonant frequency, ¢ is the velocity of

light in a vacuum, m is an integer, n, is the refractive
index of the environment, and d,,d, and n,,n, are the
thicknesses and refractive indices of the double layer, re-
spectively.

When n, =n,, this formula can be simplified in the

form of a one-layer model for the anti-resonant
waveguide. The formula also shows that if n,, n, and d,

are known, then the refractive index n, or thickness d; of
the waveguide can be determined when either of these
parameters is tested. This suggests a new method of ma-
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Fig.1 (a) Cross-sectional schematic of the model, where n,,

n,, and n, are the refractive indices of the air, the sample layer
and the cladding, respectively. R, d,, and d, are the radius of
the inner pipe and the thicknesses of the different layers, respec-
tively; (b) one-dimensional optical path of a THz wave reflec-
ted inside the waveguide
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terial sensing based on the anti-resonant waveguide.

Additionally, it is clear that the dip frequency is re-
duced when layer 1 exists, and this results in a red-shift
of the frequency spectrum of the waveguide. Based on
this mechanism, the dielectric pipe waveguide can suc-
cessfully be used as a THz refractive index sensor for lig-
uid sensing.

3 Broadband spectrum of the waveguide

The experimental setup for broadband THz
waveguide and measurement of its sensing properties is
shown in Fig. 2. It is a typical THz-TDS setup previous-
ly used to measure THz transmission spectra. In this
case, the waveguide sample is placed at the THz beam
waist in the parallel optical path between the parabolic
mirrors PM3 and PM4 because a grazing incidence is re-
quired according to Eq. (1), as shown in Fig. 2. Two
apertures are used to block off any stray light at the front
and back of the waveguide. The spectrum of the system
ranges from 0.2 THz to 2. 6 THz. This system can be
used to measure various waveguides with lengths up to
150 mm.

The PMMA pipe waveguide, the PMMA self-sup-
porting waveguide and a SiO, pipe waveguide are used as
the experimental samples. The theoretical refractive indi-
ces of PMMA and SiO, are 1.53 and 1. 44 respectively.
Cross-sectional schematics of the waveguides are shown
in Fig. 3. The diameter of the PMMA pipe waveguide is
3.8 mm and the pipe cladding thickness is 0.2 mm,
while the inner diameter of the SiO, pipe waveguide is 3
mm and its cladding thickness is 1 mm. The dimensions
of the self-supporting waveguide are r, =1 mm, R, =2
mm, ¢, =0.02 mm, and T, =0.2 mm. All three pipes
are 86 mm long.

Figure 4(a), (b) and (c) show the time-domain
spectra for the PMMA pipe, the PMMA self-supporting
pipe waveguide, and the SiO, pipe, respectively. The
black curves of each graph are the responses of the
waveguides to sample signals, while the red curves repre-
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Fig.2 Broadband THz waveguide experimental setup based on
THz-TDS system
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Fig.3 Cross-sectional schematics of (a) the PMMA pipe,
(b) the SiO, pipe and (c) the PMMA self-supporting
waveguide
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sent the responses to signals without these samples (1.
e. , reference signals). Because the group refractive in-
dices'®™ of these terahertz waveguides are greater than
the refractive index of air, all sample signals have tempo-
ral delays when compared with the reference signals. At
the same time, the amplitudes of the sample signals are
attenuated when compared with those of the reference sig-
nals because of material absorption losses and coupling
losses.

Obvious spectrum dips at equal intervals can be ob-
served in the transmission spectra of the three waveguides
in the frequency domain, as indicated by the arrows in
Fig. 5. The figure also shows that the measured spectral
periodic frequencies of the PMMA pipe waveguide and
the SiO, pipe waveguide are 0. 32 THz and 0. 18 THz,
respectively, which are close to the corresponding peri-
ods of the resonance frequencies of 0. 31 THz and 0. 13
THz that were calculated using Eq. (1). The deviations
in these values may be caused by cladding thickness var-
iation and tiny differences between the actual and theo-
retical values of the refractive index. The cladding thick-
ness of the waveguide is inversely proportional to the res-
onance frequency. Therefore, reduction of the wall thick-
ness causes the resonance period to increase. The thick-
ness of the self-supporting waveguide’ s inner wall is ap-
proximately 0. 02 mm, and thus only one resonant peak
can be observed in the range from 0.2 THz to 2.6 THz,
which indicates that the waveguide can realize broadband
THz propagation if the dimensions are designed properly.
At resonant frequencies, transmission drops significantly
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Fig.4 THz time-domain spectra for (a) the PMMA pipe,
(b) the PMMA self-supporting pipe, and (c) the SiO, pipe
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because there are no core modes to deliver the THz pow-
er. It is clear that the transmission and resonance fre-
quencies of these waveguides are well matched, and this
indicates that the guiding mechanisms of the pipe
waveguides are indeed anti-resonant reflective guiding
mechanisms.
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Fig.5 Transmission spectra of the PMMA pipe waveguide,
the PMMA self-supporting pipe and the SiO, pipe
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4 Liquid sensing with the pipe waveguide

The waveguide used for the sensing experiment is
the PMMA pipe waveguide. The pipe has a wall thick-
ness of 0.2 mm, a diameter of 3.8 mm, and a length of
86 mm. The transmission properties of the pipe have
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been studied above. Simulation and experimental results
show that this type of pipe can transmit THz waves with
low propagation losses over a wide frequency range. Soy-
bean oil was chosen as the material to be detected. The
refractive index of the oil was measured before the exper-
iment by THz-TDS, and was found to be 1.27 in the 0. 2
THz to 2.6 THz range.

During the experiment, soybean oil was dropped in-
side one of waveguide ends, and the inner wall of the
waveguide was evenly covered with the soybean oil when
the waveguide was tilted because of the effects of gravity
and the surface tension of the oil droplets.

Figure 6 shows the transmission spectra of the poly-
mer waveguide and waveguide with soybean oil. Obvious
dip frequencies at equal intervals are observed, as indi-
cated by the arrows in Fig. 6, and the interval is smaller
than that of the waveguide without the oil coating. This
therefore indicates that the measured spectral frequency
dip shifts towards a lower frequency (redshift) when the
pipe is coated with soybean oil. The redshift for each dip
is uneven, which means that the redshift increases as the
frequency increases, and the largest value that can be
clearly observed in the frequency range of interest is ap-
proximately 40 GHz at around 1.5 THz, as shown in
Fig. 6. The refractive index of PMMA is 1.53!"") | and
the cladding thickness of the pipe is 0. 2 mm, which
means that if the refractive index or the thickness of the
soybean oil coating is known, then the other variable can
be calculated according to Eq. (1). Because the refrac-
tive index of the oil is measured as 1.27, the thickness
of the soybean oil coating is then calculated to be about
0.34 mm. This value is approximately comparable with
the actual thickness of the soybean oil when estimated
based on the volume of oil divided by the inner surface
area of the waveguide. This result shows that the pipe
can be used as a liquid sensor in the THz region.
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Fig.6 Transmission spectra of the PMMA pipe waveguide
with and without oil coating
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5 Conclusion

The results of our work on broadband spectroscopy

of anti-resonant waveguides in the THz region have been
presented. Using a THz-TDS system, the broadband
spectral transmission properties of a Si0, waveguide, a
single-mode PMMA pipe waveguide and a PMMA self-
supporting waveguide have been studied and spectrum
dips have been observed at equal intervals, which dem-
onstrated the existence of the anti-resonance phenome-
non. The results also indicated that the PMMA self-sup-
porting waveguide can realize broadband propagation of
THz waves, with a measured bandwidth of more than 2
THz for a cladding thickness of 0. 02 mm. Based on the
anti-resonance mechanism, a PMMA pipe waveguide was
successfully demonstrated as a THz refractive index sen-
sor for liquid sensing. The sensing results match the ac-
tual values well, which means that these dielectric
waveguides can provide a possible future method for lig-
uid materials detection.
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Table 1 Comparison of Ka-band amplifier MMIC
&1 KaKBIIH MMIC L8
Ref. process Stages  Output matching Freq/GHz Gain/dB PAE_sat/% Pout_sat/dBm Size/mm
[2] 0. 15pm pHEMT GaAs 1 Inductive 17 -35 9-12 35-40 22.5-23.5 1.5x1
[5] 0.25pum pHEMT GaAs 3 Inductive 31 -37 15 -18 27.5 23 -25 2.43 x1.28
[6] 0. 15wm pHEMT GaAs 3 Capacitive 30 -38 22 -25 20 -36 35-36 3.6x2.75
[7] 0. 15pm pHEMT GaAs 3 NA 30 -40 14 -20 25 33-34 2.8x2.3
[8] 0.15pm HEMT GaN 3 Inductive 26 -33 24 -31 28 -35 37 -38 3.24 x1.74
[9] 0. 15pum pHEMT GaAs 3 Inductive 33 -48 17 -20 20 26 -28 2x1.45
[10] pHEMT GaAs NA NA 34 -42 18.5 20 -22 20 -21 2.4x1.64
This work 0. 1pum pHEMT GaAs 3 Capacitive 32 -40 18.5-25.5 30-35.5 19 -20 2.3x1.5

30 ~35.5% with 19 ~20 dBm output power in 32 ~40
GHz.

A comparison of the Ka-band wideband PAs MMIC
is shown in Table 1. The measured peak drain efficiency
of final stage in our work is 46.3% at 36 GHz, which is
higher than that of the single-stage PA"*' (about 44. 6%
at 32GHz, calculated from its data). Most medium pow-
er amplifiers are designed for linear usage as'®®’ with
lower PAE about 20% . Hence, some high power ampli-
fiers'>7! with high PAE are listed. Accounting the losses
(approximately estimated to be 1% ~3% in PAE reduc-
ing) introduced by the power combining networks in high
power amplifiers, the PAE (30% -3% =27% ) of our
work is still higher than the listed GaAs wideband
PAs'™" and comparable with GaN PA'7.

Decided by the paralleling element closest to tran-
sistor, the output matching properties ( capacitive /in-
ductive) of these PAs are shown in this table. Their out-
put matching performances can be roughly observed by
$22. S22 of PA'"® both present only one reflection zero
for the bandwidth limitation of inductive matching. How-
ever, S22 of' > (lower operating band) and"*’ (narrower
operating band) both achieve two reflection zeros with in-
ductive matching, due to the limitation of i-matching only
appearing at the high operating band wideband matching
(shown as Eq. (13)). Because of its multi- section ca-
pacitive matching, S22 of PA" presents five reflection
zeros. Besides, S22 of our work has two reflection zeros
(One is 33.5 GHz, the other is higher than 40 GHz. )

with capacitive matching.
4 Conclusion

This paper presents a Ka-band high efficiency three-
stage wideband PA MMIC with capacitive coupled matc-
hing structure. A set of formulas was proposed to calcu-
late initial values of this matching and facilitate the opti-
mization process. With the correcting of the frequency
offset, these formulas are more accurate than those pres-

ented in Ref. [2]. The measured PAE of this PA is
higher than 30% over the entire frequency band (32 ~
40 GHz). These results demonstrate the effectiveness of
this design method for millimeter wave wideband PA.
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