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THz Filter Using the Transverse-electric (TE;) Mode of the Parallel-plate Waveguide
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The results of the experimental and theoretical studies conducted on terahertz filtering using
two parallel-plate waveguides (PPWGs) are presented herein. The first PPWG with 355 pm plate
separation generates 4 THz bandwidth TM modes (TMy, TM,, and TM,), whereas the second
PPWG with 100 pm plate separation operated the THz filter for the generated TM modes with
1.5 THz cutoff frequency. The outgoing THz wave of the two PPWGs was truncated until 1.5
THz, and the system was operated using a high-pass THz filter. The absorption and dispersion
of the combined TM and TE modes for the filtering system were calculated. The theoretical
calculation and measurement results for the cutoff and oscillation frequency in the spectrum domain

agreed well.
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I. INTRODUCTION

The broadband coupling of freely propagating terahertz
(THz) pulses into circular [1] and rectangular [1, 2] metal
waveguides, single-crystal sapphire fiber [3], plastic
ribbon [4], parallel-plate waveguides (PPWGs) [5], and
coaxial cables [6] was recently demonstrated. As the
THz pulses propagated through dielectric materials like
single-crystal sapphire fiber, plastic ribbon, and coaxial-
cable waveguides, the absorption by the dielectric
material turned out to be much bigger than that of the
waveguide itself. The air-filed PPWG has many
advantages when used for the propagation of THz
pulses, such as the fact that it has a small power
absorption coefficient and a good guiding property
when the plate gap is optimized. The concentrated
THz energy in the air gap of PPWG can make many
THz applications possible, such as spectroscopy [7, §],
photonic waveguide [9], and surface plasmon coupling
[10, 11]. As a two-wire coplanar line and a coaxial line,
the THz wave of PPWG propagates through the air
gap between two metal surfaces.

When the THz wave is coupled at metal surfaces
that are not optically smooth, the electric-field distri-
bution to the air will decay exponentially. This is

*Corresponding author: jeon@hhu.ac.kr

known as an “evanescent field”. If the two metal surfaces
are farther separated from each other compared to the
1/e extent of the evanescent field, the evanescent field
of one metal surface will not affect that of the other.
If the metal surfaces of the PPWGs are sufficiently
close to each other, however, their evanescent fields
will affect each other. Therefore, the field will create
transverse-electric (TE) or transverse-magnetic (TM)
modes depending on the polarization of the incoming
field. The cutoff frequencies caused by the gap size of
the PPWG exist in the TE and TM modes. The
extreme group velocity dispersion near the cutoff fre-
quency induces the excessive broadening of sub psec
THz pulses. The pulses would not broaden for the
transverse-electromagnetic (TEM) modes (known as
“TMy mode”) of the two-wire coplanar line, coaxial line,
and PPWG because the TEM mode does not have a
cutoff frequency [12]. If the cutoff frequencies of the
TM,; and TM; modes are bigger than the bandwidth
of a system, only the TEM mode exists [5]. If the cutoff
frequencies are smaller than the bandwidth of the
system, the TEM and higher TM modes exist at the
same time, and the high TM modes cannot be
separated from the TEM mode. The lowest-order TE;
mode of the PPWG can be used as a high-pass filter,
however, because the THz wave is totally absorbed
below the cutoff frequency.
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Recently, a THz spreading filter has been reported
using one-dimensional dielectric multilayer structures
[13], however, a THz filter for a freely propagating THz
beam has not been reported. In this study, TEM and
higher TM modes were generated via perpendicular
polarization between the incident THz beam and
PPWG. The generated low-frequency component of the
modes was filtered by the TE; mode, which acted as
a high-pass filter.

II. EXPERIMENT

Two sets of PPWGs were inserted between two
paraboloidal mirrors to generate TM and TE modes,
as shown in Fig. 1, where the THz wave is horizontal-
polarized. Since the cylindrical silicon lens used is 15
mm long, 7.07 mm height, and had a 5 mm radius, only
the 15X}10-mm cross-section of the THz field was open
to the PPWGs. Since much of the THz field energy
and most of the high-frequency components were
concentrated at the center of the THz beam, the opened
cross-section was enough for measurement purposes.
The first and third silicon lenses placed the line focus
of the incoming THz beam on the gap of the PPWG,
and the second and fourth silicon lenses produced
parallel propagation to the outgoing THz beam where
the size of each PPWG was 29.7<40><10 mm.

The cutoff frequencies of the TM and TE modes are
given by f.=MC/94 where m is the number of high-
order modes, ¢ the speed of light, and d the plate
separation of the PPWGs. The first PPWG (with 355 pm
plate separation) was set perpendicular to the polari-
zation of the incoming THz wave to generate the TM
mode. Therefore, the propagated THz pulse had a TMjy
(TEM) mode with low loss and negligible group
velocity dispersion. The THz pulse also had higher
even modes, such as TM, and TMy, with 0.845 and
1.69 THz cutoff frequencies, respectively. As the input
pulse had Gaussian field distribution, TM; and TMs,
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FIG. 1. Schematic diagram of the THz parallel-plate
waveguide system.
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which had odd field patterns, could not be easily
coupled. Moreover, the dipole receiver antenna can
detect only even field patterns; it cannot detect the
odd modes in the system [14].

Fig. 2(a) and (b) show the measured THz pulse and
spectrum. The first THz pulse shown indicates the
TEM mode, and the delayed oscillations indicate
higher TM, and TM; modes because of their slow
group velocities. The inset figure shows an extension
of the oscillation from 120 psec to 160 psec. The
amplitude of each oscillation was continuously reduced
with increasing time because the low-frequency components
had slow group velocity and a high absorption coefficient.
The slow-group-velocity components continually oscillated
after 160 psec, but they could not be measured because
of the THz pulse reflected from the cylindrical silicon
lens. Most of the THz TM modes, however, were
within 160 psec. The spectrum clearly shows the
modes’ components. The envelope of the amplitude
spectrum indicates the TEM mode. The TMs and TM4
modes were observed with the oscillation starting at
the cutoff frequencies of 0.845 and 1.690 THz,
respectively. The TMg mode with 2.535 THz cutoff
frequency was not clearly shown because of the limited
THz beam power. The inset figure shows the spectrum
oscillations near the TMy mode. The tail part of the
TMs: mode had large periodic repetition while the head
part of the TMy mode had short periodic repetition
starting at the 1.690 THz cutoff frequency. In this
study, an attempt was made to remove the signal
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FIG. 2. Measurements for the TM mode with 355 um
plate separation. (a) TM mode THz pulse in the time
domain. The inset shows an extension of the oscillation
from 120 psec to 160 psec. (b) Amplitude spectrum of the
TM mode THz pulse. The envelope of the amplitude
spectrum indicates the TM; mode. The inset shows the
spectrum from 1.6 THz to 2.5 THz. The cutoff frequencies
for the TM modes are indicated by the dotted vertical
lines.
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below 1.5 THz (cutoff frequency), using a TE;~mode-
type high-pass filter.

The second PPWG with 100 um plate separation
was set parallel to the polarization of the incoming
THz wave to generate a TE mode that determines the
1.5 THz cutoff frequency for the TE; mode. Since the
TE: mode (3 THz cutoff frequency) had an odd field
pattern, the system cannot be easily coupled and detected.
The group velocity dispersion of the TE mode was very
high after the cutoff frequency and slowly approached
the speed of light with increasing frequency [12]. The
high-frequency components of the pulse arrived first,
and the low-frequency components after the cutoff
frequencies were delayed. Therefore, the time domain
pulse was stretched and expanded to more than 100
psec, with a negative chirp, as shown in Fig. 3(a). As
there was no TEM component, only the oscillation of
the TE; mode component was detected in the time
domain. The oscillation after 100 psec was ignored
because its magnitude was too small compared to the
maximum magnitude of the oscillation around 10 psec.
The inset figure shows the extension of the oscillation
by the group velocity dispersion for the head parts of
the oscillation. Fig. 3(b) shows the spectrum of the
time domain THz pulse. The low frequency was
truncated at the cutoff frequency, and the spectrum
extended up to 4 THz. The spectrum response was a
high-pass filter with frequency-dependent gain. The
stop-band and pass-band edges were 1.5 and 1.72 THz,
respectively, as shown by the dashed vertical lines.
Therefore, the transition bandwidth (rising frequency)
was about 0.22 THz. The transition bandwidth usually
depends on the alignment of the PPWG. Bad alignment
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FIG. 3. Measurements for the TE mode with 100 um
plate separation. (a) TE; mode THz pulse in the time
domain. The inset shows the extension of the oscillation
from 8 psec to 12 psec. (b) Amplitude spectrum of the
TE; mode THz pulse.
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of the PPWG has a large transition bandwidth. When
PPWGI1 and PPWG@G2 are in a series setting, as shown
in Fig. 1, the spectrum of the TM mode is filtered by
the TE; mode.

The analytic expressions of phase velocity V1, and
group velocity V, are given by [12]

-V
Vo _/[1_(%'6)2]1/2 , (1)
V=V 1=, 1" 2)

where V=1/ Ve and ), is the wavelengths at the cutoff
frequency. The speed of light can be expressed as V=
vV Vs V, - The magnitude of 7 in a given mode is
infinite at the cutoff frequency because the deno-
minator is zero, as shown in eq. (1). Moreover, the
magnitude of V, in a given mode is zero at the cutoff
frequency, as shown in eq. (2). The velocities of V; and
Vy before the cutoff frequencies are infinite and zero,
respectively, and the velocities approach the speed of
light after the cutoff frequencies, with increasing
frequency. The combined phase or group velocities for
the TM and TE modes can be obtained using the

equathI1
T [} T )
g _TM .8 _TE 3
/d’,g ™ D,g TE), ()

where Vg , . and Vi, o are the phase or group velocity
for the TM and TE modes, respectively. Fig. 4(a)
shows the phase and group velocity of the combined
TM and TE modes. Fig. 4(b), on the other hand, shows
the absorption coefficient of the combined TM and TE
modes. The vertical dashed lines indicate the cutoff
frequency of the TE; mode. The even modes detected
by the first PPWG were TMy, TM,, and TM,, and the
odd mode detected by the second PPWG was TE;,
until 4 THz bandwidth, whereas ¥ and V; of the TM,
mode were constant at the speed of light. Therefore,
the TMy+TE; mode is the same as the TE; mode, as
shown by the thick solid lines, and the other combined
components were the even TM modes+TE; (TMy+TE;,
TMy+TE;, TMg+TE;, etc.), as shown by the thin solid
lines in Fig. 4(a). The dashed lines indicate the odd
TM modes+TE; combinations. The combined mode
lines diverged farther away from each other with
increasing frequency because V, and V, of TE; mode
approached the speed of light.

Since the absorption coefficient of the TE; mode was
infinite before the cutoff frequency, the combined
spectrum with the TM modes was truncated up until

2-(V,

Vcb,ngTE =
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FIG. 4. Combined TM and TE modes. The dashed
curves indicate the combined odd TM modes and TE;
mode, and the solid curves indicate the combined even
TM modes and TE; mode. (a) Phase and group velocities
for the TMu,+TE; modes. (b) Field absorption for the
TM,,+TE; modes. The cutoff frequency for the TE; mode
with 100 um plate separation is shown by the dashed
vertical lines.

the cutoff frequency. The thick solid line in Fig. 4(b)
indicates the combined TMy+TE: mode. The dashed
and solid thin lines indicate the odd and even TM
modes combined with the TE; mode, respectively. As
the absorption coefficient of the TM; mode slightly
increased with increasing frequency, the margin
between the thick solid line and the first thin dashed
line also increased with increasing frequency. Since the
absorption coefficient of the TE; mode after the cutoff
frequency slowly decreased, unlike the TM modes, the
combined lower modes approached each other.

The THz wave propagated through PPWG1 and
PPWG?2 is shown in Fig. 5(a). The inset shows the
extended THz wave from 39 psec to 53 psec. The main
THz pulse disappeared, and the amplitude of each
oscillation was irregular because of the combination of
TM and TE modes. The main THz pulse, which
corresponds to the TM; mode, went out first from
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FIG. 5. Measurements (solid lines) and theoretical
predications (dots) for the parallel-plate waveguide at
TM+TE:. (a) TMu+TE; mode THz pulse in the time
domain. The inset shows an extension of the oscillation
from 39 psec to 53 psec. (b) Amplitude spectrum of the
TM,+TE; mode THz pulse. The envelope of the ampli-
tude spectrum indicates the TE; mode. The inset shows
an extension of the spectrum from 1.5 THz to 1.8 THz
and from 2.2 THz to 2.5 THz.

PPWG1 because its group velocity is equal to the
speed of light. When the TM; mode came into PPWG2,
it was converted to the TE; mode. Therefore, the
outgoing THz wave from PPWG2 did not have the
main THz pulse. Fig. 5(b) shows the spectrum that
clearly shows the filtering of the low-frequency component.
The spectrum was truncated before the cutoff frequency
of the TE; mode. Part of TM; and TE; was detected
because the cutoff frequency of TE; was at the TM,
mode bandwidth. Moreover, (TMs4+TM4)+TE; can be
detected by the system.

The spectrum of the outgoing THz wave from PPWG
is given by [14]

™
8 =i Bem=2P0L -a,L
E 1, (@) = E, . (@)Y Ke "0 e (4)

m=0 )

where Ty, and C,, are the total transmission and coupling
coefficient of the entrance and exit waveguides, respec-
tively. The constant K= T, Cp,, *Ty; Cpy® parameter

was used for fitting. «,, = ayy, + oy is the ampli-

tude absorption coefficient shown in Fig. 4(b).
By =By may, T8, iz 18 the propagation constant related

to the phase and group velocities shown in Fig. 4(a),
and 3, is the phase constant. Using theoretical calculation,
the obtained spectrum is shown by the dashed line in
the inset figures. The measured oscillated components
of the combined modes (after the cutoff frequency)
agree well with the calculation result. The amplitudes
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of the oscillations are not in agreement, though, especi-
ally for the high-frequency component, due to the
coupling constant. The filtering effect on the spectrum
domain was well observed, however, not only in the
experiment but also in the theoretical results.

1. CONCLUSION

In this study, the THz filtering effect on the TE
mode was investigated for the first time. The generated
TM modes with 355 um PPWG plate separation were
well-defined TMy, TM,, and TM,; modes. As the band-
width of the TMy mode extended up to 4 THz fre-
quency, TM modes are considered good for incoming
THz reference waves, to filter their low-frequency
components. Moreover 100 um PPWG plate separation
produces a TE; mode with 1.5 THz cutoff frequency
when the incoming THz polarization and the surface
of the PPWG are parallel to each other. The spectrum
of the TE; mode is truncated before the -cutoff
frequency because of the infinite absorption coefficient
and the absence of a TEM component. When the first
and second PPWGs are series-set between two
paraboloidal mirrors in the THz system, the TM modes
with a 4 THz bandwidth are truncated until 1.5 THz,
which is the cutoff frequency of the TE; mode from the
second PPWG. The system is operated as a high-pass
filter. The THz filtering effect was also demonstrated
using theoretical calculation, which applies the combined
TM and TE modes for the absorption and dispersion
of the filtering system. Even though the amplitude of
the measurement and calculation was slightly deviant,
the cutoff frequency and oscillations agreed well. The
THz filtering system is expected to be used in THz
logic and sensing systems in the future.
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