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Resonances Characteristics of Parallel Plate
Waveguide Cavities

Lin Chen, Dan-Ni Wang, Yi-Ming Zhu, and Yan Peng

Abstract—The influence of air gaps on the response
of transmission for a transverse-electric mode
parallel-plate waveguide (TE-PPWG) with a single
cavity and double cavities has been studied
experimentally. As the air gap is larger than the
resonant wavelength of high order cavity mode in the
single deep grooved waveguide, only the fundamental
cavity mode can be excited and single resonance can be
observed in the transmission spectrum. Based on above
observations, a tunable multiband terahertz (THz)
notch filter has been proposed and the variation of air
gap has turned out to be an effective method to select
the band number. Experimental data and simulated
results verify this band number tunability. This
mechanical control mechanism for electromagnetic
induced transparency (EIT) will open a door to design
the tunable THz devices.

Index Terms—Electromagnetic induced transparency,
metal parallel plate waveguide, terahertz filter.

1. Introduction

The parallel-plate waveguide (PPWG) is a simple
structure in the THz range which is well understood in
classical waveguide theory and is widely employed due to
its low loss and low dispersion characteristics''. Owing to
the fact that waveguides have the ability to confine
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radiation, they can be employed in conjunction with
resonant structures, resulting in unique spectral resonant
features, which opens up PPWG to a myriad of sensing and
filtering applications. There have been several designs that
employed resonant structures embedded within PPWGs
such as Bragg gratings, photonic band gap, and resonant
groove(s) structures™ ' Recently, a single rectangular
cavity incorporated into a transverse-electric mode PPWG
(TE-PPWG) has been demonstrated as a notch filter with a
very narrow line width!'"). The PPWG with a single cavity
has also been found to be a strong and high Q resonant
system in which the electromagnetic induced transparency
(EIT) phenomenon will appear. Astley et al. has
characterized the single cavity waveguide resonant
structure and also analyzed the origin of the resonant
behavior and its dependence on geometric factors!'”. As the
groove grows deeper (i.e. depth increases), this dip shifts to
lower frequencies. However, there are still some key
aspects of the single grooved TE-PPWG performance that
has not been sufficiently studied. It should be noted that the
grooved PPWG structures are analogous to plasmonic stub
metal-insulator-metal (MIM) structures in the visible
region "1 The stub structure also plays an important
role in filtering proposals but lacks the experimental
support. Then we reported an observation of an EIT-like
phenomenon in THz PPWG double cavities systems and
analyzed the relation between the off-position of the
cavities and the transmission properties. We also found that
two detuned resonances could be varied by choosing
different shifting length between double cavities. This
means that the phase shift of the propagating wave between
two resonances may be another important factor for the
realization of EIT. The proposed system has the following
features: First, since the most popular metals are seen as
perfect conductors due to their extremely large conductivity
in the THz region, the realization of THz EIT-like response
in PPWG-cavities systems is not plasmonically induced.
Second, the double cavities have identical geometry,
therefore, the detuning of resonant frequencies does not
arise from the different geometrical parameters of two
cavities. We also found the EIT-like transmission presented
here resulted from the resonances hybridization induced by
the change of coupling strength of the top and bottom
cavities!' ",
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The PPWG is a potential EIT device. This realization
has encouraged a continuous research for mimicking EIT in
classical systems. In the field of optics, waveguide based
EIT-like resonances have been proposed numerically in
resonant cavity systems. Importantly, the phase coupling
between the resonators has been proved to be a key factor
for EIT-like response'®"'?). This paper mainly discusses
the resonances characteristics of parallel plate waveguides
with a single cavity and double cavities.

2. PPWG with Single Cavity

A PPWG system with a single deep cavity is shown in
Fig. 1 (a), the cavity geometry is designed with a width of
w and a depth of A, (when /=0 um, L=0 pum), d represents
the waveguide spacing between the two plates. The
fundamental TE mode was excited at the beginning of the
waveguide and the transmission was defined as the
transmitted power through PPWG cavity structure divided
by the transmitted power through PPWG without the cavity
structure. We used a groove with a fixed width of w=400
pm based on a previous experiment™?% and set the depth
to be 4,=1400 pm as our default number. For the excitation
of TE mode, the incident THz wave was applied with
polarization parallelly to the plates® . The photo of
PPWG with a single deep cavity is shown in Fig. 1 (b). It is
formed by micro-machining a rectangular groove into
bottom plates of PPWG, respectively. Each plate is made of
polished nickel-plating Cu. In the experiment, we used the
terahertz time domain spectroscopy (THz-TDS) system to
obtain the output power spectra of PPWG with a deep
cavity®™!'% Most of these devices were measured by a high
performance THz-TDS™?'"*! which is also made by the
University of Shanghai for Science and Technology, as
shown in Fig. 1 (c). In this system, we used a P-I-N diode
as the terahertz emitter, whose frequency can reach 4.2 THz
and the scan speed reaches 10 scan/s.

Fig. 2 shows the measured time domain waveforms of
free space and the grooved PPWG with ;=0 pm, 4,=1400
um, and d=555 pum, respectively. The experimental setup
has the frequency resolution of 4.58 GHz corresponding to
the time domain waveforms of ~218.4 ps.

Fig. 3 shows the normalized power transmission spectra
for the waveguide of three typical plate spacing with a deep
groove incorporated. The spectra show the characteristics
single, double, and triple resonant features for d=800 pm,
710 pm, and 555 pm, respectively.

Fig. 4 compares the power transmission spectra of the
single deep cavity PPWG with different air gaps. Power
transmission spectra are calculated by using the amplitude
ratio of the waveguide with and without the incorporated
cavity. The resonance dip at the lowest frequency (Band I,
arrow 1) is clear at all air gaps in the spectra. Its frequency
is changed from 0.321 THz to 0.38 THz when the air gap

decreases from 880 pum to 510 pm, respectively.
Interestingly, the resonance dip at high frequency (Band II,
arrow 2) in the spectrum exists explicitly at certain air gap
from 510 pm to 760 um. The resonance dip (Band III, arrow
3) can be observable at the air gaps of 670 um, 620 um, 585
pm, 555 pm, and 510 pm, respectively. The dramatic
decrease for the three bands comes from the increasing loss
induced by more abrupt junctions between the waveguide
sections, and the following small change is owing to the
high energy concentration in the deep cavity. In Fig. 5, the
two dimensional transmission map is obtained by varying
incident frequency fand air gap 1/d.
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Fig. 1. Experimental structure and setup: (a) structure sketch of
cavity (cavities) waveguide resonant structure, (b) schematic of
PPWG sample, and (c) THz-TDS system.
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Fig. 2. Time scans corresponding to THz wave propagation
through: (a) free space and (b) PPWG with /#,=0 pm, /#,=1400 pm,
and d=555 um.
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Fig. 3. Measured power transmission spectra of grooved
waveguide with ;=0 pm and 4,=1400 pm but varying d.

Finally, we make a simple comparison of our proposed
structure with some similar structures in the THz
region'”M'? Since the single groove structure inside the
waveguide corresponds to the resonant features in the
transmission spectra, our structure can operate as a
multiband notch filter by using the single deep cavity,

which is very different from the single band notch filter
based on one shallow grooved TE-mode PPWG (/,=0 pum,
hy=412 pm, w=460 pm) in [12]. Compared with the TEM
mode PPWG structure in [10], the multiple resonances are
due to the excitation of high order cavity modes. Most
importantly, for the small air gap, the novel phenomena of
resonance frequency deviation and high order cavity modes
have been both numerically and experimentally verified in
this paper.
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Fig. 4. Power transmission spectra for different air gap d. The
arrows indicate sharp resonance dip (arrow 1: Band I; arrow 2:
Band II; arrow 3: Band III).
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Besides, a multiband THz notch filter with band
number control can be realized by tuning the air gap. Note
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that the depth 4, (h=0 pm, L=0 pm) can also be deeper to
excite higher order cavity modes, making the deep grooved
waveguide potentially a very effective notch filter to
achieve much more bands control.

3. PPWG with Double Cavities

The PPWG-cavities system introduces the waveguide
spacing as another degree of freedom. By mechanically
tuning the waveguide spacing between the two plates, we
experimentally demonstrate the control of THz waves in the
PPWG-cavities system with the appropriate fixed shifting
length between the two cavities that can achieve EIT.

The PPWG-cavities system consists of two aluminum
plates, each with a micro-machined rectangular cavity, as
shown in Fig. 1 (b). All cavities have the identical geometry
with a width of w=470 pm (£5 um) and a depth of
h=hy=420 pm (5 um). We fabricated four sets of PPWG
cavities configurations: a perfect symmetric one with the
top and the bottom cavities exactly at the center of the
waveguide and asymmetric configurations made by keeping
the top cavity fixed and displacing the bottom cavity from
the center position with L=0 pm, 100 pm, 200 pm, and 300
pum, respectively, where L represents the bottom cavity
shifting length from the center in the propagation direction
and d represents the length of the plates. A combined fast
and slow scan-based THz time domain spectroscopy
(THz-TDS) was used for evaluating the transmission
properties of the PPWG system. The fast optical delay line
with a 110 ps range can be obtained. If we combine it with
the slow scan, the overall delay line can be expanded to
218.4 ps. This means the experimental spectra resolution
can reach 4.58 GHz. The electric field of the incident beam
was oriented parallelly to the plates in order to excite the
TE mode.

From the simulation of the electric field distribution,
the mode of the low frequency transmission dip should be
the inverse phase coupling of the double cavities in Fig. 6
(a), and the high frequency should be the phase coupling in
Fig. 6 (b).
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Fig. 6. Electric field distribution of transmission dip’s center
frequency: (a) low frequency and (b) high frequency.

Fig. 7 shows the measured transmission spectra of the
PPWG, the PPWG with a single cavity (¢=650 um) and two
cavities (d=650 pm, L=200 um), respectively. The PPWG
without any cavity acts as the reference. The entire loss is
exhibited in each picture of Fig. 8 when the frequency of
the incident wave is lower than the cutoff frequency
f=c/2d=0.23 THZ!'""*]_ For the single-cavity structured
PPWQG, there was a resonant frequency at 0.381 THz. When
we added another cavity on the bottom plate and set the
staggered length =200 pm, two resonant dips appeared at
0.354 THz and 0.41 THz, respectively. The water-vapor
absorption at 0.557 THz and 0.752 THz could also be
observed in this which cannot affect our
experimental results.
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Fig. 7. Transmission spectra of the THz wave transmitted through
the PPWG with spacing d=650 um, single cavity (w=470 pum,
h=420 um), and two cavities with the shifted length L=200 pum.
Next, we discuss the influence of the shifting length L
on the transmission response. For this discussion, the length
of the top and bottom plates was fixed at =650 um. The
PPWG without any cavity acted as the reference. Fig. 8
shows the power transmission of the PPWG-cavities system
with different L. For the structure with symmetry (L=0 pm),
only one broad symmetric resonant dip at 0.417 THz was
observed. For the PPWG cavities structure with L=100 pm,
asymmetry was introduced, resulting in a new resonant dip
at a lower frequency (0.354 THz). When the bottom cavity
was further shifted up to L=200 um, the lower resonant
frequency showed blue-shift and the high resonant
frequency showed red-shift. A transparent band between
the two resonant dips becomes narrow as well as the
decrease of the transmittance. We observed an EIT-like
transmission which was similar to previous investigations
for meta-material and plasmon analogues of EIT. For the
asymmetric structure with L=300 pm, two resonance dips
came closer and the transmission peak reduced further. The
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experimental results agree well with the numerical results
in Fig. 8 and the deviation is probably caused by the
fabrication imperfections of the sample, which introduce
further asymmetry and rearrangement of some resonant
frequencies. For a complete picture of resonant frequencies
change, several calculations were performed with the
variation of the shifting length from 0 pm to 450 pm. The
detuning |w;—w,| (w; and w, are low and high resonant
frequencies, respectively) decreases and the transparency
window narrows down with the increase of the shifting
length L.
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Fig. 8. Fourier-transformed intensity of the THz wave forms with
different L (solid line: simulated, dash line & dots: experimental):
(a) L=0 um, (b) L=100 pm, (c¢) L=200 pm, and (d) L=300 um.

This EIT-like transmission can also be explained by
analogy to the coupling of bright modes and dark modes.
When the bottom cavity is set symmetrically to the top one,
only one resonant dip, which corresponds to the two bright
modes (each of them has the same resonant frequency), can
be excited in both cavities simultaneously. In this condition,
the dark modes cannot be excited. When the bottom cavity
is shifted backward from the symmetric position, due to the
identical geometry of the two cavities, the incident wave
first arrives at the top cavity and couples with it. The
shifted bottom cavity can hardly be interacted directly with
the incident wave any more but can couple with the top
cavity. In other words, the top cavity acts as the “radiative”
resonator (a bright mode) that is coupled to a “bus”
waveguide; the bottom cavity acts as the ‘“sub-radiant”
resonator (a quasi-dark mode, induced by the shifting
length of two cavities) that cannot be coupled to the “bus”
waveguide. This physical picture is similar to the unit cell
(consists of an upper gold strip as a bright mode, a pair of
lower gold strips as a dark mode, and a dielectric spacer)
Then this EIT-like transmission can also be seen as the
coupling between bright modes and quasi-dark modes when
the symmetry is broken.

Besides, the influence of the length of the top and
bottom plates d was also investigated””. Four different

waveguide spacings with =610 pm, 670 um, 740 um, and
780 um, were used to study the characteristics of the EIT.
Fig. 9 shows the experimental (dots) and simulation (black
lines) power transmissions by comparing the spectra of the
propagated pulses with and without the cavities. The metal
is set as a perfect electrical conductor in the simulation due
to the disregard for the attenuation loss of the metal in the
THz range. At least three more observations may be
inferred by looking at Fig. 9: i) Fig. 9 exhibits a complete
loss of spectral power up to the cutoff frequencies of 0.244
THz, 0.236 THz, 0.202 THz, and 0.192 THz, corresponding
to d=610 um, 670 pm, 740 um, and 780 um, respectively. ii)
The transmission shows strong EIT effect, when d is
increased from 610 pum to 780 pm, the low asymmetric
resonances shows red-shift. The asymmetric resonant
frequencies for =610 um, 670 um, 740 um, and 780 pm are
0.395 THz, 0.379 THz, 0.354 THz, and 0.338 THz,
respectively. This red-shift of high symmetric resonances
can also be found for d=610 pym and 670 um, where the
resonant frequencies are 0.456 THz and 0.446 THz,
respectively. iii) As d is increased to 740 um, the main
symmetric resonances is degenerated in Fig.9 (c). This
effect can also be found when d is equal to 780 um. The
measured and simulated results show good agreements. The
deviation of experimental and numerical results is probably
caused by the imperfections in the fabrication in real
structures, which introduces further rearrangement of
resonant frequencies.

Transmission
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Fig. 9. Measured THz spectra with various air gaps (solid line:
simulated, dots: experimental): (a) d=610 um, (b) d=670 um, (c)
d=740 um, and (d) =780 um.

Firstly, as mentioned above in the experiment, when the
waveguide spacing d decreases (1/d increases), the resonant
frequencies of both symmetric and asymmetric resonances
show red-shift. This red-shift effect is similar to the result
of the PPWG with a single cavity for both TE!"? and TM!""!

polarizations. The resonant frequency can be expressed
[10]
as
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c

d - -
V) 2x(2hy +d)

)

where c¢ is the light velocity in vacuum (3x10° m/s=0.3
THz/mm ") and A is the effective cavity height. The value
of e for the asymmetric resonances is not equal to that for
the symmetric resonances due to the electric field
difference between two resonances at resonant frequencies
(shown in Figs. 4 (b) and (d) of [17]). This process causes
the red-shift of EIT peaks observed in both experiment and
simulation. The mechanism of red-shift by the PPWG with
two cavities is identical to that of the single cavity!'?], the
only difference is that the single Fabbri-Palo (FP)
resonance is supported by PPWG with one cavity and two
FP resonances are supported by asymmetric PPWG
cavities.

According to the relationship between the size d and 4,
the dispersion diagram can be divided into three regions as
in Fig. 10.

1) Region I: d<1/2, the maximum mode order that can
be excited is 0. No stable mode exists.

2)Region II: 1/2<d<A, the maximum mode order which
can be excited is 1. Only the lowest order transverse
electric mode TE 1is excited, we can observe the
transmission dip in the region II.

3) Region III: d>/, the maximum mode order is larger
than 1. The lowest order transverse electric mode and
higher transverse electric mode can be excited. Considering
the residual effect of the transmission dip, we can observe
the claw type structure in region III.
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Fig. 10. Observation range of PPWG.

So far, we can describe the mechanism of manipulation
of EIT in a PPWG cavities system. By fixing appropriate
shifting length L (200 um), as d increases and the two FP
resonant wavelengths are larger than d (below the light
line), EIT can be found obviously and the two resonances
(including the transparent peak) show red-shift. Once the
symmetric FP resonant wavelength is less than d, the TEM
wave propagates along a “zigzag line” and acts as guided

wave. The cavities produce little influence on the
transmission (that is, the FP resonances cannot exist in the
region above the light line). Here the increase of d converts
the FP resonances into the guided wave. Since the EIT
transparent peak between two resonances comes from the
destructive interference of symmetric and asymmetric
resonances''’), as the transition of symmetric FP resonances
take place, this interference is broken and an on-to-off EIT
peak modulation can be completed in this process. The
mechanism of above manipulation is different from control
of EIT in meta-material and plasmonics?” %,

4. Conclusions

In conclusion, a tunable multiband terahertz notch filter
is presented experimentally and numerically based on
PPWG with a single deep cavity and double cavities,
respectively. The adjustable air gap has been investigated to
flexibly modify the filtering characteristics of the presented
filter. The air gap can also be varied in the applying to
adjust the band number. Because the air gap can be easily
tunable by mechanical control or electrical adjustment, this
deep cavity PPWG structure has great potential applications
in THz communications. An on-to-off control of the EIT
resonances is achieved by mechanically tuning the spacing.
It may inspire interest in developing mechanically tunable
waveguide based EIT, resulting in a wide range of novel
compact THz devices, such as slow light components,
sensitive  sensors, and electromagnetically induced
absorbers.
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