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The influence of the air gap on the response of transmission for a transverse-electric mode parallel plate waveguide
with a single deep groove has been experimentally studied. As the air gap is larger than the resonant wavelength of a
high-order cavity mode in a single deep grooved waveguide, only the fundamental cavity mode can be excited and
the single resonance (band) can be observed in a transmission spectrum. The decrease of the air gap can not only
efficiently push the radiation of the fundamental cavity mode into the deep groove but also excite the high-order
cavity modes, resulting in multiple resonances (multiband) in the corresponding spectrum. Based on the above
observations, a tunablemultiband terahertz notch filter has been proposed and the variation of the air gap has turned
out to be an effective method to select band number. Experimental data and simulated results verify this band num-
ber tunability. © 2014 Optical Society of America
OCIS codes: (300.6495) Spectroscopy, terahertz; (260.5740) Resonance.
http://dx.doi.org/10.1364/OL.39.004541

The parallel-plate waveguide (PPWG) is a simple device
in terahertz (THz) range that is well understood in
classical waveguide theory and widely employed be-
cause of its low loss and low dispersion characteristics
[1]. Because PPWG has the ability to confine radiation, it
can be employed in conjunction with resonant struc-
tures, resulting in unique spectral resonant features that
open up PPWGs to a myriad of sensing and filtering ap-
plications. There have been several designs that em-
ployed resonant structures embedded within PPWGs
such as Bragg gratings, photonic band gap, and resonant
groove(s) structures [2–10]. Recently, a single rectangu-
lar groove incorporated into a transverse-electric (TE)
mode PPWG has been demonstrated as a notch filter,
which can realize a very narrow linewidth result [11].
Compared with the transverse-electromagnetic (TEM)
mode for PPWG applications [1], the TE mode PPWG
is simple to machine, easy to couple from free space,
and has low ohmic loss [11,12]. Astley et al. characterized
the single groove TE mode waveguide resonant structure
and analyzed the origin of the resonant behavior together
with the dependence on geometric factors [13]. They
found that each transmission spectrum for these grooved
waveguides with constant width (460 μm) and plate sep-
aration (1 mm), but varying depth shows only one single
notch resonance in the experiment. It is interesting to
note that the grooved PPWG structures are analogous
to plasmonic stub metal–insulator–metal structures in
visible region [14–17], and the transmission spectrum ex-
hibits multiple resonances for large stub length [16,17].
However, a similar aspect of the single grooved TE mode
PPWG performance has not been sufficiently studied in
the THz region. In this Letter, by adjusting the air gap,
both single and multiple resonances in the transmission
spectrum in single deep grooved TE mode PPWG struc-
ture are observed experimentally and revealed numeri-
cally. Then the physical origin of this phenomenon is
analyzed. Compared with resonant features in similar
structure presented [10,13], our results show some

new features: first, the appearance of multiple resonan-
ces in the transmission spectrum with a small air gap is
attributed to the existence of a high order cavity mode in
the deep groove; second, the resonant frequency of the
fundamental cavity mode (lowest frequency band) for
the deep groove deviates from that for a shallow groove
with a small air gap, because of the fact that the THz field
energy has fully occupied the entire deep groove area.
In addition, we demonstrate the design of a tunable multi-
band notch filter with a band number control by mechan-
ically altering the air gap parameter.

Figure 1 illustrates the diagram of a simple design of
the geometry of a deep grooved PPWG structure. We
use a groove with a fixed width w � 400 μm based on
a previous experiment [8,18], and set the depth to be h �
1400 μm as our default number. The cylindrical coupler
structure and the process of mechanically tuning air gap

Fig. 1. (a) Structure sketch of single deep groove PPWG struc-
ture; (b) the real image of our sample. The geometry parameters
of the deep groove are w � 400 μm and h � 1400 μm.
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d in this Letter are identical to that of a PPWG with
double grooves in our previous literature [18]. For exci-
tation of the TE mode, the incident THz wave is applied
with polarization parallel to the plates [8,18]. A photog-
raphy image of the fabricated groove waveguide is shown
in Fig. 1(b).
An investigation of the resonances is carried out with

several experimental tests via a THz time domain spec-
troscopy (THz-TDS) system, as described [8,18,19]. The
experimental setup has the frequency resolution of
4.58 GHz corresponding to the time domain waveforms
∼218.4 ps. Figures 2(a)–2(c) show the amplitude spectra
of a waveguide with (red dotted line) and without (refer-
ence, black dotted line) groove in three typical air gaps
cases. Apparently, the spectra show the characteristics
of single, double, and triple resonance dips for d � 800,
710, and 555 μm, respectively. We also obtain another
amplitude spectrum from the grooved waveguide struc-
ture with air gap d � 555 μm as the same as Fig. 2(c), yet
with different depth h � 400 μm, as performed in
Fig. 2(d). Compared with Fig. 2(c), there is only one
resonance dip in the amplitude spectrum, which agrees
with the result [13]. It is worth noting that Fig. 2(a) has a
resonant dip with a broader line width and lower extinc-
tion compared with results in Refs. [5,13]. These are most
likely because of the lack of spectral resolution neces-
sary to really characterize very narrow resonance, or
the inevitably slight nonparallel induced by mechanically
tuning the screw micrometer (see Fig. 1(a) [18]), or
imperfections in the fabrication. Furthermore, the cutoff
frequencies for each d and the water-vapor absorption
lines (at 0.557 THz) can also been found in Figs. 2(a)–
2(d) [18].
Figure 3 compares the power transmission spectra of a

single deep grooved PPWG for a different air gap. Power
transmission spectra were calculated by comparing the
amplitude spectra of the propagated pulses with and
without incorporated groove. The resonance dip at low-
est frequency (marked as Band I, red arrows) is notice-
able at all air gaps in each spectrum. Its frequency
is changed from 0.321 to 0.38 THz when the air gap

decreases from 880 to 510 μm, respectively. Interestingly,
the resonance dips of Band II (green arrows) and Band III
(blue arrows) in the spectra can be seen explicitly at
descending air gaps started from 760 and 670 μm, respec-
tively. The relationship between the positions of defin-
able dips at Band I, II, and III, and the air gap (1∕d) is
plotted in Fig. 4(a). The experimental results (dots)
are well corroborated by simulated results (solid lines,
COMSOL Multiphysics). We found that only Band I
[Fig. 4(a), red line (dots)] exists when d is larger than
770 μm (1∕d < 1.302 mm−1). As d becomes smaller
(0.302 mm−1 < 1∕d < 1.441 mm−1), Band II [Fig. 4(a),
green line (dots)] occurs in each transmission spectrum.
When d is smaller than 690 μm�1∕d > 1.441 mm−1), three
resonances can be found simultaneously and the highest
frequency resonance contributes to the existence of
Band III [Fig. 4(a), blue line (dots)]. Bands II and Band
III terminate at light line (dashed line), where 1∕d �
1.302 and 1.441 mm−1, respectively. According to [18],
the light line implies the condition d � λ, where λ repre-
sents a wavelength of incident THz radiation. As d in-
creases and the resonant wavelengths of the three
bands are larger than d (below the light line), triple res-
onances can be found obviously. Once the resonance
wavelength of Band II (or III) is smaller than d, this band
cannot be excited and the incident THz wave propagates
along the PPWG. In addition, we plotted the trends of the
Q-factor (Q � f∕Δf , where f is the resonant frequency at
each dip and Δf is the line width of the dip) change for
three bands with the variation of the air gap, as shown in

Fig. 2. Measured amplitude spectra of ungrooved (black) and
grooved (red) waveguide with (a) d � 800 μm, h � 1400 μm;
(b) d � 710 μm, h � 1400 μm; (c) d � 555 μm, h � 1400 μm;
and (d) d � 555 μm, h � 400 μm. The dots have the frequency
resolution 4.58 GHz, corresponding to 218.4 ps time-domain
waveforms.

Fig. 3. Power transmission spectra for different air gap d. The
spectra from d at 800, 710, and 555 μm were calculated from
the data shown in Figs. 2(a)–2(c). The dots have the
frequency resolution 4.58 GHz, corresponding to 218.4 ps time-
domain waveforms. Arrows indicate resonance dips (red ar-
rows, Band I; green arrows, Band II; and blue arrows, Band III).
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Fig. 4(b). The Band II at 760 μm air gap and Band III at
670 μm air gap have resonant dips with a lower extinc-
tion, which does not allow accurate determination of the
line width, so theseQ-factor values are excluded from the
plot. Although the exact value of theQ-factor in Fig. 3 can
hardly be obtained because of the resolution limit, some
interesting information can be received. First, for Band I,
at the beginning, the Q-factor increases a little as the air
gap decreases, and corresponds to the increase in the
resonant frequency. Then, the Q-factor for Bands I, II,
and III experience the initial drop and then appears to
be a constant with small fluctuations as the air gap de-
creases. 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 because of the high energy
concentration in the deep groove. The trends observed
in Fig. 4(b) agree qualitatively with the simulation in
Fig. 5(b). As a result, by directly changing the air gap,
the band number, resonance position, and Q-factor can
all be controlled.
To investigate the origin of multiple bands, we show in

Fig. 5(a), h � 400 μm, and Fig. 5(b), h � 1400 μm, the
two dimensional transmission maps obtained by varying
the incident frequency ν and air gap (1∕d). The white
solid line is the light line and the white dashed lines stand
for air gaps d of 555, 710, and 800 μm in the experiment
[Figs. 2(a)–2(d)], respectively. It is found that, for 1∕d <
1.302 mm−1 [Band II has not been excited in Fig. 5(b)],
the resonant frequency curve of Band I with h �
1400 μm [Fig. 5(b)] coincides with that of a single reso-
nance band with h � 400 μm [Fig. 5(a)]. However, when
the air gap is gradually decreased, in Fig. 5(a) there is still
a single band in each transmission spectrum and the
resonance shifts toward higher frequencies, while in
Fig. 5(b) additional bands occur in each transmission
spectrum and the resonant frequency of Band I tends
to be invariable. Then we extract images of the character-
istic snapshots of electric field patterns inside the wave-
guide at the corresponding resonances for both shallow
(h � 400 μm) and deep (h � 1400 μm) grooved wave-
guides in Figs. 5(c)–5(i) to reveal the differences between
Figs. 5(a) and 5(b). For a shallow groove (h � 400 μm),
the image in Fig. 5(c) indicates that the cavity mode is
excited at a resonant frequency of about 0.444 THz
with 1∕d � 1.8 mm−1 (d � 555 μm), resulting in a

transmission dip as shown in Fig. 2(d). Then we discuss
the images for a deep groove (h � 1400 μm). First, at a
resonant frequency of about 0.36 THz (Band I) with
h � 1400 μm and 1∕d � 1.25 mm−1 (d � 800 μm), the
deep groove structure exhibits its fundamental cavity
mode as shown in Fig. 5(d). Meanwhile, most of the
THz field occupies the air gap area and does not fully pen-
etrate the groove, which indicates that the groove depth
has little effect on the resonant frequency [10]. That is
why the resonant frequency curve of Band I in Fig. 5(b)
coincides with that of single resonance in Fig. 5(a) as
1∕d < 1.302 mm−1. At the same time, Bands II and III can-
not be seen in this case because of the fact that their res-
onant wavelengths are smaller than d. As air gap d is
gradually decreased, for Band I, the field in the groove
becomes strong [Fig. 5(e)] and the resonant frequency
blue shifts. Once the top metal plate is further brought
close to the bottom plate incorporated groove, the energy
is fully distributed and the strength reaches very high
value in the groove [Fig. 5(g)]. Here the resonant
frequency of fundamental cavity mode is significantly
determined by groove depth. This observation can
explain the observable large deviation between the
resonant frequency curve of the fundamental cavity
mode in Figs. 5(a) and 5(b) with the increase in the
air gap. Intriguingly, moving the top plate toward the
bottom by decreasing air gap d seems to push the electro-
magnetic wave into the deep groove, as shown in

Fig. 4. (a) Positions of resonant dips of Bands I, II, and III as a
function of the reciprocal of d (1∕d). Solid lines, numerical re-
sults; dot, experimental results from power transmission spec-
tra (Fig. 3); and dash line, the light line. Red, green, and blue
colors represent Bands I, II, and III, respectively. (b) Measured
Q-factor of Bands I, III, and III as a function of the reciprocal of
d (1∕d from power transmission spectra (Fig. 3).

Fig. 5. (Left) Simulated transmission map as a function of 1∕d
with (a) h � 400 μm and (b) h � 1400 μm. The white solid line
is the light line. The white dashed lines are the corresponding
examples in the experiment [Figs. 2(a)–2(d)]. (Right) Simulated
electric field distributions in the grooved waveguides with dif-
ferent 1∕d [white dashed lines in (a) and (b)] at resonances.
(c) h � 400 μm, 1∕d � 1.8 mm−1, ν � 0.444 THz; (d) h �
1400 μm, 1∕d � 1.25 mm−1, ν � 0.36 THz; (e) h � 1400 μm,
1∕d � 1.408 mm−1, ν � 0.379 THz; (f) h � 1400 μm, 1∕d �
1.408 mm−1, ν � 0.398 THz; (g) h � 1400 μm, 1∕d �
1.8 mm−1, ν � 0.387 THz; (h) h � 1400 μm, 1∕d � 1.8 mm−1,
ν � 0.419 THz; and (i) h � 1400 μm, 1∕d � 1.8 mm−1,
ν � 0.463 THz.
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Figs. 5(d), 5(e), and 5(g). In addition, as d is decreased,
the high order cavity modes can be excited. For
example, Band II can be excited at the resonant fre-
quency 0.398 THz for a gap of d � 710 μm (1∕d �
1.408 mm−1), as shown in Fig. 5(f). It also shows a little
blue shift to 0.419 THz as 1∕d is increased to 1.8 mm−1

[d � 710 μm, Fig. 5(h)]. Here, the resonant wavelengths
of Band II are larger than d (below the light line). When d
is smaller than the resonant wavelength of Band III, this
mode can also be excited, as shown in Fig. 5(i). In con-
trast to only one single resonance observed in the shal-
low grooved waveguide at the same air gap of 555 μm
[Fig. 5(c)], multiple resonances found in deep grooved
waveguide signify a definitely different mechanism since
the high order cavity modes in the groove can be greatly
excited [Figs. 5(g)–5(i)]. Consequently, the decrease in
air gap leads to a concentration of the energy into a deep
groove area for a fundamental cavity mode. When the air
gap is smaller than the resonant wavelength of high order
cavity modes, such high order modes can be obtained
and observed in transmission spectrum.
Finally, we make a simple comparison of our proposed

structure with some similar structure as shown in [10,13]
in THz region. 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 a single deep groove,
which is very different from the single band notch filter
based on one shallow grooved TE (TEM) mode PPWG
[10,13]. Although the measured absorption rate is small
in Fig. 3 compared with other work [8–10], some unique
points of the current work can be obtained. First, besides
the finding of new phenomenon (multiple resonances
with single grooves), we verified that the origin of it
contributes to a high order cavity mode in the deep
groove; second, we found the novel phenomenon of
resonant frequency deviation for a fundamental cavity
mode (Band I) with a small air gap but different depth,
which is because the THz field fully penetrates the deep
groove. Moreover, by mechanically tuning the air gap, a
multiband THz notch filter with the control of band num-
ber can be realized. It is worth noting that the depth h can
also be deeper to excite higher order cavity modes and
achieve the control of more bands.
In conclusion, a tunable multiband terahertz notch fil-

ter is presented experimentally and numerically based on
a PPWGwith a single deep groove. The adjustable air gap
has been investigated to flexibly modify the filtering char-
acteristics of the presented filter. There is no prominent
shift in the transmission dip of fundamental cavity mode
as the air gap is small and decreased. This air gap param-
eter can also be varied in the application to adjust the

band number. The interesting fact in this phenomenon
is the emergence of high order cavity modes in deep
grooves. Because the air gap can be easily tunable by
mechanical control or electrical adjustment, this deep
grooved PPWG structure has great potential applications
in THz spectroscopy and communication.
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