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Terahertz Resonances of Transverse Standing
Waves in a Corrugated Plate Waveguide

Jing Ma, Huan Liu

Abstract—Terahertz (THz) propagation in periodic structures
has attracted great attention because of its captivating electrical
and optical properties. However, the created THz band gaps are
usually considered to be caused by Bragg resonances. Here, we
theoretically and numerically investigate THz resonances and their
related band gap properties in a periodically corrugated plate
waveguide with arbitrary wall profiles. It has been found that the
corrugated structure can cause not only the interaction between
the same transverse modes, called the Bragg resonance, but also
the strong interference between different transverse standing wave
modes, which occurs in a higher frequency range with quite differ-
ent features. Unlike the well-known Bragg resonance, the excited
resonances between different transverse modes can produce the
stronger energy attenuation and wider frequency band gap. The
dispersion diagram is depicted to clearly describe the relationship
between these resonances and waveguide geometries. Using this
method, we can properly estimate the band gap structure of THz
waveguides, which has been confirmed by the simulated results.
In addition, these two resonances can be easily manipulated by
changing the symmetry of waveguide structures. These findings
on THz propagation in periodic waveguides could be applicable in
high performance devices, such as filters, modulators and switches.

Index Terms—Resonances, transverse standing-waves, periodic
corrugation, band gaps.

1. INTRODUCTION

ERAHERTZ (THz) wave refers to the special electromag-
T netic radiation between microwave and infrared light wave,
whichis justlocated in the transition region from macro electron-
ics to micro photonics [1]-[5]. Due to the special frequency posi-
tion, THz waves exhibits some unique advantages different from
other frequency bands, such as perspective, transient, broadband
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and low radiation energy. So, THz technology has shown great
application potentials in the fields of broadband communication
[6]-[9], astronomical observation [10]—-[12], biological imaging
[13]-[15], nondestructive testing [16], [17], medical diagnosis
[18],[19], and so on. At present, the research of THz technology
is mainly devoted to the development of radiation sources,
transmission technology, and functional devices with excellent
performance. Among them, the THz waveguide transmission
technology with low loss, long distance, and low dispersion is
very essential due to the signal distortion in free space, the at-
tenuation caused by atmospheric scattering, and the water vapor
absorption. Various THz waveguides have been proposed and
investigated, such as hollow metallic structures [20], metal wires
[21], dielectric waveguides [22], parallel plate structures [23],
photonic crystal fibers [24], [25], rectangular structures [26],
plasmonic [27], and tapered waveguide [28]. However, most of
researchers focused on the low loss and low dispersion THz
waveguides and paid little attention to the transverse standing
waves (i.e., the guided wave modes). Due to the lack of under-
standing on guided wave mode interaction, most waveguides
only worked in a single-mode state. The realization of filtering,
modulation, switching, and other functions mostly depends on
new THz materials, such as two-dimensional materials and
metamaterials [29]-[38]. Therefore, it is still a great challenge
to develop waveguide devices that can effectively control THz
waves.

Fortunately, periodic waveguide structure with intriguing
band gap properties provides an effective way to solve this
problem. Such artificial periodic materials are called photonic
crystals in optics and has been widely used to develop a vari-
ety of optical [39] and THz devices [40], [41]. Most of these
bandgaps were essentially identified as being caused by the
well-known Bragg resonance, which originates from the strong
interference between incident and reflected waves with the same
transverse mode. It is worth noting that almost all researchers
have focused on Bragg resonances, so the physical aspects far
away from the Bragg frequency range is usually ignored, in
which the standing wave coupling may occur. A few studies
have predicted that there are not only Bragg resonances in the
traditional sense in periodic waveguides, but also some unusual
resonant phenomena, such as the so-called non-Bragg resonance
[42] and Bloch resonance [43], and even sometimes, these
resonances are mistaken for Bragg resonances. Unlike Bragg
resonances, these unusual resonances are far away from the
boundary of Brillouin zone, which is mainly induced by the
interaction between different transverse modes in waveguides. In
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Fig. 1. Structural diagram of the proposed THz parallel plate waveguide
structure with arbitrary periodically corrugations. The plate can be fabricated
by coating a layer of gold film on a substrate. It is assumed that the structure
extends infinitely along the z axis. The TE THz wave propagates along the
X axis.

recent years, such resonances have been found and confirmed in
acoustic cylindrical waveguides [44], water channels [45], [46],
and even THz metal slits [47].

In this paper, we focus on the THz wave propagation far away
from the Bragg resonant frequency in a periodically corrugated
waveguide with arbitrary wall profiles. Another type of THz
transverse standing-wave resonances is theoretically proposed
and numerically confirmed in THz simulations. Different from
the Bragg resonance, the standing-wave resonances occur away
from the Brillouin edges and create a wider band gap, in which
the energy attenuation is more intense. In the following section,
we briefly describe the eigenvalue problem of THz waves in
the periodic waveguide, and derive the generalized resonance
conditions. The frequency band structures of different wave-
guide parameters are predicted by introducing the reference
dispersion lines, which provide us a dispersion diagram method.
We will find that the resonances of transverse standing waves
always occur at the intersections of the reference lines, which
clearly indicate the resonant interactions between THz waves
and periodic waveguides. In Section III, the frequency band
splitting is derived by calculating the Fourier integrals. The
simulated dispersion curves and transmission spectra are shown
to be in good agreement with the theoretical predictions. In
Section 1V, the electric field distribution and its mode analysis
further confirm that the unusual resonant effect at higher fre-
quencies are caused by the different transverse standing waves,
which can be manipulated by the phase shift of the two plates.
Finally, we summarize the main findings and briefly discuss their
potential applications.

II. RESONANCES OF STANDING WAVES

To clarify the physics of THz wave propagation in periodic
waveguides, we present a THz waveguide resonance theory that
takes into account the coupling between transverse standing
waves and provides a complete description of wave propagation.
Fig. 1 shows the proposed THz parallel plate waveguide with
periodic corrugations. The waveguide consists of two plates
with undulating structures. In order to effectively limit the
propagation of THz waves in the waveguide, a layer of gold
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film is coated on the inner surface of the structure as a perfect
electrical conductor. The gray and yellow areas in the figure
represent the substrate and gold materials, respectively. The
Cartesian coordinate system is also depicted at the left lower
corner in Fig. 1 and the two plates are perpendicular to the y
axis. @ is the phase shift between the upper and lower periodic
corrugations and the two plates are symmetrical according to
the xz plane when # = 0. The average distance between the
two plate is d, whereas &, 77, and A denote the two amplitudes
and period length of corrugations, respectively. The corrugation
amplitudes of the plates can be different while the period is the
same. The THz waves are assumed to radiate along the x axis.

For TE waves with harmonic motion in time, the Helmholtz
equation for the electric field intensity E in an ideal metal planar
waveguide can be expressed as

2 w?
VE+ SE =0, (1)
c

where w = 27f is the angular frequency and c is the speed of
light in vacuum. And then, we can obtain the related boundary
conditions in Cartesian coordinate system:

Yup (2) = % [1 4+ Wy (K2)],
Yiow (37) = _% [1 - 77Wlow (K$ + 9)] .
2)
where n is the outward unit vector perpendicular to the boundary.
The upper and low boundary are described by the periodic
functions W, (Kx) and W;,,,(Kx+6), respectively. K = 2m/A is
the wavenumber of waveguide corrugations and the spatial range
between the plates can be expressed by ¥, (X) <Y<Y iow(X).
Since the undulating structure of the waveguide is periodically
arranged along the x direction, it has little effect on the THz
wave propagating along the z direction. Therefore, we can only
consider the propagation characteristics of the electric field z
component of TE waves E, in our proposed periodic waveguide.
Based on the Floquet theorem, E, can be expanded as a spatial
harmonic series
o0
E.= Y (ancoskyny+ bysink,ny)e*or?, (3

n=-—oo

an:O,on{

where a,, and b,, are the coefficients of different transverse

standing waves, k, , = S+nK and k, , are the longitudinal

and transverse wavenumber of the nth spatial harmonic, and

B (-K2<B<K]/2) is the reference propagation constant. Also,
the dispersion relation is
2

Sl S Sy 4)

CQ Y,n-

By substituting Eq. (3) into the boundary condition (2), a
system of linear algebraic equations with the coefficients A =
{a,} and B = {b,} can be obtained by the Fourier integral
transform, that is,

®)

+1 =D
4] <oinn =[S0 €70,

c+2) (=2
where M is an 2mx2n matrix with

d .
C7(ntll) = / 3 cos ky n [1 4+ EWy, (K2)] e—1(7n—n)dex7
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Fig. 2.
transverse modes of different THz spatial harmonics, respectively.

d .
CL) = / o S0 Ky (14 EWp (K)] emitm=m)Ke g,
d W .
07(1;22) = _/ 5 Ccos ky,n [1—77 low (K x-|—9)] e*l(m—n)szx,

Cfn‘f) = —/ g sinky pn [1=nWiow (Kz+40)] emilm=n)Kz g,
(6)

In order to obtain the nontrivial solutions of a,, and b, it is
required that the determinant of the matrix M must be zero, i.e.,

det |[M (kyn, 8; 6,1, K,0) || =0 (7)

For a fixed frequency w, we can derive the relation between
the transverse wavenumbers of the nth and the n’th harmonics
according to the dispersion relation (4):

kym = \//an Fo(n! —n)KB + (2 —n2)K2.  (8)

Itn =& =0, we can obtain the solution of Eq. (7), which
is ky0 = kP /d. The different values of k) correspond to

different transverse standing wave modes, i.e., {k‘g(,p ), p=12,
3,...}={m,2m, 3x,...} for TE waves. The THz wave resonance
between the nth and n’th harmonics occurs at

2 2
(n+n)K ky?” — k)

5pq:* 9

(14 gpq), with gpq = m
(€))
When p = ¢, the nth and n'th harmonics have the same trans-
verse mode, which will cause the well-known Bragg resonance at
Bpg = —(n+n')K/2. Otherwise (p+q), some unusual resonances
will happen, such as the so-called non-Bragg resonance [42].
Thus, the frequency of the generalized resonance between the
pth mode of the nth harmonic and the gth mode of the n'th
harmonic can be expressed as

C k?(jp)z 2 C kéq)z 2
qu:% ?Jr(ﬂqurnK) :% ?Jr(ﬂqurn’K) .

(10)
Since the transverse wavenumber kg(,p ) takes the fixed discrete

value, the resonant frequency only depends on the average
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References for dispersion curves in the first Brillouin zone: (a) A=260 pm and (b) A=800 pm. The blue and red lines represent the first and second

distance d and the wavenumber of corrugation K, which means
we can manipulate the resonances by selecting the corrugation
geometries.

To further investigate and intuitively display the THz reso-
nance and band gap properties of the corrugated waveguide,
according to the dispersion relation (4), we propose a dispersion
diagram by depicting the reference for dispersion curves in the
first Brillouin zone in Fig. 2 with some marked special points
for d = 320 pum. They are the cut-off frequencies of the first-
and the second-mode f1, and f>, and the intersections P11, Q+1,
Ps, P.3, P4. The blue and red lines denote the first and second
transverse standing wave modes, respectively, while P; and Q;
are the intersections of the same and different modes. Fig. 2(a)
shows the dispersion diagram for A = 260 ym. We can see that
the two curves with the same color intersect at points P_; and P
and these two intersections are just at the boundary of Brillouin
zone. We firmly believe that the two spatial harmonics with the
same transverse mode will produce strong interference near the
frequency point of the intersection, resulting in the frequency
domain band gap, which is the well-known Bragg resonance
phenomenon. At this time, only one Bragg resonance can be
observed in the frequency range lower than the cut-off frequency
of the second-order mode f». However, in addition to the Bragg
resonance, the resonance interaction between different modes
can also occur, that is, points Q_; and O ; where the blue and red
curves intersect. These points are located at higher frequencies
and far away from the boundary of the Brillouin zone. We predict
that this unusual resonance of transverse standing waves can also
cause the spectral band splitting and the possible frequency band
gap.

In Fig. 2(a), the positions of points P_; and Py, are closely
related to the period of the waveguide, while points f; and f5 do
not. With the increase of period length, these two points P_; and
P gradually move down, and then more and more first-order
modes are involved. So, the multiple order Bragg resonances
can occur. When the period length increases to a certain extent,
only the high-order spatial harmonics can intersect the red line.
Therefore, the resonance of different transverse standing waves
at high frequency is too small to be excited and only the Bragg
resonances can happen. Fig. 2(b) shows the references of the
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guided wave modes for A = 800 pm. Clearly, P_; and P, move
towards the low frequency and point Ps is far away from the
second-mode cut-off. There are four Bragg resonances P 1, P2,
P_3,and P, appearing at the intersections of the blue lines. Here,
it should be emphasized that by using the proposed dispersion
diagram, we can approximately estimate the frequency band
structure of the periodic waveguide. More importantly, when
a specific band structure is required in practical applications,
this method can help us to design the geometry parameters
of waveguides and accurately guide the preparation of THz
functional devices.

III. RESONANCE INDUCED BAND GAPS

Assuming that the corrugation shape of the upper and lower
plates in the waveguide is cosine, that is, W,, = cos(Kx) and
Wiow = cos(Kx+6), and then substitute them into Eq. (6), we
can calculate the Fourier integrals and obtain

A€k, n
07(n+n1) = J\mfn\ <£y7) COos

mlm —n|+dky .

2 2 )
07(1:711) = Jim-n| dgky’n sin T |m — n‘ * dky,n7
2 2
Cr(rj_r?) — _J|mfn\ dnky,n oS ™ |m — n| + dk'ym ei(m—n)o,
2 2
07("7?) — J\m—n\ <dn§y,n) in s |m — TL2‘ + dky,n ei(m,n)g7

an

where Jj;;,|(+) is the |m-n|th order Bessel function. Near the
resonance of n = 0, 1, Eq. (7) reduces to

1
tan(ky.od) tan(k, 1d) = 1—6d2ky70ky71 n? + &

+2né cos O sec(ky od) sec(ky 1d)]
12)

For the same order small ¢ and 7, we have the expansion,

kyo = kP + 0k - €, (13)
in terms of ¢ and 7, with
k,(Q)
0k = ij—d\/l + 92 + 27 cos 0 sec dk‘y(,p) sec dkg(ﬁ), (14)
where y=7/£. And then the frequency spectrum splits:
s e
pqg qu :t qu 271_ ‘6k| 53 (15)
where
(p)
cky
= 1
fo = G (16)

is the cut-off frequency of the pth transverse standing wave
mode. The resonant interaction between the transverse standing-
waves leads to the frequency shifts of f;, and the generation of
Jpgand f;; , which are located away from the resonant frequency.
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So, the bandwidth Af can be easily obtained, i.e.,
I c

Jog ™

It can be found that the frequency splitting results in the band
gap with the width proportional to £. The larger the corrugation
amplitude, the wider is the created band gap. The assumption of
the cosine wall profile can lead to the analytical solution while
the numerical solution can be achieved for the other wall profiles.

Generally, the periodic corrugation of the parallel plate wave-
guide can lead to the resonances between different transverse
standing waves and the created band gap is proportional to the
corrugation amplitude. We can select the waveguide geometry
to efficiently engineering the spectral band structure of THz
radiation.

To better understand the relationship between the band gap
structure and geometric parameters of the waveguide, the numer-
ical simulation was employed to investigate the dispersion and
attenuation properties of THz waveguides by using the COM-
SOL Multiphysics software. Based on the finite element method
(FEM) the dispersion curves and corresponding transmission
spectrum were simulated with different geometries. For con-
venience and reduction of drawing error, the corrugated shape
was selected as a rectangular. The corrugation amplitudes of the
upper and lower plates £ = 1) = 40 um, the phase shift =7/2,
and the average distance d = 320 um. The number of periods was
set to 10. The transmission medium in the waveguide was the
air. To limit the propagation of THz waves in the waveguide, the
corrugated profile was applied as the perfect electrical conductor
boundary. To ensure the accuracy of the simulation results, the
ultra-fine grids were adopted and the frequency step was set to
be 0.001 THz.

Fig. 3 shows the simulated dispersion curves and transmission
spectra of THz periodic waveguides with rectangular corrugated
boundaries. For A = 260 pm in Fig. 3(a) and (b), the simulated
results agree well with the theoretical predictions in Fig. 2(a). We
can see that the Bragg resonance of the same modes appears in
the range of 0.73—-0.79 THz, which is just located at the boundary
of the first Brillouin zone with 5 = +K/2. When the resonance
occurs, the dispersion curves break off, which means that THz
waves cannot propagate through the waveguide at the breaking
point. As expected, an obvious stop band A; can be observed at
the corresponding frequency range in the transmission spectrum
with smooth band edges. Therefore, the resonance at point P 1
with Bragg nature can be easily identified.

Besides that, another type of resonances appears in the higher
frequency range, which is indicated by the breaking of the
dispersion curves far away from the edges of the first Brillouin
zone. Similar to the Bragg resonances, the dispersion curve
breaking can also lead to the frequency band splitting and the
creation of forbidden band B; as shown in Fig. 3(b). For the
half of the maximum transmission, i.e., 0.5, the widths of band
gaps A1 and B; are 0.027 THz and 0.041 THz, respectively.
It should be noted that such different resonances can lead
to the stronger energy attenuation and wider frequency band
gap around 1.0 THz, and the edges of the stop band induced
by different transverse standing waves are much steeper. The

Af = 0k - €. (17)
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Fig. 3.
and (d) A=800 pm.

simulation results are basically consistent with the theoreti-
cal prediction in Fig. 2(a). This unique band gap property
is very important for the design of THz waveguide devices
with excellent performance.

Fig. 3(c) and (d) show the simulated dispersion curves and
transmission spectra for A = 800 pm, respectively. Referring
to the theoretical prediction results in Fig. 2(b), we do observe
the multiple order resonances and their induced stop bands in
the similar frequency range. The dispersion curves in Fig. 3(c)
break off around 0.6 THz, 0.75 THz, and 0.9 THz with § = +K,
B8 = +3K/2, and B = £2K, respectively, which are located at
the boundaries of the Brillouin zones. It also could be found that
the breaks get smaller when the frequency increases, indicat-
ing the weaker resonant intensity. Moreover, in Fig. 3(d), the
band edges are relatively smooth, and the bandwidth gradually
decreases with the increasing frequency. Therefore, these reso-
nances can be recognized as the Bragg resonances with different
orders. Here, it needs to be explained that the theoretically
predicted Bragg resonance P in Fig. 2(b) does not appear in
the transmission spectrum. This is because that the average
distance d of the waveguide remains unchanged during the
simulation, and the introduced undulated structure reduces the
nearest distance, so that the cut-off frequency moves up and
masks the first-order Bragg resonance.

The simulated dispersion curves confirm the theoretical pre-
dictions of the proposed dispersion diagram in Section II. All
the breaks of dispersion curves appear at the intersections of the
reference lines, which indicate the resonances of the transverse
standing waves. As predicted, the Bragg resonances induced by
the interference of the same transverse standing waves occur

=4 o
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Simulated dispersion curves and transmission spectra of THz periodic waveguides with rectangularly corrugated boundaries: (a) and (b) A=260 pm, (c)

at the edges of the Brillouin zones while the resonances of
different transverse standing waves happen away from the edges.
Both types of resonances can result in the forbidden bands
and the band gap decreases with the increasing resonant order.
Furthermore, the resonances of different transverse standing
waves not only occur in the middle of the Brillouin zone, but
also create the band gap with quite different properties, which
can cause the more efficient wave attenuation than the traditional
Bragg resonances. It means that the smaller structure can achieve
the same effects on THz wave attenuation or reflection when the
resonances of different transverse standing waves are employed
in applications.

IV. TRANSVERSE STANDING WAVES AND BAND GAP
MANIPULATION

In the first two parts, we have presented a complete theoretical
analysis and numerical simulation for the propagation of THz
wave in the periodic corrugated parallel plate waveguide. Com-
bined with the reference lines and the dispersion curves, we also
have demonstrated how the THz resonances in a periodic wave-
guide depends on the corrugated period and how the resonances
of different transverse standing waves occur in the middle of the
first Brillouin zone. The resonances with different properties do
create the different band gaps. The different transverse standing
wave resonance is more intense and leads to the more efficient
wave attenuation. This unique property is supposed to be related
to the transverse standing waves of THz waveguides. It seems
that the different standing wave interactions are more intense
and effective.
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(a) Simulated electric field distribution of E, component at frequencies 0.660, 0.787, 1.011 and 1.044 THz for A=260 pm. The dashed line indicates the

location of the transverse field distribution for the further analysis. (b) Mode fitting curves corresponding to the electric field along y axis near the outlet. All the

E, components are normalized by the maxima of their own data set.

To better understand the THz resonance of transverse standing
waves in the corrugated plate waveguide, we have applied the
FEM to simulate the electric field distribution for A = 260 pm
at several frequencies, and some of them are shown in Fig. 4(a).
First two figures for 0.660 THz and 0.787 THz show the wave
propagation below and within the Bragg gap A, respectively.
Clearly, the simulated electric field is symmetrically distributed
with respect to the x-axis, which exhibits the first transverse
standing wave propagation and attenuation along the waveguide.
Unlike the Bragg gap, for band gap B; at the higher frequen-
cies of 1.001 THz and 1.044 THz, the second-order mode of
transverse standing wave patterns is involved, and it causes a
stronger interaction with the first-order mode, resulting in an
antisymmetric electric field as shown in the last two figures
in Fig. 4(a). The obvious difference between band gap A; and
By in the electric field distributions helps us to understand the
propagation of THz waves in periodic waveguides more deeply.
They also demonstrate the unique characteristics of the different
standing wave resonance.

To further confirm the standing wave mode components of
gaps A1 and By, we have also performed the mode fitting on
the electric fields along the y axis near the outlet by a truncated
model

47
E. (y) !/

(18)
with the maximum distance D = 360 pm as shown in Fig. 4(b).
Inthe model, ai, b2, as and b4 represent fitting coefficients of the
first four transverse standing wave modes, with a;+bs+as+by
= 1. The position marked by the black dashed line in Fig. 4(a)
shows the selected electric field distribution near the outlet. For
convenience, the y direction field distributions at 0.660 THz,
0.787 THz, 1.011 THz, and 1.044 THz are normalized by their
own maxima and shown in Fig. 4(b) by the circles, triangles,
stars, and diamonds, respectively. The best fitting curve for 0.787
THz within the Bragg gap A; is shown by the black dashed
line in Fig. 4(b), the percentages of optimal fitting coefficients
are a; = 88.27%, by = 4.19%, as = 6.70%, and by = 0.84%,

2 3
:alcos%+bgsin%y+a3cos%y+b4sin

and the root mean square error (RMSE) o = 0.003671, with
95% confidence bounds. It means that the first-order standing
wave mode is the main component and the higher-order modes
are puny, which further confirms the resonance with Bragg
nature. The blue dash-dot line represents the best fitting curve
for 1.044 THz within gap B, the percentages of optimal fitting
coefficients are a1 = 23.12%, b, = 66.04%, a3 = 2.53%, and by
= 8.32%, and the RMSE o = 0.003686, with 95% confidence
bounds. Obviously, the first- and the second-order standing wave
modes are dominant as expected, indicating that the first two
modes are involved in the resonances. The simulation results on
electric fields firmly confirm the above theoretical analysis. The
unique properties of gap B; are attributed to the first and second
transverse standing wave resonances.

The mode component fitting method further demonstrate the
THz resonances of transverse standing waves. The resonances
occurring at the edges of the Brillouin zones are caused by the
interference between the same transverse standing waves while
the other type of resonances in the middle of the Brillouin zone
is involved by the different transverse standing waves, which
can create the much wider gap and much stronger attenuation.
The mode components of the other two cases at 0.660 THz and
1.011 THz are very similar, and therefore are not discussed here
to avoid repetition.

Based on the previous analysis, we have known that the period
length of THz waveguides has a great influence on the band
gap structure, but the phase shift ¢ is fixed to 7/2 in the whole
analysis, which can also effect on the propagation characteristics
of THz waves in another way. Fig. 5(a) shows the simulated
frequency dependent THz transmission spectra for § = 0 and
7 by the blue dotted and red dash-dot lines, respectively. The
period length is fixed to 260 pm. Interestingly, when the phase
shift & = 0, that is, the corrugations of the two plates are
symmetrical with respect to the x-axis, only Bragg gap A; can
be found. On the contrary, when the phase shift 6 increases
to m, the upper and lower grooves are completely staggered,
and the former symmetry of the waveguide structure is broken.
At this time, the Bragg gap of the same transverse standing
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Fig. 5. (a) Simulated THz transmission spectra vs frequency for 6=0 (the
dotted line) and 7 (the dash-dot line). The insets indicate the geometry of the
waveguides in the both cases and the two types of gaps appear alternately.
(b) Simulated electric field distribution of E, component at 1.0 THz for different
phase shifts.

waves disappears whereas the resonance induced gap of different
transverse modes B; appears. In the different waveguides, the
band widths of A; and B; are similar, but the attenuation is still
much stronger in gap B;. By selecting the geometry parameter
of phase shift 6, we can manipulate the band gaps by creating
only one (A1/B1) or both two (A1 and By ) gaps. This controllable
band structure could be applied to design the more effective and
efficient THz devices.

In addition, the phase shift can also affect the transverse
standing wave propagating through the waveguide as shown in
Fig. 5(b). At 1.0 THz, the THz waves are in the pass bands of
waveguides with § = 0 and 6 = , but the propagating modes
are different. It is clear that there is only the first-order standing
wave mode when 6 = 0 because of the symmetric structure
and the incident first-order mode. When 6 = T, the structure is
totally antisymmetric. Although there still only the first-order
mode excited, it changes to the antisymmetric second-order
mode in the pass band due to the structural symmetry. Since the
first- and second-modes have been analyzed, the similar mode
component analysis of propagating transverse standing waves is
not included.
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In applications, it could be a challenge to adjust phase shift
between the two corrugated plates. The one-side grooved wave-
guide can be considered, which consists of one grooved plate
and one planar plate. Its characteristics of dispersion curves and
transmission spectrum are very similar to these of the two-side
grooved waveguide with # = 7/2 as shown in Fig. 3(a) and (b),
respectively. Due to the absence of one-side corrugation, the
resonant intense decreases, but the different transverse standing
wave resonances can be also found.

V. CONCLUSION

In conclusion, we have performed both theoretical and numer-
ical investigations on THz wave propagation in a parallel plate
waveguide with arbitrary periodically corrugated structures and
explored the existence of another type of THz resonances Q4
in addition to the well-known Bragg resonance. By using the
theoretical analysis and the dispersion diagram in the first Bril-
louin zone, we predict the band structure of THz waveguides and
find that it highly depends on the period length. The numerical
simulations based on the FEM are employed to analyze the
resonance-induced band gaps. Both Bragg resonance P.; and
the resonance of different transverse standing wave mode Q1
are predicted theoretically and then confirmed by the simula-
tions. Obviously different from Bragg resonances, the resonance
Q41 is caused by the strong interference between different
transverse standing waves, which makes itself occur in the higher
frequency range. In addition, both band gaps are highly tunable
by the phase shift 6§ between the upper and lower plates of the
waveguide. The simulated electric field distribution and mode
fitting have further confirmed that the physical mechanism of
the two resonances is completely different. Unexpectedly, com-
pared with Bragg gap A4, the observed gap B is impressively
wide, and the transmission loss inside this gap is much greater,
indicating that the Q1 resonance can plays a more essential role
in the propagation of THz waves in such periodic waveguides.
The present work provides a detailed physical picture for the
propagation and interaction of standing waves in planar THz
waveguides. All these theoretical findings could pave the way
to the design of more effective THz waveguide devices, such as
filters, modulators, and switches.
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