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ABSTRACT The study on terahertz radiators will not only boost the development of theoretical research,
but also raise severe challenges to solid-state electronics and circuit technology. In the present paper,
the transmission characteristics of microstrip-slot coupling structures are primarily studied in 1-3THz band.
Based on the single-layer dielectric structure, a double-layer dielectric microstrip-slot coupling structure
with air as one layer is presented. It is reported that adding air layer based on the single-layer structure helps
reduce the loss. Besides, given the factors of Engineering processing, the structure of three-layer media is
also proposed; it is found that the structure of three-layer media still has exhibits transmission loss when the
engineering realization is satisfied. However, this study suggests that the loss of the three-layer structure is
higher than that of the two-layer structure, whereas the effect is better than that of the single-layer structure.

INDEX TERMS Terahertz, multilayer structure, transmission characteristics, odd mode, even mode.

I. INTRODUCTION
Terahertz radiation refers to the electromagnetic radiation of
0.1-10THz. From the frequency perspective, it is between
radio wave and light wave, as well as between millime-
ter wave and infrared line. From the energy perspective,
the infrared and microwave technology on both sides of
terahertz band has been highly mature in the electromag-
netic spectrum between electron and photon, whereas the
terahertz technology is almost empty. This is because in this
frequency band, it is not entirely suitable for optical theory to
deal with, nor is it entirely applicable for microwave theory
to study [1].

The advantages of terahertz wave lead to high research
implication in many fields. In communication, terahertz wave
exhibits higher frequency than millimeter wave terahertz
wave, so terahertz wave can provide wider bandwidth and
transmit more information when employed in communica-
tion [1]–[3]. As stimulated by the further maturity of tera-
hertz technology, the application of terahertz technology in
high-speed and short-range wireless communication has been
achieved. In the aspect of security detection, due to several
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characteristics of terahertz wave, terahertz wave can penetrate
clothing to find dangerous goods and will not jeopardize
people and goods. In the medical field, terahertz wave is safer
andmore practical than X-ray as it can image the human body
with relatively high accuracy without adverse effects [4], [5].
In the military field, terahertz wave is hard to leak for its
good direction and narrow beam in the transmission process,
so it exhibits a promising application in short-range tactical
communication [6]. In the meantime, terahertz transmission
in the atmosphere will have a greater attenuation, and the
terahertz wave is hard to detect in the distance, so it can be
used. Moreover, radar has better resolution in terahertz band
and can detect target more accurately [7].

Though terahertz wave exhibits numerous unique prop-
erties compared with other frequency bands, it also shows
some limitations [8]. First is the limitation of technical
means. Although terahertz technology has achieved great
progress in the past decades, the research field of terahertz
frequency band has been insufficiently mature thus far, and
there are many places worth studying in depth [9]. Second,
terahertz radiation has some physical limitations. For conduc-
tive objects, terahertz cannot penetrate, so metals and other
materials cannot leverage terahertz wave for perspective
study [10]–[17]. Besides, since the gas in the air absorbs
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FIGURE 1. Cross section of dielectric multilayered coupled
multi-conductor transmission lines.

terahertz energy, terahertz wave propagation in the air dis-
plays a significant loss and cannot be transmitted over long
distances [18], [19].

The advantages of terahertz wave should make it of high
research implication in numerous fields [20]–[24]. In com-
munication, terahertz wave exhibits higher frequency than
millimeter wave terahertz wave, so terahertz wave can pro-
vide wider bandwidth and transmit more information when
employed in communication [25]–[27].

To meet the need of planar integration of terahertz systems,
some planar transmission lines (e.g., microstrip [28], strip-
line [29], [30], slot-line [31] and coplanar wave-guide [32])
have been proposed to transmit terahertz waves [14]. To keep
abreast with advancement of wireless communication sys-
tems, transmission structures are progressively pursuing
miniaturization in design [33], [34]. Since multilayer struc-
ture can fully exploit the upper and lower sides of the dielec-
tric substrate to reduce size, a growing number of people use
multilayer structure in design, as shown in Fig. 1. Microstrip
line and slot line are the two commonest planar transmis-
sion lines [31]. Microstrip line displays the advantages of
small size and easy integration. Slot line can be adopted in
high impedance line, series short line and short circuit [35].
With their combination, a microstrip-slot coupling struc-
ture is formed [31], exhibiting more degrees of freedom
in the design process. If the required circuits consisting of
microstrip lines and slot lines are made on both sides of
the identical dielectric substrate, the coupling between them
can be leveraged to construct components (e.g., filters and
directional couplers) [36]–[38]. Accordingly, in most cases,
the microstrip-slot coupling structure is employed to transmit
signals between the upper and lower sides of the dielec-
tric substrate. The integrated design based on microwave
is freely applied in these structures. From the perspective
of reducing size and improving transmission performance,
this paper proposes adding air box to establish two novel
structures. The one is the suspended lower air microstrip-slot
coupled structure, and the other is the upper air microstrip-
slot coupled structure. In the present paper, the transmission
characteristics of microstrip-slot coupled structures are stud-
ied. Consider coupledM transmission conductors situated in

a N -layered dielectric substrate over a ground plane of per-
fect conductor [39]. The strips of widthswv(v = 1, 2, . . . ,M )
are assumed to be perfect conductors of t thickness. The
center of the v-th strip is located at x =xv. The thickness
and relative dielectric constant of the n-th layer are hn and
εn(n = 1, 2, . . . ,N ), respectively.
The coupled-mode equations are formulated using the gen-

eralized reciprocity relation [40]. The electromagnetic fields
and currents of the coupled lines in Fig. A are approximated
as follows:

E (x, y, z) =
M∑
v=1

av (z) ev (x, y) (1)

H (x, y, z) =
M∑
v=1

av(z)hv(x, y) (2)

J (x, y, z) =
M∑
v=1

av (z) jv(x, y) (3)

where av (z) are unknown amplitude functions and ev(x, y),
hv(x, y) and jv(x, y) are the eigenmode functions for the
fields and currents propagating in the +z direction along M
transmission conductors. The eigenmode fields and currents
propagating in the−z direction in the respective transmission
conductors are expressed as follow:

E′v =
[
ev,t (x, y)− ẑev,z (x, y)

]
exp (nβvz) (4)

H ′v =
[
−hv,t (x, y)+ ẑhv,z (x, y)

]
exp (nβvz) (5)

J ′v =
[
X̂ jv,t (x, y)− ẑjv,z (x, y)

]
exp (nβvz) (6)

where βv is the propagation constant of the isolated v-th
transmission conductors, and the subscripts t, x, and z denote
the transverse, x and z components of the indicated vectors,
respectively. Substituting Eqs. (1) – (3) and Eqs. (4) – (6)
for each of transmission conductors into the generalized reci-
procity relation, the coupled-differential equations govern-
ing the evolutions of modal amplitudes av(z) are derived as
follows:

d
dz
a = −i [C] a (7)

And transmission conductors ‘‘v’’ and ‘‘µ’’ located in the
original dielectric layers as shown in Fig. 1

a = [a1 (z) a2 (z) a3 (z)]T (8)

[C] = [M ]−1 [K ] (9)

Kvµ = βvMvµ + Qvµ (10)

Mvµ =
1
2

(
Nvµ + Nµv

)
(11)

Nvµ =
1
2

∫
S
[ev(x, y)× hµ(x, y)] · ẑdxdy (12)

Qvµ = −
n
4

∫
lµ

[
ev,x (x, y) jµ,x (x, y)

−ev,z (x, y) jµ,z (x, y)
]
dxdy (13)
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where S represents the cross-sectional area of the structure,
lµ denotes the cross-sectional contour of the µ-th line, and
the eigenmode fields and currents in the isolated lines are
normalized so that Nvv = 1. Note that Qvv = 0 since
ev,x (x, y) = ev,z (x, y) = 0 on the surface of the v-th line.
Equation (7) is the coupled-mode equations which play the
same role as the transmission line equations in the quasi-static
approach. The solutions determine the propagation constant
βm of the coupled mode m and the modal amplitude avm of
the current on the v-th line [39].
Although various numerical techniques have been devel-

oped for the rigorous analysis of coupled lines, those direct
solution methods become much more involved and are very
time consuming computationally when the number of lines
increases. The methods based on the full-wave analysis pro-
posed in this paper effectively improves the accuracy and
reduces the calculation.

The problem of coupled transmission conductors was
reduced to that of isolated transmission conductors. When
the eigenmode fields and currents for the isolated N lines
are obtained, the coupling coefficients Kvµ,Nvµ, and Qvµ
governing the interaction between the v -th and µ-th lines are
easily calculated by the overlap integrals given by Eqs. (12)
and (13). These integrals can be efficiently performed [40],
[41] in the spectral domain by using the Galerkin’s moment
method solutions for the conventional single transmission
conductor. The details of this numerical method have been
well documented in the open literature [42]. The reciprocity
relation [40], [41] between the eigenmode fields of the iso-
lated v-th and µ-th lines leads to the identity

βvMvµ + Kvµ = βvMµv + Kµv (14)

This relation reduces the calculation of the coupling matrix
[C] in Eq. (7).

To verify the feasibility of our method, the propagation
characteristics of THz pulses on microstrip-lines are stud-
ied and compared by referencing [21] as the baseline. The
attenuation constant and the effective index of refraction of
microstrip line (MSL) and coplanar strip lines (CPS) are plot-
ted as functions of frequency in Fig.2-3. In Fig. 3, the squares,
diamonds, and circles represent the sapphire, quartz, and
polymer substrates, respectively. The dotted-dash, dash, and
solid lines represent the sapphire, quartz, and polymer sub-
strates, respectively. Our results are consistent with the pre-
dictions based on the analytical formula used in microwave
regime [21], [43].

II. DOUBLE-LAYER DIELECTRIC MICROSTRIP-SLOT
COUPLING STRUCTURE
In this paper, based on the single-layer dielectric micro-
strip-slot coupling structure, a double-layer dielectric
microstrip-slot coupling structure is proposed, in which one
layer dielectric is air [1], [43]. Multilayer structure is a novel
structure in the terahertz wave band [1].

In the double-layer microstrip-slot coupling structure with
air in the lower layer, the overall thickness of the dielectric

FIGURE 2. The (a) attenuation constant and (b) effective index-of
refraction associated with the propagation of the THz pulses along the
MSL are presented. The solid circles and open squares represent the
experimental and FDTD results, respectively. The black solid line and the
open circles in (a) refer to the values estimated using the analytical
expressions used in the microwave regime with the measured
conductance of the metal line and the tangent of the polyimide film,
respectively. The black solid lines in (b) is a prediction based on a
model in microwave regime. The red lines are our results.

layer is h = 20 × 10−3mm as a fixed value, and the mate-
rial of the microstrip and slot is copper with the thickness
t = 0.2 × 10−3mm, as shown in Fig. 4. The thickness of
the metal can be ignored compared with that of the medium,
so the effect of the thickness of the metal on the transmission
characteristics is not discussed here. In practice, metals and
dielectrics should be lossy; thus, in the analysis, the conductor
strip and the floor are set as lossy copper, the dielectrics are
set as dielectric constant, and the loss angle is tangent non-
magnetic material.

Note that dielectric loss tangent is negligible in terahertz
band. For the high frequency, small tangent of loss angle
can also cause larger dielectric loss. Given this, even if the
tangent of loss angle is very small, the tangent of loss angle
cannot be set to 0. The width of the upper microstrip is
w = 20 × 10−3mm, unchanged. The width of the lower
slot is s = 20 × 10−3mm without change. The lower
layer refers to an air layer, and the upper layer represents a
dielectric substrate with a thickness of d1 and a dielectric
constant of ε1.
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FIGURE 3. The (a) attenuation constant and (b) effective index-of-
refraction associated with the propagation of THz pulses along the CPS
are presented. The solid and open symbols denote the experimental and
the FDTD results, respectively. The black lines are the predictions based
on an analytical formula adopted in the microwave regime. The red lines
represent our results.

FIGURE 4. Cross section of doubled-layer dielectric microstrip-slot
coupling structure.

The double-layer microstrip-slot coupling structure with
air in the upper layer indicates that the upper layer is an air
layer, and the lower layer refers to a dielectric substrate with a
thickness of d2 and a dielectric constant of ε2. Other param-
eters comply with the double-layer microstrip-slot coupling
structure with air in the upper layer.

The effective dielectric constant can be approximately
expressed as Eqs. (15)

εr =
h

d1/ε1 + d2/ε2
(15)

The dielectric constant of the dielectric plate is greater than
that of air. The increase in the thickness of the dielectric plate
is the decrease in the height of the air layer. According to
the Eqs. (15), it can be obtained that the effective dielectric
constant increases with the increase in the thickness of the
dielectric plate.

The relationship between loss and effective dielectric con-
stant is expresses as Eqs. (16)

α ∝ f · tanδ
√
εr (16)

Therefore, with the increase of the height of the dielectric
plate, the loss will increase correspondingly, and the corre-
sponding attenuation will also increase accordingly.

During the simulation process, the premise is that the total
thickness of the dielectric substrate remains unchanged. The
dielectric constant of the two types of dielectric substrates is
a variable, and the dielectric constant is set to 2, 4, and 6,
respectively. The transmission characteristics are observed.
On the other hand, regulating the thickness of the dielec-
tric substrate makes the composition ratio of the air layer
to the substrate a variable, whereas it does not change the
dielectric constant and observe the variation of transmission
characteristics.

A. THE DOUBLE-LAYER MICROSTRIP-SLOT COUPLING
STRUCTURE WITH AIR IN THE LOWER LAYER
When the dielectric constant under odd mode excitation is 2,
4, and 6, the effective dielectric constant varies with the
thickness of the dielectric substrate. First, the dielectric con-
stant of the dielectric substrate is one of the factors affecting
the effective dielectric constant. As indicated by solid line
in Fig. 5, the larger the dielectric constant of the substrate,
the larger the effective dielectric constant will be under odd
mode excitation. On the other hand, the thickness of dielectric
plate is also one of the influencing factors. The larger the
thickness, the bigger the effective dielectric constant will be.

In the meantime, the change curve of attenuation constant
is also measured when the dielectric constant under odd
mode excitation is 2, 4, and 6. As shown by dotted line
in Fig. 5, with the rise in the thickness of the dielectric
substrate, the attenuation curve will change, the effective
dielectric constant will increase, and the attenuation constant
will be up-regulated. Accordingly, consistent with the above
description of the effective dielectric constant, the larger the
dielectric constant, the more significant the attenuation, the
higher the frequency, and the more noticeable the difference
will be. However, at the thickness of the dielectric substrate
of 16um, the attenuation is inclined to decrease, i.e., under
the excitation of odd modes, the attenuation of the suspended
microstrip line is also reduced, so the total attenuation will be
mitigated [32], [44], [45].

The blue solid line, the green solid line, the red solid
line and the black solid line in Fig. 5, 6, 9, 10 represent
the different measurement conditions of dielectric thick-
ness d1 of 16um×10−3mm, 12×10−3mm, 8×10−3mm and
4×10−3mm, respectively. The blue dotted line, the green
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FIGURE 5. Under odd mode excitation, the effective dielectric constant
versus frequency curves when ε1 is (a) 2, (b) 4, and (c) 6. Solid lines
represent effective dielectric constant, dotted lines represent attenuation.

dotted line, the red dotted line and the black dotted line
in Fig. 5, 6, 9, 10 indicate the different measurement
conditions of dielectric thickness d1 of 16um×10−3mm,
12×10−3mm, 8×10−3mm and 4×10−3mm, respectively.

When the dielectric constant ε1 is 2, 4, and 6, under even
mode excitation, the change curve of effective dielectric con-
stant is presented by solid line in Fig. 6. The varying trend
of dielectric constant is identical to that under odd mode
excitation.

When the dielectric constant ε1 is 2, 4, and 6, under
even mode excitation, the attenuation curve is presented by
dotted line in Fig. 6. With the rise in the thickness of the

FIGURE 6. Under even mode excitation, the effective dielectric constant
versus frequency curves when ε1 is (a) 2, (b) 4, and (c) 6. Solid lines
represent effective dielectric constant, dotted lines represent attenuation.

dielectric substrate, the attenuation varies more significantly.
Besides, under the identical dielectric constant, the attenu-
ation of the structure with the dielectric substrate thickness
of 12×10−3mm in high frequency band is larger than that
of other structures, and the reason for change belongs to the
variation of radiation loss.

In the double-layer microstrip-slot coupling structure with
air in the lower layer, it is found that the higher the
dielectric constant of the substrate at 3THz, the higher
the effective dielectric constant and attenuation will be in
both odd and even modes. Moreover, under the identical
condition, the effective dielectric constant and attenuation
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FIGURE 7. Curve of effective dielectric constant and attenuation with
thickness of dielectric plate in odd mode. Black lines represent effective
dielectric constant, red lines represent attenuation.

FIGURE 8. Curve of effective dielectric constant and attenuation with
thickness of dielectric plate in even mode. Black lines represent effective
dielectric constant, red lines represent attenuation.

will be larger in even mode than in odd mode. Neverthe-
less, Fig. 5 and 6 suggest that with the rise in dielectric
thickness and dielectric constant, the attenuation of the struc-
ture of the dielectrics is obviously different, and the atten-
uation decreases with the rise in thickness and dielectric
constant.

In the present paper, the relation curves of effective dielec-
tric constant and attenuation constant with the thickness of
dielectric substrate at 3THz are also made. As presented
by black lines in Fig. 7-8, the effective dielectric constant
increases with the rise in the thickness of the dielectric plate
whether excited by odd or even modes. Attenuation con-
stant is presented by red lines in Fig. 7-8. Under odd mode
excitation, when the dielectric constant of the medium is
2 or 4, the attenuation constant is up-regulated with the rise
in the thickness. However, it is suggested that with the rise in
the dielectric constant, the amplitude of attenuation increase
decreases. When the dielectric constant is 6, the attenuation
constant obviously increases first and then decreases. Under
evenmode excitation, the curve changes more prominent, and
the attenuation constant increases first and then decreases.
A solid black line with circle represents the effective dielec-
tric constant when ε1 = 2; a solid black line with square
represents the effective dielectric constant when ε1 = 4; a

FIGURE 9. Under odd mode excitation, the effective dielectric constant
versus frequency curves when ε2 is (a) 2, (b) 4, (c) 6, Solid lines represent
effective dielectric constant, dotted lines represent attenuation.

solid black line with diamond denotes the effective dielectric
constant when ε1 = 6; a solid red line with circle indicates
the attenuation when ε1 = 2; a solid red line with square
shows the attenuation when ε1 = 4; a solid red line with
diamond represents the attenuation when ε1 = 6, as shown in
Fig. 7,8,9,11,12, respectively.

Unexpected attenuation is discussed here [27], [28], and
[37]. The attenuation in this paper includes dielectric loss,
conductor loss and radiation loss. When the thickness and
dielectric constant of the dielectric substrate are rising,
the conductor loss and dielectric loss will increase, while
the radiation loss will be lowered. When the thickness rises
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FIGURE 10. Under even mode excitation, the effective dielectric constant
versus frequency curves when ε1 is (a) 2, (b) 4, (c) 6. Solid lines represent
effective dielectric constant, dotted lines represent attenuation.

to 16×10−3mm, the radiation loss will decrease more sig-
nificantly than the previous attenuation, and then the total
attenuation will be reduced.

B. THE DOUBLE-LAYER MICROSTRIP-SLOT COUPLING
STRUCTURE WITH AIR IN THE UPPER LAYER
In the subsequent cases, the variation of effective dielectric
constant and attenuation constant under odd mode and even
mode is also measured by varying the position of air layer
and dielectric substrate. Under oddmode excitation, when the
dielectric constant of the substrate is 2, 4, and 6, the change

curve of effective dielectric constant with the thickness of the
substrate is presented by solid line (Fig. 9). The larger the
dielectric constant of the substrate, the higher the effective
dielectric constant, and the higher the thickness of the sub-
strate, the larger the effective dielectric constant will be.

When the dielectric constant is 2, 4, and 6, under odd
mode excitation, the curve of attenuation constant varies
with the thickness of dielectric substrate as shown by dotted
line in Fig. 9. Obviously, attenuation increases with the rise
in dielectric constant of substrate; whereas under the cor-
responding conditions, the effect is not obvious. Likewise,
the thickness of the dielectric substrate has an effect on the
attenuation, but after reaching a certain thickness, the attenua-
tion gradually decreases with the rise in the dielectric constant
and the thickness of the dielectric substrate.

When the dielectric constant is 2, 4, and 6, under the even
mode excitation, the effective dielectric constant varies with
the thickness of the dielectric substrate, as presented by solid
line in Fig.10. The effective dielectric constant varies more
obviously when the dielectric constant of the dielectric sub-
strate is up-regulated with the transmission of the dielectric
substrate. The effective dielectric constant also increases with
the rise in the dielectric constant of the dielectric substrate.
The larger the thickness of the dielectric substrate, the bigger
the dielectric constant will be, and the variation will be more
obvious.

When the dielectric constant is 2, 4, and 6, under even
mode excitation, the attenuation curve varies with the thick-
ness of the dielectric substrate. According to the dotted line
in Fig. 10, the larger the dielectric constant of the substrate,
the larger the attenuation constant will be. In the 1THz to
3THz bands, it is found that there is also a boundary point
where the attenuation is reduced when the radiation loss
decreases.

Besides, for the structure of upper air, the variation curves
of effective dielectric constant and attenuation constant with
the thickness of the dielectric plate at 3THz are also ana-
lyzed. As shown in Fig. 11, the effective dielectric con-
stant increases with the rise in the thickness regardless of
the odd mode or even mode excitation. For loss, as shown
in Fig. 12, first, under odd mode excitation, when the dielec-
tric constant is 2, the attenuation constant will increase with
the rise in thickness. When the dielectric constant is 4, 6,
the attenuation constant will increase first and then decrease.
Under even-mode excitation, the three dielectric constants
all show the identical condition. It is suggested that with
the rise in the thickness of the dielectric substrate, the radi-
ation loss will be lowered. When the medium is small,
the binding effect on the field will be not robust, and the
reduction of radiation loss will be smaller than the rise in
conductor loss and medium loss. When the thickness is
larger, the medium has a strong binding effect on the field.
When the thickness rises to a certain extent, the decrease in
radiation loss is larger than the rise in conductor loss and
medium loss.
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FIGURE 11. Curve of effective dielectric constant and attenuation with
thickness of dielectric plate in odd mode. Black lines represent effective
dielectric constant, red lines represent attenuation.

FIGURE 12. Curve of effective dielectric constant and attenuation with
thickness of dielectric plate in even mode. Black lines represent effective
dielectric constant, red lines represent attenuation.

III. THE THREE-LAYER MICROSTRIP-SLOT COUPLING
STRUCTURE WITH AIR IN THE MIDDLE LAYER
Compared with the two-layer structure, and the size of the
slot spacing remain unchanged. To explore the transmis-
sion characteristics of the three-layermicrostrip-slot coupling
structure which is shown as Fig. 13, only the dielectric con-
stant and the structure of the transmission dielectric plate are
changed.

The curves of effective dielectric constant, under oddmode
excitation, are shown by solid line in Fig. 14. When the
dielectric constant of the third layer is 2, and the thickness
of the third layer is 4×10−3mm, the dielectric constant of
the first layer substrate will be 2, 4, and 6, respectively.
When the thickness of the first layer dielectric is 4×10−3mm,
8×10−3mm, 12×10−3mm and 14×10−3mm, the curves of
effective dielectric constant will vary with the dielectric con-
stant of the first layer, suggesting that the dielectric constant
of the first layer varies with the dielectric constant of the first
layer. The effective dielectric constant increases with the rise
in thickness. Likewise, as the solid lines shown in Fig. 14,
the effective dielectric constant increases with the rise in
thickness.

Under odd mode excitation, the attenuation constant of
three-layer dielectric structure changes as shown by dotted

FIGURE 13. Cross section of the three-layer microstrip-slot coupling
structure.

FIGURE 14. Under odd mode excitation, the effective dielectric constant
versus frequency curves when ε1 is (a) 2, (b) 4, (c) 6. Solid lines represent
effective dielectric constant, dotted lines represent attenuation.

line in Fig. 14. It is reported that the curve changes almost
the same, whereas when the third layer dielectric is a definite
value, the thicker the first layer dielectric layer, the more
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FIGURE 15. Under even mode excitation, the effective dielectric constant
versus frequency curves when ε1 is (a) 2, (b) 4, (c) 6. Solid lines represent
effective dielectric constant, dotted lines represent attenuation.

significant the attenuation will be, while the larger the dielec-
tric constant, the more significant the attenuation will be,
but after 2.5THz, there will be a contrast and the attenuation
constant will decrease. It is consistent with the double-layer
structure.

The blue solid line, the green solid line, the red solid line
and the black solid line in Fig. 14-17 denote the different mea-
surement conditions of dielectric thickness of 14×10−3mm,
12×10−3mm, 8×10−3mm and 4×10−3mm, respectively.
The blue dotted line, the green dotted line, the red dot-
ted line and the black dotted line in Fig. 14-17 rep-
resent the different measurement conditions of dielectric
thickness of 14×10−3mm, 12×10−3mm, 8×10−3mm and
4×10−3mm, respectively.

FIGURE 16. Under odd mode excitation, the effective dielectric constant
versus frequency curves when ε3 is (a) 2, (b) 4, (c) 6. Solid lines represent
effective dielectric constant, dotted lines represent attenuation.

Under the even mode excitation, the total height, the thick-
ness of the third layer and the material of the third layer are
not changed as well. We only change the material of the first
layer, the dielectric constant is 2, 4, and 6, the thickness of
the first layer and the thickness of the air layer caused by the
change of the substrate. The effective dielectric constant rises
with the odd mode excitation.

The attenuation curve under evenmode excitation is shown
in Fig. 15. With the rise in dielectric constant, the attenuation
will increase correspondingly. However, it is found that in
the identical medium, the thicker first layer substrate will
not lead to the bigger attenuation. Moreover, the bigger the
dielectric constant of the first layer, the more obvious the con-
trast will appear. Furthermore, with the rise in thickness, the
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FIGURE 17. Under even mode excitation, the effective dielectric constant
versus frequency curves when ε3 is (a) 2, (b) 4, (c) 6. Solid lines represent
effective dielectric constant, dotted lines represent attenuation.

attenuation constant decreases, i.e., the radiation loss
decreases dramatically, significantly affecting the change
of the attenuation constant, and the attenuation constant is
down-regulated.

In another case, the thickness of the first layer of dielectric
substrate, fixed to 4um, remains unchanged, and the same
material with the dielectric constant of 2 is ensured. The
thickness and dielectric constant of the third layer of dielec-
tric substrate are changed, and the transmission characteris-
tics are measured and compared under different conditions.

The curves of effective dielectric constant under odd mode
excitation are shown by solid line in Fig. 16. When the
dielectric constant of the third layer is 2, 4, and 6, respectively,
the effective dielectric constant is simulated, suggesting no

difference between the effective dielectric constant of the
third layer substrate and that of the first layer substrate.
The larger the thickness, the bigger the effective dielectric
constant will be.

The attenuation curve of three-layer dielectric structure
under odd mode excitation is shown in Fig. 16. The gen-
eral trend is that the attenuation changes with the rise in
dielectric constant of the third layer dielectric substrate. With
the change of thickness, the effect of attenuation varies. The
larger the thickness, the larger the conductor loss will be,
whereas with the rise in dielectric constant, the dielectric
loss will increase. When the dielectric constant reaches 6,
the radiation loss decreases noticeably, and the corresponding
attenuation begins to decrease.

The effective dielectric constant of the structure under even
mode excitation is analyzed. As shown by solid line in Fig. 17,
the effective dielectric constant increases with the rise in
the dielectric constant of the third layer dielectric substrate.
Likewise, under the same dielectric condition, the effective
dielectric constant increases with the rise in the thickness of
the third layer dielectric substrate.

The attenuation constant curve of three-layer dielectric
structure under dual mode excitation is shown by dotted line
in Fig. 17. When the dielectric constant of the third layer
is 2, it is found that when the thickness is 4×10−3mm, the
attenuation value is obviously greater than that under other
thickness values. Moreover, with the rise in the thickness,
the attenuation curve almost coincides. When the dielectric
constant of the third layer substrate is 4, the attenuation value
will be the maximum at the thickness of 14×10−3mm, while
the attenuation value will be the minimum at the thickness
of 4×10−3mm.When the dielectric constant of the third layer
is 6 and the thickness is 4×10−3mm, the attenuation is the
smallest. With the rise in the thickness, the attenuation curve
will almost coincide, whereas the attenuation decreases when
the thickness reaches 14×10−3mm.

IV. COMPARSION OF ATTENUATION CONSTANTS
OF THREE-LAYER, DOUBLE-LAYER AND
SINGLE-LAYER STRUCTURES
By comparing the lowest loss structure of the two-layer
medium and the three-layer medium discussed above with
the single-layer medium structure, better transmission char-
acteristics [43] can be achieved. The experimental data are
obtained, and the minimum attenuation is obtained by chang-
ing the dielectric constant of the single-layer structure sub-
strate. Subsequently, in the three structures mentioned in this
paper, the data required are taken to draw a comparison of
attenuation and effective dielectric constant.

Fig. 18 refers to a parametric comparison diagram of
microstrip-slot coupling structures of single-layer, double-
layer and three-layer dielectrics excited in even and odd
modes. The solid lines represent effective dielectric con-
stant. The dotted lines represent attenuation. The black lines
represent the single layer dielectric structures with dielec-
tric constants of 2. One red line represents the double-layer
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FIGURE 18. Comparison of attenuation constants under even mode
excitation (a) and odd mode excitation (b). Solid lines represent effective
dielectric constant, dotted lines represent attenuation.

dielectric structure with upper layer’s dielectric constant ε1
of 2 and thickness d1 of 4 um in the upper layer. The other
red line represents the double-layer dielectric structure with
lower layer’s dielectric constant ε3 of 2 and thickness d2 of
4× 10−3mm in the lower layer. The blue line represents the
three-layer structure when ε1 = 2, d1 = 4 × 10−3mm,
ε3 = 2, d3 = 14 × 10−3mm. The other blue line represents
the three-layer structure when ε1 = 2, d1 = 4 × 10−3mm,
ε3 = 2, d3 = 4× 10−3mm.
Fig. 18 suggests that the lowest losses in all cases discussed

in the previous section are not lower than those in double-
layer dielectric structures, whereas they are lower than those
in single-layer dielectric structures under even-mode exci-
tation. In the case of odd mode excitation, when ε1 = 2,
d1 = 4 × 10−3mm, ε3 = 2, d3 = 4 × 10−3mm, the loss
of three-layer dielectric structure will be lower than that
of single-layer dielectric structure. The results of the graph
analysis indicate that when ε1 = 2, d1 = 4 × 10−3mm,
ε3 = 2, d3 = 4 × 10−3mm, three-layer microstrip-slot
coupling structure with air in the middle will exhibit better
transmission characteristics.

V. CONCLUSION
In the present paper, the transmission characteristics of the
double-layer micro-strip-slot coupling structure with air in
the upper layer and the double-layer microstrip-slot cou-
pling structure with air in the lower layer in terahertz band

are investigated. When frequency is above 1 THz, the effec-
tive dielectric constant and attenuation constant of two types
of double-layer substrates are similar. In comparison, the
attenuation constant under even mode excitation is smaller
than that under odd mode excitation. The proportions of air
to substrate also significantly affects the transmission char-
acteristics. In the meantime, the three-layer structure is also
studied, an air layer is placed between the two-layer trans-
mission substrates, and the transmission characteristics of the
two-layer dielectric substrates are compared with the dielec-
tric constant and the thickness of the dielectric substrates as
variables. It is found that the thickness and dielectric constant
of the substrate significantly affect the attenuation. The vari-
ation of effective dielectric constant is almost the same. With
the rise in dielectric constant and thickness, the dielectric
constant of the transmission dielectric plate is changed to a
certain extent by the existence of air layer, while the overall
conductor loss, dielectric loss and radiation loss are changed
as well. From the discussion of single-layer structure, double-
layer structure and three-layer structure, it is suggested that
the attenuation constants of double-layer medium and three-
layermedium are nearly the identical, whereas the attenuation
of the structure with air layer is noticeably smaller than that
of single-layer structure.
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