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The dielectric waveguide in THz and millimeter circuit is widely researched. However, it is
rarely researched in a microwave frequency. In this article, a dielectric rod waveguide
(DRW) is proposed with low transmission loss in microwave frequency. For the purpose of
impedance matching, a transition section composed of the metal-coated dielectric cavity,
and a dielectric horn is presented to match the impedance between the coaxial cable and
the dielectric rod waveguide. Finally, the dielectric rod waveguide and the transition section
have been fabricated for experimental verification. To obtain the propagation constant of
the DRW, the thru-line (TL) calibration is used in measurement. The simulation and
measurement results show an effective conversion between the coaxial cable and the
dielectric rod waveguide.
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INTRODUCTION

Waveguide is an important passive component in electronic circuits. Due to the low transmission
loss of the dielectric waveguide in millimeter and THz frequency ranges, various dielectric
waveguides [1] are designed to connect different electronic devices and establish an
interconnected network between the chips. Most dielectric waveguides can be divided into solid,
hollow, and porous waveguides [2] depending on the geometry. Among them, the dielectric rod
waveguide is the main dielectric waveguide structure due to its simple structure and low processing
cost. However, most of the literature reports have studies dielectric waveguides working in a
millimeter frequency or above. The fabrication of dielectric waveguides in the millimeter and
terahertz frequency requires high precision machining processes.

In microwave frequency, the dielectric material has good radiation properties and can be
fabricated into dielectric rod waveguide antennas [3, 4]. In order to reduce the radiation loss,
some non-radiative dielectric (NRD) waveguides working in microwave frequency are reported in
the articles mentioned in references [5-8]. However, these NRD waveguides require a metal in the
waveguide transmission line structure. The full dielectric waveguide working in microwave
frequency [9] is rarely mentioned, which can help explore the non-traditional new dielectric
waveguide transmission line structure and new microwave components in the microwave frequency.

The conversion structures between the traditional metal transmission lines and the dielectric
waveguides have been widely studied. The dielectric tapering transition sections [10-12] indicate the
high conversion efficiency between the metal rectangular waveguides and the solid dielectric
waveguides. However, this transition structure usually needs an additional support arm to hold
the dielectric tapering transition structure over the center of the metal rectangular waveguide.
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FIGURE 1 | (A) Designed structure of the dielectric rod waveguide and

the conversion structure. The height of the metal coating is 0.035 mm. (B)
Portion of the dielectric material of the entire structure and two coaxial cables
at two ports, in whicha = 14.5, b =10.668, R=1.3,R,=5.7, R, = 5.8,
d=13.716,w =18, h=19.812, L, =13, L, = 5, and L3 = 50 (all in mm).
(Dielectric material is blue, and the metal is yellow.)

Besides, the dielectric waveguides can be fed in and extracted
from energy through a non-contact method. Transmitting and
receiving antennas need to be designed to implement this
method, as in the studies mentioned in references [13, 14]. In
addition, a complex transition structure consisting of a spherical
dielectric resonator and a non-radiative dielectric waveguide is
proposed in the study mentioned in reference [15]. This kind of
transition enables low conversion loss between the dielectric
waveguide and the microstrip in millimeter integrated circuits.

In this article, we present the dielectric rod waveguide with a
rectangular cross section in microwave frequency. In order to
connect the DRW with the coaxial cable, a transition structure
composed of the metal-coated dielectric cavity and dielectric horn
is proposed. Simulation and measurement are in good agreement.
The results show that the transmission loss of the dielectric rod
waveguide is low, and the transition between the coaxial cable and
the dielectric rod waveguide is effective from 7.12 to 9.4 GHz. The
designed dielectric rod waveguide and the conversion structure
are able to apply for further design of dielectric interconnect
circuits and novel microwave components.

STRUCTURE OF DIELECTRIC ROD
WAVEGUIDE

The structure of the designed dielectric rod waveguide and the
conversion section are divided into three parts, as shown in
Figure 1A. Introduction is about the metal-coated dielectric
cavity connected to a 50 Q) coaxial cable. The height R, and
the length R, of the coaxial probe position are used to match the
impedance between the coaxial cable and the metal-coated

Dielectric Rod Waveguide

dielectric cavity [16]. Structure of Dielectric Rod Waveguide is
the metal-coated dielectric horn. The width of the metal-coated
dielectric horn is gradually increased from the width a of the
metal-coated dielectric cavity to the width w of the dielectric rod
waveguide. Experimental Results is about the dielectric rod
waveguide which is composed of the dielectric material with
3.55 permittivity constant and 0.0027 loss tangent.

The electric field distribution at the xoz plane is shown in
Figure 2. In Experimental Results, the electromagnetic (EM) wave
mode of the dielectric rod waveguide is in the Ey;; mode [17],
which also means that the electric field is mainly distributed in the
x and z directions and the magnetic field is mainly distributed in
the y and z directions. Most of the electromagnetic waves are
trapped in the dielectric rod waveguide, and a small part is
distributed in the surrounding air. The designed DRW is
connected to the coaxial cables at both ends through two
conversion structures. The metal-coated dielectric cavity
converts the wave mode of the coaxial cable into a TE;, mode.
The TE;q mode of the metal-coated dielectric cavity is then
converted to the E.;; mode of the DRW. Thus, the metal-
coated dielectric horn provides a smooth transition between
the two wave modes.

EXPERIMENTAL RESULTS

Resource Identification Initiative

In order to verify the properties of the designed dielectric rod
waveguide and the conversion structure, two structures with
different DRW lengths have been manufactured. The 50 Q
SMA connectors are welded on the top side. Figure 3A shows
the photography of the longer dielectric rod waveguide with a
length of 100 mm and the short dielectric rod waveguide with a
length of 50 mm. In practical fabrication, the dielectric waveguides
and the conversion structures are stacked by multilayer substrates
with a permittivity constant of 3.55, which are shown in Figure 3B.
The metal coating on the side wall is replaced by multiple copper-
plated holes. In addition, the large holes on the left and right sides
of each layer are used to insert screws to ensure alignment between
all printed circuit boards.

The simulated and measured results of the two structures with
different DRW lengths are presented in Figure 4. CST microwave
studio (CST-WMS) is used for simulation. The Agilent
Technologies E5071C is used to test the S parameters of the
two structures with different DRW lengths. The measurement
results agree with the simulation results. In Figure 4A, the
measured |S11| of the structure with a length of 50 mm DRW
is below —10 dB from 7.12 to 9.4 GHz, and the insertion loss |S21|
is —1.88 dB at the center frequency. The fractional bandwidth is
about 27.6%. Meanwhile, in Figure 4B, the measured |S11| of the
structure with a length of 100 mm DRW is also below —-10 dB
from 7.12 to 9.4 GHz, and the measured [S21| is —2.21 dB at
826 GHz. The error between the simulation and the
measurement may be caused by the machining error and the
assembly error.

In order to obtain the actual propagation parameters, the
attenuation constant « and the propagation constant f3, the thru-
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FIGURE 2 | Electric field distribution at 8 GHz of the designed dielectric rod waveguide and the conversion structure. (A) XOZ plane. (B) XOZ plane.
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FIGURE 3 | (A) Photograph of two structures with different lengths of DRW. (B) Assembly of the 50-mm-long dielectric rod waveguide and the conversion

length of 100 mm DRW.

structure.
A o B o -
-10 -10 -
20 - 20 F :
= o :
T Z $
o) | 5] .
§ -30 § -30
g g
g g
%) -40 - ceeeer|S, [-measurement A -40 sesere |S”|-measurement
== =[S, |-measurement “= =[S, |-measurement
-0 = |S, [-simulation -50 - oS, |-simulation
= |S, [-simulation | w=|S, |-simulation
-60 L 1 ~ L .60 L ) 3
4 6 8 10 12 4 6 8 10 12

FIGURE 4 | (A) Simulation and measurement results of the structure with a length of 50 mm DRW. (B) Simulation and measurement results of the structure with a

line (TL) calibration is used. Since the matching network is
introduced to excite the total structure, it can affect the results
of the core DWG. The TL calibration can be understood as a
simplified case of TRL calibration, which is used in measurement
and the numerical method [18, 19, 20]. In this calibration, the two
standards, called through and line, are used to de-embed the two
symmetrical error boxes. In the TL calibration method, two

calibration standards, called through and line, are used. In the
practical experience, two different lengths of transmission line (L,
and L,) are used to realize the thru and line standards. And the
T-matrix under these two cases can be called as TT and TL. These
two calibration kits are similar to the thru and line calibration kit
in thru-reflect-line (TRL). Based on the symmetry of the error
box, it can only use those two calibration kits. The TL calibration
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FIGURE 5 | Schematic diagrams of numerical TL de-embedding
procedure and the two standards in TRL. (A) Two-port equivalent network
under the numerical TL calibration. (B) Through standard. (C) Line standard.

is powerful to model the guided wave structures and substrate-
integrated circuits and to extract the parameters of the microwave
circuits. This method can be easily implemented into commercial
software for many types of microwave circuits. The theory
derivation will be given as follows, as described in references
[19, 20].

Figures 4, 5 indicates the two-port equivalent network and the
two standard elements in the TL method. The T-matrix under
different circumstances can be written as follows:

TM = ATDUTZ’ (1)
e _

Ty - A[ o ]A, @
e 0 _

T, - A[ o ]A, 3

where Ty, Tput, and A are the T-matrix of the total two-port
network, DUT, and error boxes, respectively, in Figure 5A, and y
is the determined propagation constant of the lines used in the
line standard.

Because the two error boxes are symmetrical, the relation
between A and A can be expressed as follows:

A=EA-E, (4)
0 1
[0 1] 5
where A™' denotes the inverse of the matrix A. For a simple
expression, we define Q as follows:
Q=T (Tr)™" (6)

Substituting Eq. 1 into Eq. 2, the eigenvalue problem can be
obtained as follows:
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FIGURE 6 | Attenuation constant and normalized propagation constant
calculated by the simulation and measurement results. kg is the propagation
constant in the free space.

1
T, (Tr)'A=QA = A[ gy g,y, ] @)

where L is the difference between the through and line standards,
namely, L = L,-L;. And the columns of the matrix A can be
considered as the eigenvector of Q. The propagation constant y
can be solved by the eigenvalue problems as given follows:

e = eig(Q), (8)

where L is the difference between the through and line standards,
namely, L = L,-L;, .

The matching network of this design works the error box in
the TL calibration, which needs to be removed. After
deembedding the error box, the accurate results of the
transmission dielectric rod waveguide can be obtained.
Figures 5, 6 shows the measured and simulated attenuation
constant o and the propagation constant . Those results
agree well with each other. It can be found that « increases
when the operating frequency is up to 9.7 GHz, working as a
stopband. f3/k is larger than 1 over the whole frequency band,
working as the slow wave. So there is no leaky wave, and less
radiation wave radiates from the dielectric waveguide. It can serve
as a low loss transmission line.

CONCLUSION

In this work, a dielectric rod waveguide in a microwave band has
been presented. For an impedance matching purpose, a transition
between the coaxial cable and the designed DRW is designed
from 7.12 to 9.4 GHz. The metal coated dielectric cavity and a
dielectric horn convert the wave mode of the coaxial cable into the
Ex11 mode of the dielectric rod waveguide. In order to verify the
transmission and transition properties, two dielectric rod
waveguides with different transmission line lengths and the
same conversion sections are fabricated and tested. The
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designed dielectric rod waveguide and the conversion section
have the potential to advance in developing novel microwave
components.
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