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Multilayer porous waveguide for microwave

low-loss applications

EBRAHIM MORTAZY', ALIREZA HASSANI', FRANCOIS LEGARE', KE WU~ AND MOHAMED CHAKER'

A novel waveguide called multilayer porous waveguide (MPW) is proposed as microwave low-loss transmission lines. MPW is
a fully rectangular dielectric waveguide composed of several periodically rectangular air gaps in a bulk dielectric that can be
easily formed by placing several dielectric substrates in interval with air gaps. The loss and propagating characteristics of both
TE and TM modes in MPW are studied. The TE mode confined in the air gaps has a lower loss than the TM mode spread out
in air gaps and dielectric; however, the loss of TM mode is still less than that of conventional microwave waveguides. Finally,
MPW is an artificial material with desirable electrical permittivity and loss that can be used in structure of conventional

waveguides.
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. INTRODUCTION

Absorption loss limits the application of conventional micro-
wave waveguides at high-frequency bands. The absorption
loss of a microstrip (MS) or coplanar waveguide (CPW)
increases by increasing frequency; thus, these types of
waveguides are not suitable for high-frequency applications
[1-5]. Although some other waveguides such as rectangular
waveguide (RWG) have an absorption loss less than MS and
CPW, still their losses are not desirable at high frequencies
[6, 7]. Generally, the presence of metal at the structure of
these conventional waveguides brings a high value of ohmic/
conductor loss especially while operating frequency increases.
One of the proposed solutions to decrease the ohmic loss
especially in high-frequency regime is using a dielectric in
the middle of two metallic plates, called non-radiative dielec-
tric (NRD) guide, which concentrates the dominant mode in
the middle of this waveguide [8]. However, the difficulty of
the fundamental mode excitation of NRD by conventional
planar waveguides is a limitation that makes it barely integr-
able with other microwave components [9]. A better solution
to diminish the total waveguide loss at high frequency is to
design a waveguide only made of dielectrics. Recently, a
porous dielectric fiber with a core composed of a hexagonal
array of sub-wavelength air holes has been proposed at THz
[10-12]. In this waveguide, the propagating electromagnetic
power is confined inside of fiber air gaps providing very
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low-loss transmission. Although, the general design concept
of this porous waveguide can be applied to propose a new gen-
eration of low-loss dielectric waveguide for microwave appli-
cations, the non-planarity of this porous fiber limits its
integrability to conventional microwave components. This
integrability limitation comes from the fact that the transition
behavior of most microwave waveguides to circular-shape
waveguides has an undesirable return and insertion loss com-
paring to the rectangular-shape waveguides. Furthermore, the
fabrication of a porous dielectric fiber containing several air
holes is more challenging than a rectangular-shape waveguide.
In this paper, we propose the design of a novel low-loss dielec-
tric waveguide operating at microwave frequencies. In the
following, we firstly describe the waveguide structure and
guiding mechanism of the multilayer porous waveguide
(MPW) waveguide. Then, after presenting several designs
for MPW waveguides and their characteristics, we compare
one of the MPWs with one of the low-loss traditional wave-
guides already used in microwave. finite difference time
domain (FDTD) is the method of our choice for the all simu-
lations in this paper; however, we confirm our result with
Ansoft commercial finite element mode solver [13, 14].

. MPW WAVEGUIDE STRUCTURE

Our proposed waveguide is composed of the periodically
arranged rectangular subwavelength air gaps surrounded by
dielectric substrates. Figure 1 shows the schematic of this rec-
tangular porous dielectric waveguide with several substrates
running along the waveguide, which we name MPW.

In spite of the guiding mechanism in RWG, which is based
on lossy reflection of microwave field from metallic surrounded
parts, MPW operates based on total internal refraction at
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Fig. 1. The 3D schematic of our proposed MPW; H,: gap layer thickness, H.:
substrate layer thickness, W: waveguide width; L: waveguide length.
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air—dielectric interfaces. To satisty electromagnetic boundary
conditions, the displacement field component normal to the
interfaces of air and substrates must be continuous, i.e.

€airEair = EdielectricEdielectric, (1)
where E, i, Egicectrio €aip aNd €giclectric are the electrical fields in
air and dielectric and the dielectric constants of air and dielec-
tric, respectively. Large difference between the permittivity of
the air and dielectric substrate causes strong discontinuity in
the electrical field amplitude at the air-dielectric boundary,
resulting in a high electric field confinement in the air gaps.
The sizes of the air gaps and the index and thicknesses of sub-
strate can be optimized to maximize the confinement of micro-
wave power in the air gaps, resulting in a very low absorption
loss for MPW. Moreover, the number of layers and the size
of cross-section of this waveguides can be optimized to
operate in single mode or multimode regime.

. MPW DESIGN AND
CHARACTERISTICS

In Fig. 2, the absorption loss and effective index of the first TE
and TM modes for five different MPW structures are pre-
sented. The width and height of all five MPWs are 10.7 and
4.3 mm to be comparable with the standard K-band wave-
guide, which is WR42. In all cases, according to the thickness
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Fig. 2. The absorption loss and effective index of TM and TE modes for the
five different MPW structures featured in Table 1; and curves 1, 2, 3, 4, and
5 are corresponding to the MPWs 1, 2, 3, 4, and 5 in this table.

https://doi.org/10.1017/51759078711000596 Published online by Cambridge University Press

Table 1. The number of substrates and air-gap layers for the designed

MPWs.
Type of MPW Gap layers Substrate layers
1. Hgs,Hss 5 4
2. Hg1,Hs2 11 10
3. Hg2,Hs2 9 8
4. Hgs,Hs2 7 6
5. Hgs,Hs1 7 6

of chosen standard substrates, the number of air gap and sub-
strate layers is changed to reach the height of 4.3 mm.

The number of substrate layers and air gaps are indicated
in Table 1. The Rogers RT/duroid 5880 is the standard sub-
strate of our choice for all cases with the permittivity of 2.2
and dielectric loss tangent of o.0009. Hs1/Hgi, Hs2/Hga,
and Hss/Hgs stand for the substrate/gap thicknesses of
0.127, 0.254, and 0.508 mm, respectively.

FDTD is the method of our choice to simulate and opti-
mize the MPW waveguides here. FDTD, a time-domain mul-
tipurpose numerical technique, is used to solve Maxwell’s
equations. Since FDTD uses a broadband pulse as a source,
the guiding response of the MPW waveguides over a wide
range of frequencies can be obtained by running one simu-
lation. To preform the simulation, first computational
domain should be specified, and the material of each cell
within the computational domain have to be defined. For
our case, the material is either air or dielectric, defined by
€air aNA Egielectric; TeSpectively. Then, we specify a perfectly
matched layer (PML) as a boundary condition and a source
for our simulation, which can be an impinging plane wave.
Since our simulation is an open-region FDTD problem, the
PML formulations that technically work as an absorbing
region for evanescent waves can considerably suppress the
reflection from the boundary area of the simulation.

Figures 2(a) and 2(b) present the absorption losses of the
first TE and TM modes for these waveguides. We characterize
the modal absorption loss of the MPW waveguides by using
the perturbation theory, which can be described by [15]

Qyg = Upmat [m fdieledric ne|El* dA:|.

= 2 (2)
Re{{, . ExH -zdA}

where a,,, is a modal propagation loss due to material absorp-
tion, while «,,,,; is the bulk absorption loss of the dielectric. E
and H are, respectively, the electric and magnetic fields of the
MPW waveguide, while 7, is a real part of the refractive index
of the dielectric. The absorption loss decreases with increasing
the air-gap thickness for the MPWs having the same substrate
thickness (Cases 2, 3, and 4 in Figs 2(a) and 2(b) referring to
the corresponding MPWs in Table 1). It is worth mentioning
that the maximum size of air gaps in these designs are opti-
mized for maximum field confinement. Thus, the field con-
finements in the air gaps decrease if the size of the
optimized air gaps increase further (the results are not
shown here). An intuitive study to design an optimum
air-gap for maximum field confinement can be found at
[16]. On the other hand, the absorption loss decreases, while
the substrate thickness decreases in the MPWs having the
same air-gap thickness (Cases 1, 4, and 5 in Figs 2(a) and
2(b) referring to corresponding MPWs in Table 1). This is
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because of the fact that with the thicker substrate the portion
of the absorbent dielectric material in the cross section of
waveguide increases, resulting in higher absorption losses in
the MPW waveguides. Furthermore, our simulation shows
that the effect of a change in substrate thickness on both TE
and TM microwave losses is more than the effect of a
change in air-gap thickness.

For each MPW, the absorption loss of TE mode is about
40% lower than TM mode. This difference can be interpreted
by the electric displacement field continuity, D,;, = Dgietectrics
at air/dielectric interfaces as we look at the insets (a) and (d)
in Fig. 2, where the TM and TE field distributions of the
Hg2, Hs2 waveguide at 24 GHz are presented, respectively.
The transversal electrical field intensity of TE mode, perpen-
dicular to the substrates, is well concentrated in the air gaps,
because the continuity of the electric displacement field
EairBrir = EdiclectricElictectric Satisfled at the y direction where
the gap size is optimized for maximum confinement. For
the TM mode, the continuity of the electric displacement
field &,;,Erir = €gictectricEoiciectric Satisfied at the x direction,
where the air-gap size is too big to be able to confine the
field, thus the intensity of electrical transverse field of the
TM mode in substrate and gap layers is almost the same,
and thus the absorption loss is higher.

Figures 2(c) and 2(d) show the effective permittivity of TM
and TE modes for the MPWs, respectively. In all designs, the
TE modes that are perpendicular to the horizontal substrates
are more confined in the air gap region, resulting in lower
effective permittivity in comparison with the TM modes. In
all designs, the TM and TE cut-off frequencies are almost
independent to the number and thickness of the substrates
and air-gap layers, and the TM mode is the fundamental
mode with lower cut-off frequency. It is obvious that the effec-
tive permittivity of both polarizations (TE and TM) increases
while air-gap thickness decreases in constant substrate thick-
ness (Cases 4, 3, and 2 in Table 1) or substrate thickness
increases in constant air-gap thickness (Cases 5, 4, and 1 in
Table 1), as it is shown in Figs 2(c) and 2(d).

It is very useful to compare the loss of our proposed MPW
waveguide with the conventional ones operating in the same
frequency range. Figure 3 shows a comparison between the
losses of two dominant modes of the proposed MPW (Hgs,
Hs1) with the dominant mode losses of other four conven-
tional waveguides (the dominant modes are quasi-TEM
mode for CPW and MS, and TE,, mode for RWG and
WR42) in K-band frequency range. The substrate type for
the CPW, MS, and RWG waveguides is RT/duroid 5880.
The CPW has the substrate thickness of 0.508 mm with the
strip and slots width of 0.08 and o0.015 mm, respectively.
The strip width and substrate thickness of MS waveguide
are 0.37 and 0.508 mm, respectively. The microwave losses
of the CPW and MS waveguides are shown in the range of
24 GHz. The microwave losses of the CPW and MS wave-
guides continuously increase while the operating frequency
increases in our simulation. In Fig. 3, we have shown also
the loss behavior of the WR42 and designed RWG with
4.3 mm substrate thickness and 6.6 mm waveguide width.
Even though RWGs can be designed to have a lower loss
than the CPW and MS, because of the absence of radiation
loss for a desirable high frequency range, the presence of con-
ductors in these waveguides still makes them lossy. Therefore,
a fully dielectric waveguide without any conductor, the pro-
posed MPW, is more desirable to diminish the waveguide
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Fig. 3. The comparison of absorption losses for different waveguides including
CPW, MS, RWG, WR42, and the TM/TE mode of the Hg2, Hs2 MPW.

loss considerably. The losses of the two dominant modes of
the MPW are illustrated in Fig. 3. The propagating electrical
field of the TE mode of this MPW is highly confined
between the air gaps, resulting in a very low-loss propagation
regime, compared to that of the TM mode, which is confined
at substrates and air gaps (shown in the insets of Fig. 2).
Notice that, these losses of TM and TE modes of the MPW
are significantly less than even that of the RWG and WR42
waveguides. Moreover, the TE field distribution of MPW is
more similar to that of the TE,, mode of RWG as well as
quasi-TEM mode of MS/CPW. This similarity makes MPW
more conveniently integratable with these conventional wave-
guides. In addition to the low-loss guidance mechanism of the
MPWs, in fact, it is a low-loss artificial material with adjusta-
ble refractive index that can be made of any available commer-
cial dielectric regardless of its index value. For example, to
have an enhanced filled RWG with lower loss and desirable
dielectric index, we propose to use an MPW inside of a
RWG instead of a real dielectric. This structure can be the pro-
posed MPW (Hg2, Hs2) surrounded with a RWG which
makes an artificial filled RWG with the dielectric permittivity
of 1.56. This artificial dielectric permittivity is obtained from
the average index value of the gap and substrate permittivity,
where the nine substrates with the permittivity of 2.2 in Hg2,
Hs2 occupy the 52.9% of the MPW cross section.

In Fig. 4, the loss of the RWG filled with MPW is compared
with a RWG filled with an imaginary material having the same
permittivity of MPW (1.56) and substrate loss tangent of
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Fig. 4. The absorption loss and effective index of RWG and also MPW filled
RWAG. Solid lines for RWG filled with MPW and dot-lines for RWG filled with
imaginary material having the index of 1.56.
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0.00048 which is 52.9% of the loss tangent of RT/Duroid 5880.
The widths and height of both waveguides are 10.7 and
4.3 mm, respectively. Although, the almost equal cut-off fre-
quency of both waveguides, 12 GHz, shows that the material
permittivity inside RWGs is almost identical; the presence of
the sub-wavelength air gaps in the MPW lowers the loss
about two times. In addition to the lower loss guidance, the
presence of the EM fields in the air gaps causes to lower the
effective permittivity of the waveguide as frequency increases.
Consequently, this concept can be generalized to make a
low-loss artificial material with permittivity of choice for the
microwave waveguides.

IvV. CONCLUSION

In conclusion, the design of a novel MPW have been intro-
duced. Absorption loss analysis of the MPW shows that the
loss of this waveguide, only composed of dielectrics, is less
than that of the any other conventional microwave
waveguides, usually composed of dielectrics and metals.
Furthermore, we have illustrated that the transverse electric
field of the MPW is considerably confined in the air gaps,
resulting in low-loss transmission for the TE mode. On the
other hand, even though the transverse magnetic field is less
confined in the air, the loss of TM mode is still less than
that of a low-loss RWG. Finally, the proposed MPW has
been considered as an artificial dielectric in the structure of
other microwave waveguides to overcome the lack of a
low-loss dielectric material with desirable permittivity.
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