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Abstract: We demonstrate an air-core single-mode hollow hybrid waveguide that uses Bragg
reflector structures in place of the vertical metal walls of the standard rectangular waveguide
or via holes of the so-called substrate integrated waveguide. The high-order modes in the
waveguide are substantially suppressed by a modal-filtering effect, making the waveguide operate
in the fundamental mode over more than one octave. Numerical simulations show that the
propagation loss of the proposed waveguide can be lower than that of classic hollow metallic
rectangular waveguides at terahertz frequencies, benefiting from a significant reduction in Ohmic
loss. To facilitate fabrication and characterization, a proof-of-concept 20 to 45 GHz waveguide is
demonstrated, which verifies the properties and advantages of the proposed waveguide. A zero
group-velocity dispersion point is observed at near the middle of the operating band, which is
ideal for reducing signal distortion. This work offers a step towards a hybrid transmission-line
medium that can be used in a variety of functional components for multilayer integration and
broadband applications.
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1. Introduction

Recently, the millimeter-wave (mmW) and terahertz (THz) frequency bands have attracted
much attention owing to their unique applications, such as ultra-broadband spectroscopic
sensing [1], high-data-rate wireless communication [2], imaging and non-destructive testing [3],
security screening [4] and radio astronomy [5]. However, the development of practical mmW
to THz systems has proved to be challenging due to the lack of high-power radiation sources
and high-sensitivity detectors, along with the high loss of planar transmission-line structures.
Traditional hollow metallic rectangular waveguides are surprisingly difficult to replace as the main
electromagnetic waveguiding medium for the integration of subsystems. There is great interest
in finding an alternative transmission-line medium that is low-loss, single-mode, broadband,
compact, and has good isolation but is much easier to fabricate and suitable for functional
components and multichip modules.

Planar transmission lines are widely used in functional components and multichip modules for
realizing passive components and interconnects, but they generally suffer from high substrate
and radiation losses at 1 THz and above, as well as mode competition with the substrate modes
[6]. Reported propagation loss results for microstrip, coplanar waveguide, coplanar stripline, and
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Goubau line at 1 THz are approximately ams = 43.3 dB/cm, acpw = 65.1 dB/ecm, a5 = 26 dB/cm,
and ag = 30.4 dB/cm, respectively [7-10]. The dielectric substrate of planar transmission lines
supports unwanted TM modes which limit the single-mode operating frequency band. An on-chip
THz liquid sensor based on a Goubau line has been reported operating up to 0.8 THz, the highest
operating frequency limit of which is mainly determined by the mode competition between the
guided mode and surrounding modes in the substrates or superstrates [11]. The propagation loss
of rectangular dielectric waveguide has been reported to be less than 0.54 dB/cm between 0.44 and
0.5 THz with a minimum of 0.18 dB/cm occurring at 0.481 THz [12]. The loss is mainly limited
by the absorption of the host material, but it still suffers from poor isolation [12,13]. Photonic
crystal slab waveguide has been shown to have a loss of about 4 dB/cm between 0.54 and 0.63
THz, but likewise, it suffers from poor isolation and limited bandwidth which is undesirable for
multilayer integration and broadband applications [14,15]. Likewise, effective-medium-cladded
dielectric waveguide [16], which has been realized at 0.26-0.4 THz with single dominant modes
in both orthogonal polarizations with an average measured propagation loss around 0.05 dB/cm,
also suffers from poor vertical isolation. Recently, a self-supporting hybrid photonic crystal
waveguide has been demonstrated to operate over 0.367-0.411 THz in a single-mode fashion
with the propagation loss less than 0.05 dB/mm [17]. It comprises hexagonal silicon photonic
crystal walls in the lateral direction sandwiched by parallel gold plates in the vertical direction.
Compared with the above-mentioned hybrid photonic crystal waveguide, the work presented
in this paper utilizes Bragg reflectors as the sidewalls which have continuous translational
symmetry in the longitudinal direction, and hence the photonic bandgap and the related operating
bandwidth can be much wider as the wave vector is not restricted in the first Brillouin zone.
Substrate-integrated waveguide (SIW) has been reported to be broadband and operate to 0.5 THz
with loss less than 3.5 dB/cm by selecting different operating modes at different bands, but it
is difficult to metalize the vias in SIW - especially when the vias become very small at short
wavelengths [18]. Microstructured fibers, including photonic crystal fibers [19-21], antiresonant
fibers [22], porous step-index fibers [23], hollow dielectric-lined fibers [24], etc., have all been
reported as promising solutions for low-loss quasi-single-mode THz wave-guiding, but they are
as yet relatively bulky and hard to integrate with active devices.

In this paper, we show that millimeter and THz waves can be tightly confined in the air core
of a hybrid waveguide that is essentially a hollow rectangular waveguide with Bragg reflectors
instead of vertical side walls. By avoiding the vertical walls, the waveguide can be fabricated as
a photonic crystal structure on a single planar substrate sandwiched between two parallel ground
planes, with no metalized via holes. Itis, in essence, a flat form of the well-known Bragg fiber [25]
that can be realized on a single substrate and so we call it a Substrate Integrated Bragg Waveguide
(SIBW). Since it can be realized on a single substrate it is versatile for designing a variety of
functional components based on the highly flexible and expandable photonic crystal structure,
such as sensors, filters, H-plan horn antennas, lasers and frequency combs, which has already
been successfully demonstrated in optical frequencies [26-30]. Compared with conventional
all-dielectric planar Bragg waveguide [31], the proposed SIBW is a hybrid waveguide which offers
better signal isolation in the vertical direction benefiting three-dimensional circuit stacking and
integration. According to our theoretical analysis, the SIBW operates in the fundamental HE g
mode while suppressing the high-order competing modes using a modal-filtering effect, which
allows the waveguide to operate in single-mode fashion over more than one octave. Compared
with planar transmission line modes, the vertically polarized HE;o mode of the SIBW can be
more easily coupled with the free-space Gaussian mode or the TE;p mode of a rectangular
waveguide, which are the most widely used interfaces for THz-TDS or THz vector network
analyzer (VNA) systems, respectively. Besides, the SIBW uses dielectric rather than metal in
the vertical wall resulting in a lower propagation loss than that of the classic hollow metallic
rectangular waveguide. A proof-of-concept millimeter-wave SIBW was designed and tested in
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order to verify the transmission properties of the proposed structure. Although it has a relatively
low operating frequency, it verifies the physical mechanisms for octave bandwidth single-mode
operation and so demonstrates that this is an important candidate for an octave-bandwidth
single-mode transmission line for mmW and THz functional components, such as filters, power
dividers, and H-plane horn antennas.

2. Principle

The schematic diagram of the proposed SIBW is illustrated in Fig. 1(a). The top and bottom
layers are parallel metal ground planes, and the middle layer is a substrate that realizes an
air-core line-defect 1D photonic crystal Bragg reflector structure. The Bragg reflector consists
of periodically alternating layers of high- and low-refractive-index materials. Air is chosen as
the low-refractive-index material for its low refractive index and low loss. The other material
that forms the Bragg reflector is desired to be high refractive index and low loss, to create a
large photonic bandgap and reduce the material absorption loss. High-resistivity silicon is one
of the most commonly used materials which has high refractive index and low absorption loss
in the THz frequency range [32], and thus it is chosen as the high-refractive-index component
of the photonic crystal in our theoretical analysis. The fundamental mode of the proposed
SIBW is vertically polarized HE o mode, and its electric field is evenly distributed along the
z-axis. The height of the SIBW, h, does not contribute to the dispersion relations for vertically
polarized modes. Therefore, the dispersion relation problem for vertically polarized modes can
be simplified into a two-dimensional (2D) problem in the x-y plane assuming the third dimension
is infinite and uniform. To avoid higher-order competing modes, & should be not greater than
w/2.

To maximize the first-order photonic bandgap which supports operating HEo mode, a and b
are chosen based on the following quarter-wavelength condition [33]:

A

ng,a = npb = 7 nH
where n, and n;, are the refractive index of the high- and low-refractive-index materials and A,
is the center wavelength of the first-order bandgap when the longitudinal propagation constant
B = 0. As we can see from Eq. (1), by properly choosing a target operating wavelength (1.) and
the materials for the high- and low-refractive-index layers, the geometric parameters of the Bragg
reflector structure can change accordingly and the operating band can thereby be scaled to any
target operating wavelength. The high-resistivity silicon is dispersionless, and the real part of
its complex refractive index is 3.4175 + 0.00005 between 0.5 and 4.5 THz [32]. Thus, in our
theoretical design, n, = 3.4175,n, = 1, a = na'fn A = 0.2264A, and b = nﬂ'fnhA = 0.7736A.
The width of the line defect in the middle of the Bragg reflector waveguide, w, greatly affects the
dispersion curves of the defect modes, but it barely affects the dispersion curves of the cladding
modes. The value of w should be carefully chosen to push the dispersion curve of the competing
second-order odd mode to the edge of the photonic bandgap, so the competing mode becomes
lossy which stops it from being excited in the SIBW. This creates the well-known modal-filtering
effect [34] and allows the SIBW operates over more than one octave.

Dispersion curves for vertically (z-axis) linearly polarized modes in the line-defect Bragg
reflector waveguide overlaid upon the projected bandgap diagram are shown in Fig. 1(b). For
the sake of plotting the projected bandgap diagram with a dimensionless property in Fig. 1(b),
the longitudinal propagation constant 8 is scaled with 2x/A. The value of BA/2x is not
restricted between —0.5 and 0.5, as the structure has continuous translational symmetry in the
longitudinal direction. Similar to photonic crystal fiber, a complete bandgap is not necessary
for the proposed waveguide. Because of the translational symmetry, the propagation constant
B is conserved, and it is therefore still useful to have bandgap over some finite range of 3 [35].
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Fig. 1. (a) Schematic diagram of the proposed SIBW with the key design parameters
indicated. A = a + b is the period of the photonic crystal structure. w = 1.89A is the width
of the line defect in the core region. & < w/2 is the thickness of the dielectric slab. The
electric field of the operating mode is mainly z-polarized. (b) Projected bandgap diagram
and dispersion curves for the vertically polarized modes in the SIBW. Here, the dielectric
slab is silicon, a = 0.2276A, and b = 0.7724A. The orange dashed line is the light line. The
green dashed lines indicate the operating band which is wider than one octave. The black
region is the bandpass region for the 1D photonic crystal in which the electromagnetic wave
can pass through the periodic structure and leak out. The white region above the light line is
the bandgap. The red solid line and the purple dotted line represents the dispersion curves for
the fundamental HE;( mode and the second-order competing HE»y mode, respectively. The
blue curves overlaid upon the black region are cladding modes or lossy defect modes whose
electric field are mainly distributed in the bulk crystal. The black dot-dashed line overlaid
upon the red curve represents the 3D full-structure and full-wave simulated dispersion curve
of the fundamental mode using COMSOL. Points P, Q, A, B, and C are marked points for
later use in Figs. 2 and 4.

The dispersion curves are numerically calculated using the open-source MIT Photonic-Bands
(MPB) package [36] and commercial finite element software COMSOL, while the photonic
bandgap is calculated separately and analytically according to Bloch’s theorem [37]. MPB
simulates the above-mentioned 2D simplified structure assuming infinitely extending dielectric
lamellae in the z-direction, while COMSOL simulates the 3D full structure taking into account
the top and bottom metal plates. From Fig. 1(b), we can see that the dispersion curves of the
fundamental guide even mode calculated using both methods are coincident with each other.
Thus, the simplified 2D model presents the problem related to vertically polarized modes very
well.

The projected photonic bandgap obeys the following condition, which provides the constraint
which stops the EM wave from propagating through into the periodic claddings from the line
defect [37]:

[Re(X;)|<1 2

where

X, = [cos(kbb) - d (fbkb + Gaka

3 s %) sin(kbb)] exp(—ik,a) 3)
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Here, k; = +/(niko)* — B2(i = a, b) is the lateral propagation constant; ko = w/c is the vacuum
wavenumber; £ is the longitudinal propagation constant in the x-direction; n.y = B/ko is the
effective refractive index of the mode; w is the vacuum angular frequency; c is the speed of light
in vacuum; and &; is 1 or 1/ nl.z(i = a, b) corresponding to S = TE or TM modes, respectively.

MPB calculates both the cladding modes, which are mainly distributed in the bulk photonic
crystal and the defect modes which are mainly distributed in the central line defect region. As
we can see from Fig. 1(b), the dispersion curves for the cladding modes calculated by MPB
are coincident with the bandpass region calculated based on Bloch’s theorem, validating both
methods. The red solid curve corresponds to the desired fundamental HE;y mode in SIBW, while
the purple dotted line lying at the edge of the photonic bandgap corresponds to the competing
and lossy HE»g mode. Regarding the y = O plane, the HE;g and HE;p modes correspond to the
symmetric even mode and antisymmetric odd mode, respectively. The mode pattern of point
P for the fundamental HE ¢ mode and point Q for the lossy HE>y mode in Fig. 1(b) are shown
in Fig. 2. As we can see, only the desired fundamental HE |y mode can be tightly confined in
the line defect region and propagate along the waveguide, while the HE,y mode lying at the
edge of the photonic bandgap is very lossy and attenuates in the waveguide. This results in
the modal-filtering effect [34], which is similar to the method we used in a THz Bragg fiber to
suppress unwanted competing modes [38].

(a) Even mode (b) Odd mode

Fig. 2. Mode patterns (E;) for points P and Q in Fig. 1(b). (a) Point P: (8, w,) =
(0.015, 0.2828); (b) Point Q: (B, wy) = (0.015, 0.4431). Periodic boundaries are applied.
Here, 8, = BA/2n and w;, = wA/27c.

The frequency range between the two horizontal green dashed lines in Fig. 1(b) gives the
operating band of this design. The parts of the dispersion curve for the even mode below the
lower dashed line (wfl = 0.295) and above the upper dashed line (wﬁ = 0.64) are not selected
as operating bands since in these frequencies, the guided mode can be relatively lossy and
potentially couple to unwanted cladding modes. Here, 8, = BA/2nr and w, = wA/2nc. The
selected operating band gives a ratio bandwidth of w/!/w!, = 2.17, which is wider than one octave.
The group-velocity dispersion (GVD) and the normalized group velocity of the fundamental
HEp mode are plotted vs. normalized frequency in Fig. 3. Figure 3 shows that as the frequency
increases, the group velocity first increases and then decreases, and the turning point happens to
be at w,, = 0.5442 where the GVD is zero.



Research Article Vol. 28, No. 19/14 September 2020/ Optics Express 27908 |

Optics EXPRESS SN

10 1
# 0.8
,é\ 0
E \

N: 0.6 "
£-10 =
a == GVD (MPB) loa ©
> == =GVD (COMSOL)

o 20 s Group velocity (MPB)
===== Group velocity (COMSOL) |: 10.2
30 1L | Operating Band . - 0
0.3 0.4 0.5 0.6

Normalized Frequency wa/2mc

Fig. 3. Group-velocity dispersion (8%8/d%w) and normalized group velocity (vg = 0w/dp)
of the fundamental mode calculated using MPB and COMSOL.

3. Simulation

By choosing A = 93.1um, the operating band of the above-mentioned SIBW is settled around the
frequency range of (wlc/A, w'c/A) = (0.95 THz, 2.06 THz). In the following simulations, a
representative surface roughness equal to 1.5 times of the skin depth of copper is considered. Here,
the skin depth of copper is calculated at the central frequency point under the condition of room
temperature (293 K) and DC conductivity of 5.967x107 S/m. The built-in tabulated impedance
model of CST is used to obtain the declined dispersive surface conductivity of copper which is
lately used in COMSOL as well to ensure the two numerical packages using same properties of
copper. The eigenvalue problem of SIBW is solved using COMSOL. The cross-section of the
SIBW is used in COMSOL to find the eigenvalues and eigenmodes, as shown in Fig. 4(a). The
dispersion curve of the fundamental HE;o mode simulated using COMSOL is plotted in Fig. 1(b)
using blue circles, and the GVD and group velocity can be accordingly calculated based on the
simulated dispersion relation, as presented using dot-dashed lines in Fig. 3. It can be seen that
the COMSOL simulated results agree very well with the MPB calculation which is based on the
plane wave expansion method.
The propagation loss of the SIBW is calculated using the following equation [39]:

1 w
Q’(dB/Cm) = m;lm(neﬁr) (4)
where n.y is the effective mode index of the operating fundamental mode obtained from the
COMSOL simulation. Figure 4(f) presents the simulated propagation loss of the proposed SIBW,
as well as the propagation loss of a standard-size WM-164 hollow copper rectangular waveguide
for comparison [40]. The propagation loss of the proposed SIBW is below 3 dB/cm over the
frequency range wider than one octave from 0.988 to 2.041 THz, which is much lower than the
losses of planar transmission lines [7-10], and even lower than that of the standard-size WM-164
hollow copper rectangular waveguide over a broad band wider than the frequency range from 1
to 2 THz. The propagation loss of SIBW consists of Ohmic loss from metal parts, absorption
loss from dielectrics, and radiative loss, which are illustrated as the blue, red, and black zones
below the total propagation loss line in Fig. 4(f), respectively. Here, the different loss types
are calculated numerically using COMSOL. We first obtained the value of the radiative loss by
setting the metal plates as perfect electric conductor (PEC) and the dielectric layers as loss-free
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Fig. 4. Structure and characterization of the proposed SIBW. (a) Structure of the SIBW.
(b)-(d) Normalized electric field distribution of the desired HEy mode at points A, B, and C
shown in Fig. 1(b) and Fig. 4(f). The field linearly decreases from red to blue. (e) Normalized
electric field along the red dotted line shown in Fig. 4(a) at selected frequency points. (f)
Propagation losses of SIBW and hollow metallic rectangular waveguide. The frequencies of
points A, B and C are 1.532 THz, 1.843 THz and 2.154 THz, respectively. The blue, red and
black zones represent the proportion of Ohmic loss, absorption loss and Radiation loss in the
overall propagation loss. The values of absorption loss and radiative loss are much smaller
than the Ohmic loss and are insignificant between 1 THz and 2 THz, so they are barely
visible. In the simulation (COMSOL), a = 0.2264A ~ 21.7 um, b = 0.7736A ~ 72 pum,
w = 1.89A%~176 wm, and & = w/2 ~ 88 um. The width and height of the hollow metallic
rectangular waveguide are 164 pm and 82 pm, respectively.

material. Then, we added the conductivity to the metal parts and the absorption coefficient to the
dielectric material separately to identify and calculate the Ohmic loss and dielectric absorption
loss, respectively. To clarity, the radiative loss means the loss that leaks into the surrounding
space from the Bragg reflectors. It can be seen that the Ohmic loss in the top and bottom copper
layers still plays the most significant role. The radiative loss is almost negligible within the
operating band, but it increases gradually towards the edges of the operating band, and eventually,
the photonic crystal structure loses the ability to confine the electromagnetic wave outside the
operating band. The dielectric absorption loss is mainly determined by the absorption coefficient
of the dielectric material that constitutes the photonic crystal structure, which is low in this
design since the absorption coefficient of high-resistivity silicon is very low over the target
frequency range. The dielectric absorption loss is also influenced by the confinement ability
of the photonic structure. It can be seen from Fig. 4(f) that, at the high-frequency end of the
operating band, the dielectric absorption loss increases with the increase of the radiative loss.
This is because when the radiative loss is high, the electromagnetic field penetrates the photonic
crystal structure more deeply, and thereby attenuates more significantly by interacting with more
dielectric materials. Figures 4(b)—4(d) present the field distributions of the desired HE ¢ mode at
several representative frequencies, namely the points A, B and C showed in Fig. 4(f). For the
points A and B, the field is mainly confined in the air core and the first period of the photonic
crystals structure, while for the point C, which is located at the edge of the operating band, the
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electromagnetic field penetrates further into the photonic crystal structure. Figure 4(e) presents
the normalized electric field along the red dotted line shown in Fig. 4(a) at the representative
frequencies, which quantitatively confirms the above results.

The effects of number of cladding layers on the propagation losses at selected frequencies are
presented in Fig. 5. The three selected frequency points are 1.532 THz, 2 THz, and 1.843 THz,
representing the lowest loss point in the middle of the operating band, the edge of the interested
operating band, and one point in between. The propagation losses decline with the increase of
cladding layer numbers, but they tend to become steady when the number reaches five. In the
design, the number of layers is chosen as five to ensure an acceptable and steady confinement,
and meanwhile keep the form factor the waveguide as small as possible. The outmost layer is
used for supporting the waveguide, as it is treated as a perfectly matched layer in the simulation
which can be realized using a relatively thick outmost layer.

3451

—O— 1.532 THz
—#— 1.843 THz
—&A—2 THz

Propagation Loss (dB/cm)
N
3}

2 3 4 5
Number of Cladding Layers

Fig. 5. The dependence of propagation loss on number of cladding layers at selected
frequencies.

Wave propagation in the SIBW was studied using commercial package CST Microwave Studio
time-domain solver. A hollow metallic rectangular waveguide, whose width (176 um) and height
(88 um) are equal to those of the defect core of the SIBW, was chosen to feed the SIBW. The
single-mode operating frequency range of the hollow metallic rectangular waveguide is between

1 z

L I R T
R IO
f ‘g\’ln (L TRTY N

(L] |” 4
It AT
Wy ,ag,‘,-,il;.f\:i;gf“

e T

Scattering Parameters (dB)
) : L

B A
sl
T

-40 L
0.5 1

Fig. 6. Scattering Parameters for SIBW when different modes are excited in the hollow
metallic rectangular waveguide. The length of the SIBW is 3 mm. Points A, B, and C are
the same as those described in Figs. 2 and 4.
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0.85 THz and 1.70 THz, so at frequencies above 1.70 THz, high order modes, such as TE;,
TEjy, etc., can be excited by the hollow metallic rectangular waveguide.

The scattering parameters for the SIBW when different modes in the hollow metallic rectangular
waveguide are excited are shown in Fig. 6. Here, scattering parameters are defined based on
voltage ratios of the incident and reflected voltage waves and are in decibel form. From the Sy;
frequency response, when TE ¢ mode is excited we observe that a transmission window wider
than an octave centered at about 1.5 THz is supported in the SIBW. The S;; response when the
TE 9 mode is excited indicates that the impedance mismatch between the TE o mode in the
hollow metallic rectangular waveguide and the HE ¢ mode in the SIBW is low, since the reflection
coefficient is basically below —15dB from 1 to 2 THz. When the second-order TE;y mode is
excited in the hollow metallic rectangular waveguide at around 1.7 THz, the Sy; rises but it is still
below —9 dB owing to the aforementioned modal-filtering effect, and therefore the high-order
mode is suppressed. Under the high-order mode (TE,() excitation condition, the S1; is high at
around 1.7 THz which means the impedance mismatch is large at the waveguide transition, and at
around 2 THz, both S1; and S, are relatively small indicating that the second-order mode is leaky
in the SIBW because the electromagnetic field is neither reflected nor transmitted. In addition
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Fig. 7. The z-component of the electric field (E;) of SIBW at different representative
frequencies which corresponds to the points A, B, and C in Fig. 4, respectively. The color
bar is in logarithmic scale (unit: V/m).
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to the TEy¢ mode, other high-order modes operate at higher frequencies, which is beyond the
frequency range of interest from 1 to 2 THz.

The mode patterns of the guided mode in SIBW at several representative frequencies, namely
the points A, B, and C shown in Fig. 4, are shown in Fig. 7. It can be seen that the electric field
for both frequency point A and point B can be tightly confined in the central defect region, and
the operating mode HE |y mode is well preserved along the waveguide for both cases. However,
for the frequency point C, the electric field penetrates the cladding layers strongly and the guided
mode is no longer the single HE ¢y mode. Comparing (a) with (b) in Fig. 7, the electric field at
the point B is slightly leakier than that at the point A, and thus the propagation loss at the point B
is larger than that at the point A, as shown in Fig. 4. It is common for photonic crystals that the
confinement loss is usually smaller at the middle of a photonic bandgap than that at the edge [38].

The distribution of the surface current density in the SIBW at point A is shown in Fig. 8(a).
The surface current density is mainly distributed along the central defect region and the first
cladding layer, with the remaining small portion being distributed in the outer cladding layers.
There is no free current flow between the top and bottom metal plates, in contrast with both
the hollow metallic rectangular waveguide and substrate integrated waveguide. Instead, there is
displacement current in the dielectric structure that closes the current loop, so generating the
magnetic field as shown in Fig. 8(b).

| — o

0 0.2 0.4 0.6 0.8 1
(b)

Fig. 8. The current distribution of the SIBW. (a) The magnitude of the surface current at
1.532 THz calculated using CST. (b) The magnitude of the y-component of the displacement
current density in the cross-section plane of the SIBW calculated using COMSOL.

4. Scaled experimental verification

To facilitate the fabrication and measurement, a proof-of-concept experimental demonstration of
SIBW was performed at millimeter-wave frequencies (ranging from 20 to 45 GHz). Two SIBW
samples with different lengths and fed by microstrip and coaxial launchers were fabricated and
tested, as shown in Fig. 9. The design principles are the same as those discussed in the principle
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section. The dielectric material used for the SIBW is Rogers RO3010, which has a dielectric
constant of 10.2 and loss tangent of 0.0022 over the frequency range from 8 to 40 GHz. The
reason why we use the Rogers RO3010 substrate rather than high-resistivity silicon is that the
PCB board is compatible with standard PCB fabrication techniques. The similarities between
the RO3010 and the high-resistivity silicon are that they both have relatively high dielectric
constant and low absorption loss, which are desirable for constructing the designed photonic

crystal structure.

2.4mm Female
Top (}0p per Plate . MI1.6 Screw @ End Launch Connectors
(

||
|| |
l | Bottom
!(L' ll Copper Plate
(@) (b) ©

Fig. 9. CAD design and fabricated samples (before assembling) of the SIBW. (a) CAD
design. The SIBW in region II is fed by microstrips in regions I and III. (b) Short SIBW
with the length between the two microstrip lines / = 46.54 mm. (c) Long SIBW with
[ =150.56 mm. The inserted picture in (c) shows the zoomed view of the photonic crystal
structure. In the design, a = 1 mm, b = 3.28 mm, w = 8.14 mm, and s = 0.671 mm

In the two samples shown in Fig. 9, both the microstrip feed lines and the photonic crystal
structures were machined using laser direct writing technology with the LPKF ProtoLaser U3.
The edges of the laser cutting trajectory were slightly burnt and the burnt dielectric material
was left on the structure. The substrates for the microstrip and photonic crystal structure
are double-sided copper-clad Rogers RT/Duroid 5880LZ (e, = 2) and RO3010 (g, = 10.2),
respectively. The thicknesses of the dielectric and copper claddings of both substrates were
0.635 mm and 17.5 um, respectively. The copper claddings of the RO3010, which are far thinner
than the operating wavelength, were not removed from the dielectric in order to provide extra
mechanical support for the delicate photonic crystal structure, and should have negligible impact
on the dispersion relation of the SIBW, and only very slightly increase the overall propagation
loss, as confirmed by our simulations. The top and bottom copper plates are made of C101
copper. The copper plates were first machined with a DMU 40 CNC milling machine and then
manually polished by using 500-Grit wet-and-dry silicon carbide sandpaper. The bottom plates
still had visible residual CNC milling tool marks on the surface, the surface finish of the top
plates was smooth.

A two-tier calibration technique was used to characterize the SIBW. The first-tier SOLT
calibration was performed using a 2.4 mm mechanical calibration kit to place the reference planes
to the input interface of the end launch connectors. A second-tier calibration used multiline
calibration [41] to de-embed using the complex propagation constant of the SIBW. The two SIBW
samples were tested using a vector network analyzer and the scattering parameters are shown in
Fig. 10(a). The ripples on the S-parameter responses are mainly due to the impedance mismatches
at the interfaces of waveguide transitions and inevitable fabrication imperfections. From the
S11 for the short SIBW in Fig. 10(a), we can clearly observe two ripple patterns with difference
periods in the frequency spectrum. The short period ripple has a period of approximately 1.3 GHz
and the long period ripple has a period of about 5.2 GHz. The short period ripple corresponds
to the Fabry-Perot resonance between the two interfaces between the SIBW and the microstrip,
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while the long period ripple corresponds to the Fabry-Perot resonance between the input and
output interfaces of the microstrips. The S for the long SIBW also has similar superposed ripple
pattens. The long period ripple of the long SIBW has almost same period as that of the short
SIBW, which reflects that both SIBWs use same feeding microstrip design. The short period
ripple of the long SIBW has shorter period and weaker oscillation than those of the short SIBW
as the signal travels longer and attenuates more in the long SIBW. These also explain the origins
of the ripples in the raw measurement result for the propagation loss in Fig. 10(d), which also
shows superposed ripple patterns with similar periods as that of the S;; for the short SIBW. It
should be noted that the propagation loss is related to both SIBWs and should reflects the ripples
for both cases, but due to the short period ripple of the long SIBW is relatively weak, it is much
less observable in the propagation loss curve. The reflection coefficients (S;;) of the two SIBWs
are lower than —6dB (<25%) over the frequency of interest between 20 and 45 GHz, which
means that a significant amount of the power was fed into the SIBWs. Besides, the magnitude
of the Sy parameters for the short and long SIBWs are at the same level, which means that the
repeatability of the microstrip to SIBW transitions for both SIBWs are acceptable for multiline
calibration. The transmission coefficients (S>;) for both SIBWs show wideband transmission
windows ranging from 20 to 45 GHz which are wider than one octave.
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Fig. 10. Characterization of the SIBW. (a) Measured S-parameters of the two SIBW
samples. One percentage moving window smoothing, a built-in feature of the VNA, is
applied to reduce the very high-frequency ripples due to minor impedance mismatches at
fabrication imperfections. (b) Normalized group velocity (v¢/c). Fourth-order polynomial
curve fitting is applied to fit the measured normalized group velocity. (c¢) Group-velocity
dispersion (32[3/ dw?). The measurement result is extracted based on the fitted curve for the
normalized group velocity shown in Fig. 10(b). (d) Simulated and measured propagation
loss. Second-order polynomial curve fitting is applied to fit the measured propagation loss.
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The complex propagation constant of the SIBW can be extracted from the S-parameters shown
in Fig. 10(a) using the multiline calibration technique [41,42]:
_ In(x)

Y= TA Q)

where vy = a + if is the complex propagation constant, « is the attenuation constant in np/m
units, [ is the phase constant in rad/m units, Al is the length difference of the two SIBWs, and y
is the first eigenvalue of the matrix 7/(7%)~!. Here, T* and T" are the T-parameters of the short
and long SIBWs including the waveguide transition parts, respectively, which can be obtained
from the measured S-parameters of the two SIBWs.

The theoretically analyzed and experimentally measured normalized group velocity (vq/c =
dw/dB/c) of the SIBW can be extracted from the dispersion curve calculated using MPB and
the measured phase constant based on the Eq. (5), as shown in Fig. 10(b). Since small ripples on
the spectrum of phase constant owing to the small impedance mismatches at discontinuities of
the SIBWs or the calibration errors due to the inconsistencies of the two SIBWs have significant
impacts on its first-order derivative (v,), reduced frequency points are used when calculating
the group velocity so as to analyze the overall trend of the group velocity. The ripples on
the curve of the normalized group velocity, which also makes the normalized group velocity
larger than one at several frequencies, attributes to the residual and inevitable small impedance
mismatches and calibration errors. The 4th-order polynomial fitted measured curve shows the
average trends of the normalized group velocity, which agrees with the theoretically analyzed
results according to the dispersion relations of SIBW calculated by using MPB. The reason of
using 4th-order polynomial curve fitting to the normalized group velocity is due to the factor
that the group-velocity should be one order higher than the GVD which follows the trends of a
3rd-order polynomial fitted curve (as shown in Fig. 3). Both the theoretically analyzed and the
experimentally measured normalized group velocity rise firstly with increasing frequency and
decrease after reaching a maximum. The maximum points for the theoretical and experimental
results are 39.73 GHz and 41.05 GHz, respectively, which are close to each other. The turning
points in the normalized group velocity respond correspond to the zero GVD point.

To demonstrate the SIBW operates in the desired fundamental HE ¢ mode over the frequency
range from 20 GHz to 45 GHz, we measured the GVD and compared it with the theoretical
predictions. Figure 10(c) shows the GVD of the SIBW. The measurement results are calculated
using °/8%w based on the fitted measurement results of group velocity in Fig. 10(b). The
theoretically analyzed results are obtained according to the dispersion relations of SIBW calculated
by using MPB, which has also been adopted in Fig. 3. It can be seen from Fig. 10(c) that the
theoretically analyzed and experimentally measured GVDs are at the same level and follow
similar trends. A zero GVD point is observed for both theoretical and experimental results,
occurring at 39.73 GHz and 41.05 GHz, respectively.

The simulated and measured propagation losses of the SIBW are shown in Fig. 10(d). The
measured propagation loss is calculated using 20log;,(e) - @ according to the Eq. (5). The
simulated results are obtained based on a COMSOL simulation similar to that used in Fig. 4(f). In
general, the measured and fitted simulated results follow similar trends, namely, the propagation
losses decrease firstly with increasing frequency and then increases after reaching a minimum.
On average, the measured propagation loss of the fabricated SIBW is less than 0.66 dB/cm
(compared with 0.25 dB/cm simulated) over the frequency range from 20 to 45 GHz, which is
wider than one octave. The measured loss is observed to be greater than the simulated results,
which may due to several factors that increase the loss such as surface roughness, oxidation of
the copper layer, residual burnt dielectric material, and fabrication or assembly imperfections.
At around 42.8 GHz the propagation loss is below zero due to a dip in the response which is a
measurement artifact. Comparing with Fig. 10(a), we can see that at the same frequency point,
the S1 of the short SIBW declines and the S1; of the short SIBW rises abnormally, while for the
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long SIBW, it does not behave in the same way at this frequency. This implies that there is a
physical inconsistency between the two SIBWs resulting in multiline calibration errors at around
42.8 GHz, which could be avoided by improving the fabrication and assembly precision.

In summary, we performed a proof-of-concept experimental verification of the guidance
mechanism of the proposed SIBW at millimeter-wave frequencies. Table 1 shows the properties
of various representative millimeter-wave and terahertz flat waveguides. Compared with other
flat waveguides, the proposed SIBW is able to transmit broadband signal with good isolation
and relatively low loss. The proposed SIBW require not metal vias and can be realized in a
single substrate, which is favorable for fabrication. We found that the measurement results agree
with theoretical analysis, which means that the SIBW can operate in single-HE10-mode fashion
over a bandwidth wider than one-octave, with a GVD passing through zero close to the middle
of the operating band. Benefitting from the vertically polarized operation mode, SIBW can
easily couple with free-space sources using lenses or antennas, or on-chip/in-waveguide sources
with the help of tapered impedance matching structures. Though the measured propagation loss
is slightly higher than the simulated one, as presented in Fig. 10(d), they both follow similar
trends. The propagation loss can be further improved and a THz design implemented by using
more precise fabrication and assembly techniques, such as deep reactive ion etching (DRIE)
and wafer-bonding techniques. THz time-domain spectroscopy is a useful tool for wideband
characterization of such a waveguide, which will be further discussed in our future work.

Table 1. Comparison of flat waveguides at millimeter-wave and terahertz frequencies

Frequency Bandwidth Propagation loss Zero GVD Isolation
(GHz) ratio (dB/cm) point
Microstrip [7] DC ~ 1000 - <433 Nearly Medium
Coplanar waveguide [8] DC ~ 1000 - < 65.1 Nearly Medium
Coplanar stripline [9] DC ~ 1200 - <26 Nearly Medium
Goubau line [10] 750 ~ 1100 - <304 Nearly Poor
Dielectric strip [12] 440 ~ 500 12.77% ~0.087 No Poor
Photonic crystal slab 540 ~ 630- 15.38% ~4 Yes Medium
waveguide [15]
Effective dielectric strip [16] 260 ~ 400 32.56% < 0.05 No Poor
Hybrid photonic crystal 367 ~ 411 11.31% <0.5 Yes Good
waveguide [17]
CPW & SIW [18] 150 ~ 500 107.69% 3~35 No Good
This work” 1000 ~ 2000 66.67% < 2.78 (< 0.66) Yes Good
(20~45) (76.92%)

“Bandwidth ratio refers to the absolute bandwidth divided by the central frequency.
bThe values in the parentheses corresponds to the proof-of-concept measurement results.

5. Conclusions

This paper presents a substrate integrated Bragg waveguide that can operate in single-HEo-mode
over more than one octave and in zero group-velocity dispersion fashion around the middle of
the operating band. First, we theoretically investigated the SIBW between 1 to 2 THz, and the
propagation loss of the proposed SIBW is found to be even lower than that of a classic hollow
metallic rectangular waveguide, benefiting from the reduction of Ohmic loss. To facilitate the
fabrication and measurement, we performed a proof-of-concept experimental demonstration at
millimeter-wave frequencies ranging from 20 to 45 GHz to verify the guidance properties of
the proposed SIBW, such as the operating bandwidth, GVD, operating mode, and propagation
loss, with consistency between the theoretical analyses (both MPB and COMSOL) and the
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experimental measurements being observed. Showing many advantages over conventional THz
planar waveguides, the proposed SIBW is a promising hollow hybrid transmission line for
broadband submillimeter-wave and THz systems using functional components or multilayer
multichip module technology.
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