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ABSTRACT

We propose a series of integrated Bragg grating filters with performance enhancement via the concept of effective medium. The bandstop
filters are built in a high-resistivity silicon wafer and operated over the WR-3.4 band (220-330 GHz) with in-plane polarization. The proposed
designs use an additional degree of freedom in controlling the effective refractive index so as to fully use the potential of the Bragg grating
structures. As a result, the high insertion loss typically observed at the low-frequency bound of the filters due to weak wave confinement can
be reduced, while radiation caused by the leaky-wave effect at the high-frequency bound is minimized, allowing for a 40% operation fractional
bandwidth. These features are not achievable with conventional waveguide Bragg grating filters. All-silicon prototypes of filter samples are
experimentally validated, demonstrating promising performance for a wide range of terahertz applications. The techniques to improve the
filter characteristics by controlling the effective medium can be adopted in both microwave and optics domains.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0051310

I. INTRODUCTION

Terahertz integrated systems have attracted great attention for
their compactness, portability, and low cost compared to conven-
tional quasi-optical systems while promising a wide range of appli-
cations from imaging to communications."” In particular, tech-
nologies from both electronics and photonics have accelerated the
progress in forming terahertz integrated circuits, enabling compre-
hensive functionalities from signal generation, transmission, and
processing to detection with moderately high efficiency.' To this
end, terahertz integrated waveguides with high efficiency, low dis-
persion, and broad bandwidth are indispensable. Recently, we have
proposed a class of substrate-free all-silicon effective-medium-clad
dielectric waveguides with a measured average loss of 0.075 dB/cm,
a group velocity dispersion of around +10 ps/(THz mm), and
a fractional bandwidth of 40% over 220-330 GHz while support-
ing two orthogonal fundamental modes.” High-speed terahertz
communications with a real-time transmission data rate of up to
30 Gbit/s were demonstrated on a straight waveguide.* Meanwhile,
a series of elementary components, including bendings, crossovers,
and directional couplers, have been reported as building blocks
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for a terahertz integrated platform.” However, filters, as one of
the most essential components for terahertz integrated circuits, are
still not available on this platform. In line with the practical needs
of wideband terahertz systems, we are motivated in this work to
investigate filters based on the effective-medium-clad waveguide
platform.”

To realize passive filters, one common approach is to peri-
odically alternate high and low impedance segments or equiva-
lently high and low modal indices along a guiding structure. This
allows us to effectively control the interference in transmitted and
reflected waves, thus generating the desired stopband or passband
response over a particular frequency band.®” Accordingly, a num-
ber of terahertz filters based on microwave® '’ and optical'!~"’
waveguiding structures have been proposed. However, microwave-
technology-based filters suffer from high metallic loss at terahertz
bands. An exception includes rectangular waveguide based filters’
which achieve relatively low loss due to low current density on metal.
Nevertheless, the manufacturing complexity of metallic waveguide
filters increases significantly with frequency, while their bulky form
factor is not compatible to integrated systems. From the optics side,
thin-film filters consisting of multi-layer dielectrics'' are also not

6, 076105-1
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integratable despite their structural and design simplicity. Further-
more, although one dimensional photonic crystal cavities'” have
good integrability, the passband has significant fluctuations result-
ing from the strong refractive index contrast between air and sili-
con. In addition, the 3-dB bandwidth tends to be large due to the
same reason, thus limiting designability. Recently, a Bragg grating
filter based on a polymer rib waveguide was proposed.'” This filter
features structural simplicity; however, it lacks a supporting struc-
ture for integration. Similar to the concept of Bragg grating struc-
ture, an optical bandstop filter realized by varying the parasitic ele-
ments along a waveguide core was reported.'* However, its rejection
performance was modest, while the passband response exhibited
significant ripples.

In essence, all open dielectric waveguide-based Bragg filters
suffer from limits in broadband operation, much needed for tera-
hertz applications. The insertion loss increases with increasing fre-
quency because of radiation resulting from the grating period close
to one guided wavelength.'” Moreover, the transmission levels at
lower frequencies tend to be reduced due to weak wave confinement
of guided waves. These effects limit the filter operation bandwidth,
which is generally not an issue for typical narrow-band operation at
optical frequencies, e.g., with a relative bandwidth of around 2.3% at
the C-band or 3.8% at the L-band. In contrast, these effects become
an issue at a terahertz band, which occupies a much larger fractional
bandwidth, e.g., 40% for the WR-3.4 band. Therefore, it is imprac-
tical to directly scale the existing optical waveguide Bragg grating
filters down to the terahertz frequency band.

In this work, we present a class of terahertz Bragg grating filters
based on our recently proposed effective-medium-clad waveguide.”*
This waveguide platform allows the modal index to be modified by
varying the waveguide core dimensions and/or the cladding config-
uration. Compared to conventional filters with physical corrugation
of the waveguide core,'° '® this technique offers an additional level of
flexibility to control the filter characteristics, e.g., reducing insertion
loss and allowing for broadband operation with a compact footprint.
These features are very desirable in terahertz applications that typi-
cally leverage a vast available bandwidth with limited source power.
This work is organized as follows: the design principles and consid-
erations to select filter dimensions are given in Sec. II, while the fil-
ter characteristics including transmission performance, bandwidth,
central frequencies, and dispersion are presented in Sec. 111 followed
by the conclusion in Sec. I'V.

II. DESIGN PRINCIPLES
A. Overview

As shown in Fig. 1(a), the proposed Bragg grating filter is built
in a substrateless effective-medium-clad dielectric waveguide, which
consists of a silicon waveguide core and in-plane effective medium
claddings with lower relative permittivity, allowing for waveguid-
ing through total internal reflection. The claddings are realized by
periodically perforating the silicon slab with subwavelength spac-
ing. Consequently, based on the Maxwell-Garnett effective medium
theory,'” the effective relative permittivity tensor of the cladding
material can be locally controlled by adjusting the lattice parame-
ters, namely, the hole diameter d and lattice period a. The Bragg
gratings are realized by corrugating the waveguide core laterally in
a period of A, which is equal to half the Bragg wavelength, i.e.,
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FIG. 1. Effective-medium-clad Bragg grating filter. (a) The filter cladded by an
air-silicon effective medium realized by perforating the silicon slab. (b) A magni-
fied view of effective medium cladding in a square lattice with a perforation period
a and a hole diameter d. (c) The same filter with the cladding replaced by artificial
anisotropic material. The artificial material is equivalent to the air-silicon effective
medium with an effective relative permittivity tensor (ey, €y, €;) = (6.642, 8.193,
6.642). The realized filter is based on a 250 um thick high-resistivity intrinsic float-
zone silicon wafer with a relative permittivity es; = 11.68. The unpatterned silicon
slab is for handling purpose.

the central operation wavelength of the Bragg grating filter. Impor-
tantly, the proposed Bragg grating filter has access to an addi-
tional degree of freedom by varying the cladding to modify the
modal indices of the gratings. We will show through various designs
that this additional control of the effective-medium claddings can
yield benefits in terms of passband transmission levels, stop-band
bandwidth, and device footprint.

B. Design consideration

Initially, a simple uniform Bragg grating filter is implemented
on the effective-medium-clad waveguide platform. In this work, we
design the Bragg grating filter based on a single 250 ym thick high-
resistivity silicon wafer with a relative permittivity es; = 11.68 and
resistivity of >10 kQ cm. The filter is designed to operate in the Ej;
mode with in-plane polarization, which is compatible with most of
the available terahertz devices. The full-wave simulations are per-
formed with CST Microwave Studio 2019, where a realistic loss
tangent of 3 x 10~ is adopted for the silicon material. To save com-
putational resources, as shown in Fig. 1(c), homogeneous cladding
materials are adopted in simulations for initial investigations. It is
noted that due to the approximations of the cladding relative per-
mittivity used in the simulations, the calculated parameters (A, a,
and d) need to be slightly optimized for the final design.

A critical step is to properly select the waveguide width for each
section and to control the relative permittivity tensor (ex, €y, €,) of
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the effective medium claddings. This tensor is determined by the
perforation period a and hole diameter d and can be calculated based
on the Maxwell-Garnett effective medium theory as'”

) (€air + €Si) + (eair - €Si){

e (eair + €Si) - (eair - eSi)C, (1)
€y = €si + (€air — €51)C, (2)
€z = €x, (3)

where ( represents the fill factor of the air volume in silicon. For
a square lattice, the fill factor can be calculated from (d”)/(4a%).
Since the filter operates in the E}; mode with in-plane polariza-
tion, only ex is considered for the cladding relative permittivity
to calculate the waveguide modal index. The average modal index
nefr = (nu + n1) /2 and the modal index difference An = ny — np are
determined by ex and the waveguide widths, where ny and ny, are
the modal indices for the high- and low-index waveguide sections,
respectively. Specifically, a larger ey, which can be achieved by a
smaller d given a certain subwavelength g, will lead to a higher .
and thus a smaller grating period A.*>?° Such a smaller A can avoid
the radiation caused by the leaky-wave effect at higher frequencies,
promising a broadband operation of the device. However, a higher
€x could reduce the modal index difference An, leading to a smaller
reflection depth and a narrower 3-dB bandwidth.”” Therefore, the
trade-offs for selecting the various parameters (wn,wr,a,and d)
must be considered in terms of operation bandwidth, device foot-
print, rejection level, and 3-dB bandwidth.

Considering the trade-offs mentioned above, with a priority to
minimize the radiation at the upper bound of this WR-3.4 band, a
larger relative permittivity for the cladding is preferred. To accom-
modate the grating profile well, a square lattice is adopted for the
filter design as shown in Fig. 1(b). Thus, the perforation period
together with the hole diameter for the square lattice has to be
selected according to the grating period. To satisfy the subwave-
length perforation period condition,>*!>!” the initial perforation
period a for the square lattice is selected as A/4 or equivalently
ABg/8, where Ap, is the guided Bragg wavelength.”’ Given Iy = I
= A/2 = Apg/4, where Iy and Iy, are the lengths for the high- and low-
index sections, respectively,”’ each waveguide section can hold two
columns of holes along the z-direction. Given a certain ex and a, the
hole diameter d can be calculated based on Eq. (1). Further reduction
in a to obtain more holes per Bragg period would lead to very small
holes, beyond the fabrication limit of around 20 ym, based on the
standard deep reactive ion-etching (DRIE) process.” On the other
hand, when increasing a to As/4, where only one column of holes
would be accommodated by each waveguide section, a larger hole
diameter d would be required to maintain the same air-in-silicon
fill factor. However, the larger material discontinuities between air
and silicon could cause wave scattering, while the device mechanical
strength could be degraded.

To design a filter working at a Bragg frequency of 275 GHz
with a 3-dB bandwidth around 16 GHz, we select the wave-
guide widths as wy = 240 ym and wy, = 100 ym. Given (ex, €y, €z)
= (6.64,8.19,6.64), the corresponding modal indices of ny and ny,
for the Ef; mode are obtained as 2.66 and 2.32, respectively, based

on port-mode simulations in CST. Correspondingly, the length for
each waveguide section is calculated with approximations as Iy
= =111.5 ym together with the perforation period a = 55.8 ym
and hole diameter d = 36 ym. In this case, both waveguide sections
have low insertion loss at lower frequencies,’ while based on our ini-
tial investigations, such a waveguide difference allows for a strong
rejection band with a relatively short total grating length, e.g., 1 cm.
The detailed criteria on the selection of waveguide difference can be
found in the supplementary material.

lll. CHARACTERISTICS OF THE FILTER

In this section, various characteristics of the proposed filters
are discussed, including transmission, 3-dB bandwidth, central fre-
quency, and dispersion. A lateral multi-layer cladding is intro-
duced for the first time to reduce the transmission fluctuation, while
apodization is employed to mitigate the band transition ripples. The
fabrication for various filters is based on the standard deep reactive-
ion etching (DRIE) process, while several illustrative designs are
experimentally validated.

A. Transmission performance
1. Uniform waveguide Bragg grating

Based on the descriptions in Sec. I, a uniform waveguide grat-
ing filter is realized as shown in Fig. 2. The filter consists of four
major elements, including a tapered coupling structure, a regular
waveguide, a transition waveguide, and a Bragg grating with a grat-
ing number Ny = 40. The 3-mm coupling tapers are introduced for
excitation purpose, i.e., they are inserted into the WR-3.4 rectangu-
lar hollow waveguides in both simulations and measurements so that
the waves can be gradually coupled from the feed to the device. As
shown in Figs. 2(b) and 2(c), a regular waveguide with a cladding
effective relative permittivity of 2.75 is employed because it has a
tight wave confinement and thus a better mode matching to the
hollow waveguide than that of the waveguide cladded by the higher-
index claddings. Thus, it can enhance the coupling between the filter
and the feed. In addition, the regular waveguides allow consistent
interconnection between the filter and other components on the
same platform.

To provide good impedance matching between the regular
waveguide section and the grating, a transition waveguide is adopted
as illustrated in Figs. 2(d) and 2(e). Specifically, the hole diameter in
the transition cladding decreases gradually, leading to an increasing
modal index toward the grating. As shown in Fig. 2(f), the Bragg
gratings are implemented with wy =240 pym and wy = 100 ym,
while the optimized grating period A is 223 ym. Correspondingly,
the cladding configuration is (a,d) = (55.8 ym, 36 ym). Given N,
= 40, the total grating length is 8.92 mm. The claddings extend to 12
rows on both sides of the waveguide to accommodate the evanescent
fields.

The fabricated sample is shown in Fig. 3. It is observed that
the adjacent holes are slightly connected in the first two columns
for the transition claddings due to the fabrication tolerance. Owing
to the concept of effective medium, this imperfection has a negligi-
ble impact on the effective relative permittivity. The measurements
are accomplished with the arrangement shown in Fig. 4 by using a
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FIG. 2. Uniform effective-medium-clad waveguide Bragg grating filter. (a) Top view.
(b) A regular effective-medium-clad waveguide with a core width wg = 225 ym
and length /s = 500 um. (c) The hexagonal lattice of the effective medium cladding
for the regular waveguide with a lattice period ag = 100 um and hole diameter
ds = 90 um. (d) The transition waveguide between the regular feeding waveguide
and the Bragg grating with a core width wy = 240 ym and length of It = 781 um.
(e) The effective medium cladding of the transition waveguide in a square lat-
tice. (f) The uniform waveguide Bragg grating with a higher-index waveguide core
width wy = 240 um, lower-index core width w, = 100 um, and grating period
A =223 ym. (g) The square lattice of the effective medium cladding for the
Bragg grating with a lattice period a = 55.8 um and hole diameter d = 36 ym.
The tapered structures that are inserted into the WR-3.4 hollow waveguides in
both simulations and measurements allow efficient coupling from the feed to the
sample. The unpatterned silicon slab is for handling purpose. Slight systematic
amendments of the dimensions are necessary to account for fabrication tolerances
in the final results, as elaborated in the supplementary material.

FIG. 3. Fabricated uniform effective-medium-clad Bragg grating filter. (a) The fil-
ter sample. (b) The microscope image revealing a regular waveguide, transition
waveguide, and Bragg grating.

APL Photon. 6, 076105 (2021); doi: 10.1063/5.0051310
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FIG. 4. Measurement setup. The tapered structures are inserted into the WR-3.4
hollow waveguides for excitation, while the sample is fixed by a holder at the unpat-
terned silicon slab. The WR-3.4 waveguide operates in the TE4, mode so that the
Ef, mode with polarization in the x-direction is excited for the filter sample. The
measurements are conducted by using a Keysight vector network analyzer with
VDI WR-3.4 extension modules spanning 220-330 GHz.

Keysight vector network analyzer with VDI WR-3.4 extension mod-
ules spanning from 220 to 330 GHz. The measured and simulated
S-parameters are shown in Figs. 5(a) and 5(b) with good agree-
ment. However, it is observed that the Bragg frequency is shifted
to 280 GHz from the designed frequency of 275 GHz while the
3-dB bandwidth is slightly broadened by around 1 GHz. We found
that such a 5-GHz blue shift and the increasing 3-dB bandwidth
happen to all the samples in this work and they are mainly caused
by an observed reduced wafer thickness from 250 ym and slightly
over-etched holes. These causes are confirmed in the supplementary
material, where the relevant dimensions are modified in simula-
tion to compensate these systematic errors caused by the fabrication
tolerances. It is noted that all the simulated results presented in
the main text have been systematically corrected accordingly, and
the compensated dimensions can be found in the supplementary
material. From Fig. 5(a), a 3-dB bandwidth around 18 GHz is
achieved with a stop-band rejection below —21 dB. There exists

Transmission Reflection
(b)
-3dB
210
8
2 —15p - Sim
§ —DMea S
20 I
A il
-25 f
ol® | |
220 240 260 280 300 320 220 240 260 280 300 320

Frequency (GHz)

FIG. 5. Simulated and measured S-parameters and simulated E-field amplitude
distributions of the uniform waveguide Bragg grating filter. (a) Transmission. (b)
Reflection. E—field distributions at (c) 220, (d) 275, (e) 280, and (f) 330 GHz. All
the E—field distributions are normalized by the same factor.
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significant fluctuation in the pass bands especially at the lower fre-
quencies and near the transition shoulders. The fluctuation at the
low frequency is mainly due to the weak wave confinement, as
shown in Fig. 5(c), resulting in a large field penetration depth into
the claddings. Correspondingly, the field is disturbed by the nearby
unetched silicon slab. On the other hand, the ripples at the transi-
tions are mainly because of the strong reflection among the gratings.
These issues are resolved Sec. IIT A 2 and ITI A 3.

2. Cladding effects

To investigate the effects of the claddings on the passband
transmission, we design three gratings cladded by air,”! by wider
uniform effective medium claddings, and by two-layer mixed effec-
tive medium claddings, as shown in Figs. 6(a)-6(c). For the air-clad
filter, to maintain a comparable 3-dB bandwidth and grating cou-
pling strength, the waveguide widths are selected as ww, = 240 ym
and wra = 200 pm, resulting in a modal index difference of 0.47 at
275 GHz and a grating period A of 288 ym. With a longer A, we
reduce the grating number Ny to 20 to achieve a comparable rejec-
tion depth and roll-off rate. This air-clad Bragg grating filter is fed by
a straight regular waveguide as shown in Fig. 7(a). Figure 6(b) illus-
trates a uniform waveguide filter with a wider cladding containing 24
rows of holes, while the other parameters are the same as in Fig. 2.
For further investigation, the wide uniform cladding is replaced with
a two-layer mixed cladding as shown in Figs. 6(c)-6(¢), where the
outer layer with a lower index is formed in a hexagonal lattice with
ae =100 and de = 90 ym, while the inner layer with a higher index
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FIG. 6. Schematics of Bragg grating filters with various claddings. (a) The air-
clad filter with a high-index waveguide width wy, = 240 um, low-index waveguide
width wi, = 200 pm, and grating period A = 288 um. (b) The uniform effective-
medium-clad filter with a cladding width of 1.34 mm containing 12 rows of holes. (c)
A two-layer mixed cladding filter with a cladding width of 0.6 mm. (d) The hexago-
nal lattice of the outer cladding with a lattice period & = 100 um and de = 90 um.
(e) The square lattice of the inner cladding with a lattice period a = 55.8 um and
d = 36 um. The hole configuration of (b) is identical to that in Fig. 2(f).
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FIG. 7. Fabricated waveguide Bragg gratings with various claddings. (a) The air-
clad filter sample. (b) The wide uniform effective-medium-clad filter sample. (c) The
mixed effective-medium-clad filter sample. All subfigures share the same scale.

is built in a square lattice with a = 55.8 and d = 36 ym. The consid-
eration to adopt two types of claddings in this work mainly includes
structural completeness, mechanical strength, and fabrication toler-
ance. For the inner cladding, a square lattice is introduced to accom-
modate the square grating profile as discussed in the design con-
sideration. For the outer cladding, a hexagonal lattice with a larger
lattice period is adopted mainly because of the mechanical strength
and fabrication tolerance. Specifically, the outer cladding has a much
lower permittivity requiring larger air holes given a constant lat-
tice period, which could lead to weakened mechanical strength. In
this case, a hexagonal lattice is preferred to enhance the mechani-
cal strength. In addition, with an identical fill factor of air volume in
silicon, a larger lattice period can result in a larger spacing between
the edges of the adjacent holes so as to avoid hole merging due to
the over-etching in fabrication. The fabricated samples of the three
filters are shown in Fig. 7.

The simulated and measured S-parameters of the air-clad filter
are shown in Figs. 8(a) and 8(b). Obviously, the passband fluctuation
is reduced significantly due to a stronger wave confinement result-
ing from a larger refractive index contrast between the air cladding
and the silicon waveguide. Thus, there is negligible interference with
the nearby unetched silicon slab. In addition, the transition level
is improved to above —3 dB due to the smaller grating number,
resulting in weaker reflection. However, the transmission level at
lower frequencies is decreased to below —3 dB, which is caused
by the impedance mismatch between the feeding and the grating
waveguide with a modal index difference of around 0.5 from 220
to 235 GHz. Meanwhile, a relatively stronger loss is also observed
at higher frequencies. This is because the grating period is larger
than the guided wavelength, leading to radiation akin to a leaky
wave antenna.”” In general, these effects are common for the con-
ventional Bragg grating filters cladded by air or silicon dioxide, and
they result in a reduced operation bandwidth. In the next case,
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where An is the grating modal index difference and Apo is the
Bragg wavelength in free space. This apodization technique has been
widely used in designing optical fiber and waveguide grating struc-
tures,”’ >° and there are a number of window functions with various
roll-off rates available to taper the coupling strength such as lin-
ear ramp, raised-cosine, Hamming, or Gaussian functions. However,
the trade-offs in terms of the transition level, filter roll-off rate, and
device footprint have to be considered. A window function with a
smaller roll-off rate can generate a smoother transition. However,
it requires a large number of periods and thus a longer footprint
to achieve a comparable stop-band level as its counterpart without
apodization.

Considering the trade-offs discussed above, in this work, we
use a linear ramp function to taper the coupling strength. The real-
ized filter with apodization is shown in Figs. 9(a)-9(c). The key
parameters are kept the same as in the two-layer-cladding design
in Fig. 6(c), while the grating in the first ten periods is apodized
symmetrically. As depicted in Fig. 9(c), the waveguide width dif-
ference is gradually increased from 0.1Aw to Aw in a step of
0.1Aw, where Aw = wy — wy. Therefore, the modal index differ-
ence An is gradually increased correspondingly. Thus, the coupling
coefficient « is tapered physically so as to achieve a moderately
strong reflection at the transition band. The fabricated sample and

S-parameter (dB)

S-parameter (dB)

S-parameter (dB)

25 ;
ol | L
220 240 260 280 300 320 220 240 260 280 300 320

Frequency (GHz)

FIG. 8. Simulated and measured S-parameters of the filters with different
claddings. (a) and (b) The air-clad filter. (c) and (d) The wide uniform cladding
filter. (e) and (f) The two-layer mixed cladding filter.

(©) 149
as indicated in Figs. 8(c) and 8(d), we see that a wider effective

medium cladding that is able to accommodate extended evanescent
fields can also alleviate the passband fluctuation. However, expand-
ing the cladding reduces the structural compactness considerably.
In contrast, as illustrated in Figs. 8(e) and 8(f), the two-layer mixed
claddings can achieve a comparable transmission level but with only
half the cladding width. Here, the outer layer confines the evanes-
cent fields mainly within the two-layer claddings due to their rel-
atively large refractive index contrast. In this case, the disturbance
from the silicon slab is reduced, resulting in a smoother transmis-
sion level. However, the transition shoulders are still lower than
-3 dB with such a configuration, and this issue is addressed in
Sec. ITT A 3.

3. Apodized waveguide Bragg grating

To reduce the fluctuation around the transitions, an apodiza-
tion technique is employed to gradually increase the grating cou-

pling coefficient.””~>° Based on the coupled-mode theory, the cou- 300 pm ©
li ffici i h f reflecti i
f)ln%hcp ed Elené Kzl'r’epresentmg the amount of reflection per unit FIG. 9. Bragg grating filter with apodization. (a) The apodized filter cladded by
ength 1s delined as the two-layer mixed effective medium cladding. (b) The Bragg grating. (c) The
2An apodized part. (d) The fabricated filter with apodization. (e) The microscope image
K= E’ 4) around the grating with apodization.
APL Photon. 6, 076105 (2021); doi: 10.1063/5.0051310 6, 076105-6
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a magnified view containing various critical features are shown in
Figs. 9(d) and 9(e).

As shown in Figs. 10(a) and 10(b), when applying the apodiza-
tion, the filter can achieve fluctuation near transitions of around
—2 dB, while the stopband level is reduced compared to the one
without apodization shown in Fig. 8(e). These results match the
expectations. In addition, assisted by the mixed claddings, the fil-
ter achieves smooth passband transmission levels together with a
3-dB bandwidth of 18.5 GHz. The roll-off rate calculated between
-3 and —20 dB is 4.42 dB/GHz, resulting in good frequency selectiv-
ity. Indeed, the transition level can be further enhanced by using a
deeper apodization function, e.g., cosine function, but at the expense
of a stopband level or structural compactness.

B. Bandwidth

To vary the 3-dB bandwidth, the grating modulation can be
modified.” According to the bandwidth equation,”

2
A= mor 5)

nng

where ng is the group index, and the filter bandwidth is mainly deter-
mined by the coupling coefficient « that is proportional to the modal
index difference An, as expressed in Eq. (4). Accordingly, given a
fixed wu, a narrower and a broader bandwidth are obtained by
increasing or decreasing wr, respectively. As shown in Figs. 11(a)
and 11(b), the filter with a broader bandwidth has a stronger stop-
band, while the transition level is steeper. These phenomena origi-
nate from a smaller average modal index 7 that can lead to a larger
grating period and thus a longer total length L, given a constant
grating number.”’

Alternatively, the 3-dB bandwidth also can be adjusted by vary-
ing the cladding relative permittivity, while maintaining the grating
configuration. For the second strategy, we select wy = 240 ym and
wy, = 100 ym for both filters, while the effective relative permittivity
of the inner cladding €inner is either 7.93 or 5.32. Here, the relative
permittivity of the outer cladding is maintained at 2.75. The mea-
sured and simulated S-parameters as shown in Figs. 11(c) and 11(d)
illustrate that the filter with a lower-index inner cladding achieves
a broader bandwidth and stronger rejection depth. This is because
a lower-index cladding can reduce the average waveguide modal
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FIG. 10. Simulated and measured S-parameters of the filter with apodization and
the two-layer mixed cladding. (a) Transmission and (b) reflection.
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FIG. 11. Simulated and measured S-parameters of the filter clad by mixed effec-
tive medium claddings with various bandwidths achieved by different strategies.
(a) Transmission and (b) reflection for the filters with different widths of the lower-
index waveguide section, while the higher-index waveguide width is maintained at
240 um. (c) Transmission and (d) reflection for the filters, where the inner cladding
relative permittivity is varied, while the outer cladding has a constant relative per-
mittivity of 2.75. For fair comparisons, all the gratings are linearly apodized and
cladded by two-layer mixed effective medium claddings with a grating number
Ny = 40.

index n.g, while enhancing the modal index contrast An, leading
to a larger « and thus a broader bandwidth from Eqgs. (4) and (5).
However, a sudden drop in S,; appears at around 320 GHz, which
is mainly due to the mode radiation caused by the longer grating
period. This could be remedied by optimizing the waveguide widths
together with the cladding configuration.

C. Central frequency

To demonstrate that the proposed filter type is tailorable to
operate across the whole WR-3.4 band, filter performances with
Bragg frequencies shifted to 310 and 250 GHz are presented. These
filters are in the form of apodized grating cladded by the two-layer
mixed claddings with a relative permittivity of 2.75 and 6.64 for the
outer and inner claddings, respectively. To achieve comparable 3-dB
bandwidth and rejection, the higher-index waveguide width wy is
maintained constant at 240 ym, while the lower-index waveguide
width wy, is set at 110 ym and 90 ym for the higher and lower
Bragg frequencies, respectively. Accordingly, the grating periods are
calculated as 192 ym and 264 ym for the higher and lower frequen-
cies, respectively, while the grating number is kept at 40 for both
designs. The simulated and measured S-parameters are shown in
Figs. 12(a)-12(d). Attributed to its relatively small grating coupling
strength, the filter operating at the higher frequency can achieve a
smooth passband transmission level and a rejection depth below
—17 dB. However, for the lower-frequency one, the transition level at
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FIG. 12. Simulated and measured S-parameters of the filters cladded by mixed
claddings with various Bragg frequencies. (a) Transmission and (b) reflection of the
filter working at 310 GHz. (c) Transmission and (d) reflection of the filter working
at 250 GHz with an inner cladding relative permittivity of 6.64. (€) Transmission
and (f) reflection of the filter working at 250 GHz with an inner cladding relative
permittivity of 7.93.

the left shoulder is reduced to below —3 dB due to the stronger cou-
pling strength. It is noteworthy that the transmission level decreases
with increasing frequency. This is mainly caused by the radiation
loss due to the wavelengths becoming shorter than the grating
period, thus leading to a leaky mode. This issue is typically not
encountered in optical filters due to a much narrower bandwidth.

To minimize the radiation, a smaller grating period is required
together with wavelength shortening so to maintain the center fre-
quency. Accordingly, we implement a higher-index inner cladding
with a relative permittivity of 7.93 and a reduced wr, of 80 ym to
maintain a comparable 3-dB bandwidth. As a result, the grating
period is reduced to 250 ym, as opposed to 264 ym. According to
Figs. 12(e) and 12(f), the transmission levels at higher frequencies
are improved with a transition level well above —13 dB. These results
further show that the proposed filter type can operate in a 40%
fractional bandwidth that is much larger than any practical optical
band.

D. Dispersion

To investigate the dispersion characteristics of the proposed
Bragg grating filters, we have simulated and measured the group
delay for a uniform filter and an apodized filter with mixed
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FIG. 13. Simulated and measured group delay of the uniform filter shown in Fig. 2
and the apodized filter with mixed claddings shown in Fig. 9. (a) Simulation.
(b) Measurement. The group delays in both simulations and measurements are
derived from the unwrapped phase, where the phase contributions introduced by
the hollow waveguides and straight waveguide sections have been de-embedded
by comparing the phase differences of the straight effective-medium-clad wave-
guides with multiple lengths. To mitigate the amplifying effects of the derivative
operation on the phase noise, a smoothing function has been employed to process
the measured data with a sliding window covering 1 GHz.

claddings. As shown in Fig. 13, the measurements agree well with
the simulations, where both filters show a small fluctuation in the
group delay across the passband. The measured group delay for
the apodized filter varies from —0.12 to —0.17 ns across the entire
passband, demonstrating an extremely low dispersion. For the uni-
form filter, the group delay is relatively higher with fluctuations
at the lower passband. This is mainly caused by the external dis-
turbance, ie., the interference with the nearby unetched silicon
slab. The results further show that the mixed claddings together
with the apodization can reduce the filter dispersion. In general,
the proposed Bragg grating filters inherit the low dispersion of the
effective-medium-clad waveguides, allowing for broadband opera-
tion. This is crucial to terahertz communications with high-speed
data transmission.

IV. CONCLUSION

A class of integrated waveguide Bragg grating filters based on
all-silicon effective-medium-clad waveguides has been comprehen-
sively investigated. Various filter characteristics, including trans-
mission level, 3-dB bandwidth, and Bragg frequency, have been
considered over a wide operation frequency range from 220 to
330 GHz (WR-3.4 band). The filters are made in a substrateless
high-resistivity float-zone silicon wafer based on the standard deep
reactive-ion etching process. Relying on their tailorable effective
medium claddings that are realized by periodically perforating the
silicon slab, the proposed Bragg grating filter type has an addi-
tional degree of flexibility to control the performance compared
with the conventional silicon-on-insulator (SOI) ones. By applying
the apodization technique, the transition level is improved to above
-3 dB. Importantly, two-layer mixed effective medium claddings
with different relative permittivities are introduced to improve the
passband transmission levels to above —1.5 dB with average rip-
ples less than 0.5 dB, while maintaining the lateral footprint within
one wavelength. Furthermore, the combination of hybrid claddings
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and apodization can further reduce the dispersion, with a mea-
sured group delay varying between —0.12 and —0.17 ns across the
whole passband. The radiation loss at higher frequencies for a grat-
ing with a long period is minimized by introducing higher-index
effective medium claddings, thus allowing for a broadband oper-
ation. With high efficiency, low dispersion, and broad bandwidth,
the proposed filter type is applicable at high terahertz frequencies,
e.g., above 1 THz, as detailed in the supplementary material. It can
be foreseen that such Bragg grating structures can be implemented
together with other components on this substrateless integrated plat-
form for a wide range of terahertz applications. The presented effec-
tive medium techniques can also be adopted in optics for enhancing
filter performance.

SUPPLEMENTARY MATERIAL

The supplementary material includes the impact of waveguide
difference Aw, fabrication tolerance, frequency shift caused by fab-
rication tolerance, and applicability at high terahertz frequencies.
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