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ABSTRACT This work presents a novel waveguide medium based on laser-induced structured-glass for the
design of high-end millimetre-wave components and systems. The material properties, fabrication process
and functional attributes of the structured-glass technology are first described and then applied in order
to demonstrate a fourth-order bandpass filter prototype operating within the W-band frequency range,
centered around 88 GHz with a narrow fractional bandwidth of 2.3%. The basic filter design, dimensional
considerations, and assembly process are discussed in order to outline the fabrication process. The prototype
filter, along with its associated feed-line transitions and split-block interface are measured and characterized
in the laboratory in order to validate the design approach. The measured response is shown to be exceptionally
accurate; the insertion loss is found to be approximately 1.43 dB - 1.97 dB throughout the measured passband
with a return loss of better than 22 dB and center-frequency offset of approximately 0.117%. A comparison
to existing technologies is discussed in order to highlight the advantages of the proposed medium and to
contrast the differences in both manufacture and achievable results for high-end components.

INDEX TERMS Bandpass filter, laser-induced micromachining, microfabrication, millimetre-wave, passive
components, structured glass, waveguide technology, W-band.

I. INTRODUCTION
Waveguide components are an integral part of high-end
radar, broadcasting, satellite, and communication systems.
This technology plays an important role as a transmission and
signal-control medium in the form of devices such as filters
and couplers, and allows for versatile designs that are capable
of handling high-power and maintaining low losses in vital
information systems.

For waveguide-based components manufactured in
conventional alloys, traditional methods such as computer
numerical control (CNC) milling and electric discharge
machining (EDM) have been at the forefront of production
due to their high reliability and straightforward fabrication

procedures. However, the application of additive manufac-
turing technologies such as selective-laser-melting (SLM)
and selective-laser-sintering (SLS) are under intense research
due to their foreseen potential in complex and scalable
manufacturing scenarios (e.g. [1]–[5]). Although CNC and
EDM fabricated components have been able to demonstrate
good results and are well adopted by industry, drawbacks such
as cost, yield, and production volume are difficult to overcome
for ever-changing global markets and have given rise to
competitive solutions provided by the alternative technologies
that have been previously mentioned. Furthermore,
micro-scale fabrication for applications beyond microwave
frequencies require a level of precision that is difficult to reach
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without high-precision tools and fine metrology equipment.
Approaches in the form of both additive and subtractive
manufacturing have been proposed in the literature to over-
come these challenges at millimetre-wave frequencies. For
instance, in the W-band region (75–110 GHz), these solutions
include the use of stereolithography (SLA) [6]–[9], selective
laser melting (SLM) [10], selective laser sintering (SLS) [11],
and micro-laser sintering (MLS) [4], [5] as technology based
approaches while the use of admittance-inverter sequences
have been applied in [9] as a synthesis based approach.

In regards to subtractive manufacturing processes for
waveguide-based components, silicon micromachining with
the deep-reactive ion etching (DRIE) process is a fabrica-
tion method that has gained much attention as a potential
candidate for achieving micro-scale designs. The DRIE pro-
cess allows the production of three-dimensional geometries
based on multi-wafer bonding and can achieve micrometre
sized features in batch production scenarios. Recent work in
this field has demonstrated many components well into the
220–330 GHz region and has been also been exhibited for a
wide range of waveguide and filter components throughout the
millimetre and sub-millimeter wave bands; several notable ex-
amples of the technology’s potential can be reviewed in [12]–
[19]. However, challenges with fabrication arise - particularly
at the lower end of terahertz frequencies - due to under-etching
of sidewalls and problems with the subsequent metallization.
These challenges can require extensive production iterations
and refined nano-fabrication skills.

Other technologies such as SU-8 micromachining, hot em-
bossing, and electroforming [20]–[26] have also been demon-
strated, however, each of these aforementioned technologies
pose there own inherent benefits and drawbacks, and must
be selected appropriately for their end-use application. A re-
view of the technologies that have been mentioned, including
DRIE, exhibit a varying level of achievable results, and while
significant attributes such as batch-production are highly de-
sirable, can come at the expense of using materials that are
much different than standard milling alloys which are gen-
erally more resistant to thermal expansion (e.i. polymers or
plastics vs. brass and invar). Furthermore, as mentioned in the
case of technology such as DRIE micromachining, a signif-
icant amount of time must be invested in compensating the
effects of sidewall under-etching and scalloping that can shift
the resonant frequency of cavities and change the coupling co-
efficient between resonators, which ultimately leads to consid-
erable deviation between the desired and measured responses.

To this end, we propose and demonstrate a novel structured-
glass based waveguide technology for future millimetre-
wave components and systems based on the laser-induced-
micromachining of glass wafers. The proposed fabrication
method allows for the incorporation of CNC-like abilities
with that of the batch production capabilities of silicon-wafer
based methods. This high-precision structured-glass fabrica-
tion method is aimed to overcome challenges in the pro-
duction of millimetre and sub-millimetre components or sys-
tems, especially for the case of high-end applications such as

TABLE 1. General Properties of the Structured-Glass Wafers

non-destructive testing, earth observation, spectroscopy, and
wireless communications. The key attributes from the use of
this technology for millimetre-wave components come in the
form of: simple wafer processing with no chemical under-
etching or side-wall scalloping effects, very low achievable
surface roughness, high achievable aspect ratio and highly
accurate achievable dimensions. The goal of this work is to
exemplify the cumulation of these effects in the form of low
loss and negligible center-frequency offset between simulated
and measured results. Additionally, it is well known in indus-
try and suitably demonstrated by [29], that a decrease in frac-
tional bandwidth (FBW) leads to a filter’s performance being
more sensitive to fabrication tolerances. In this regard, we aim
to further demonstrate the high-precision capabilities of the
technology by electing to demonstrate a narrow-band (2.3%
FBW) Chebyshev filter response within the W-band region for
88 GHz operation. In the pages that follow, Section II outlines
the material properties and design considerations of laser-
induced structured glass, Section III presents a fourth-order
filter design with application to a structured-glass wafer pro-
file, Section IV discusses the fabrication, assembly, and mea-
surements, Section V compares the measured results to the
state of the art, and finally, Section VI serves as conclusion.

II. STRUCTURED GLASS TECHNOLOGY
Laser-induced micromachining of structured glass is a sub-
tractive manufacturing process that enables micro-structures
to be produced throughout silicon-based wafers. The process
allows for features to be micromachined though the extent of
the substrate and is able to achieve via hole aspect ratios up
to 25:1 and fire-polished surface roughnesses of < 1 nm [27],
[28]. With the combination of precise laser-induced micro fea-
tures and standard wafer processing techniques, conventional
circular and rectangular substrates with 100 mm and 200 mm
cross sections can be manufactured as a batch process, allow-
ing for many components or subsystems to be manufactured
simultaneously with feature sizes as small as 30 μm. In this
work, borosilicate-glass (Borofloat 33®) has been selected as
the base material for wafer production using Schott’s Flexin-
ity® process [27], which has been able to demonstrate wafer
processing of this type on 600 mm panels for economically
scalable production. Table 1 provides the general properties of
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TABLE 2. Sample Comparison of Reported High-Precision Manufacturing Capabilities

†CTE of assumed base material. ‡On panel size (up to 600 mm × 600 mm) the position tolerance is +/-10 μm, on device level the dimensional accuracy can be strongly
reduced based on the design. �250 nm on chip surface, 800 nm on laser-etched sidewalls. *Print-layer height with powder particle sizes < d80 5 μm. L.I. = laser induced, S.S.
= stainless steel.

the substrate material. Several interesting characteristics can
be noted from the selection of Borofloat 33®; one being the
high temperature transformation T g = 528◦C and the second
being the thermal expansion coefficient α = 3.29 · 10−6K−1.
In combination with the fine micromachining capabilities, this
technology has the potential to overcome many production
and power-limited challenges that are posed by current mil-
limetre and sub-millimetre wave technologies. Furthermore,
the selection of the structured-glass base material is not lim-
ited to Borofloat 33® and the manufacturing process can be
readily applied to other substrate formulas such as MEMpax®
and AF32 eco® [27].

Similar to the DRIE fabrication process, multi-wafer stack-
ing can be applied to construct 3D structured-glass waveguide
components in a double H-plane split fashion. In this manner,
the middle-component layer requires a top and bottom layer
to form a fully enclosed structure; Fig. 1 contrasts the double
H-plane split with the commonly used (e.g. CNC milling)
single H-plane split. The height of the waveguide is defined by
the thickness of the glass-wafer that will be used in the center
of the double H-plane split. Two additional wafers are used
to realise the top and bottom of the waveguide lids and can
be used as simple covers or to house additional features such
as waveguide transitions. One of the main advantages of this
technology over others such as DRIE micromachining, is that
the fabrication process does not suffer from under-etching and
scalloping of the waveguide sidewalls and can easily maintain
vertical sidewalls. This under-etching and scalloping effect
can change the resonator cavity and iris width/thicknesses,
which ultimately detunes the component and can be both dif-
ficult and cumbersome to compensate for in the early design
stages, leading to multiple production iterations. Additionally,
the DRIE method can further be contrasted from the proposed
structured-glass method due to the absence of a designated
‘device layer,’ ‘handle layer,’ and ‘SiO2 buried oxide layer’.
A sample comparison of high-precision manufacturing capa-
bilities that have been demonstrated in the literature can be
reviewed in Table 2. The thermal expansion coefficient (CTE)

FIGURE 1. (a) A single H-plane split used in typical CNC milling for
two-piece construction and (b) a double H-plane split used in alternative
methods such as silicon micromachining for three-piece construction.

of the assumed base material is also given for the considera-
tion of high-power and temperature sensitive applications.

Once a waveguide or component fabrication profile is se-
lected for the double H-plane split and the features are laser
micromachined throughout, a metallization layer must be ap-
plied in order to mimic a metallic waveguide profile. For
the case at hand, gold (Au) has been selected for its high
conductivity (σ ≈ 45.61 MS/m) and its well-known ability to
be sputtered on glass substrates with a thin chromium (Cr) ad-
hesion layer. In light of the straightforward process and highly
accurate structured-glass profiles introduced by laser-induced
micromachining, the inception of high-frequency components
and subsystems can be investigated for ultra high-end or strin-
gent applications requiring minimal insertion loss and mini-
mal frequency offset.

III. FILTER DESIGN
In order to evaluate the technology’s realizable potential for
millimetre wave components, a fourth-order Chebyshev band-
pass filter has been selected for narrow-band operation within
the W-band region. The filter has been specified for a 2.3%
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FIGURE 2. Fourth-order coupling topology (top) and cavity layout of the
filter structure (bottom). Filter dimensions (rounded to three decimal
places) are for the component package (optimized with transitions):
I1 = 1281 µm, I2 = 847 µm, I3 = 785 µm, W1 = 1831 µm, and W2 = 2051 µm
with standard WR-10 waveguide ports.

FIGURE 3. CAD layers of the proposed filter structure with the E-plane
transitions ports; three wafer chips with similar heights are stacked
to assemble the full component package.

fractional bandwidth (FBW) at approximately 88 GHz. This
narrow-band range covers approximately 2 GHz around the
given center frequency and has been selected for its frequency
allocation and direct application to earth-observation satellites
and radio-astronomy research. The topology of the filter and
its coupling scheme are shown in Fig. 2. The initial conditions
for Chebyshev response is modelled from the standard equa-
tions outlined by [34], where the generalized non-zero cou-
pling coefficients are MS1 = M4L = 1.0352, M12 = M34 =
0.9106, and M23 = 0.6999.

Fig. 2 also presents the physical layout and dimensions
which correspond to the coupling scheme specified above.
The inner corner radius values are set to 0.2 mm while the
outer corner radius values are set to 0.152 mm, and standard
WR-10 waveguide dimensions (1.27 x 2.54 mm) are specified
for the maximum height and width. In typical CNC milled
designs, the filter would incorporate standard UG387/U wave-
guide flanges inline with the input and output of the wave-
guide, however, in this case, the waveguide flanges are to be
situated orthogonal to the wafer body where E-plane transi-
tions are used as a feeding mechanism. This type of wafer
feeding is similar to the feeding profiles adopted in DRIE-
based designs [12], [13]. Fig. 3 depicts the proposed filter
structure based on three-wafer layers with E-plane port tran-
sitions. Screw-mounting holes and alignment pin holes are
included through the structured-glass wafers and allow for

FIGURE 4. CAD model view of the metallic split-block interface and filter
component package. (a) A perspective view of the assembly and (b) a front
view of the assembly. Gray indicates the metallic split-block interface,
orange indicates the filter component, and blue highlights the vacuum
structure.

FIGURE 5. Simulated lossless S-parameters of the filter component
package and of a single E-plane transition.

the fully-assembled package to be mounted between split-
block interfaces for final measurements and characterization.
Fig. 4(a) and (b) present the full layout the system with the E-
plane transitions and a custom split-block interface attached.
The interface lines are 10 mm in length and high-precision
milled in brass with UG387/U waveguide flanges at the feed
ports. Due to the novelty of the process presented in this work,
no integrated system or glass-based calibration standards have
been adopted for this technology at this time and we present
the filter, E-plane transitions and split-block interface as a
filter component package, where the calibration reference
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FIGURE 6. A structured-glass wafer sample (100 mm �) with multiple
filter structures throughout. (The sample shown is for the middle layer of
the filter design shown in Fig. 3).

FIGURE 7. Laser-microscope view of a single laser-induced filter
throughout the structured-glass wafer shown in Fig. 6.

plane is taken at the input ports of the split-block interface of
Fig. 4(a) and (b). The final simulations and optimization of the
filter response is carried out in CST Microwave Studio and in-
clude the effects of the E-plane transitions and split-block in-
terface. Fig. 5 depicts the narrow-band frequency response of
the simulated lossless S-parameters for the component pack-
age over 82 - 94 GHz. Additionally, the simulated frequency
response of a single E-plane transition is shown in order to
highlight a good return loss response within the frequencies
of interest.

IV. FABRICATION AND MEASUREMENT
A. FABRICATION DETAILS
For the fabrication of the filter, three Borofloat 33® wafers
are prepared using laser-induced etching. Each of the wafers
serves as one of the three layers in the double H-plane split
configuration, as described in Section II and applied to Fig. 3.
Due to the processing of the structured glass from the man-
ufacturer, the glass wafers are able to maintain a fine surface
finish suitable for metallization by sputtering. However, it is
important to note that in order to adhere to a proper skin
depth (δ ≈ 0.254 μm at 88 GHz), the target thickness of met-
allization coating must be subtracted from the CAD model.
In this case, we take approximately 6x the skin depth (δ) in

FIGURE 8. 3-D Laser-microscope profiles of the single laser-induced filter
shown in Fig. 7. (Grid lines shown on top of the profile are an artifact of
the microscope scan). The short waveguide sections (lower right) highlight
the vertical sidewall profile at the input section of the filter.

order to allow for a high conductivity and adequate coating
throughout. Each of the glass wafers has been specified for
a thickness 1.267 mm. The reduction in height allows for a
metallization layer of 1.5 μm on each side of the wafers. A 1.5
μm layer was also removed from sidewalls of the CAD model
to account for sufficient metallization. This consideration dur-
ing fabrication helps to maintain the proper final dimensions
of the filter and reduces the possibility of a center-frequency
offset during measurements. A structured-glass wafer sample
is depicted in Fig. 6. This wafer sample is the middle layer
of the component that houses the fourth-order filter design.
A laser microscope was used to inspect the features and fine
surface finish; Fig. 7 depicts the laser microscope view of a
single laser-induced filter throughout the glass wafer. Addi-
tionally, 3-dimensional views of the filter profile are rendered
from the laser microscope scans and are shown in Fig. 8.
Inspection of the sidewalls at the input section of the filter
(lower right images of Fig. 8) demonstrate a straight cut
through the wafer, where no under-etching of the sidewalls is
indicated.

Once each of the three wafers is micromachined with their
respective structures and inspected, the individual wafers are
diced into individual chip components for metallization and
assembly. In typical silicon-micromachining and MEMs man-
ufacturing, the full wafer is usually metallized (and sometimes
bonded) before dicing, however, for this experiment, we have
selected to free each of the structured-glass chips before the
metallization process takes place; this was done to conserve
resources while refining the fabrication, assembly, and bond-
ing processes. To this end, the structured-glass chips are then
metallized in a two stage sputtering chamber, where the first
stage applies a 50 nm chromium (Cr) layer to support proper
glass-to-metal adhesion, and the second stage applies 2.1 μm
of gold (Au) as the the conductive layer for wave propagation.
The surface roughness of the metallized chips remains on the
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FIGURE 9. Partial assembly of the prototype; the gold (Au) sputtered
bottom glass-layer chip and center glass-layer chip are stacked and
aligned with high-precision pins prior to the bonding procedure. The
bottom glass-layer chip can be seen clearly through the channel of the
center glass-layer chip.

FIGURE 10. Assembled prototype and split-block interface attached to the
test-bed.

order of approximately Sa = 250 nm. As previously men-
tioned, a 1.5 μm layer was accounted for in the sidewalls of
the CAD vacuum structure, however, to ensure a sufficient and
uniform metallization layer was applied within the waveguide
walls, a slightly thicker value (2.1 μm) of sputtered gold (Au)
was selected as a precaution.

Completion of the metallization allows for the individual
chips to be inspected for errors before chip-to-chip (multi-
layer) bonding. Surface roughness measurements of the gold
(Au) coated chip surfaces are on the order of 250 nm, while
the laser-etched side walls are on the order of 800 nm. Once
cleaned and inspected, three individual chips are stacked and
aligned using high-precision alignment pins and are then
thermo-compression bonded at 250 ◦ for 2.5 hours. During
bonding, localized gaps are minimized due to the malleability
of the metallization layer and aided by the fine surface finish
of the glass. No additional adhesive material was applied.
Fig. 9 depicts the stacking and alignment of two chip layers
before the bonding process takes place. Due to the CTE of the
metallization being larger than the CTE of the glass, as well
as being more ductile and thinner than the glass wafer, the

FIGURE 11. Narrow-band S-parameter response of the filter package.
Equivalent conductivity taken as 2.10 MS/m.

FIGURE 12. Close-up view of the S-parameter response. Equivalent
conductivity taken as 2.10 MS/m.

metallization layer will follow the glass during temperature
variation and should not cause any major problems as long
as adhesion during the thermos-compression bonding process
was carried though effectively.

B. MEASUREMENT DETAILS
Once fabricated and assembled, the filter component package
was tested using a Rohde & Schwarz ZVA67 with W-band
up-converters. An image of the unit connected to the test-bed
is shown in Fig. 10. The bonded glass-wafers and split-block
interface can be seen clearly and resembles the CAD models
of Fig. 4 closely. Fig. 11 presents a comparison of the sim-
ulated and measured results of the filter over a narrow-band
range of 82 - 94 GHz. This direct comparison demonstrates
excellent measured results; the measured return loss is better
than 22 dB and the measured insertion loss is found to be
in the range of approximately 1.43 dB–1.97 dB throughout
the measured passband. High accuracy between the simulated
and measured responses can be noted; the extremely small
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TABLE 3. Sample Comparison of High-Precision Manufactured Filters at the W-Band Region

Table values are estimated as best as possible for the presented measured data where not directly reported. *Measured data is reported as the achieved typical value, minimum
achieved value, or at center frequency (rather than a range), **Filter includes E-plane transitions and split-block interface. L.I. = laser induced, N = number of poles, Tz =
number of transmission zeros.

FIGURE 13. Full-band S-parameter response of the filter package.
Equivalent conductivity taken as 2.10 MS/m.

offset between the measured and simulated center frequency
locations is found to be approximately 0.117 %. The unloaded
quality factor of the filter package (with the transitions and
split-block interface included) is estimated to be approxi-
mately Qu ≈ 570.

A close-up view of the insertion loss is depicted in Fig. 12
for the range of 85–91 GHz, while the full-band response of
the filter is depicted in Fig. 13 from 75–110 GHz. Minor
deviation can be shown between the simulated and measured
results and is attributed to micro-misalignments as well as
the use of the split-block interface. It can also be noted that
there is a very accurate agreement between the measurement
and simulation throughout the full-band response shown in
Fig. 13. A spurious mode can be observed at approximately
105 GHz. This spurious response is stimulated between the

FIGURE 14. Electromagnetic field distributions of the filter component
package at 88 GHz (passband) and along the half-cut YZ-plane at 105 GHz
(spurious mode).

E-plane transitions and the filter. However, this spurious mode
remains below −40 dB and can be disregarded once the tech-
nology is advanced enough to be calibrated with integrated
glass standards or later part of an isolated system, which will
also simultaneously improve the small deviations between
the simulated and measured results and increase the overall
Q-factor. For the readers interest, Fig. 14 is given in order to
highlight the electromagnetic field distributions of the filter
package at 88 GHz (in the passband) and along the half-cut
YZ-plane at 105 GHz (the spurious mode).

V. LITERATURE COMPARISON
Table 3 has been provided as a sample comparison of existing
high-performance filter technologies at the W-band region.
A comparison can be made between fabrication technologies
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and reported results, allowing for the structured-glass wave-
guide filter to be assessed for the first time in the literature.
As can be observed in Table 3 and upon review of Fig. 13,
the accuracy of the return loss response and minimal offset
in measured center frequency is exceptional; > 22 dB and
≈ 0.117 %, respectively. It can be noted that the results are
highly competitive with the other existing technologies, espe-
cially in the case of sampled filters that demonstrate a narrow
FBW and with the consideration that the measurements of this
work include the lossy effects of the E-plane transitions and
split-block interface. Additionally, Table 2 has been provided
as a comparison of achievable results with precision manufac-
turing, where notably, the CTE of Borofloat 33® structured
glass is low (α = 3.29 · 10−6K−1). This comparison estab-
lishes laser-induced structured glass as a viable candidate for
future millimetre-wave designs and demonstrates the high-
precision capabilities of the technology for high-performance
requirements.

VI. CONCLUSION
A novel waveguide medium for the design of millimetre-wave
components and systems based on laser-induced structured
glass has been proposed. A presentation on the design aspects
and fabrication process has been discussed and applied to
the prototyping of a fourth-order Chebyshev bandpass filter
operating within the W-band. Measurements of the filter pro-
totype have demonstrated highly accurate results throughout
the measured region of interest, allowing for the proposed
method of manufacture to be verified experimentally. Verifi-
cation of this work allows for a novel research branch to be
investigated with the aim of overcoming challenges within the
millimetre-wave bands and can promote further exploration
into the sub-millimetre-wave bands. Furthermore, future work
in this field can be applied to both passive and active cir-
cuits, front-end systems, antennas, and circuit transitions (e.g.
microstrip-to-waveguide). The assembly process is universal,
and therefore multi-layer or surface mounted components can
be expanded for larger glass-based integrated modules and
subsystems, allowing for new interdisciplinary research and
novel commercial applications in future works.
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