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Abstract: This work addresses the design of sub-terahertz narrow-band resonators for high perfor-
mance and low-cost manufacturability. The intended application for these resonators is to realize
narrow-band filters for passive millimeter-wave sounding of upper atmospheric humidity using the
380 GHz water vapor absorption line. Various narrow-band resonator designs and manufacturing
processes were considered for this application. A design based on a waveguide split-ring resonator
topology was selected to be developed and manufactured using laser machining. Experimental
results are presented and compared with results from simulations for ten narrow-band resonators
fabricated with a design center frequency in the WR-2.2 (325–500 GHz) waveguide band.

Keywords: millimeter-wave; terahertz; passive devices; remote sensing; narrow-band; split-ring
resonators; radiometer; machining tolerances; CubeSats; small satellites

1. Introduction

This work focuses on design and manufacturing considerations for narrow-band
waveguide resonators in the upper-millimeter wave or lower-terahertz frequency range, at
frequencies above 200 GHz. The intended application for these narrow-band resonators
is for atmospheric remote sensing of water vapor from small satellites. The resonators
are intended for operation near the 380 GHz water vapor absorption line. It is important
to develop simple, low-cost, reliable passive component technology that operates above
200 GHz. Three topics will be addressed in this work: passive sounding of upper atmo-
spheric humidity using the 380 GHz water vapor absorption line, manufacturing limitations
of millimeter-wave components above 200 GHz, and incorporating a metamaterial-inspired
split-ring resonator design in the WR-2.2 waveguide band. This work validates the use of a
waveguide-based split-ring resonator for narrow-band sensing of water vapor profiles in
the sub-terahertz band, near the 380 GHz absorption line. The work also validates the use
of the laser machining process using thin metal sheets for use in the sub-terahertz band.

The remainder of the paper is organized as follows: Section 2 provides a brief back-
ground on the three topics relevant to this work. Section 3 considers existing designs
for sub-millimeter wave and lower-terahertz resonators. Section 4 presents the resonator
design parameters, and Section 5 discusses resonator manufacturing techniques. The re-
sults are presented in Section 6, and Section 7 provides a summary and the conclusions of
this work.

2. Background
2.1. Remote Sensing Applications of Narrow-Band Resonators

This work focuses on the development of compact, passive narrow-band resonators in
the upper-millimeter wave or lower-terahertz frequency range. In atmospheric remote sens-
ing applications, radiometers at higher frequencies/shorter wavelengths than microwave
or millimeter-waves are needed to obtain new information about the upper troposphere
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and lower stratosphere (UTLS). Climate models are currently limited by a lack of knowl-
edge of properties of clouds in the UTLS [1–3]. Climate change predictions are currently
limited by uncertainties in cloud properties and processes. To improve these predictions,
improved estimates are needed of both the size of ice particles in the upper troposphere
and vertical profiles of water vapor and atmospheric temperature [1,2].

Traditionally, global, all-weather atmospheric sounding measurements from space are
performed at microwave and millimeter-wave frequencies below 200 GHz [3]. Observa-
tions at upper-millimeter-wave and lower-terahertz frequencies can provide additional
information at higher atmospheric altitudes, as well as sensitivity to smaller ice particles.
In addition, these observations offer improved horizontal spatial resolution, providing
more accurate information, complementary to currently available observations that provide
coarser resolution at lower atmospheric altitudes.

One example of an upper-millimeter-wave and lower-terahertz radiometer is the
Tropospheric Water and Cloud Ice (TWICE) instrument. TWICE was developed in collab-
oration among the Microwave Systems Laboratory at Colorado State University, the Jet
Propulsion Laboratory, and the Northrop Grumman Corporation. TWICE was developed
with the objective of improving the current understanding of the role of ice clouds in the
Earth’s climate [1,2]. The instrument utilizes low-noise amplifier (LNA) technology based
on InP high-electron-mobility transistors (HEMTs) with both 35 nm and 25 nm gate lengths
that were customized specifically for remote sensing of the Earth’s atmosphere [4]. These
low-noise amplifiers provide substantial gain with sufficiently low noise for remote sens-
ing using sub-terahertz frequencies [5]. TWICE has direct-detection radiometer channels
centered at 240 GHz, 310 GHz, 670 GHz and 850 GHz to retrieve ice cloud particle size
information in the upper troposphere. A second example of an upper-millimeter-wave and
lower-terahertz radiometer is the Smart Ice Cloud Sensing (SMICES) instrument. SMICES
has direct-detection radiometers centered at 250 GHz, 310 GHz and 670 GHz to observe
ice clouds. Both TWICE and SMICES also include a heterodyne receiver, yielding seven
narrow-band channels near 380 GHz for water vapor sounding [6,7].

It is important to state that this scientific goal is attainable with heterodyne radiometer
architecture by down-converting to intermediate frequencies well below 200 GHz. However,
the direct-detection architecture significantly reduces the power consumption and noise
figure [6] of the receiver, as well as system complexity, improving the measurements and
reducing the resources needed to operate the radiometer. Future airborne and space-borne
measurements in the upper-millimeter-wave and lower terahertz have the potential to
improve the accuracy of climate change models by providing more information on the
size of cloud ice particles, as well as on water vapor and temperature profiles in the upper
troposphere [1,2]. It is necessary to develop compact, reliable passive components above
200 GHz to enable small satellites to extend the capabilities of passive measurements for
atmospheric remote sensing.

The atmospheric remote sensing application in this work requires that the filters
focus on a specific frequency range with narrow bandwidths. In general, the atmospheric
absorption spectrum has a number of water vapor lines, including the 183 GHz, 325 GHz,
380 GHz, 448 GHz and 557 GHz. At the peaks of the water vapor lines the absorption is at
a maximum but varies substantially with frequency, requiring narrow sensor bandwidths
to obtain valuable information. However, at frequencies further from the peaks of the
water vapor lines, the rate of decrease in the absorption is smaller, allowing for wider
sensor bandwidths [8]. Sounding at higher altitudes can be performed using the 380 GHz
absorption line. This specific application has chosen to use the 380 GHz water vapor line,
with sensor bandwidths around 3–4%. The higher-frequency bands allow for sounding at
higher altitudes, and can provide more information on ice clouds compared to the 183 GHz
line. The bands higher in frequency have better spatial resolution than the lower bands, and
the instrument would be able to measure regions where there are small or wispy clouds,
increasing the probability of clear sky situations.
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2.2. Manufacturing: Issues at Higher Frequencies

The design and manufacturing of waveguide components above 200 GHz pose sev-
eral challenges based on current machining limitations. At frequencies below 200 GHz,
waveguide structures are generally manufacturable using traditional machining technology.
However, in the design of narrow-band waveguide filters at frequencies above 200 GHz,
manufacturing tolerances and repeatability limit the ability to achieve the desired filter
response due to the decrease in size of critical component dimensions with decreasing
wavelength. Previous sub-terahertz remote sensing receiver designs have implemented
narrow-band band-pass filters in split-block waveguides [9–15] using various machining
processes. In most of these cases, it was found that the machining processes had caused
undesirable variations in the filter response compared to the simulations. Two of these
cases are described in further detail.

In the first case, a waveguide-based band-pass filter was designed for operation near
255 GHz and fabricated in an aluminum split-block waveguide using a micromechanical
milling process [9]. The machining process caused the waveguide’s measured response to
have a significantly higher insertion loss than the simulation results. After measuring the
fabricated filters’ critical dimensions, the authors determined that the increased loss was
due to the surface roughness of the material and loss per unit length of the waveguide [9].
This was verified through additional simulations.

In the second case, a narrow-band band-pass filter was designed and fabricated with a
center frequency near 680 GHz [10]. The filter was fabricated in a copper waveguide using
a 3D fabrication process providing a dimensional accuracy of ±5 µm. For this design, it
was found that the center frequency of the machined design was an average of 5% lower
than the intended design. Therefore, the second iteration for fabrication was intentionally
designed to be higher in frequency to compensate for the machining variability [10].

The results of fabricated designs reported in [9–15] had variations in frequency re-
sponse due to machining and material limitations. For this application, the filters need
to be reliably machined at a low cost. We have additionally explored metamaterial filter
designs in our work to overcome these issues.

2.3. Metamaterials: A Brief Introduction

As the design frequency increases above 200 GHz, many traditional, naturally occur-
ring materials perform poorly due to increasing loss as the frequency increases, as well as
limitations in manufacturing capabilities. Partly in response to this need, the new field of
metamaterials emerged around the late 1990s and early 2000s to provide new capabilities to
engineer the photonic response using sub-wavelength structures, rather than relying on the
inherent electromagnetic response of materials. Typically, devices with photonic responses
are implemented using periodic structures. However, engineered metamaterials require the
development of new designs, commonly using patterns with sub-wavelength dimensions.
These designs critically depend upon the physical geometry of the material structure [16].
Metamaterial design concepts were considered for this work for several reasons. First, alter-
native machining techniques are commonly utilized for metamaterial designs. Second, the
purpose of the development of metamaterials is in part to address the need for the design
of devices operating above 200 GHz. Third, this field is often utilized in the infrared and
optical regime, so it may be promising for millimeter-wave/lower-terahertz applications
above 200 GHz [17].

3. Sub-Millimeter Wave and Lower-Terahertz Resonator Designs

A number of sub-millimeter wave narrow-band band-pass filter designs have been
developed and fabricated to date [9–15]. The key issues at sub-millimeter wavelengths are
the narrow bandwidths and robustness to machining issues. Since the critical dimensions
of these designs are of the same order of magnitude as the manufacturing tolerances, it
is difficult to machine filters with narrow bandwidths reliably. Due to manufacturing
tolerance limitations on the realization of waveguide filters above 200 GHz, alternative
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designs have additionally been considered. Metamaterials have been investigated in
this work to realize resonators appropriate for atmospheric remote sensing applications.
Metamaterial designs have advantages over waveguide-based topologies due to their
alternative manufacturing techniques, engineered dielectric properties, and the ability to
achieve narrow resonator bandwidths.

The first metamaterial design concept considered for sub-terahertz narrow-band
resonators was photonic crystals. Photonic crystals are periodic crystal lattice structures
of atoms or molecules. The lattice structure can be designed to prohibit certain energies
(or their corresponding frequencies) from propagating through the structure, i.e., “gaps”
in the structure of the crystal [18]. A magnetically tunable band-pass filter was designed
with a center frequency tunable over a 67 GHz range from 1.126 THz to 1.193 THz, while
maintaining a 3 dB bandwidth narrower than 2 GHz [18]. This result demonstrated that it
is possible to design tunable narrow-band metamaterial filters at terahertz frequencies.

The second metamaterial design concept considered for the sub-terahertz narrow-
band resonators was the mesh filter. Wang et al. [19] designed a mesh band-pass filter
near 300 GHz using an SU-8 material-based micromachining technique. The result was
essentially a 0.3 mm thick array of mesh resonators. As the thickness of the mesh filter
increased, the quality factor (Q) of the filters increased linearly, but the insertion loss
increased dramatically due to material loss and alignment variations.

A third metamaterial design, the split-ring resonator, was first implemented as a
waveguide-based resonator in 2016 in the WR-75 band (10–15 GHz) [20]. The split-ring
resonator is traditionally implemented as a microstrip design. The design is not commonly
found in rectangular waveguide filter designs. To the authors’ knowledge, Ref. [20] is
the only known experimental implementation to date of a split-ring resonator design that
was machined in a rectangular waveguide. Five complementary split-ring resonators
(CSRRs) were designed, fabricated on an aluminum plate and measured with different split
positions [20]. It was found that the position of the split in a single CSRR can change the
fractional 3 dB bandwidth of the device over the range of 3.2 to 31%. Importantly, the CSRR
design is significantly more compact in size than traditional microwave waveguide-based
resonators, allowing it to be machined as a single part with a laser fabrication method.

4. Narrow-Band Resonator Design

Based on prior work discussed in Section 3, the CSRR resonator design was chosen
for further study. Although [20] was fabricated at a significantly lower design frequency,
this design has been traditionally fabricated in microstrip configuration for operation
at frequencies higher than 373 GHz [20–24]. A waveguide inductive iris filter [9–11]
was additionally designed for a first-order resonator design for comparison with the
CSRR design. The waveguide inductive iris filter was chosen for comparison since it is
commonly used in millimeter-wave remote sensing of the atmosphere [4–7,9–11]. The
CSRR waveguide-based resonator design was chosen for its flexibility in bandwidth and
simplicity in design [20]. This means that the filters need to be of low insertion loss and
narrow bandwidth. In addition, the filters need to be compact in size and machined reliably
with minimal variations to the critical dimensions of the resonator.

Based on the simulation results, sufficiently narrow filter bandwidths near 400 GHz
can be achieved using either metamaterial or waveguide-based resonators. However, man-
ufacturing processes must be considered for sub-terahertz filter components since there
are significant practical challenges in obtaining both desired and repeatable frequency
responses [9,10]. The cost of manufacturing the resonators increases with frequency since
tighter tolerances are needed for smaller critical component features that scale with wave-
length. Statistical analysis of simulation results aids in predicting machining results for
each filter topology, as presented in this section.
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4.1. Inductive Iris Waveguide Resonator Design

An inductive iris waveguide resonator was designed in an air-filled WR-2.2 (325–500 GHz)
waveguide with standard interior dimensions of 0.57 mm by 0.285 mm. The waveguide
inductive iris design was implemented as a single resonator, with the entire structure one
wavelength in length. Simulation results yield a fractional bandwidth of approximately
0.5% (2 GHz).

4.2. CSRR Waveguide Resonator Design

A complementary split-ring resonator was designed in a WR-2.2 (325–500 GHz) waveg-
uide using design equations from [21]. Simulation results yield a fractional bandwidth of
approximately 3% (15 GHz). From (1), the CSRR design is heavily dependent on the guide
wavelength at the desired center frequency. Simplified design equations for a single CSRR
are shown to emphasize this point. The side length of the resonator can be calculated from
the following:

λg/4 = S (1)

where S is the side length of the CSRR square trace and the guide wavelength λg is:

λg = λ/
√

ϵr − ( fc/ f )2. (2)

Here, λ is the free-space wavelength at frequency f , f c is the cutoff frequency of the
WR-2.2 air-filled waveguide, and ϵr is the relative permittivity of the medium inside the
waveguide. Using (1) and (2) and a center frequency of 373 GHz, the simulation results
are shown in Figure 1, and a drawing of the CSRR design can be referenced in Figure 2.
It is important to consider the thickness of the metal sheet used to realize the CSRR in
the simulations. In [19], it was found that for thin sheet resonators, the loaded Q factor
increases linearly with sheet thickness. This principle can be extended to the CSRR design.
In general, as the sheet thickness increases, the loss will also increase. For this design, a
sheet thickness of 200 µm was chosen based on commercially available thin copper sheet
materials. Starting with this baseline, the design parameters were to yield the desired
center frequency and bandwidth response.

Figure 1. Simulated results for the CSRR design without a taper.

4.3. Variation in Critical Dimensions

The CSRR waveguide resonators were designed and simulated using variations in
critical dimensions to represent machining tolerances within a standard deviation of
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25.4 µm (∼1 mil). Statistical analysis was performed on the model results to determine the
magnitude of the center frequency and bandwidth variations. Simulations were conducted
for the inductive iris waveguide resonator design to provide a basis for comparison in
this work.

First, a simulation study was conducted to evaluate potential limitations due to manu-
facturing for both waveguide iris resonators and metamaterial resonators. Simulations were
performed for 1000 realizations of each resonator design, each one representing a possible
manufactured variation within the specified 25.4 µm tolerance. For each realization, the
critical dimensions listed in Table 1 were varied based on a Gaussian distribution with a
standard deviation of 25.4 µm (∼1 mil). The distributions were truncated in the simulation
study to ensure physical and realizable bounds on the dimensions. Table 1 describes the
effects of the variations in physical dimensions on resonator performance for the CSRR
design shown in Figures 2 and 3. The four critical parameters for the CSRR trace that are
subject to manufacturing variations are the split length, trace thickness, side length of the
trace, and the split placement.

The bandwidth and center frequency distributions for 1000 realizations of the two
designs are shown in Figure 3. The results for the inductive iris resonator designed with a
center frequency of 373 GHz and 2 GHz 3 dB bandwidth are shown in Figure 3a. The results
for the CSRR design with a center frequency of 373 GHz and 11 GHz 3 dB bandwidth
are shown in Figure 3b. The inductive iris waveguide resonator provides a narrower
bandwidth of 0.5%, as compared with 3% for the split-ring resonator. It is important to
note that both designs are based on a single resonator. To achieve sharper band-pass
responses, such resonators can be cascaded to realize multi-stage band-pass filters. The
CSRR design was chosen for its greatly improved manufacturing yield and lower per-unit
manufacturing cost.

Table 1. Critical dimensions for the CSRR design.

Dimension Variation in Dimension Bandwidth Center Frequency Insertion Loss

Split Length (Ls) Increase Increase Increase No Noticeable Correlation

Trace Thickness (t) Increase Increase Decrease Decrease

Side Length (S) Increase No Noticeable Correlation Decrease Decrease

Split Placement Counter-clockwise or
Clockwise Increase No Noticeable Correlation No Noticeable Correlation

Figure 2. Complementary split-ring resonator design, showing dimensions of interest that are affected
by machining tolerances.
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Figure 3. (a) Bandwidths and center frequencies of 1000 realizations of a simulated inductive iris
waveguide filter, centered near the 380 GHz water vapor absorption line with a frequency offset of
−7 GHz. (b) Bandwidths and center frequencies for 1000 realizations of a simulated complementary
split-ring resonator filter centered near the 380 GHz water vapor absorption line with a frequency
offset of −7 GHz.

5. Manufacturing Techniques: Laser Machining and the Taper

To manufacture the CSRR design to operate in a WR-2.2 (325–500 GHz) waveguide,
laser machining was chosen. The specific laser machining process used has a stated
precision of +/− 10 µm, with the ability to machine structures as small as 5 µm in size.
This choice in manufacturing technique allowed the CSRR to be machined as one complete
part, in turn mitigating some of the traditional challenges of machining waveguide parts
in split block using CNC machining and 3D fabrication processes [9–11]. The filters were
machined on a thin metal sheet, aligned with the waveguide alignment pins, and then
mounted between two flanges of cascaded waveguide sections for measurement. Reducing
the thickness of the CSRR design significantly decreases the insertion loss of the resonator
since material losses can be significant at sub-terahertz frequencies. Reducing the thickness
of the CSRR design also increases the bandwidth, so a quarter-wave material thickness was
chosen as the best compromise for this design to preserve the narrow bandwidth.

Laser Machining Effects

The laser machining process chosen for this work resulted in an unintended taper
from the front to the back of the metal sheet, as illustrated in Figure 4, and with photos
shown in Figure 5. This is not part of the intended CSRR design, and it is important to
evaluate the effect of the machined taper on the CSRR performance.

Figure 4. Illustration of a taper resulting from the laser machining process. The backside of the CSRR
has the desired trace thickness, while the topside thickness is 30 µm greater in thickness than the
designed value.
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The laser machining process essentially etches the design into a thin metal sheet
and is more cost-effective than traditional CNC machining, especially for manufacturing
significant quantities. For the CSRR design, the laser machining process produced a 30 µm
taper in trace thickness (as defined in Figure 2) from the topside to the backside of the
material, as illustrated in Figure 4. This results in the trace thickness on the topside being
30 µm greater than the designed value, as shown in Figure 4. Estimated dimensions for the
topside and backside of the fabricated design are also shown in Figure 4.

It is expected that this taper would increase the bandwidth and decrease the insertion
loss of the manufactured CSRR designs based on Table 1. The trace thickness and gap
length of each of the manufactured CSRRs were measured using optical microscopy. The
taper due to laser machining was taken into account as part of the simulations shown in
Figure 3. A 3D model of the machined taper was constructed to make the simulation more
accurately reflect the manufactured resonator. Simulation results of the resonator with
the taper are shown in Figure 6. It is important to note that due to the laser fabrication
process, the edge/corners of the design are rounded, so rounded edges are also included in
the simulation.

Figure 5. Two images of the CSRR trace under the microscope are shown. The left image shows the
backside, and the right image shows the topside. The dimension of 100 µm is provided on the right
for scale.

Figure 6. Measured S11 and S21 for one of the manufactured CSRR resonators, in blue and red solid
lines, respectively. The measurement uncertainties of S11 and S21 are shown by the respective blue
and red shaded regions. The simulation responses for S11 and S21, including the taper, are shown in
the blue and red dashed lines, respectively.
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6. Experimental Results

The CSRR design centered at 373 GHz with a bandwidth of 11 GHz was chosen to
manufacture on a copper sheet with a 200 µm thickness. Ten units were manufactured
using laser machining to determine experimentally the effects of manufacturing variability
on resonator performance. The scattering parameters of the 10 manufactured resonators
were measured using a VNA with WR-2.2 waveguide extension heads. A VNA calibration
was performed using a standard Thru-Reflect-Line (TRL) procedure. The results for one
of the 10 CSRR designs are shown in Figure 6, overlaid with the simulated response. The
shaded region around the measured insertion loss is the measurement uncertainty, largely
due to small errors in alignment of the WR-2.2 (325–500 GHz) waveguide extension heads.

Table 2 provides the center frequency and bandwidth characteristics of the measured
spectral responses for the ten resonators. The manufactured designs were shifted lower in
frequency by approximately 1.3% compared to the designed value. The insertion loss at
the center frequency was measured to be 1.65 ± 0.38 dB. These measured values of CSRR
performance agree well with the simulation results, as shown in Figure 6. The mean and
standard deviation of the measured bandwidths were 17 GHz ± 4 GHz, compared to the
simulated mean value of 11 GHz.

Table 2. Center frequency and bandwidth characteristics of manufactured CSRR design.

Dimension Center Frequency Shift in Center Frequency Bandwidth Change in Bandwidth

Simulation 373 GHz N/A 11 GHz N/A

10 Measured
Resonators 368.3 ± 5.6 GHz 1.3% shift downward

in frequency 17 ± 4 GHz 1.6% maximum increase
in bandwidth

To further evaluate the effects of manufacturing variations, the CSRR traces were
measured and photographed under an optical microscope, providing images such as
those shown in Figure 5. The existence of the taper is evident, as discussed in Section 5.
Measurements of the critical dimensions were taken for each of the ten manufactured
CSRRs and are summarized in Table 3. The trace thickness on the topside is 50 µm, while
the trace thickness on the backside is 20 µm. The average trace thickness with depth is,
therefore, 35 µm, compared to the design trace thickness of 20 µm. This increase in trace
thickness explains the downward shift in center frequency for all the CSRR designs, as
well as their increased bandwidth, according to the relationships shown in Table 1. For
this specific design, the trace thickness substantially affects the bandwidth of the resonator.
Partially due to the taper, the CSRR split length (Ls) was 7 ± 1 µm larger than the designed
dimension of 50.8 µm, also contributing to the increase in bandwidth, according to Table 1.
The third characteristic of interest is the CSRR gap placement on the right side of the trace,
referenced to the orientation shown in Figure 2. The CSRR split placement was found to
shift clockwise by 7 ± 6 µm from the designed placement, 50.8 µm below the top right
corner of the trace. For a clockwise shift of the split placement, the bandwidth is expected
to decrease, according to Table 1. In summary, the bandwidth increased from the simulated
value due mainly to the taper, including the increased trace thickness (t), increased split
length (Ls) and clockwise shift in split placement. The variations in response among the
ten manufactured resonators are principally due to manufacturing variations in the laser
machining process that caused changes in critical dimensions from the designed values.

Table 3. Critical dimensions for the CSRR design.

Dimension Original Dimension Average Manufactured Dimension

Split Length (Ls) 50.8 µm Increased by 7 ± 1 µm
Trace Thickness (t) 20 µm Increased by 3 ± 2 µm

Side Length (S) 250 µm Decreased by 19.1 ± 2.5 µm
Split Placement 50.8 µm from top right corner Shifted clockwise by 7 ± 6 µm
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Comparing the results of this research with previous work, the laser machining used
in this work provides dimensional accuracy of critical dimensions of 7 µm or better, while
3D fabrication processes provide 5 µm accuracy, and traditional CNC machining typically
provides of the order of 12.5 µm accuracy for high-quality machining. Therefore, the laser
machining process offers similar dimensional accuracy to more expensive 3D fabrication
processes and is arguably better than traditional CNC machining. In addition, the laser
machining process is highly cost-effective, repeatable, and can easily be fabricated on a
large scale.

7. Conclusions

This work provides novel contributions on the design and manufacturing consid-
erations of narrow-band waveguide resonators in the upper-millimeter wave or lower-
terahertz frequency range using a split-ring resonator design. This design and manufac-
turing innovation is intended for use at frequencies of 200 GHz and above. The intended
application is airborne or space-borne remote sensing of water vapor in the upper tropo-
sphere and lower stratosphere using the 380 GHz water vapor line with sensor bandwidths
of approximately 3–4%.

A key issue with manufacturing passive waveguide technology above 200 GHz is
that the critical design dimensions are of the same order of magnitude as the machining
tolerances that are currently available. This design was fabricated using a laser machining
process, which provides a measured accuracy of 7 µm or better and the capability to
machine objects as small as 5 µm in size. The design achieved acceptable bandwidths for
sensing with minor variations in performance due to the laser machining. To the authors’
knowledge, this is the only known experimental implementation of a split-ring resonator
design in a rectangular waveguide operating above 15 GHz.

This result validated the use of a waveguide-based split-ring resonator for narrow-
band sensing of water vapor profiles in the sub-terahertz band, near the 380 GHz absorption
line. Although the inductive iris design can achieve narrower bandwidths than the CSRR,
our method of fabrication eliminates some of the uncertainty of machining the iris filter
in two parts. The result has also validated the use of the laser machining process for thin
metal sheets in that the tolerances are similar to other available fabrication methods. Future
directions for this work would include the design and fabrication of multi-section CSRR
filters across multiple radiometer bands.
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