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Capacitively-coupled resonators for terahertz
planar-Goubau-line filters

Juan Cabello-Sanchez, Graduate Student Member, IEEE, Vladimir Drakinskiy, Jan Stake, Senior Member, IEEE,
Helena Rodilla, Senior Member, IEEE

Abstract—Low-loss planar Goubau lines show promising
potential for terahertz applications. However, a single-wire
waveguide exhibits less design freedom than standard
multi-conductor lines, which is a significant constraint for
realizing standard components. Existing filters for planar Goubau
line lack clear design procedures preventing the synthesis
of an arbitrary filter response. In this work, we present a
design for a bandpass/bandstop filter for planar Goubau line
by periodically loading the line with capacitively-coupled 1/2
resonators, which can be easily tuned by changing their electrical
length. The filter’s working principle is explained by a proposed
transmission-line model. We designed and fabricated a passband
filter centered at 0.9 THz on a 10-ym silicon-membrane substrate
and compared measurement results between 0.5 THz and 1.1 THz
to electromagnetic simulations, showing excellent agreement in
both S|, and §,,. The measured passband has an insertion loss
of 7dB and a 3-dB bandwidth of 31%. Overall, the proposed
filter design has good performance while having a simple design
procedure.

Index Terms—TFilters, periodic structures, planar Goubau
line, on-wafer measurements, scattering parameters, silicon
membrane, single-metal strip, terahertz waveguides, vector
network analyzer (VNA)

I. INTRODUCTION

The development of efficient radio-frequency technology
and components at terahertz (THz) frequencies [1] is essential
for improving the performance and possibilities of THz
applications, such as radio-astronomy [2], security [3], medical
applications [4]], telecommunications [5]], pharmaceutical
quality control [6], and biomolecular dynamics [7]. When
planar technology is required—for its good integration, ease
of fabrication, and low cost—it is necessary to minimize the
high power losses present at THz frequencies to have good
circuit performance. A fundamental way to minimize losses is
to use power-efficient transmission lines. Some of the most
used metal planar waveguides at THz frequencies include
coplanar waveguide [8]], coplanar stripline 9], microstrip [10],
and planar Goubau line (PGL) [11f]. As opposed to typical
transmission lines based on multiple conductors [12], the PGL
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Fig. 1: False color micrographs of (a) the fabricated PGL filter with coplanar
waveguide transitions on the sides, and (b) zoomed-in of the PGL filter
with 49 resonator pairs, showing its dimension parameters. The gold and
the high-resistivity silicon membrane are shown in golden and grey colors,
respectively.

is a single-conductor planar waveguide consisting of a metal
strip on top of a dielectric material, and to the best of the
authors’ knowledge its properties were first mentioned in
[13], [14]]. The PGL is the planar version of the Goubau
line [15], [16] whose propagation mode is similar to the
Sommerfeld or Zenneck waves [[17] with a field that decays
exponentially in the transverse direction. Similarly, the PGL
can propagate a quasi-transverse-magnetic surface wave, which
spreads radially from its single conductor, covering a large
cross-section, and at the same time has higher field intensity
at the edges of its conducting strip. Its propagation conditions
depend on the electrical thickness of its substrate [18]], where
electrically-thin substrates minimize losses and dispersion. The
dispersion, effective refractive index, field confinement, and
ohmic losses can be increased by adding periodic corrugations
or grooves [19]], a concept explored by Goubau in 1950 [[15],
and sometimes referred to as spoof surface plasmon polariton
waveguides [20]. Without corrugations, the PGL has shown
to have one of the highest power efficiencies for metal planar
waveguides [21]], thus being a good candidate for circuit design
at THz frequencies.
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Fig. 2: Transmission-line model of the periodic filter consisting of repeating
unit cells of capacitively-coupled open-ended resonators.

Designing circuit elements for PGL remains challenging due
to its lack of ground plane. Despite this, several filtering circuit
elements have been published for PGL, including stopband
elements based on corrugations in the line [22]] and resonators
[23]-[26]. However, previously published resonating elements
for PGL lack a clear design methodology that would allow
them to synthesize any given filter response. In [22], it is
unclear how to design line corrugations to produce an arbitrary
stopband or if ring resonators can be used together to achieve a
wider stopband. The resonators used in [23]]-[26] can produce
narrow stopbands, but they have not been tested by combining
several resonators to achieve a broader bandwidth response.

This paper proposes a PGL filter based on periodic 4/2
resonators capacitively coupled to the PGL. The resonant
frequency of the resonators can be easily tuned by changing
the length of the resonating lines. The paper is organized
as follows: section [l contains the method, divided in
transmission-line model (section [[I-A), design of a bandpass
filter at 0.9 THz (section [[I-B)), filter fabrication (section [[I-C),
and measurement setup (section [[I-D). Finally, in section
we present the results, and the conclusion in section m

II. METHOD

The proposed terahertz filter consists of a PGL periodically
loaded with capacitively-coupled 4/2 resonators in a balanced
configuration, see Fig.[I] The resonators are physically
separated from the PGL to not short-circuit its propagating
mode but close enough to produce coupling between the PGL
and resonators. The input impedance presented by the shunt
resonators along the line creates a frequency response with
stopbands [27] when the resonators exhibit impedances close
to a short-circuit. The periodic structure of N equal resonator
pairs in cascade increases the bandwidth of the stopbands
and, thereby, produces sharper and narrower passbands. The
layout parameters of the filter (Fig.[Ib) are the PGL’s width,
Wy resonator’s length, /., gap, g,., and width, w,; and the
line-resonator coupling gap, g,.

This section describes the transmission-line model, design,
fabrication process, and on-wafer measurement setup to
demonstrate a bandpass PGL filter centered at 0.9 THz
fabricated on a silicon membrane.

A. Transmission-line model

Herein, an equivalent transmission-line model [28] is
proposed to explain the rather complex electromagnetic
wave propagation through the filtering structure. The filter,
consisting of repeating resonators along the PGL, can be
modeled as periodic unit cells of length /., = g, + w,. Each
unit cell represents a section of the PGL central filter strip
with a coupled resonator-pair and two half resonator-gaps
on both sides, modeled as shown in Fig.@ The inductances,
L., represent an electrically-short high-impedance line section
with length g,./2. The unit-cell model does not consider any
coupling to neighboring resonators.

Two types of planar waveguides are used in the unit-cell
model: coplanar waveguides (even mode) for the central line
crossing the filter, y, and Z_; and parallel metal strips (even
mode) for the waves excited in the coupled resonators, y,, and
Z,. No coplanar waveguide odd modes will be excited in the
central line due to the symmetry of the filter [29]. Since the
separation of contiguous resonators is much smaller than the
wavelength, the excitation of the odd coplanar-stripline mode
can be neglected [30]. Higher-order modes in the PGL decay
rapidly, similarly to the Goubau line’s [31]], [32]], and therefore
were also neglected. Naturally, the line feeding the filter was
modeled as a PGL with y, and Z,,.

The resonator’s electrical length, y,./., determines the
resonance frequency of the filter’s stopband, as it can produce
an input admittance, Y;,, in shunt with the main line, which
tends to infinity at the stopband frequencies. The resonant
frequencies of the capacitance-resonator can be found by
applying transmission-line theory and calculating Y;, as a
function of frequency. Y;, for a single coupled resonator is:

joC,tanhy,l,
™ tanhy,l, + joC.Z,’

)

where w is the angular frequency and C, is the coupling
capacitance. The properties of the unit cell shown in Fig.]2]
can be calculated by cascading the ABCD matrices of each
element as:

(U] = [CILL]IY][LI[CT, 2

where [C], [L], and [Y] are the ABC D matrices of a coplanar
waveguide, a series inductor, and a shunt Y;, admittance, given
by:

_ | cosh(y.w,/2)  sinh(y.w,/2)Z,
[€1= sinh (y.w,/2)/Z.  cosh (y.w,/2) (3a)
_ [1 joL,
[L]= o 1 ] (3b)
vi=|, ﬂ. (30)

Then, the ABCD matrix of the proposed model with a filter
with N unit cells and a total PGL length of /, is

[F] = [PIIUIN[P], )
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where [P] is the ABCD matrix corresponding to a PGL with
length [, = (I, = N1,)/2 (see Fig.

sinh (y,1,) Z, 5)

cosh (7,1,)
cosh (7,1,) |’

sinh (y,1,)/Z,

£

B. Filter design

A 0.9-THz passband filter was designed, simulated and
fabricated on a 10-yum thick high-resistivity (p > 10kQcm)
suspended silicon membrane, with a bulk permittivity of
€, = 11.7 and tané = 1.7 - 107 [33], and using gold as
conductor (¢ = 4.1x107 S/m). An electrically-thin suspended
substrate helps reduce dielectric and radiation losses, crucial
at THz frequencies. The radiation losses are minimized by
having a higher phase constant, f, in the planar waveguides
than in the undesired substrate modes [34]—[36]]. With the
proposed substrate, the critical frequencies for coupling to
substrate modes [[37] are calculated to be beyond 5 THz, and
for second-order substrate modes, the cut-off frequency is
around 4.6 THz.

The PGL was designed with a relatively large strip width
of w, = 10 ym, which decreases conductor loss [38]]. For the
resonator width and gap, we took w, = 5 ym and g, = 5 ym to
guarantee sub-wavelength structure and operate well below the
Bragg frequency [39]. In our case Im(y,)(w,+g,) = 7 around
5 THz, thus we operate well below the Bragg frequency. We
chose a coupling gap of g. = 10pum, which coupled the
resonators while not short-circuiting the line’s propagating
mode.

After choosing the substrate and filter layout dimensions,
the propagation constants and impedances of the three lines
involved in the model were calculated with electromagnetic
simulations using absorbing boundary conditions. Port sizes
were a vacuum wavelength at the lowest frequency of analysis
for PGL and resonators, and 3(w, + 2g.) by 2(w, + 2g,.) for
the rectangular port for the coplanar waveguide.

Each planar waveguide’s propagation constant, y = a +
jp, was obtained from the S-parameter results using 3D
electromagnetic simulations based on the finite integration
technique (CST Studio Suite). Simulation results were
calculated between 50 GHz and 1.5 THz in several frequency
bands and extrapolated down to dc. The excitation ports used
inhomogeneous port accuracy enhancement, enabling accurate
wideband results. The phase constants of the dielectric
slab modes were calculated analytically [37]]. The dispersion
diagrams of the simulated planar waveguides used to model
the filter are shown in Fig.[3a] together with the fundamental
transverse-electric and transverse-magnetic modes of the
dielectric slab mode. As desired, all the planar waveguides
show a higher phase constant than the dielectric slab modes
present in the substrate, which minimizes radiation loss. The
attenuation constants of the planar waveguides, @, are shown
in Fig.[3b] presenting results proportional to frequency.

The characteristic impedance of the lines was calculated
using 2D finite-element-method simulations (COMSOL
multiphysics) of the cross-section of the planar waveguides
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Fig. 3: Simulated wave-propagating properties vs. frequency for PGL,
resonators, and coplanar waveguide (CPW), for the used substrate. (a) Phase
constant of the planar waveguides compared to the dielectric-slab modes. (b)
Attenuation constants. (¢) Characteristic impedance defined from eq. @

between 50GHz and 1.5THz, using the power-current
definition [40]:

2Py ) J(S)dA
SR

(6)

Zpi )
| i dT)

where P,,, denotes the time-averaged power of the
waveguide, and [ is the current. The characteristic impedance
results of the planar waveguides used for modeling the filter are
shown in Fig.[3c| neglecting the imaginary part of the PGL’s
impedance [41]].

With the above values of w,, g, and g,., we fitted the values
of C, and L, to 1.5fF and 7 pH, respectively, by comparing
3D electromagnetic simulations of a single resonator pair of
arbitrary length with its model, taking y, and Z, from a 5-ym
PGL strip. With the resulting values of C, and L, a stopband
centered around 0.6 THz requires a resonator length of /. =
100 pm, producing a passband response around 0.9 THz. Fig.[|
compares the scattering parameters of the proposed model
and electromagnetic simulation results of a filter with a single
resonator pair of length /. = 100 ym, showing fair agreement,
and replicating the resonances in transmission.
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Fig. 4: S-parameter comparison of the transmission-line model and
electromagnetic simulations for a single-resonator-pair filter. The model shows
to properly reproduce the pass- and stopbands of the filter. (a) |.S};| and (b)
[S211-

Fig.[5] shows the modeled transmission, .S,;, of the proposed
filter with /[, = 100 gm as a function of the number of
unit cells, while maintaining the total length of the PGL at
a constant total size of /;, = 1mm. As can be seen, the
bandwidth of the stopband increases with the number of unit
cells and saturates around 20, being confined to regions where
n(n —0.5) < pl, < znn, Vn € N. Due to the capacitive
coupling, resonances are up-shifted from odd multiples of
pl. = n/2. We chose N = 49 unit cells for the fabricated
filter.

Finally, a transition from coplanar waveguide to PGL was
included in the layout (Fig.[Ta) for on-wafer characterization
using ground-signal-ground probes. The transition was
designed to minimize insertion losses by exponentially
changing its line impedance to reduce reflections and by using
a quarter-wave transition at 0.9 THz to lower line losses [42].

C. Fabrication

The suspended PGL filter was fabricated using a
silicon-on-insulator (SOI) wafer from University Wafers. We
used a high-resistivity (>10kQQ cm), undoped, 10-um device
layer; 1-ym buried oxide layer grown on a high-resistivity,
400-um thick, silicon handle wafer.

In Fig.[6a the complete process flow is outlined.
The fabrication process begins by defining the circuit
using electron-beam lithography (#1,2), followed by metal
deposition (#3) and lift-off (#4). The conductor metallization
consists of a 10-nm titanium adhesive layer and a 350-nm
gold layer, evaporated in an ultra-high vacuum chamber. Prior
to the backside processing, the front side, with the circuit
layer, is first protected with a thick resist and then mounted
topside-down on a 6-inch carrier wafer. The backside process
starts by sputtering a 20-nm aluminum etch mask layer (#5,6).
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Fig. 5: Magnitude of transmission, |S,;|, calculated using the

transmission-line model from Fig.|Z|. of the proposed PGL filter as a
function of the number of resonators, N, and the normalized frequency, f,!/,.
Values in dark blue color have a |S,;| < 40dB. The fabricated filter has 49
unit cells, marked with the red line.
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Fig. 6: (a) Sketch of the fabrication steps of the proposed silicon-on-insulator
chip (NB! The drawings are not in scale). (b) Scanning-electron-microscope
image of the filter fabricated on the high-resistivity silicon membrane. The
inset shows detail of the membrane and resonators. Unfortunately, the left
side of the membrane broke when cleaving the chip for the picture.
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Fig. 7: (a) Picture of the measurement setup showing the probe station with
the vector network analyzer (VNA), frequency extenders, and on-wafer probes.
(b) Sketch of the measurement setup.

Openings for the membrane cavities are then defined in a
photoresist (SPR220-3.0) using a direct laser writer. The chip
is mounted on a silicon carrier wafer using a photoresist
(AZA4562) and baked (#7). Then, the silicon carrier wafer with
the chip is dry-etched by deep reactive ion etching (Bosch
process) in SFg and O, atmosphere, using C,Fg as passivation.
The etch rate is about 1 yum per cycle. The high selectivity
toward dry etching between silicon and silicon dioxide ensures
that the etching process will stop when the buried oxide is
reached (#8). After etching, the chip is released from the
carrier wafer by dissolving the protecting resist in acetone
for 48 hours (#9). Finally, any remaining resist residues are
cleaned using an O,-plasma dry etching.

A scanning-electron-microscope photograph of the
fabricated suspended PGL circuit is shown in Fig.[6bl
Compared to our previous work using a soft plastic film
substrate []ZL?[], the suspended silicon substrate has the
advantage of having the entire device on top of the suspended
membrane, improving the repeatability of measurements and
removing supporting substrate interfaces.
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Fig. 8: Measured S-parameters for a 1-mm-long PGL fabricated in the same
high-resistivity silicon membrane.

D. Measurement set-up

The PGL filter was characterized by measuring the
S-parameters between 0.5 THz and 1.1 THz using a vector
network analyzer (Keysight N5242A) with frequency
extenders (VDI WRI1.5SAX and WRI1.0SAX) and DMPI
T-Wave ground-signal-ground probes [44] (Fig.[7). The
intermediate-frequency bandwidth was set to 100Hz. The
measurements were calibrated with dedicated multi-line
Thru-Reflect-Line standards for PGL fabricated on the
same chip. Calibrating allows to set the reference plane
in the PGL (see Fig.[la) and to de-embed the coplanar
waveguide transition. The lines used for calibration have an
electrical length of A/4, 34/4, and 114/4 at 0.91 THz, with
an effective refractive index of n, = 1.88. The chip was
placed on top of a polyethylene (¢, = 2.3 and tané = 0.004
at 1 THz [45])) supporting substrate to isolate the DUT from
the probe station’s metal chuck. The suspended 10-um silicon
membrane of the chip has enough mechanical strength to
support the pressure from on-wafer probing.

III. RESULTS

First, Fig.[§] presents the measured S-parameters of a
I-mm-long PGL with no resonators. The loss goes from
1 dB/mm at 0.5 THz to 3 dB/mm for 1.1 THz, having relatively
low losses for a metal planar waveguide at THz frequencies.
The magnitude of .S is at the noise floor of the measurement
setup.

In Fig.0] the measured S-parameters of the filter
from 0.5THz to 1.1THz are shown together with 3D
simulations and the transmission-line model. The results from
electromagnetic simulations show excellent agreement with
measurements. The minor difference between simulation and
experimental results in .S,; can be explained by fabrication
tolerances, variation in thin-film material properties, and
calibration uncertainties. The transmission-line model
describes well the passband/stopband regime with a slight
frequency shift which becomes more noticeable at higher
frequencies. The filter’s .$,; shows a stopband and a passband
centered at 0.6 THz and 0.9 THz, respectively, with 3-dB
bandwidth of 27% and 31%, respectively. The bandpass
has insertion loss of 7dB—or about 4dB more than a
PGL of the same length without resonators (Fig.[8)—which
are competitive compared to planar filters measured in the
sub-millimeter band (Table[). Both S;; and S, show an
asymmetrical passband response, with steeper band transitions
at higher passband frequencies. This effect could be explained
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TABLE I: State-of-the-art in planar filters measured above 300 GHz

f. (GHz)  3-dB bandwidth (%) Waveguide Insertion losses  Reference
311 7 * Substrate-integrated waveguide 7dB [46]
317 26§ Planar Goubau line 7.5dB [25]
337 15 * Substrate-integrated waveguide 2dB [47]
350 13 * Coplanar waveguide 1dB 48]
354 0.13 * Microstrip 6dB f [49]
585 24 § Microstrip 10dB [501
935 31 * Planar Goubau line 7dB This work

* Passband. § Stopband. { Superconductor
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Fig. 9: S-parameter comparison of the transmission-line model,

electromagnetic simulations, and measurements for the fabricated 49-unit-cell
0.9THz bandpass filter (Fig.@). Measurements agree well with both
electromagnetic simulations and the transmission-line model. (a) shows |.S,;|
results and (b) shows |.S|| results, both on decibels. (c) Phase of .S, against
frequency, showing low dispersion of the line in the passband.

(@) (d)

Fig. 10: Simulations of the electromagnetic fields in the PGL filter. The
magnitude of the electric field in logarithmic scale at (a) stopband frequency,
0.6 THz, and at (b) passband frequency, at 0.9 THz. Scale bar applies to both
subfigures.

by an increase in the effective refractive index at higher
passband frequencies caused by the periodic resonators in the
filter. The ripples in .S result from the impedance mismatch
between the main PGL and the Bloch impedance of the
periodic filter. The noise level limits in the measurement
setup are around -50dB for S,;, and around -22dB for ;.
Measurements showed a high degree of repeatability across
different probe landings, filter structures, and calibrations.

The measured phase of S, is plotted in Fig.
showing low measured dispersion in the passband, and good
agreement with simulated results. The transmission-line model
overestimates the phase’s slope of the filter, and therefore it
was omitted.

Although simplified, the proposed transmission-line model
describes well the magnitude response of the filter
demonstrating that the operating principle of the filter can
be mostly explained by the periodic placement of coupled
A/2 resonators and that other possible effects like coupling
between neighboring resonators do not play a key role. The
model accuracy could be further improved by recalculating C,
for each of the 49 unit cells—since we kept the same value
calculated for a single unit cell—, and taking into account
additional parasitic circuit elements.

The simulated electric field distribution of the filter in
Fig.[I0] explains the filtering behavior. When operating at the
stopband, at 0.6 THz (Fig.@, the resonators resonate and
produce a shunt short-circuit in the main PGL, which prohibits
wave propagation. Fig.[IOb] shows the E-field of the filter
when operating at passband at 0.9 THz, where the waves can



IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. XX NO. XX, XX 2022 7

—

521\2

o
oo
——
=

0.6

0.4F

B
02/ 7L Model
— EM Simulations

— Measurements

1 05

06 07 08 09 1 11 12 1.3 14
Frequency (THz)

Forward efficiency factor: |Sy; \2 +

Fig. 11: Forward efficiency factor vs. frequency, showing the loss of the filter.

propagate through the filter with a propagating mode similar
to that of a coplanar waveguide’s even mode.

The forward efficiency factor (|.S};|* + |.Sy;1?) is presented
in Fig. [I1] where increased loss is observed at the transition
from a passband to a stopband since currents increase.
The differences between simulation and measurement results
between 0.8 and 1.1 THz are a consequence of the difference
between the levels of S,;. And similarly, the peak around
520 GHz can be explained by the spurious peak at the same
frequency in Sy;.

IV. CONCLUSION

In summary, we present a planar-Goubau-line terahertz
bandpass/bandstop filter which can be easily tuned by changing
the electrical length of the periodic capacitively-coupled
A/2 resonators. The working principle of the periodic filter
was confirmed by a simple transmission-line model, which
agrees with simulations and measurements. The proposed filter
design was validated by fabricating and measuring a periodic
structure with 49 unit cells with a passband centered around
0.9 THz, showing good agreement between simulations and
measurements, and a relatively low insertion loss of 7dB
compared to planar filters measured in the sub-millimeter
band. Future work could explore the design and tune of
a filter response by modulating the length of the different
capacitively-coupled resonators [27]], and further elaborate the
transmission-line model.
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