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Abstract—The planar Goubau line is a single-conductor waveg-
uide with a low attenuation constant at terahertz frequencies
compared to other planar waveguides. However, its single-
conductor nature complicates the design of circuit elements com-
pared to multi-conductor waveguides, especially when impedance
transformation is needed, like in the case of power dividers. In
this paper, we present a power divider for a planar Goubau
line based on capacitive-gap coupled lines, providing a matched
input port. A 900-GHz equal power divider was fabricated on a
suspended silicon membrane and was characterized with a Vector
Network Analyzer and terahertz probes between 0.5 THz and
1.1 THz. Simulations and measurements are in good agreement,
the measured input return loss is lower than 15dB at the design
frequency, and the average coupler loss is estimated to be lower
than 1 dB when de-embedding the feeding lines.

Index Terms—On-wafer measurements, planar Goubau lines,
power dividers, scattering parameters, silicon membrane, split-
ters, terahertz, vector network analyzers (VNA)

I. INTRODUCTION

THe planar Goubau line (PGL) is a single-conductor planar
waveguide that can propagate a surface wave with a

quasi-TM mode (hybrid EH mode). The displacement currents
surrounding its metal strip act as return currents [1], reducing
ohmic losses compared to conventional multi-conductor planar
waveguides. Moreover, radiation losses can also be minimized
by the use of electrically-thin substrates, becoming a low-loss
planar waveguide for terahertz frequencies, with a demon-
strated attenuation coefficient of 0.32Np∕mm at 1 THz [2].
The disadvantage of having a single conductor is a mode that
is less bound to the metal strip, and the associated challenges
of designing circuit elements without a ground plane, like the
limitations to modify the impedance. Despite the challenges,
several components have been proposed for PGL like antennas
[3], [4], resonators [5]–[7], filters [8], or impedance-matched
loads [9]–[12].

Power dividers are widely used components in electronics
to distribute and combine signals for various applications [13].
For PGL, some splitters have been proposed based on the
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Fig. 1. Micrograph of the fabricated power divider taken while measured
with ground-signal-ground probes. The reference planes for the calibration
are shown in the red dashed lines. A PGL load terminates port three
to avoid reflections back into the circuit and allows accurate S-parameter
measurements. The inset shows the power divider’s junction.

Wilkinson [14] power divider design [9], [10] or on a split
tee junction [11]. An ideal simple split-tee power divider is
lossless and reciprocal, so it cannot be matched at all ports
without impedance transformation. In the case of a PGL-
based transformer, this is a major limitation, as controlling the
characteristic impedance over a wide range is very limited. The
same limitation applies to uneven power splits [15], or Gysel
power dividers [16]. On the other hand, resistive splitters and
Wilkinson dividers require lumped resistors, which are hard
to realize at terahertz frequencies [17].

Here, we propose and demonstrate a THz PGL power
divider centered at 0.9 THz based on capacitive-gap coupled
lines [18] placed at an enhanced electric field produced by
the standing wave generated by a short-circuit [19] located at
the end of the input line, see Fig. 1. We describe the concept,
design, fabrication, and measurements of the capacitive-gap
coupled power divider.

II. METHOD
The proposed power divider is based on two output lines

capacitively coupled to an input line tuned with an inductive
short-circuit stub to provide an input match at the center
frequency, see Fig. 1. In the case of PGL, the short-circuit can
be provided by two balanced open quarter-wave stubs, forming
a T-shaped termination with a span of 𝜆∕2 at the center
frequency [19]. A non-terminated PGL produces a non-perfect
open, benefiting the short-circuit from a balance configuration.
The short-circuit at the end of the input line produces a
standing wave, and the energy is then capacitive-gap coupled
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Fig. 2. Circuit topology of the proposed power divider.

into the output lines at a distance where the field is maximum.
In this section, the ideal properties of the capacitively-gap
coupled power divider and the implementation of an equal
two-way power splitter at 0.9 THz are described.

A. Circuit and Analysis of Performance
The proposed reciprocal three-port network can be analyzed

using the simplified circuit topology shown in Fig. 2, where
losses are neglected and the short-circuit produced by the
balance stubs is replaced with a ground. A condition for a
perfect input match, 𝑆11 = 0, can be derived by analyzing the
input admittance of the shunt-connected output lines and the
short-circuited stub. For arbitrary output power division ratios,
the perfect input match conditions are:

𝑍𝑐𝜔𝑜
√

𝐶2𝐶3 = 1 (1a)
tan 𝜃 =

𝐶2 + 𝐶3

2
√

𝐶2𝐶3
(1b)

where 𝑍𝑐 is the characteristic impedance of the transmission
lines, 𝜔𝑜 is the center frequency, and 𝐶2 and 𝐶3 are the
coupling capacitors. The power division between ports 2 and
3, 𝐾 , is then:

𝐾 =
𝑃2
𝑃3

=
𝐶2
𝐶3

. (2)
For an even 3-dB power split, it follows that 𝑍𝑐𝜔𝑜𝐶 = 1

and 𝜃 = 45◦ (𝜆∕8-stub) at the center frequency, being 𝐶 =
𝐶2 = 𝐶3, see Fig. 3. In this case, the complete 𝑆-matrix of
the lossless, three-port, capacitive-gap coupled power divider
is:

𝑆 = 1
2

⎛

⎜

⎜

⎝

0 1 + 𝑗 1 + 𝑗
1 + 𝑗 −𝑗 𝑗
1 + 𝑗 𝑗 −𝑗

⎞

⎟

⎟

⎠

. (3)

Compared to the conventional split-tee power divider, the
advantage is a perfect input match at the center frequency
using lines with the same characteristic impedance. Theoreti-
cally, the proposed divider exhibits a 6-dB isolation and 6-dB
output return loss.
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Fig. 3. Input return loss as a function of 𝜃 and 𝑍𝑐𝜔𝑜𝐶 for an even 3-dB
power spliter. The optimal point with 6-dB isolation and 6-dB output return
loss is found at 𝜃 = 45◦ and 𝑍𝑐𝜔𝑜𝐶 = 1.

B. Design of a 0.9-THz equal power splitter

An equal power PGL splitter centered at 0.9 THz was
designed. The PGL power divider was designed using a 350-
nm thick gold strip on a 10𝜇m thick high-resistivity suspended
silicon membrane (𝜖𝑟 = 11.7 and tan 𝛿 = 1.7 ⋅ 10−5 [20]).
The electrically-thin suspended membrane minimizes radiation
loss, as it lowers the phase constant of the PGL propagation
mode compared to other modes in the substrate [21]. Full-wave
electromagnetic simulations were run in CST Microwave Suite
using the time-domain solver. The materials—gold and high-
resistivity silicon—were modelled with both dielectric and
ohmic losses. The frequency dependency [22] of the thin-metal
conductivity was neglected [23], and a constant conductivity of
𝜎 = 4.1 × 107 S∕m was assumed. To excite the PGL, we used
square ports with sides equal to a wavelength at the lowest
frequency, 0.4 THz.

The PGL was designed with a width of 10𝜇m. The distance
from the short to the output lines was optimized to 30𝜇m,
avoiding coupling between the output lines and the balanced
stubs that create the virtual ground. The gap between the
input and output PGLs was selected to maximize coupling
in the output ports and had a value of 5𝜇m. It must be noted
that a too-short gap would short-circuit the lines. This design
corresponds to an electrical length of around 𝜃 = 60◦ and an
estimated 𝑍𝑐𝜔𝑜𝐶 of 1.2 assuming 𝑍𝑐 ≃ 70Ω at 0.9 THz and
𝐶 ≃ 3 fF, both from [8] and assuming a linear relationship
between the capacitance and the PGL width.

Fig. 4 shows the simulated electric-field intensity of the pro-
posed capacitive-gap coupled divider at the center frequency,
0.9 THz. The short circuit at the end of the input line produces
a standing wave with a maximum at the output lines. At this
maximum, the field is capacitive-gap coupled into the output
lines.

The proposed design was compared to a conventional Tee
splitter with 120° between the output lines. For the compari-
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Fig. 4. Simulated electric-field intensity of the proposed design at the center
frequency, 0.9 THz, where the short circuit at the end of the input line produces
a standing wave with a maximum at the output lines.

son, both the proposed capacitive-gap coupled power divider
and the tee, had the same length between ports, 1mm, which
was de-embedded [24] to a remaining length of 200𝜇m.
Fig. 5 shows the simulated S-parameter results, showing that
around the design frequency, the proposed divider has lower
input-port reflections, higher transmission to output ports, and
better isolation between ports than the tee power divider. The
𝑆11 and 𝑆21 of the proposed capacitive-gap coupled power
divider deteriorate at frequencies far from the center frequency,
as expected from a design based on electrical dimensions.
As can be observed in Fig. 5c, in the proposed design, the
isolation between ports has a minimum value below the
design frequency, which according to simulations, is due to
destructive interference caused between the output line and
the opposite side of the short-circuit tee.

To provide lateral access for the probes to perform the
measurements, the final power divider was designed with
curved output lines, see Fig. 1. The total length between
the input and output ports was 2.5 mm. The curved lines
were designed with a sufficiently-large radius of curvature,
0.7 mm (around 2𝜆 at 0.5 THz, which is the lowest measured
frequency), to avoid leakage. The input port, and one of the
output ports of the power divider, port 2, were terminated in
a coplanar waveguide transition to be measured with Ground-
Signal-Ground probes. The other output port, number 3, was
terminated in a matched load, which provides a good match
above 0.6 THz [12], to avoid reflections during S-parameter
measurements.

C. Fabrication and measurement set-up

The power divider was fabricated on a 10-𝜇m silicon sus-
pended membrane. A 10/350-nm layer of Ti/Au was deposited
and patterned using electron-beam lithography on a silicon-
on-insulator wafer formed by an undoped high-resistivity
(>10 kΩ cm) 10-𝜇m device layer, 1-𝜇m buried oxide layer and
400-𝜇m thick silicon handle wafer. The suspended membrane
was produced by etching the silicon from the backside of
the chip under the area of the device using a Bosch process,
leaving the rest of the substrate as mechanical support. More
detailed information on the fabrication process can be found
in [8].

Frequency (THz)
0.4 0.6 0.8 1.0 1.2 1.4

|S
11

| (
dB

)

-25

-20

-15

-10

-5

0

Port 1

Port 2

Port 3

Port 1

Port 2

Port 3

(a)

Frequency (THz)
0.4 0.6 0.8 1.0 1.2 1.4

|S
21

| (
dB

)

-25

-20

-15

-10

-5

0

(b)

Frequency (THz)
0.4 0.6 0.8 1.0 1.2 1.4

|S
32

| (
dB

)

-25

-20

-15

-10

-5

0

(c)

Frequency (THz)
0.4 0.6 0.8 1.0 1.2 1.4

|S
22

| (
dB

)

-25

-20

-15

-10

-5

0

(d)
Fig. 5. Simulated S-parameters of the proposed power divider (blue contin-
uous lines) compared to a 120° Tee splitter (orange continuous lines) both
with 200𝜇m length between input and output ports. Notice that the inset
schematic representations for the legend are not in scale. Because of symmetry
𝑆31 = 𝑆21, 𝑆23 = 𝑆32 and 𝑆33 = 𝑆22. The proposed power divider has lower
input-port reflections, higher transmission, and higher isolation between output
ports.

The scattering parameters of the power divider were mea-
sured between 0.5 THz and 1.1 THz using a vector network
analyzer (Keysight N5242A) with frequency extenders (VDI
WR1.5VNAX and WR1.0VNAX) and DMPI T-Wave ground-
signal-ground probes [25], [26]. Fig. 6 shows a photograph of
the experimental setup. The intermediate-frequency bandwidth
was set to 100 Hz. The measurements were calibrated using
dedicated multi-line Thru-Reflect-Line standards for PGL [19]
fabricated on the same chip. Calibrating allows setting the
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Fig. 6. Photograph of the measurement setup based on a probe station,
a vector network analyzer, frequency extenders and T-Wave ground-signal-
ground probes.

reference plane in the PGL (see Fig. 1) and to de-embed [24]
the coplanar waveguide transition. The calibration plane was
set 300𝜇m inside the PGL, leaving a total length between
the input and output calibration planes of 1.9 mm. The lines
used for calibration have an electrical length of 𝜆∕4, 3𝜆∕4,
and 11𝜆∕4 at 0.9 THz, with an effective refractive index
of 𝑛𝑒 = 1.88. The chip was placed on top of a ceramic
chuck during measurements. The suspended 10-𝜇m silicon
membrane of the chip has enough mechanical strength to
support the pressure from the measurement probes.

III. RESULTS
A micrograph and a scanning-electron-microscope photo-

graph of the splitter fabricated on a high-resistivity silicon
membrane can be seen in Fig. 1 and Fig. 7, respectively.

Fig. 8 shows the measured coupling factor, 𝑆21, input match,
𝑆11, output match, 𝑆22, and forward efficiency factor, |𝑆11|

2+
2|𝑆21|

2, of the fabricated power divider compared to simula-
tion results between 0.5 THz and 1.1 THz. The measurements

200 μm

Fig. 7. Scanning-electron-microscope image of the capacitive-gap coupled
power divider fabricated on a high-resistivity silicon membrane.
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Fig. 8. Scattering parameters of the PGL power divider. Measured (red dashed
line), simulated (blue continuous line) and de-embeded experimental results
to a total length of 200𝜇m (green discontinuous line). a) Coupling factor,
𝑆21, b) input match, 𝑆11, (c) output match, 𝑆22, and d) forward efficiency
factor, |𝑆11|

2 + 2|𝑆21|
2.

and simulations show a good agreement when the conductor
loss was increased by reducing the metal conductivity to
𝜎 = 1.5× 107 S∕m in the simulations. A lower effective metal
conductivity is likely attributed to surface and edge roughness.
It must be noticed that the performance of the load deteriorates
under 0.6 THz [12], affecting the measurements between 500
- 580 GHz. The input reflections are lower than 14 dB around
the design frequency, 900 GHz. The measured transmission,
|𝑆21|, around the design frequency, is around -7 dB, including
the feeding-line losses. However, if we de-embed the PGL
losses to a total length of 200𝜇m, the loss of the power divider
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is approximately 1 dB between 0.7 THz and 1.1 THz (see the
green discontinuous line in Fig. 8a). The loss of a simulated
PGL obtained using the reduced metal strip conductivity of
1.5 × 107 S∕m (0.9 dB/mm at 0.5 THz and 2.2 dB/mm at 1.1
THz) was used for de-embedding the experimental results.

IV. CONCLUSION
One of the design challenges of the PGL is the limited

freedom for impedance modification, needed, for example,
to design power dividers. To overcome this challenge, we
presented a PGL power divider centered at 0.9 THz based on
output lines capacitive-gap coupled to the input line through
the standing wave produced by a short-circuit at the end of the
input line. The power divider was fabricated on a suspended
silicon membrane and was characterized from 0.5 THz to
1.1 THz. The measured coupling was around 7 dB. However, if
de-embedding the attenuation of the PGL feeds, the estimated
loss of the power divider was around 1 dB between 0.7 THz
and 1 THz. The presented topology, while demonstrated for
PGL, could also be implemented in other types of transmission
lines for input-match ac-coupled ports.
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