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Abstract. This paper presents the design, simulation and characterization results of
a wideband sub-terahertz membrane supported coplanar waveguide fed Archimedean spiral
antenna. A fully parameterized 3D electromagnetic model was developed and a parametric
study up to 350 GHz is performed. A 2 turns antenna placed over a metalized plate is optimized and the simulated results show |S11| < −10 dB between 60 - 150 GHz, a directivity
of 7-10 dBi and a simulated efficiency larger than 60% between 70 - 150 GHz. The measured
results showed good matching from 75 - 110 GHz, in good agreement with simulations, a
measured antenna gain of 10.6 dBi at 94 GHz and a broadside axial ratio smaller than 3 dB
between 77 - 97 GHz. With an compact membrane area of 5.3×5.3mm2 the performances of
the proposed antenna are beyond the previously reported CPW fed spiral antennas.
Key-words: Microelectronics and Electronic Packaging, Nanotechnology, Antennas,
Sub-terahertz, circular polarization.

1.

Introduction

In literature there are various possible definitions for the sub-terahertz (sub-THz) frequency
range [1]-[3]. Conventionally, the sub-THz region is considered in the 0.1-0.3 THz frequency
range, but in practice the lower limit is given by the maximum millimeter wave frequency
at which the measurement equipment (Vector Network Analyzers, signal generators, spectrum
analyzers) can be operated without expensive frequency extensions like frequency multipliers
and sub-harmonic mixers [1]. Using this definition, the sub-THz range can be considered from
around 65 GHz.
In the last 20 years there was an increased demand for components and circuits operating in
the sub-THz range for applications such as 5G technologies, satellite communications, radio fre-
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quency identification systems, passive/active mm-wave imaging applications, Internet of Things
etc. In all these applications high performance antennas are required.
The antenna is the transitional structure between the guided propagation on a transmission
line and free space propagation. An important property of the electromagnetic wave propagation
is the polarization of the electric field which is defined by the orientation of the vector as it
varies in time. For antennas with linear polarization, the electric field vector is placed in a plane
containing the direction of propagation. This type of antennas are dominating the published
literature. For circular polarization, two orthogonal electric field vectors with equal amplitude
and phase difference of 90◦ are required. This leads to a reduced sensitivity to multiple reflections
and higher flexibility in the alignment of the emitting and receiving antennas [4]. Beside good
radiation properties, a large operating bandwidth is needed. One possible solution is to use a
spiral antenna.
The first spiral antenna was developed by Ed Turner in the 1950s [5] by wrapping the arms
of a dipole around a central point. By specifying the antenna geometry entirely by angles, a
wavelength-independent performance could be obtained, with almost constant radiation pattern
and ultra-wideband impedance matching. In the next years, the antenna became widely used
in the aircraft industry due to its large bandwidth, good radiation properties and facile mounting. Analytical relations were developed for the design and performance assessment of these
antennas. For example, Dyson published a paper on the logarithmic spiral antenna [6]. Walter
Curtis then published a paper where he provided the analytical relations needed to determine the
radiation properties of the Archimedean spiral antenna [7].
Preliminary results for a CPW-fed Archimedean spiral antenna were recently published in
[8]. Section 2 gives an overview of the electromagnetic waves polarization and introduces the
axial ratio parameter for the circular polarization. Section 3 introduces the main types of spiral
antennas. The antennas operating principle is described and the main design equations including
analytical formulas for antenna input impedance and geometry generation are given.
The Archimedean spiral antenna electromagnetic (EM) modeling and design is presented in
Section 4. First the central-fed spiral antenna is investigated. A 3D parametrized electromagnetic
model is developed and used to study the electric field, distribution and the antenna radiation pattern. Next, after an in depth analysis of the reported work in the field a new sub-THz membrane
supported spiral antenna with coplanar waveguide (CPW) feed is proposed. A 3D EM model
is used for antenna investigation and optimization. The antenna fabrication and characterization
results are presented in section 5.

2.

Electromagnetic wave polarization

The polarization of an electromagnetic wave is defined as the way in which the electric field
oscillates while it propagates through a medium, taking as reference the transmitter point of
view. There are two main types of polarizations: linear and circular. The linear polarization can
be horizontal or vertical (Fig.1 (a)) with respect to a reference plane (commonly the surface of
the Earth). A variation of the linear polarization is the so-called slant polarization (Fig.1 (b)),
where the angle between the propagation plane of the wave and the surface of reference is ±45◦ .
In case of the circular polarization, the electric field vector describes a circle perpendicular
to the direction of propagation of the wave. If the rotation is to the right with respect to the
propagation direction, then the wave is called “right-hand” polarized (Fig. 2 (a)); if the rotation is
to the left with respect to the propagation direction, then the wave is called “left-hand” polarized
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Fig. 1. Linear polarization: (a) vertical (V) and horizontal (H); (b) slant (S) polarization.

(Fig. 2 (b)). If the vertical and horizontal components of the electric field vector are of the same
magnitude, then the polarization is called circular; if they are of different magnitudes, then the
electric field vector describes and ellipse, and the polarization is called “elliptical”.

Fig. 2. Circular polarization: a) right-hand circular polarization; (b) left-hand circular polarization.

The ratio between the two orthogonal components of the E-field is called axial ratio (AR)
(Fig. 3). For an ideal circularly polarized antenna, where the E-field describes a circle, the AR=1
(0 dB). For the elliptical polarization case AR>1, while for the linear polarization AR would be
infinite, since the magnitude of one orthogonal component of the E-field is 0. In practice, we
consider that the antenna is circularly polarized if the AR< 2 (3 dB).

Fig. 3. Axial ratio definition.
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Spiral antenna topologies

Fig. 4 shows examples of typical spiral antennas, made by wrapping two or more conductors
around a central feed point. Depending on the application any of the antennas shown in Fig. 4.
can offer wide impedance bandwidth, relatively flat gain (usually 5±2dBi) and broadside circularly polarized radiation. A common approach will place the antenna on a low loss substrate,
suspended over a metallized cavity resulting in a gain increase (usually peak gain 7-9 dBi) and
unidirectional radiation pattern [9-11].

Fig. 4. Examples of typical spiral antennas.

3.1.

The self-complementary Archimedean spiral antenna

The most common spiral antenna is the self-complementary Archimedean spiral antenna
based on two conductors of the same constant width, with the spacing between the arms of
the conductors equal to the conductor width. This property gives the antenna its complementarity, since the shape of the spiral would be preserved if the gap and conductor geometries were
inverted. The equation that describes each of the two spirals is given in (1).
r = aϕ

(1)
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where r is the antenna radius; a is rate at which the spiral flares out and ϕ is the linearly increasing
angle.
The theoretical input impedance of this antenna (Zin ), according to Babinet’s principle for
complementary impedances [12] can be estimated using (2) and (3) and is around 190 Ω for free
space antennas.
r
p
η2
(2)
Zin = Zstrip · Zslot =
4
r
µ
η=
(3)
ε
where η is the wave impedance (∼377Ω for free space), µ is the magnetic permeability and ε is
the dielectric permittivity of the medium.
In case of the 4 arm self-complementary spiral antenna, the input impedance can be calculated
using (4), which is a particular version of (5), considering the 1st mode of propagation:
η
η
√ ≈ 133Ω
π =
4 · sin( 4 )
2· 2
η
Zin,n arm =
4 · sin( nπ )

Zin,4 arm =

(4)
(5)

These relations can be used for the initial approximation of the input impedance of all the
antennas from Fig. 4.

3.2.

The logarithmic spiral antenna

Another very common configuration is the logarithmic spiral antenna (also known as the
equiangular spiral antenna), which is obtained using (6):
r = r0 eaΦ

(6)

where r is the current radius, r0 is the inner radius of the antenna, a is rate at which the spiral
flares out and Φ is the linearly increasing angle.

3.3.

The sinuous antenna

The sinuous antenna is an evolution of the spiral antenna and was patented by DuHamel in
1987 [13]. The sinuous curve consists of a number of cells, and each cell is generated using (7)
!
πln( Rrp )
p
ϕ = (−1) α sin sin
, f or Rp+1 ≤ r ≤ Rp
(7)
lnτ
where P is the number of “cells” that the sinuous arm consists of and p={1. . . P}, Rp is the outer
radius of each cell, α (positive number) and τ (positive number < 1) are design parameters that
define the angular width and the ratio inside to outside radius of each cell, respectively.
This type of antenna is a dual circularly polarized antenna with gain and impedance bandwidth performance similar to the singly circularly polarized Archimedean and log-spiral antennas. The LH or RH circular polarization is obtained by proper feeding of the 4 arms of the
antenna.
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3D electromagnetic design and simulation
Central-fed Archimedean spiral antenna

For performance comparison with the proposed CPW-fed membrane supported sub-terahertz
spiral slot antenna, a typical Archimedean spiral antenna with a central feed was designed and
analyzed (Fig. 5). The inner radius of the antenna was selected as Rin =0.5 mm, with an outer
radius of Rout =1.25 mm. These values determine the lowest (flow ) and highest (fhigh ) operating
frequencies according to (8)-(9) [12]. The conductor width is 0.1 mm and the slot width is
0.05 mm. The two spirals have their starting points 180◦ apart and each of them describes two
full turns. Two strips are used to connect the two spirals to the central feed. The 3D model
was developed in CST Microwave Studio, the strip thickness was 1 micron, and the antenna was
fed using a 100×100 µm2 discrete face port, with central edge excitation and a 200 Ohm port
impedance.
flow =

c
∼ 38.2GHz
2πRout

(8)

c
= 150GHz
4Rin

(9)

fhigh =

Fig. 5. W-band Archimedean spiral antenna with central feed.

The simulated 3D radiation characteristics between 35 and 150 GHz show a broadband,
broadside performance with a gain of 4-5 dBi (Fig. 6 (a)-(f)), which is consistent with spiral
antenna theory.
An analysis of the electric field distributions as a function of the phase (Fig. 7 (a)-(d)), at
95 GHz shows a clock-wise in plane rotation, which for a positive vertical propagation, corresponds to a left-handed circular polarization. This behavior is confirmed by the left-hand polarized 3D radiation characteristic from Fig. 8. (a). In case of right-hand polarization, the direction
of the 3D radiation characteristic (Fig. 8 (b)) is oriented in the negative vertical direction.
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Fig. 6. 3D radiation characteristics of the W-band Archimedean spiral antenna with central feed at:
(a) 35 GHz; (b) 50 GHz; (c) 75 GHz; (d) 100 GHz; (e) 125 GHz; (f) 150 GHz.

Fig. 7. Electric field distributions at 95 GHz for different phases: a) 0◦ ; b) 90◦ ; c) 180◦ ; d) 270◦ .

Fig. 8. 3D radiation characteristics: (a) Left hand polarization; (b) right hand polarization at 95 GHz.
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Proposed sub-terahertz Coplanar Waveguide-Fed Spiral Antenna

For terahertz frequencies (above 300 GHz), the antennas described in Section 3, are either
integrated with substrate lenses (e.g. extended hyper-hemispherical silicon lenses) or placed on
thin support layers [14, 15]. For frequencies up to millimeter wave (30-40 GHz), the antennas
are usually integrated with resonant cavities and probed coaxially [16].
For the lower sub-terahertz frequencies, a fully planar approach, using a coplanar waveguide
transmission line to feed the antenna could offer an easy integration approach with other circuits,
either by monolithic integration or by wire bonding.
Previous attempts at the design of CPW-fed Archimedean spiral antennas have usually been
concentrated on frequencies up to 20 GHz, with most works reporting wide impedance bandwidths, but moderate gains. [17] and [18] describe a CPW fed spiral antenna with the two slots
ending in an open circular slot operating in the 2-8 GHz frequency band. In [17], a matched
75 Ω chip resistor is connected at the end of the spiral arms, in order to absorb the incident wave
and to minimize the reflection, while in [18] pin diodes are added for frequency reconfigurability. Axial ratios lower than 3 dB are obtained, but with gains of 2-3 dBi. [19] and [20] show
CPW spiral antennas which operate roughly in the 1-8 GHz, with a 10% AR bandwidth around
1.6 GHz and peak gains of 2.23 dBi and 3.66 dBi, respectively. One of the higher performance
CPW spiral antennas uses a low-loss Alumina substrate and is obtained by tapering a 50 Ω CPW
transmission line until it reaches a 100 Ω characteristic line impedance and terminating it with
a 100 Ω resistor [21]. This antenna boasts an impedance bandwidth between 10-20 GHz, with
a 3-5 dBi gain and an AR lower than 3 dB over the 11.4-17.5 GHz frequency range. In order
to reach higher frequencies, [22] places the antenna on a dielectric membrane. In this case the
antenna is obtained by wrapping the signal line of the CPW transmission line. The paper shows
only simulation results covering the V band (50-75 GHz) and estimates an impedance bandwidth
of more than 15 GHz and a gain of 5-6 dBi with no indication of the AR of the antenna.
The sub-terahertz 2-arm CPW-fed Archimedean spiral antenna presented in this paper is
designed using the slots of a coplanar waveguide transmission line (Fig. 9). The antenna is
designed to be fabricated on a 2.1 µm thin dielectric membrane (SiO2 /SiN 1.5/0.6 µm) with an
equivalent relative permittivity εr = 4.5. This enables high frequency operation, wide impedance
bandwidth and a high gain broadside radiation characteristic.
Unlike the typical approach, where the antenna is fed in the center using a balun in order to
obtain a 180◦ phase difference between the two arms, a uniform CPW with gap-signal-gap of
0.1-0.05-0.1 mm was implemented. The characteristic line impedance of this CPW transmission
line is about 50 Ω on the 525 µm thick silicon bulk (εr = 11.9) and 120 Ω on the dielectric
membrane. The CPW slots are terminated with radial slot stubs with a radius of 400 µm and
an angle of 50◦ . These slots are used to lower the antenna input impedance to match the 120 Ω
characteristic line impedance of the membrane supported CPW antenna feed and ensure a high
energy transfer to the antenna. A similar technique was used in [23] for an antenna with spiral
strips.
The lower and upper operating frequencies can be estimated using (8)-(9) and are the same
as in Section 4.1., respectively 38.2 GHz and 150 GHz. Since the structure is more complex than
the central fed Archimedean spiral antenna, these values are only a first order approximation.
A pseudo-cavity is constructed under the antenna, by placing a gold metallized surface at
a distance of 800 µm. A cross-section is shown in Fig. 10. Dielectric spacers with εr = 3.3
(polyamide) were used in the model.
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Fig. 9. Layout of the proposed sub-terahertz CPW-fed Archimedean spiral antenna.

Fig. 10. Cross-section of the proposed sub-terahertz CPW-fed Archimedean spiral antenna.

A 3D electromagnetic model was developed in CST Microwave Studio. The model is fully
parameterized and the simulations were performed using the Time Domain Solver. Open add
space conditions were set, with perfect matched layer (PML) boundaries.
Simulations were performed with and without the backside metal surface and the results are
presented in Fig. 11 and Fig. 12. Despite an increase in the number of secondary resonances (as
would be expected) the impedance matching bandwidth covers a range exceeding 55.5–350 GHz
(Fig. 11). Even though the electric field distribution in the antenna slots is only slightly perturbed,
a clear increase of the directivity due to the reflected wave can be seen in Fig. 12. It is well
known that an electromagnetic wave with RHCP (emitted to the back side metal) is reflected with
LHCP. The reflected wave is added in phase with those emitted by the antenna in the propagation
direction.

Fig. 11. S-parameter simulation results with and without the backside metal layer.
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Fig. 12. Directivity simulation results with and without the backside metal layer.

A parametric study for different number of turns for the same internal radius was performed
and the S-parameter results for the 50–350 GHz range are shown in Fig. 13 (a). The antenna
preserves its input matching bandwidth starting from about 55 GHz, with the 2 turn antenna
showing slightly better performance with the increase of the number of turns due to the larger
outer radius. For the same inner radius the behavior in the upper frequency range does not
change. The number of the reflection ripples increases with the number of turns because of the
increased number of wavelengths of the antenna slots.
The axial ratio and directivity are shown in Fig. 13. (b)-(c). The AR parameter shows a CP
in all cases (values lower than 3 dB). The directivity of the antennas ((Fig. 13 (c)) fluctuates in
the frequency range due to different phases of the electric field along the two slots.
Because the two turns antenna is more compact, it was selected for design optimization,
fabrication and experimental characterization. It is a trade-off between antenna performances
and the total spiral area. The optimized antenna parameters are shown in Fig.14. Fig.14 (a)
shows the simulated results for the input reflection parameter |S11| with a good matching in the
sub-terahertz frequency range. The simulated antenna directivity is between 7-10 dBi and it is
presented in Fig.14 (b). The maximum antenna gain that includes the directivity and the antenna
matching is presented in Fig.14 (c). The simulated antenna efficiency is larger than 60 % between
70 - 150 GHz (Fig.14 (d)).
The simulated results for the optimized antenna radiation pattern are presented in Fig.15 (a)(c) for 75 GHz, 92.5 GHz and 110 GHz, respectively. The radiation pattern is tilted because of
the phase shift between different radiation points along the two spirals. The maximum antenna
gain is about 8.5 dBi in the W band (75 -110 GHz) but it remains larger than 7 dBi in the direction
normal to antenna metallization (Fig.14 (c)).
Fig.16 presents the 95 GHz simulation results for LHCP radiation pattern (Fig.16 (a)) and
RHCP radiation pattern (Fig.16 (b)). As it was predicted by the theory, the RHCP electromagnetic wave is substantially suppressed by the backside metallic layer. The analysis of the electric
field distribution as a function of phase at 95 GHz (Fig.17) shows a clockwise rotation which
corresponds to LHCP.
Two orthogonal planes were selected in order to analyze the beamwidth of the axial ratio.
The results at 95 GHz are shown in Fig. 18 (a)-(b), where “Phi=0” is the plane perpendicular to
the CPW transmission line used to feed the antenna, while “Phi=90” is the plane parallel to the
feed. The AR is lower than 3 dB for an angular beamwidth of 135◦ and 37◦ , respectively.
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Fig. 13. Simulation results for an increasing number of turns in the 50–350 GHz frequency range: (a)
S-Parameter results; (b) Axial Ratio; (c) directivity.
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Fig. 14. Simulation results for the optimized 2 turns spiral antenna: (a) input reflection |S11| parameter;
(b) antenna directivity; (c) antenna gain; (d) radiation efficiency.

Fig. 15. Simulated 3D radiation pattern at: (a) 75 GHz; (b) 92.5 GHz; (c) 110 GHz.

Fig. 16. Simulated 3D radiation pattern for: (a) LHCP radiation pattern; (b) RHCP radiation pattern.
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Fig. 17. E-field distribution at 95 GHz for different phases: a) 0◦ ; b) 90◦ ; c) 180◦ ; d) 270◦ .

Fig. 18. 2D axial ratio for two orthogonal planes at 95 GHz: (a) Phi=0; (b) Phi=90.

5.

Fabrication and characterization results

Test devices were fabricated using standard photolithographic and silicon micromachining processes [24]. The silicon wafer was diced into chips and Fig.19 (a) and (b) show the front side
and backside of the antenna chip, respectively. The antennas were placed over a metallized gold
surface. Using dielectric spacers a distance of about 800 microns was set between the backside
metallization and the antenna membrane.
The input reflection parameter S11 was measured using a Vector Network Analyzer with W
band extensions. The measurements were calibrated using the Short-Open-Load-Thru method.
The measured reflection parameter is shown in Fig.20 and compared with the simulated results.
There is a good agreement showing an input matching bandwidth (|S11|) < -10 dB) larger than
65-110 GHz.

Fig. 19. Front side (a) and backside (b) photos of the antenna chip.
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Fig. 20. Comparison between the measured and simulated input reflection parameter |S11|.

The 2D radiation characteristics were measured using the experimental setup presented in
Fig.21. The antenna chip was contacted on-wafer and operated as an emitter. The radiated
power was measured using a standard gain horn and a Spectrum Analyzer. The measured 2D
radiation characteristics are presented in Fig.22 for the transversal (orthogonal to the CPW feed)
and longitudinal (parallel to the CPW feed) planes. The transversal radiation pattern is tilted
because of the asymmetric feed [8]. A gain of about 10.6 dBi was computed from the measured
3 dB beam width.

Fig. 21. The experimental setup for 2D radiation characteristics measurement.

Fig. 22. Measured 2D radiation characteristics at 94 GHz: longitudinal (solid trace) and transversal (dashed
trace) planes.
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Using a W-band dual-polarized horn antenna (SAR-2018-100-S2-DP from Sage Millimeter
Inc.), with an integrated orthomode transducer (OMT), the received circularly polarized signal
was separated into two components with linear polarization. The receiver power of the two
signals was measured using a W band Spectrum Analyzer and the axial ratio was computed. The
results as a function of frequency are plotted in Fig. 23 and show good circular polarization in
the broadside direction in the 77 - 97 GHz frequency range.

Fig. 23. Measured axial ratio as a function of frequency.

6.

Conclusion

An overview of electromagnetic wave polarization was presented and several antenna structures with circular polarization were investigated. The Archimedean spiral antenna was selected
for electromagnetic modeling. After an exhaustive published literature study, a new topology of
membrane supported coplanar waveguide fed Archimedean spiral antenna was proposed. A fully
parameterized 3D electromagnetic model was developed with the dedicated CST Microwave Studio software. A parametric study for a number of turns between 2 and 6 was performed in the
50-350 GHz frequency range. The 2 turns antenna was selected for optimization, fabrication and
characterization. The simulated results show a good matching between 60-150 GHz, a directivity of 7-10 dBi and a simulated efficiency larger than 60% between 70-150 GHz. The measured
results showed good matching from 75-110 GHz, in good agreement with simulations, a measured antenna gain of 10.6 dBi at 94 GHz and a broadside axial ratio smaller than 3 dB between
77-97 GHz. With an compact membrane area of 5.3×5.3mm2 the performances of the proposed
antenna are beyond the previously reported CPW fed spiral antennas. These results make it an
excellent candidate for sub-THz applications such as 5G systems, active/passive imaging, radio
frequency identification etc.
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