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Beam Scanning of Silicon Lens Antennas Using
Integrated Piezo-Motors at Submillimeter

Wavelengths
Maria Alonso-delPino, Member, IEEE, Cecile Jung-Kubiak, Senior Member, IEEE, Theodore Reck, Senior

Member, IEEE, Nuria Llombart, Senior Member, IEEE, and Goutam Chattopadhyay, Fellow, IEEE

Abstract—This paper presents a lens antenna that scans the
beam using an integrated piezo-motor at submillimeter wave
frequencies. The lens antenna is based on the concept presented
in [1], a leaky wave waveguide feed in order to achieve wide
angle scanning and seamless integration with the receiver. The
lens is translated from the origin of the waveguide producing
the scanning of the beam over a 50 deg Field of View (FoV) (or
about 6.25 beamwidths) with a maximum scanning loss of 1 dB.
The lens movement is achieved with a piezoelectric motor that
is integrated within the antenna and receiver block. A prototype
was built and measured at 550 GHz achieving scanning beam
angles close to 20 degrees with only 0.6 dB of loss. The scanning
of the 50 deg FoV, which corresponds to a lens displacement of
approximately 2 mm, takes about 0.9 s achieving a scanning rate
of 0.75 Hz of the FoV. The accuracy in continuous mode of the
piezo actuator has been measured to be less than 28µm in the
worse of cases for displacements of 2 mm, which corresponds to
a beam steering of 0.76 deg, much smaller than the antenna half
power beamdwith of 8 deg.

Index Terms—Beam-scanning, piezo-motor, silicon lens, leaky-
wave waveguide feed, submillimeter-wave.

I. INTRODUCTION

SUBMILLIMETER-WAVE heterodyne instruments enables
high resolution observations of many chemical species

that are of importance for the understanding of planetary
atmospheres [2], [3], comet composition [4], [5] or interstellar
medium evolution [6]. The imaging of the FoV is usually
performed by the combination of the spacecraft movement and
the optical system scanning [5]. When a faster imaging of the
field of view is required, focal plane array systems reduce the
imaging speed by a factor equal to the number of elements
on the array [7]. However, this approach increases the power,
mass, and volume of the instrument, which for some space
missions, is not viable.

The state of the art of submillimeter-wave instrumentation
that performs beam-scanning relies on electromagnetic motors,
i.e. brushed or brushless DC motors and stepper motors,
which are high weight and power, and some of them can
even introduce excessive heat and vibrations into the rest of
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Fig. 1: Photograph of the prototype at 550 GHz of the silicon
lens fed by a leaky-wave waveguide feed with an integrated
piezo-electric motor. The hemispherical silicon lens has a
radius of 6 mm.

the system components. For example, the near-field imaging
radar in [8] uses a high power brushless motor to move a
flat mirror, and weights around 4 kg. Other examples such
as the Submillimeter-Wave Instrument (SWI) in JUICE or
TEMPEST-D uses a stepper motor to rotate the primary
reflector and, the SWI, another one that that rotates the whole
instrument [9].

Piezo-electric actuators are non-electromagnetic motors, and
use a piezo material (a crystal or ceramic) that deforms
under an electrical field to convert this electrical energy into
a mechanical deformation. Piezo-electric motors convert this
small deformation into a large motion through friction. It
has a behavior that compares to an electrical capacitor, thus,
consumes very low power and no heat is generated. One
of their drawbacks, initially, was their shorter lifetime and
reliability, but lately this has been improved by using fully
qualified and robust manufacturing processes. With continuous
advances in piezoelectric technology, one can find a wide
variety of actuators that range different performances and are
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suitable for a wide range of applications [10]. They have been
used in the drilling system of the Mars Rover Curiosity or in
the dust analysis instrument Midas from Rosetta. In this work
we propose the integration of this piezo-electric technology in
our receivers in order to enable a low power, mass and volume
beam-scanning mechanism.

The key requirement for a submillimeter- receiver is to have
a highly compact low loss, waveguide based, packaged system.
Silicon micromachining based on DRIE (Deep Reactive Ion
Etching) is an enabling technology that allows the fabrication
of 3D structures on silicon wafers with high accuracy [11].
This technology has been used for the fabrication of hetero-
dyne submillimeter wave system front ends as in [12], [13]
and be integrated with the more traditional split metal block
technology [14]. For these front ends, a silicon micro-lens
fed by a leaky-wave cavity [1], [15], [16] proved to be the
most viable solution in terms of performance, fabrication, and
integration either in silicon or metal machining up to 1.9 THz
[14]. Furthermore, compared to traditional horn antennas, this
antenna architecture enables scanning capabilities. Moreover,
the air-gap that realizes the leaky wave cavity facilitates the
relative translation between the lens and waveguide feed. This
has enabled us to combine piezoelectric technology with our
silicon micro-machining capabilities to integrate a very small
motor based on piezo movement in our silicon wafer stack,
see Fig. 1. The off-axis performance of integrated silicon
antennas coupled to planar antennas was investigated in [17],
[18]. There has been other approaches to integrate mechanical
movement on lens antennas at millimeter-wavelengths [19].
However, to the best of our knowledge, there has not been
a demonstration of integrated piezo-electric motors with lens
antennas at submillimeter wavelengths.

The aim of this paper is to present the scanning capabilities
and performance of a silicon lens fed by a leaky wave feed at
550 GHz and its integration and testing with a piezo-electric
motor. Since piezo-electric motors are light weight and low
power, the proposed antenna could enable future space instru-
ments replacing the bulky opto-mechanical systems. Section
II describes the architecture and scanning properties of the
micro-lens antenna. Section III describes its integration with
a piezoelectric actuator. Section IV shows the measurement
setup and results of a prototype built at 550 GHz as well as
the performance of the piezo electric actuator. The conclusions
are drawn at the end.

II. SCANNNING PROPERTIES OF THE SILICON LENS
ANTENNA

The lens antenna geometry consists of a leaky waveguide
feed that provides a very directive feed that illuminates only
the upper part of an extended hemispherical lens [1]. The feed
is composed of a square waveguide, an iris on a ground plane
and an air gap between the iris and the silicon lens, shown in
Fig. 2. The waveguide couples the radiation from the device
layer containing the front-end receiver circuit to the iris, air
gap and lens. The semi-hemispherical extended silicon lens
sits on top of the air cavity.

In previous works, the proposed lens antenna was very
shallow because it was truncated at a certain angle [16] to
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Fig. 2: Illustration of the scanning silicon lens-antenna geome-
try. The lens is translated from the waveguide nominal position
producing the scanning of the beam.

achieve closed packed focal plane arrays. Instead, in this effort,
we propose the use of a full hemispherical lens in order
to avoid any spill-over losses while scanning and therefore
enlarging the scanning range. We present here the scanning
performance of a silicon lens with radius of R = 11λ = 6mm.
Such antenna will couple to an external quasi-optical system
with an f-number around 3. We have used the combination of
a full wave simulation, to obtain the filed patterns radiated by
the leaky-wave fed in an infinite medium, and Physical Optics,
to evaluate the radiation of the lens antenna in free space, as
explained in [16].

Fig. 3 shows parametric studies of the directivity (a) and
Gaussicity (b) versus the extension height L and the lens
displacement ∆x/R from the center of the leaky wave feed.
The contour plots in the figure describe a strong variation due
to the high index of refraction of the lens. The maximum of
the directivity is found at a very low extension length, around
L/R = 0.04, compared to the well-known guidelines of the
double slot antenna [18], L/R ≈ 0.39, since the leaky wave
has a phase center behind the ground plane. The directivity
variation while scanning at these optimum extension lengths
is much lower in the case of the leaky wave feed (less than
1dB drop until scanning of around 23.5 degrees as shown
in Fig. 3a). Moreover the reflection losses at this extension
while scanning are also much lower than in the double slot
case (see Fig. 3a) thanks to the illumination of the top part of
the lens only (see Fig. 2). Indeed, the leaky wave feed has a
taper illumination angle of -10/-14 dB at around 15 degrees
compared to the 50-60 degrees in case of the double slot.

Generally, for submillimeter-wave heterodyne systems, this
lens antenna is coupled to a quasi-optical system, and hence,
the Gaussicity is an important parameter for defining the
feed scanning performance. The Gaussicity is calculated using
[20] optimizing the Gaussian beam parameters (waist and
phase center) at zero displacement for each extension length.
The Gaussicity for non-zero displacements is evaluated with
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Fig. 3: Directivity (a) and Gaussicity (b) as a function of the
lens extension length and the lens displacement from the center
of the feed for a lens radius of R = 11λ = 6mm hemispherical
lens at 550 GHz.

these same Gaussian beam characteristics and plotted in Fig.
3b versus the extension length and lateral displacement. As
opposed to [18], the maximum Gaussicity for this system
is achieved at the extension height that leads to the highest
directivity.

Therefore, using an extension height L = 0.04R will lead to
a high coupling efficiency to an external quasi-optical system
for a wide angle scanning. This lens antenna has a maximum
scanning directivity loss of -1 dB, a Gaussicity better than 65%
and reflections losses lower than 0.1 dB over a ±23.5 degrees
scanning range. The angular half-power beamdwidth is 8 deg,
which leads to about 6.25 beams in the FoV. Based on these
dimensions, we built a prototype antenna operating at 550
GHz. To achieve the mentioned scanning range, a translation
of the lens of ±0.96mm with a resolution better than 0.32 mm
is required.

The proposed lens prototype with an ideal quarter wave-
length matching layer (εrm =

√
11.9) has also been simulated

using a full wave solver in order to include the effects of
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Fig. 4: (Left Axis) Scan loss and (Right Axis) scanning angle
as a function of the lens displacement of the lens-antenna for
L = 0.04R.

the multiple reflections [21]. The obtained scan loss and scan
angle are shown in Fig. 4. The agreement is very good with
the PO simulations, even though there are some oscillations
associated to the multiple reflections. The values of Gaussicity
are also very similar.

III. INTEGRATION OF THE PIEZO-ELECTRIC MOTOR

The key enabling technology to perform a fast and accurate
scanning of the feed is the advancement of piezo-electric
actuator motors. We built a lens-antenna prototype with a
piezo electric motor at 550 GHz. The piezoelectric motor is a
commercial miniature linear stage from PI Motion Positioning
[10]. The linear movement is based on a piezoelectric inertia
drive which achieves, according to the manufacturer specifica-
tions, a pull/push force of 1 N, speeds of 10 mm/s and travel
ranges of 12 mm with a 1 nm resolution. With its very small
size of around 2 cm×2 cm×1 cm it can be integrated within
the same metal block of the receiver.

The overall assembly consists of a metal block, where the
receiver or the Local Oscillator will be integrated, with the
piezo actuator and silicon wafers laying on top containing
the antenna and/or further receiver circuitry. To show the
operability and performance of the antenna architecture, the
prototype built is based on a split block that contains the
piezo electric actuator with the antenna system which can
be plugged into one of our existing sources at 550 GHz for
measurement (see Fig. 1 and 5). There is a gold plated silicon
wafer that contains the iris membrane with the double slot and
it is placed on top of the metal block. This wafer is aligned to
the metal block using silicon pins as in [14] and is fixed to the
metal block using screws with washers. On top of this, another
silicon wafer is used to define the air cavity and the extension
length of the lens. All the wafers are processed using DRIE
based silicon machining as in [14].

The silicon lens is a 12 mm radius semi-hemisphere (com-
mercially available from Tydex) and is coated with a 550
GHz anti-reflection coating layer of Parylene. A series of
concentric circles were etched to the silicon wafer to define
the exact position of the lens taking into account its fabrication
tolerances of the diameter, which was ±0.1mm.
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Lens pusher

Piezo-electric
motor

Silicon wafer
defining air cavity

Alignment 
sockets

Silicon wafer 
with iris 

Alignment 
metal pin

Fig. 5: Scketch of the proposed assembly of the prototype at
550 GHz of the silicon lens or R = 6mm fed by a leaky-wave
waveguide feed with an integrated piezo-electric motor.

The two silicon wafers, the one containing the iris and
the one holding the lens are optically polished, which, by
having a low coefficient of friction, provide a clean and smooth
translation surface. Moreover, the airgap between the feed and
silicon lens favors the translation movement of the lens without
damaging the membrane. Two metal pins define the alignment
of the lens with the feed in the axis perpendicular to the
movement, and define the movement direction of the lens. The
feed is screwed to the actuator and the lens can be pushed back
and forth for scanning purposes. The lens is placed flat against
the feed wafer using screws with a spring in order to regulate
the pressure applied in the interface.

IV. MEASURMENT SETUP AND RESULTS

Two set of measurements were made to evaluate the per-
formance of the antenna architecture and piezo-electric motor
capabilities. To perform the antenna measurements, we built
a far-field measurement set up at WR-1.5. We assembled a
JPL developed 550 GHz transmitter chain based on Schottky
multiplier devices, transmitting an overall power around 2 -
2.5 mW between the 520-550 GHz band (see inset of Fig.
6). The antenna was connected to this source and placed on
two rotational stages that moved the assembly in elevation
and azimuth (see Fig. 6). A WR-1.5 frequency extender was
used as a receiver on the other end. A standard horn and
wire grid was used to measure both polarizations. A PNA-
X controlled by a computer was used as a synthesizer for
both sources and to process the received signal. More than 60
dB of dynamic range was achieved using this configuration,
which was sufficient to measure co and cross polarizations.

A. Antenna Measurements

The reflection coefficient of the antenna was measured with
the PNA-X and calibrated WR 1.5 frequency extender to first
verify the assembly. Fig. 7 shows the reflection coefficient of
the antenna as a function of the frequency and plotted against

Wire-gridWire-grid

Rotational
 Stage

WR1.5 
Frequency 
Extender

520-555 GHz Source with AUT

Fig. 6: Photograph of the antenna far-field measurement setup
with a 520-555 GHz source with our antenna under test
(AUT) mounted on two rotational stages. A WR1.5 frequency
extender is used as a receiver.

the simulations. Since the reference plane for calibration for
the transceiver was at the beginning of the metal block fixture,
the losses in the block lower down the overall reflection values
as seen in simulation comparison (dash line). The simulations
have been performed using the Time Domain Full wave
simulator CST [22] setting the waveguide metal conductivity
to σ = 5e6S/m, that was measured in previous prototypes.
The losses estimated in the waveguide transition are 2.8 dB
at 550 GHz. The overall shape and performance agrees well
with simulations. By moving the lens back and forth with
the piezo electric motor while verifying that the reflection
coefficient did not have significant changes, we calibrated the
compression of the spring with screws that tightened the lens
to the feed. Overall, the reflection coefficient is below -13 dB
on a bandwidth of more than 15% which should be suitable for
most of our heterodyne instruments. The measurement shows
consistency across the back and forth movement of the lens
by the piezo actuator motor.

The measured co- and cross-polar radiation pattern when
the lens was positioned in the center is shown in Fig. 8.
The receiver and wire-grid were rotated by 90 degrees to
measure the cross-polarized field. The measurements show
good agreement with the full-wave simulation results. The
cross-pol level is below 20 dB from the co-polarized field
which is reasonable for majority of our applications.

The directivity was measured over the 520 GHz to 575 GHz
band and is shown in Fig. Fig. 9. Above and below the band
there was not enough transmitted power from the source to
have a sufficient dynamic range to measure the antenna. The
gain was measured on the 520 GHz to 550 GHz band; above
550 GHz the transmitted power was not measured accurately
and the power calibration was not truthful. The disagreements
between measurements and simulations are within the tol-
erances of the measurement setup and fabrication/assembly,
moreover the use of a Parylene matching layer (εr ≈ 2.5)
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Fig. 8: Measured (black) and simulated (blue) co- and cross-
polarized radiation patterns at 550 GHz.

instead of an ideal one (εr ≈ 3.45) increases the impact of the
multiple reflections in the lens directivity and gain.

B. Scanning Performance

The proposed scanning antenna performs a continuous
scanning, but, for simplicity, the scanning performance of the
proposed lens antenna was measured at various discrete lens
positions at the central frequency of 550 GHz. The measured
patterns against the full wave simulated patterns are shown in
Fig. 10. The main lobe of the radiation patterns has a good
agreement with the simulations. However, when the lens is
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Fig. 10: Measured (solid line) and simulated (dashed line)
radiation patterns at different scanned positions at 550 GHz.

displaced from the center position a secondary lobe appears
at around -13dB, not present in the simulations.

The secondary lobe appearing on the measurements is due
to the reflections of the lens. The simulations in Fig. 11
show the results for an ideal antireflective coating for silicon.
Even though Parylene is close to the desired permittivity
(εrm ≈ 2.1), the difference can be clearly perceived especially
when the lens is off-axis from the feed. Fig. 11 illustrates this
effect, where the radiation patterns are plotted for a perfect
matching layer, Parylene matching layer (reflection loss of 0.3
dB) and no matching layer (reflection loss of 1.42 dB). Overall,
Parylene reduces the sidelobes to -13 dB, from -7 dB when
no matching layer is used. For applications requiring a lower
side-lobe level, one can mitigate further the reflections by
patterning subwavelength features on the silicon lens surface
creating a perfect anti-reflection coating [23]. Another option
is to use other materials based on mixed epoxies (i.e. Stycast
as in [24]) that achieve a closer match to silicon. The last
option is to use a patterned resistive layer, between the lens
and the feed to absorb the second reflection that comes back
from the lens [25], in order to avoid the interference of this
side-lobe with the observation.
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The overall scanning loss as a function of scanning angle is
summarized in Fig. 12a. This loss as a function of the scanning
angle is calculated by measuring the peak power value at each
lens position and compared to the gain drop evaluated via
the PO simulations. The agreement between simulations and
measurements is good, note the discrepancies are due to the
power fluctuations, limitations of the measurement setup and
increases of reflection loss due to the Parylene layer.

The scanning angle is plotted against the displacement in
Fig. 12b. Overall, the experimental results follow the pre-
dictions obtained from the simulations, which demonstrates
the operability and performance of the antenna architecture
proposed.

C. Piezo-electric Motor Performance

We performed a series of tests to ascertain the speed
and accuracy of the piezo electric actuator motor. The piezo
electric motor has an integrated motion sensor that records the
position of the scanning for each instant of time. When the
stage is used with a discrete motion (stopping at each pointing
angle), the accuracy of the position is around 1 nm. However,
when the piezo is used in continuous mode, one might expect
the accuracy to decrease. We performed an experiment that
consisted on continuously moving the stage back and forth for
about 20 loops and record its position at each instant of time.
The travelling range was 1 mm and set to a maximum speed
of 10 mm/s. Fig. 13a shows the recording of the position for
each loop on the right axis, and the left axis shows the standard
deviation of the position at each instant of time. The maximum
deviation of the position measured was 28 um. We observe
that the error is concentrated at the center of the displacement
of the translation movement and the accuracy for both, push
and pull force operations are similar. The achieved deviation
is well-below the requirement (320µm).

From the movement slope depicted in Fig. 13a, we extracted
the speed of the piezo electric actuator for travelling ranges
ranging from 0.5 mm to 6 mm (see Fig. 13b). The acceleration
for the three displacements was measured to be around 11.5
mm/s2. Interpolating these results, a line rate of about 0.75
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Fig. 12: (a) Measured and simulated scan loss as a function
of the scanning angle. (b) Scanning angle as a function of the
displacement of the lens from the center feed positon.

Hz is achieved for the 50 deg FoV (corresponding to a lens
displacement of 2 mm).

With the achieved line rate, the proposed architecture could
be used for space sensing applications where the limit is the
integration time. For high imaging speeds such as a radar [8],
another piezoelectric motor with higher accelerations will be
needed.

V. DISCUSSION AND CONCLUSIONS

Future heterodyne instruments will benefit from using
an antenna with integrated beam-scanning capabilities for
submillimeter-wave frequencies. The advances in silicon mi-
crofabrication together with the miniaturization and reliability
of piezo actuator motors have enabled the development of a
silicon micro-lens antenna that can perform beam-scanning
capabilities.

We have studied the off-axis properties of the silicon micro-
lens antenna fed by a leaky-wave feed presented in [1] and
we have built a prototype at 550 GHz integrated with a piezo
actuator motor. We found excellent agreement between the
simulated and measured performances. The proposed antenna
has a bandwidth of 15% with 27dB gain at broadside and a
gain scanning loss lower than 1dB where achieved for a FoV
of 50 degrees.. The used actuator achieves accelerations of
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Fig. 13: (a) Position x as a function of the time for 1 second
push and pull continuous movements of 1 mm for 10 push
and pull movements (left axis). The standard deviation of
the position for each time instant for the 10 push and pull
movements. (b) Speed as a function of 2.5 seconds for 0.5
mm, 1 mm and 6 mm continuous displacements of the piezo
actuator motor.

11.5 mm/s2 with accuracies better than 28 µm for continuous
mode operation.
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