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Microwave MEMS Antenna Sensor
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Abstract— This paper demonstrates microwave antenna sensors fabricated on a silicon micro electro-mechanical-system
(MEMS) platform. The antennas are designed to operate between
10–16 GHz with 41% bandwidth and 50  input impedance.
Each antenna sensor is comprised of two planar metallic four
point leaves in horizontal and vertical directions providing dual
linear polarization. The design is simulated using the Ansoft
high frequency structure simulator. The antennas are fed using
coplanar waveguide routed on top of 100 μm width silicon hinges.
The fabricated MEMS platform show maximum rotation of 9.14°
(total range of 18.28°) around two axes using four torsion hinges.
The results highlight the limitation of silicon as hinge material
when larger angles are desired. The antenna sensors demonstrate
good detection of targets using measured scattered data and the
artificial neural networks technique.
Index
Terms— MEMS
platform,
broadband,
dual
polarization, bulk microfabrication, planar antennas, artificial
neural networks.

I. I NTRODUCTION

I

MAGING and detection algorithms often require illuminating and receiving data scattered from the target at
multiple directions and multiple frequencies. Usually an array
of physically fixed sensors connected through a network is
used to transmit and receive the electromagnetic signals.
To avoid network issues, e.g. cross talk and coupling between
antenna elements, sometimes only two antenna sensors are
used to rotate around the target for data collection [1]–[5].
In many cases, only limited view data can be collected, e.g.
when targets are hidden behind walls [3] or for detecting
cracks in pipes buried under ground [6], etc.). In addition, frequency hopping techniques are usually employed in imaging
techniques to avoid trapping the algorithm in local minima
[1]–[5]. In general, scattered fields at a single frequency do
not provide enough information for most of the imaging
and detection algorithms [2]. Therefore, broadband antenna
sensors are desired when used in imaging and target detection.
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Planar antennas are desired to achieve compact sensors.
Planar broadband antennas are being used in a myriad of
sensing applications in which space is limited and new implementations are constantly making the devices smaller. The
allure of these devices is the ability to integrate them easily
with other circuit elements while still allowing the benefits of
broadband devices.
A great deal of research has been conducted on incorporating micro-electro-mechanical systems (MEMS) devices
into communication, radar systems and sensors [7]–[10].
To accomplish this, MEMS have been incorporated into
antenna design and related components in a number of ways.
Four primary methods exist to utilize MEMS to reconfigure
an antenna and the corresponding characteristics [7]–[10].
The first method, and the focus of this work, is to mechanically
manipulate the spatial orientation of the antenna. The second
method commonly used is to alter the radiating structure
using mechanical switches. The third method is utilizing
MEMS phase shifters and the fourth method is to modify the
impedance of the antenna using MEMS capacitive switches.
These implementations were reported in the literature as
mechanically actuated MEMS antennas [7], pattern reconfigurable MEMS antennas [8], capacitive MEMS antennas [9]
and MEMS phased array antennas [10].
More recently, MEMS works were published at millimeter
waves [11], [12]. Electronic beam steering by MEMS tunable
metamaterials at millimeter wavelength was proposed in [11],
where a prototype of an analog tunable phase shifter was
demonstrated. For polarization diversity, a movable plate was
implemented to realize millimeter vertical on-chip antennas
through MEMS [12]. Both horizontal and vertical polarizations
were provided on the same chip using the movable plate [12].
Other MEMS works were demonstrated for a variety of
wireless communication applications [13], [14].
For the microwave frequency band, an array of spiral planar
antennas was proposed [15]. A twin-lead feed from the ground
plane below the antenna was used to maintain the wideband operation of the antenna, provided that matching the
transmission line with the active element was maintained.
The work in [16] was a comprehensive study of broadband
planar antennas fed through several methods. An array of
four patch antennas fabricated by micromachining technology
for mechanical beam steering with two degrees of freedom
of motion was presented in [17]. The antenna was driven
by magnetic force and not electrostatic actuation. The hinges
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Fig. 1.
Proposed MEMS antenna sensor (a) frontside of vertical and
horizontal fourpoint antennas, (b) CPW on silicon hinge, and (c) backside.

were made of polymer to increase the maximum scanning
angle. The patch antenna array in [17] was claimed to be
broadband; however, the return loss results seem to show
multi-band instead of broadband. The current paper is an effort
to integrate broadband planar antenna sensors onto a MEMS
platform. However, the current antenna will be fabricated on
silicon where the microelectronics facilities are available.
The current work uses micro-machining techniques to create
a MEMS platform for a broadband planar antenna. A brief
summary of antenna design using HFSS was presented in conference proceedings [18]. The work in [18] does not provide
adequate details of the antenna sensor design, fabrication or
measurements. The proposed antenna configuration is shown
in Fig. 1. A coplanar waveguide (CPW) is routed across
the four silicon hinges of the platform to feed the vertical
and horizontal antennas as will be discussed in Section II.
Simulation results and fabrication challenges will be discussed
in Section II. The antenna measurements will be presented
in Section III and application of artificial neural networks
(ANNs) for target detection will be presented in Section IV.
Concluding remarks will be given in Section V.
II. D EVICE D ESIGN , S IMULATIONS , AND FABRICATION
The integration of the proposed broadband antenna onto a
moveable platform created a variety of design and fabrication
challenges as will be discussed in this section.
A. Design
A dual frame design is proposed to rotate the antenna
sensors in two independent directions. Therefore, two sets
of torsion hinges are used allowing the platform to rotate
around two axes as shown in Fig. 1. The torsion hinges of
100 μm width are highlighted in Fig 1b which connect the
antenna platform to the bulk silicon. The exact dimensions
of the antennas and substrate materials are shown in Fig. 2.
In this design, the substrate material is 50 μm silicon with
relative permittivity εr = 11.9 with 3 μm thick silicon dioxide
layer of εr = 4.5 to minimize substrate losses, as shown in
Fig. 2. The two linearly polarized identical geometry antennas
are incorporated onto the MEMS platform but rotated 90° to
allow for dual linear polarizations (vertical and horizontal).
A 9 mm × 9 mm silicon platform with four 100 μm width
hinges are fabricated and measured in this paper which corresponds to the structure in Fig. 1a. The hinge dimensions
are critical as they must be large enough for the antenna feed
line but small enough that they allow the platform to rotate

Fig. 2.
Top and side views of proposed four point antennas showing
dimensions and substrate materials.

without excessive force [19]. In this work, electrostatic force is
used to actuate the MEMS antenna. The degree of rotation is
directly related to the overall size of the platform as it impacts
the maximum angle and the width of hinges as it controls the
resistance to rotation.
The HFSS package is utilized to design and simulate the
device as initially reported in [18]. The proposed antenna is
constrained to three necessary requirements based on available
fabrication facilities and sensing applications being considered. First, the antenna needed to be planar to be compatible
with standard microfabrication techniques, second it needed
to have a wide bandwidth to allow for frequency hopping
schemes when used in imaging, and third the antenna was
required to provide dual linear polarization which is beneficial
for fully polarimetric target imaging and detection applications [20]. Therefore, a planar modified bowtie antenna is
proposed in this work. Typically bowtie antennas are fed
through a coaxial connection at the midpoint that comes up
through the substrate. In this work, it was not a feasible
approach due to the microfabrication requirements, and instead
a coplanar waveguide was utilized.
B. HFSS Simulation
To demonstrate the advantage of the MEMS antenna, a
simple linear array of three dipole-like antenna elements
operating at 12.8 GHz is simulated four times using the HFSS
package as shown in Fig. 3. Each antenna consists of two
leaves with dimensions shown in Fig. 2. To steer the beam
with electronic phase shifting, the antenna elements are fed
with a current phase corresponding to the well-known formula
α = (d/λ) sin(θs ). Where α is the phase angle between
consecutive array elements, d is the distance between the
elements, λ is the wavelength and θs is the direction of beam
steering. To demonstrate the effect of small angles on antenna
performance, a steering angle of 9.14° is simulated. The power
radiation pattern is shown in Fig. 3a where zero phase shift is
used and d = 3cm (1.28λ at 12.8 GHz). The antenna array is
electronically shifted with α = −125° and the radiation pattern
is shown in Fig. 3b. The three elements are mechanically
rotated by 9.14° and zero electronic phase shift leading to
the radiation pattern in Fig. 3c. Finally, the three elements are
mechanically rotated with 9.14°, 0, and −9.14° as shown in
Fig. 3d. For the comparison purposes, the radiation patterns
in Figs. 3b-d are normalized with that in Fig. 3a. The angle
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Combining mechanical rotation of each antenna element with
the techniques of phase shifting might enhance antenna array
design and reduce the number of elements required to achieve
certain radiation patterns.
C. CPW Feeding

Fig. 3. Simulated radiation patterns in E- and H -planes at 12.8 GHz: a) the
standard three element array without steering; b) the three element array with
electronic steering; c) the three element array with mechanical steering; and
d) the three element array with the outer elements rotated opposite to achieve
a split beam pattern.

9.14° is used in these simulations because it corresponds to
the maximum rotation achieved using the fabricated MEMS
platform.
The results of Fig. 3 show the advantage of using mechanical beam steering. The advantage is that this physical rotation
can be accomplished without reducing the power in the
intended direction. Also, additional flexibility in the beam
pattern can be achieved by rotating elements in different
directions or angles (Fig. 3d). This helps augment traditional
beam steering through phased array approaches. For example,
comparing Fig. 3c with 3a there is no loss of power in
the intended direction (9.14° in the H-Plane). The electronic
steering in Fig. 3b resulted in a larger side lobe and wider
beam which reduces the amount of power in the intended
direction with only 83% compared with Fig. 3a and 3c. The
results of Fig. 3d show that individual rotation of each antenna
element can also be utilized to manipulate the antenna beam in
other ways. A split beam pattern is achieved by rotating the
outer antenna elements outwards from the center by 9.14°.

Fig. 4 shows the antenna and platform with a highlight of
the CPW transition to antenna elements in Fig. 4a and to
the SMA connection pads in Fig. 4d. The CPW feedline is
designed with a signal line width of 15 μm, a spacing of 9 μm
and a ground width of 25 μm as shown in Fig. 4c. Hinges
of width 100 μm, are designed such that the CPW feeding
each antenna is routed across the nearest hinge to that antenna.
This design has led to having four corners associated with one
antenna (vertical) and three corners associated with the other
antenna (horizontal) as shown in Fig. 4b. Corners presented
in the CPW are well-known to cause undesirable effects
and unwanted radiation characteristics. Four types of corner
geometries are investigated using HFSS; straight 90° corners,
rounded corners, arced corners, and tapered corners [19].
The straight corners provided good matching, compared to
the others, as shown in the S11 which measures the signal
reflection from the antenna [19]. The fabricated corners have
a slight rounding due to the fabrication process as seen
in Fig. 4c.
The transition from the CPW to the SMA connector requires
the geometry shown in Fig. 4d. The CPW feed line is designed
to have characteristic impedance of 50 . The tapering at the
antenna transition serves as a balun transition to a two-wire
feed line as shown in Fig. 4a. The bandwidth of an antenna
is defined by the range of frequencies that the S11 is less
than −10dB. The fabricated antenna shown in Fig. 4 operates
between ∼10–16 GHz and achieves a fractional bandwidth of
41% as will be shown in Section III.
D. Silicon Platform Fabrication
The device was fabricated using a high resistivity silicon
<100> p-type wafer that has a double sided polish (DSP).
The details are given in [19]. Fabrication of the proposed
MEMS antenna platform required features on both sides of
the silicon wafer; however, a double-sided alignment tool was
not available. To ensure accurate alignment of the features on
both sides, through-holes was utilized and achieved by the
Deep Reactive Ion Etching (DRIE) method. Similar schemes
were utilized prior to the development of double-sided aligners
for fabrication of accelerometers and similar devices [21].
An array of alignment holes ranging in size from 25 μm to
100 μm were used to ensure that alignment holes would be
present on the opposite side of the wafer. The DRIE process
was conducted using an STS 5922 Advanced Silicon Etcher.
The substrates were mounted to carrier wafers to protect the
equipment from etching the holding plate once the features
were completely through the target wafer.
The underside of the wafer was then etched to create
a cavity below the antenna platform [19]. To facilitate the
rotation of hinges, a cavity was introduced in the backside
upon thinning the bulk silicon of 300 microns to 20, 30,
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Fig. 4. Microscope images for: (a) fabricated antenna showing the transition from the CPW feedline to the antenna arms; (b) the HFSS configuration;
(c) fabricated CPW corner; and (d) fabricated transition from the CPW to the SMA contact pads.

Fig. 5. Photo of two final devices ready for testing after the SMA connectors
are attached using H20E epoxy [18], [19].

50, 80 and 100 microns. The best results of fragility and
rotation were obtained using 30 and 50 microns. The slope on
the underside of the platform was not of critical importance
therefore wet etching was utilized. The roughness on the
underside of the platform and hinges, however, was very
important as it creates stress points that can cause device
failure during rotation [19]. To minimize surface roughness
a variety of wet etching techniques were explored with the
best results achieved with Tetramethylammonium hydroxide
(TMAH).
Once the cavity on the underside was created, the metallization defining the antenna was deposited. Metal was deposited
using a Varian XM8 magnetron sputtering system. A thin
500 nm layer of titanium was deposited as an adhesion
layer for a thicker 2 μm layer of copper which has more
attractive electrical properties. An additional 500 nm layer of
titanium was deposited to eliminate the typical fast oxidation
of copper. The antenna and feed line structures were defined
using traditional photolithography techniques and etched in a
hydrofluoric (HF) solution to etch the titanium layer followed
by a hydrochloric (HCl) copper etch and a final HF etch. The
result was the desired patterning of the antenna, feed line and
bonding pads. The metallization was then protected by a layer
of photoresist to ensure that the tightly controlled metallization
was not changed during the final etching step. More details
about fabrication are reported in [19]. The fabricated antenna
sensors are shown in Fig. 5.

Fig. 6. Measured input impedance of the (a) horizontal antenna with 3 corners
of Fig. 4b and (b) vertical antenna with 4 corners.

III. M EASUREMENT R ESULTS
The antenna performance is measured using an HP 8510C
Vector Network Analyzer (VNA). The S-parameters of the
device are measured using the VNA in a custom built
1m × 1m× 1m anechoic chamber. The anechoic chamber was
built using standard plywood lined with pyramidal absorbing material purchased from ETS-Lindgren. The Anechoic
Absorber (model EMC-24CL) is designed to be useable in
applications ranging from 60 MHz to 40 GHz with a reflection
of less than −50dB in the frequency range of 2–18 GHz.
The measured and simulated S11 of both antennas showed
good agreement between the HFSS simulations and the measurements [18]. The results also showed that the antenna with
four corners in the CPW had S11 above −10dB at ∼12 GHz
due to the increased reflections of the corners in addition
to a possible mismatch due to the adhesion of the SMA
connector [18].
The VNA is utilized to measure the input impedance of the
antenna as shown in Fig. 6. The results of Fig. 6a show that
the real component of the input impedance is well matched

HUTCHINGS AND EL-SHENAWEE: MICROWAVE MEMS ANTENNA SENSOR CHARACTERIZATION AND TARGET DETECTION

2465

Fig. 7. Measured and simulated S21 for the antennas when placed 14 cm
apart in the anechoic chamber.

to 50  with a minor mismatch at ∼13.5 GHz. However, the
real component of the antenna with 4 corners has a greater
mismatch in the range of 12–14 GHz which agrees with
the S11 results presented in [18]. The imaginary part of the
input impedance for both antennas is close to zero within
the operating band of the antenna 10–16GHz. Notice that
the matching deteriorates at the edges of the band in Fig. 6
which corresponds to the S11 above −10dB. In Fig. 7, the
S21 parameter is measured when the two antenna sensors of
Fig. 5 are placed at 14 cm apart from each other. The measured
and simulated S21 parameters in Fig. 7 show good agreement
across the operating band of frequency. The S21 is important
for the application to be presented in Section IV. Measuring
the S11 and the S21 ensures that the antennas are performing
as expected for transmitting and receiving signals.
The S11 parameter of the rotating antenna is measured while
the antenna platform is rotated using a mechanical force to
determine the effect of hinge rotation on the antenna matching.
The antenna is rotated to 3.18° and 7.00° with the VNA
measurements of the corresponding S11 shown in Fig. 8. These
results are for the antenna with 3 corners (horizontal antenna)
shown in Fig 4b. The results show that the antenna remains
well matched with a rotation of up to 7°. The matching reduces
slightly with each increase in the rotation. This is most likely
due to anticipated changes in the CPW feedline on the torsion
hinges leading to increased reflections. This issue needs to be
investigated with larger rotation angles when using polymers
in future work.
During the experiment, a breakdown analysis of the platform was performed in which the hinges were rotated by
a physical force until they failed. The maximum rotation
achieved was 9.14° (18.28° total rotational ability) which
highlights the limitations of silicon as the hinge material when
larger rotations are enforced.
IV. P OST P ROCESSING N EURAL N ETWORK A LGORITHM
The fully characterized sensors are further tested by using
them for detection of small targets in the anechoic chamber.

Fig. 8. Measured (dashed line) and simulated (solid line) of S11 parameter
for the horizontal antenna in Fig. 4b when the platform experienced (a) no
rotation; (b) rotation of 3.18°; and (c) rotation of 7°.

Fig. 9.

A flowchart of a generic artificial neural network (ANN) algorithm.

Artificial neural networks (ANNs) are used as the postprocessing technique. An advantage of artificial neural networks is their adaptability and flexibility since they can
be created with any number of nodes and interconnects as
shown in Fig. 9. The software used is NevProp3 - Nevada
back Propagation, Version 3 developed by the Departments
of Internal Medicine, Electrical Engineering, and Computer
Science at the University of Nevada, Reno. In the first stage,
interconnects are assigned random values which are refined
during the learning process. In traditional ANNs, the output
is constrained between the values of 0 to 1, where 0 and 1
represent the true or false predictions by the network. In the
case of detection algorithms a 1 could represent the presence
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Fig. 10.

Data collection configurations inside 1m×1m×1m anechoic chamber (a) backscatter and (b) forward scatter.

of a target and a 0 representing the absence of an object.
The ANNs compare the output to a known dataset (trained) to
check for accuracy and then changes the weights in an effort
to improve the output. The network continues to refine the
weights until the error produced from processing the known
dataset is reduced below a pre-defined threshold. Once error
minimization is achieved, the training process is completed.
After training, the network becomes ready to process
unknown datasets. When new data are given to the network it
simply passes through the optimized network of nodes and
corresponding interconnects which results in a final value
between 0 and 1. At this stage a sensitivity value must be
specified to determine a cutoff point. Anything over this value
is deemed to indicate the presence of the target while output
under the cutoff indicates that no target is present. Neural
networks do not have to be confined to a simple Boolean
output of true or false. In previous work a double cutoff
scheme was explored that provided the benefit of allowing the
network to return a third unsure answer [22]–[24]. The unsure
answer would necessitate using complementary methods to
convert to a definite decision.
The fabricated antennas sensors are used for remote detection of an object suspended in air. Three example spherical
object types are investigated; metal, glass and wood with
permittivity of 5.5 for the glass and 3.7 for the wood. These
three materials are selected for their dielectric properties which
provided a range of electromagnetic scattering. ANNs are used
to predict the presence or absence of the various objects.
Fifty-one nodes are required in the input layer representing the measured S-parameters at every 100 MHz between
10.5–15.5 GHz which is within the operating band of
10–16 GHz. A single node is used in the output layer, and

TABLE I
ANNs D ETECTION R ATES U SING M EASURED BACKSCATTER
AND

F ORWARD S CATTER D ATA

through experimentation the optimal number of nodes in the
hidden layer was found to be 26 for this study. The network
is fully interconnected, meaning that all input nodes are connected to each hidden node which is connected to the output
layer.
Two configurations for data collection are used here;
backscatter and forward scatter measurements as shown in
Fig. 10. The target objects are introduced through a hole in
the top of the chamber and are suspended on a thin string in
the center of the chamber.
The backscatter data are measured by the S11 of the antenna.
It is important to note that this will include reflection from
all sources, but the anechoic chamber greatly reduces noise
from other objects. A total of two-hundred measurements
are collected with one-hundred cases having the target object
present and one-hundred cases having no target present. The
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target is moved slightly between each measurement and rotated
to ensure measurement data is not completely identical. Half
of the cases (fifty with the object and 50 without) are used
to train the neural network and the remaining cases are used
as the testing set. The number of cases that are correctly
identified by the network and the number of false predictions
are recorded. The neural network results for the backscattered
measurements are shown in Table I. As anticipated, the number
of correct identifications in Table I decreases with the strength
of the scattering objects. Metal is a very strong scatterer of
electromagnetic fields and the network made the most correct
identifications with the metal object. Wood, on the other
hand, is the weakest of the scattering objects and the network
made more incorrect predictions with the wooden sphere. It is
interesting to note that the number of false negatives accounted
for the majority of the decrease in detection accuracy between
objects.
The forward scattered data is collected with the same
configuration as the backscatter data, except with a second
antenna placed on the opposite side of the object as shown
in Fig. 10. In all results, only the co-polarization data are
used (i.e. the cross polarized data is not collected), consistent
with [22]. The ability to collect cross polarized data is useful as
it has been shown to be valuable for detecting targets immersed
in a medium or with a complex geometry [20]. The neural
network results for the forward scattered measurements are
shown in Table I as well.
V. C ONCLUSION
A broadband silicon MEMS antenna sensor was fabricated
to operate between ∼10 GHz and 16 GHz. The fabricated
antenna was shown to provide maximum rotation around each
axis of 9.14° with total range of 18.28°. The integration
of broadband antenna with MEMS silicon platform allowed
additional degrees of freedom to control steering the beam.
The obtained results show insignificant negative effects on the
antenna matching with the CPW, when rotated around the axes.
This could be due to the small rotation angles achieved in
this work. The latter is due to using silicon in the platform.
Further optimization of the hinge geometry and the integration
of polymer as the hinge material can increase the amount of
rotation angles.
This work focused on an antenna that worked in the range of
10-16 GHz based on previous microwave imaging applications
[1]–[5]. To demonstrate the scalability of the design a scaled
down version of the device was fabricated using the same
process, but having the size reduced to 25% of the original
design. This size reduction to 4.5 mm × 4.5 mm made the
operating frequency increased to almost 40-60 GHz [19]. This
indicates that the proposed sensor can be scaled to higher
frequency applications.
The results of this work showed a potential of using
the proposed antenna sensors in detecting targets made of
different materials using the ANNs. The forward scattering
configuration is observed to perform better compared with the
backscatter configuration based on the results of this work.
Further optimization of the ANN by increasing the number
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of hidden layers could improve performance although a single
layer was found to be over 70% accurate for all cases with a
single hidden layer.
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