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Abstract—A newmethod to reconfigure, tune or program an an-
tenna is presented and validated through a fabricated proof-of-
concept prototype. The method relies on the changing electrical
properties of a smart material, vanadium dioxide ( ), across
its solid-to-solid phase transition. The phase change in the ma-
terial is induced thermally. The developed device is a monolith-
ically integrated -based antenna that changes resonant fre-
quency on demand. Details and challenges related to the design,
fabrication and integration of thin films with antennas, as
well as the measurement setup, are discussed. Measurement re-
sults match well with theory and simulations. Results unveil a new
technique for reconfiguring antennas and suggest further studies
and improvements could lead to more exciting results and make
vanadium dioxide thin-films an alternate solution for multi-func-
tional antennas. This work is the first prototype to implement this
new reconfiguration mechanism in antennas in the gigahertz range
and to present results during the metal-to-insulator phase
transition.

Index Terms—Antenna, bowtie antenna, metal-insulator mate-
rials, metal-insulator transition, phase change materials, reconfig-
urable antennas, vanadium dioxide ( ).

I. INTRODUCTION

V ANADIUM dioxide ( ) is a smart material that has
recently begun to receive a lot of attention. While its in-

sulator-to-metal transition (IMT) was first reported in 1959 [1],
most of the practical applications that have been developed
utilizing this material have been reported in the last five years.
The results have awakened the interest of the general applied
sciences and engineering community, who now can apply the
advantages of this material in the design of their devices. At
room temperature, behaves as an insulator. During heating,
the material experiences a solid-to-solid phase transition at
a temperature of approximately 68 C, upon which both the
electrical conductivity and transmittance to IR wavelengths
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decrease significantly. Although the most common method to
induce the phase change in this material is through tempera-
ture (either through conductive heating [2], Joule heating [3],
or photo-thermally [4]), previous works have shown that this
transition can be forced by applying a voltage difference across
the thin-film [5], or by ultra-fast optical excitation [6].
Currently, the most typical mechanisms used to achieve active
reconfiguration in an antenna involve the use of RF MEMS,
varactors, and p-i-n diodes. Each of these components comes
with distinct performance characteristics. RF MEMS provide
excellent linearity, high and low loss, but involve integration
challenges [7]. Varactors and p-i-n diodes are commercially
available and have low cost. A common characteristic of many
of these components is that they require biasing, either through
high-resistive bias lines or using RF circuits that can limit their
bandwidth [8]. The significant drop in resistance shown by
across its phase transition allows for the creation of -based
reconfigurable antennas, where thin-films are used in
place of the electrical components mentioned above, and at-
tempt to overcome their intrinsic limitations.
In this work a proof-of-concept bowtie antenna design uti-

lizing vanadium dioxide as the catalyst for reconfigurability is
presented. The fabrication process and an overview of are
discussed in their respective sections. The bowtie antenna is fab-
ricated on a sapphire substrate and fed using a coaxial sleeve
balun. Measured and simulated results are presented.

II. VANADIUM DIOXIDE ( ) IN RF DEVICES

The fully reversible phase transition that exhibits at a
temperature of approximately 68 C is well within the tolerance
of most substrates used in antenna and microwave applications.
This allows for the possibility of antenna designs utilizing these
material properties to achieve reconfigurability provided, the re-
sistance of the can be made sufficiently small. Fig. 1 illus-
trates the electrical resistance curve of the continuous film
used for the reconfigurable antenna presented in this work as it
transitions due to a sweep in temperature. The typical hysteresis
behavior is observed. Also, the transition from insulator with
hundreds of kilohms resistance at room temperature, to metal
with more than three orders of magnitude less resistance when
heated, is observed.
To utilize this material in antenna design, its electrical prop-

erties need to be taken into account. At room temperature the
material acts as an insulator with dielectric permittivity

[9]. This high dielectric constant creates an electrical discon-
tinuity with dielectric loading and adds capacitance that when
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Fig. 1. Measured hysteresis curve of thin-film, showing how the resis-
tance of changes during its phase transition through a temperature sweep.
This measurement is made to verify film quality.

used carefully can help increase the bandwidth (via mutual cou-
pling for example) and reduce the size of an antenna. When
heated, becomes a conductor. The occupies a very
small surface area, and allows electromagnetic wave propaga-
tion with limited losses. This is often desired for example in a
heat-activated antenna sensing device or in resistively loaded
antennas for ground penetrating radar (e.g., resistively tapered
bowties like the Wu-King profile [10] that can be realized by
achieving accurate control of the resistance of ), as well as
in traveling-wave antenna terminations, and resistive tapered re-
flectors with specific profiles that are activated on demand. Also,
the use of as an RF switch was demonstrated recently [11],
where a thin layer of is placed over a coplanar-wave-
guide transmission line. When cooled, the material acts as a
low-loss insulator, allowing the electromagnetic wave to prop-
agate lossless through the line. When heated, the material be-
comes conductive and short-circuits the electromagnetic wave
to the ground. The was modeled as a thin-film sheet re-
sistance of k at room temperature, and k when
heated.
In this work, thin films are used to extend the surface of

a bowtie antenna lengthwise and reduce its resonant frequency.
The developed -based antenna is measured at both
phase states, i.e., room temperature (21 C) and up to 90 C, uti-
lizing the resistive extremes to create approximate “open” and
“short” circuits within the antenna structure. In order for this to
occur the needs to range from a state of extremely high, to
approximately equal resistance relative to the conductor. In ad-
dition, the antenna was measured at intermediate temperatures
in order to observe a quantitative effect of the phase transition
on the antenna response, for the first time. In [11] the was
used to create RF switches, and its resistivity was measured and
recorded for two separate substrates, the results of which are
shown in Table I.
The resistance of the material, as seen by the current, is de-

fined by the dimensions of the based on the well-known
equation for thin-film resistors

(1)

TABLE I
EXTREMES OF RESISTIVITY FOR

where is the resistivity of the at its respective state
(heated or cooled), is the length of the material patch, and
is the cross-sectional area seen by the current as it flows through
the patch. For square material patches, (1) simplifies to be
dependent only on the thickness of the material. As is evident
from Table I, resistivity values on sapphire ( ) are much
lower than those measured on silicon. For this reason, as well
as fabrication limitations for material thickness, and previous
experience with -on-silicon designs, sapphire was chosen
as the substrate on which the antenna would be fabricated.

III. FABRICATION
The -based antenna is the result of a monolithic integra-

tion of thin films in a microfabrication process. Given the
non-compatibility of thin films with most standard micro-
fabrication techniques, and the relatively low temperatures to
which can be subjected before being damaged, the man-
ufacturing of the device presented in this work represented a
challenge. The starting substrate was two inches in diameter
and m thick. The first step was the deposition of a
thin film by pulsed-laser deposition (PLD). The was pat-
terned by reactive ion etch (RIE) to create the two thin strips that
will extend the metallization sections of the antenna. In order to
minimize losses, the gold layer (antenna metallization) needed
to have a thickness of at least a three skin depths (i.e., at least
3.18 m for 5 GHz). Thus, electroplating was necessary. How-
ever, given the short width of the strip and the isotropic
growth of the gold layer during the electroplating process, the
development of these represented a fabrication challenge,
which required multiple photoresist spins and a very precise
plating time.

IV. DEPOSITION OF THIN FILM
Before the film deposition started, the pressure inside the

chamber was lowered to Torr. Once the background
pressure is achieved, a heater in close proximity to the back of
the sample was set to 595 C, which increased the temperature
of the sample to C. A mass flow controller was then
used to introduce oxygen in the chamber at a rate of 20 standard
cubic centimeters per minute (sccm), while a butterfly control
valve was used to maintain the pressure inside the chamber at
15 mTorr. A krypton fluoride (krF) excimer laser was operated
to provide a train of pulses with frequency of 10 Hz and energy
of approximately 350 mJ (fluence of approximately 2 J/cm ).
The deposition was done for 25 min. During deposition, the
sample was constantly rotated for an even distribution of heat
and material deposition. The sample is then taken out of the
chamber and the resistance the is measured to verify the
quality of the film. Fig. 1 shows a resistance versus tem-
perature curve for the films used in this work.
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Fig. 2. Layout of the reconfigurable bowtie antenna with the (shown with
turquoise color) on both branches.

Fig. 3. Fabricated bowtie antenna, showing the antenna feed. The
strips on each antenna arm have width only 20 m each.

TABLE II
DIMENSIONS FOR BOWTIE ANTENNA

V. BOWTIE ANTENNA

The original idea for introducing vanadium dioxide as a mate-
rial to enable reconfigurable antennas was to begin by creating a
dipole whose length changes by heating and cooling a thin strip
of . However, the introduction of a thin strip would
make the dipole lossy. A wider film was necessary, and
the solution became flaring the ends of the dipole resulting in a
planar bowtie antenna with the layout that is shown in Fig. 2.
The bowtie could be matched well at both operating frequen-
cies. For the designed bowtie, the change in operation frequency
was kept to an observable minimum to allow for minimum IF
bandwidth during measurements. The bowtie was then fabri-
cated, by the process described in the previous section, onto a
sapphire substrate ( , , and thickness

0.558 mm) with the dimensions displayed in Table II.
The frequency of radiation of oblique angled bowtie antennas

depends on the length of the structure, with being the
approximate length for the desired frequency. Symmetrically
along the branches of the bowtie, two 200 nm thick thin-films
of were deposited to establish the two separate operation
states.
The fabricated antenna can be seen in Fig. 3. It is fed using

an attached sleeve balun to balance its two branches and feed
the antenna using a coaxial cable. The antenna was measured
inside an anechoic chamber, with the addition of a directive
heating source symmetrically above the antenna. This measure-
ment setup, although it is prone to mutual coupling, was proven
to work excellent, possibly due to the directive horn antenna
used on the other end. The accuracy of the setup was veri-
fied by testing the antenna at the room temperature “off” state,
with and without the presence of the heating source, and results
showed no significant difference. The results presented below
were taken with the heating source always present.

Fig. 4. Simulated and measured for the heated (90 C) and cooled
(21 C) bowtie configurations during a hot-cold transition.

Fig. 5. Measured at intermediate temperatures. The measurement helps
observe quantitatively the effect of the phase transition on the antenna response.
The temperature is approximate.

In Fig. 4, the simulated and measured results for heated
and unheated are presented. The frequency shift is affected
by the capacitance of the strips that increases the effective
length of the antenna, by the high of the sapphire substrate
that supports coupling and wave propagation, as well as the an-
tenna feed line that is necessary to connect the balun at a distance
from the center of the bowtie to reduce coupling. As is clear in
Fig. 4, there is agreement between themeasurements and the sim-
ulations that were made using a method of moments simulation
software. Most important, the proof of the hypothesis that vana-
diumdioxide can be used to reconfigure antennas in the gigahertz
range has been demonstrated as the antenna decreased its reso-
nant frequency when heated, which was anticipated by design.
In addition, the developed antenna was measured at the inter-

mediate phase-change temperatures to help observe the effect of
the metal-to-insulator phase transition on the antenna response,
for the first time. Results are shown in Fig. 5 and indicate the
tuning characteristic when the temperature can be controlled ac-
curately. The non-linearity of the response is affected by
the non-linearity in that comes from the hysteresis during
the heating-cooling cycle and is typical of the first–order trans-
formation of (see Fig. 1). Also, the temperature shown in
Fig. 5 is approximate since the thermometer cannot be placed
exactly on the strips. The continuous change in tempera-
ture, possibly not allowing the to fully transition, as well as
the measurements being conducted inside the reflectionless ane-
choic chamber where we tend to observe more efficient data, re-
sulted in the “cold” and “hot” states being slightly different from
those in Fig. 4. The transitional data (see Fig. 5) were measured
by continuously altering the temperature, forcing the material
to heat and cool five times but without giving it the opportunity
to fully transition, which is achieved by subjecting the material
to a constant temperature for an extended period of time, as in
Fig. 4.
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Fig. 6. Comparison of the measured gain radiation pattern for the heated (at
4.58 GHz) and unheated (at 4.72 GHz) states of the bowtie antenna. The patterns
show minimal variation, as expected.

While the antenna being well matched at both operating fre-
quencies is encouraging, it does not ensure that efficiency at res-
onance has been maintained. It is imperative that the material’s
phase change has minimal effect on the shape of the antenna ra-
diation pattern and in the efficiency. For example, it could be
possible that the absorbs all the power itself and none is
being radiated. Efficiency can be characterized by measuring
the gain of the antenna. In Fig. 6 the - and - planes of the
pattern, normalized to the maximum gain of the “cold” antenna,
are compared for the cooled and heated states. It is verified that
the change in state has no drastic effect on the radiation pattern.
Also, the radiation pattern for the heated state in which the cur-
rent passes through the resistive material, displays a maximum
gain of 0.67 dBi, which is less than the gain at the cooled state
which is 0.14 dBi and in which the is accentually an open
circuit. This reduction is due to the current traveling through
the resistive when the antenna is heated and indicates an
approximate measured 0.8 dB difference (or 17%) due to the

material. The losses due to when the antenna is at
the “cold” state are estimated to be less than 12.1% measured
(3.8% simulated). The antenna has a lower value of maximum
gain compared to that of a bowtie in free-space, and has an esti-
mated efficiency of 40.7%when heated and 48.9%when cooled,
mainly due to the introduced capacitance from the added exten-
sions in combination with the high of the “cold” and of
the sapphire substrate. Nevertheless, the measured results prove
that can be used in the creation of reconfigurable antennas.
The -plane pattern is omnidirectional and the observed

asymmetry between the 0 –180 and the 180 –360 regions
can only be attributed to the presence of the cable with the
balun asymmetrically on one end of the antenna. Also, since
the -plane is asymmetric, the gain appears larger and so the
-plane is the only reliable plane that allows gain calculation.

VI. CONCLUSION

It was demonstrated that is a suitable material for use
in reconfigurable antennas. A proof-of-concept reconfigurable
planar bowtie antenna prototype was implemented. It was
shown that performs reasonably as a catalyst for reconfig-
urability when its phase change is thermally induced.
The variety of methods to induce this phase change

(thermal via conductive heating, thermal via Joule heating,

photo-thermal, voltage difference, optical excitation) eliminates
the need for wired biasing and can give an additional degree of
freedom to the antenna engineer that may allow them to achieve
reconfigurability without the limitations often imposed by
electrically connected biasing lines. Moreover, the extremely
small area of the that is necessary (e.g., 20 and 1 m width
by 200 nm height for the designed antennas), will allow for
the heating to take place using very low power (e.g., less than
1 mW), even remotely. In this work the cold-hot transition,
induced by a directive heat source, finished in 14 s, while the
hot-cold transition in 45 s. With integrated resistive heaters
this transition could be made in a few milliseconds [12], and
be compatible with commercial applications. The low heating
temperature of 68 C ensures the integrity of nearby cables and
circuitry due to the conduction of heat, as well as the lack of
thermal expansion (and thus of off-tuning). As the external en-
vironment temperature is almost always below 68 C, an active
temperature control would switch the between states and
compensate for variations in the environment temperature, for
example when moved from a warm indoors space to a much
colder outdoors space.
Fabrication and integration challenges were presented. The

results indicated that vanadium dioxide can be used in more
applications than RF-switches. Additional research could re-
veal more antenna designs and RF front-ends that can integrate

thin-films as an alternative to traditional off-the-shelf com-
ponents. Heat-sensing and heat-activated antennas, and on-de-
mand resistive tapers are some potential applications of the
material. Further research would lead to more exciting results.
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