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We report the concept of a frequency tunable antenna device operating in the millimeter wave

frequency domain. The ability of the antenna to switch between two frequency states is achieved

by the monolithic integration of a metal-insulator transition material (vanadium dioxide, VO2). The

VO2 material is an insulator at room temperature but can be driven in a high conductivity metallic

state when it is electrically activated using a continuous (DC) voltage. The antenna design is based

on a slot antenna excited by a microstrip line having a length that can be conveniently varied using

a VO2-based switch. Following the high-frequency VO2 material characterization, we present its

monolithic integration in the device prototype along with the comparison between the measured

and the simulated performances of the agile antenna. Thus, depending on the VO2 material state,

the antenna device can be conveniently switched between 33 and 37 GHz operating frequency

bands presenting stable radiation patterns with 5.28 dBi and 5.41 dBi maximum gains, respectively.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4983364]

Frequency tunable antennas are the subject of growing

interest from industry and scientific community to fulfill

requirements of emerging wireless communicating systems.

Future communication devices with wide bandwidths and

higher data rates will operate at frequencies higher than the

currently used ones and will require adaptive, reconfigurable

components working at frequencies greater than 20 GHz. In

this framework, most of the reconfigurable devices commonly

used at RF frequencies cannot be extended to the millimeter-

wave spectrum. Several high-frequency solutions are pre-

sented in the literature,1–3 and they are based on MEMS1,2

or Monolithic Microwave Integrated Circuit (MMIC) using

GaAs.3 From an antenna device point of view, main limita-

tions of these current approaches are the limited tuning speed

of MEMS-based approaches1,2 and integration difficulties of

AsGa MMIC based switches3 (they need both negative and

positive DC voltages for reaching both low isolation and low

losses on millimeter-wave frequencies). In this framework,

we explored an alternative solution based on the integration

of functional materials showing broadband frequency

responses, which is the vanadium dioxide (VO2). This mate-

rial presents a metal-insulator transition (MIT) between a

room-temperature insulating state and a metallic state for tem-

peratures higher than 68 �C (341 K).4 The transition is accom-

panied by a large modification of the material’s electrical

properties: the electrical resistivity decreases by up to five

orders of magnitude between the insulating and the metallic

states. The MIT in VO2 can be triggered by different external

excitations: temperature, optically, electrically, charge injec-

tion, and even pressure.4 Recent studies showed that the elec-

trically and optically induced transitions can occur very fast,

from nanosecond to picosecond timescales.5,6 The thermal

and electrical activation of VO2 switches integrated on a basic

coplanar waveguide line was already demonstrated on broad

frequency bands.7 Moreover, the material was recently evalu-

ated for millimeter-wave applications by realizing VO2-based

switches operating up to 40 GHz (Refs. 8 and 9) and shows

competitive RF performances (figure of merit comparable or

better than the current commercial semiconductor-based solu-

tions at high frequencies), fast switching speeds (150–350 ns

for the electrical activation of the MIT), and power handling

better than 30 dBm.8 These performances of the VO2 material

and especially with its broadband response up to THz and

optical frequencies triggered high interest for its integration in

a plethora of high-frequency devices such as RF switches8–10

and filters,11 broadband power limiters,12 and THz filters and

modulators.13 Proof-of-concepts of frequency tunable anten-

nas using VO2 thin layers have already been presented in the

literature for frequencies going from few GHz to optical fre-

quencies.14–17 For example, in Ref. 14, a slot antenna using a

VO2 layer as a switch device for a frequency tuning operation

around 4.5 GHz and 6.5 GHz is presented, while in Ref. 15,

seven different VO2 switches are integrated inside a cavity-

backed annular slot antenna. However, for all these reported

designs, no measurement results were provided for confirming

the antenna operation and its tuning properties, gains, and effi-

ciency. The only report presenting measurement results of an

antenna integrating VO2 layers for RF frequency applications

is based on a bowtie antenna design working around 4.5 GHz

(Ref. 16), but the agility of the device is based on the

temperature-inducing MIT of the VO2 material, which is diffi-

cult to implement in practical, integrated sub-systems and

much slower than the electrical activation of VO2. Indeed, the

measurement process in Ref. 16 has been done using the addi-

tion of an external directive heating source inside the anechoic

chamber.

Here, we present a high-frequency operating antenna

integrating a VO2-based switch which can be electrically
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activated. The VO2 material will act as a frequency selector,

allowing the antenna to operate on two different frequency

bands and will be monolithically fabricated and integrated

within the antenna design (no need for external flip-chip inte-

gration or external bulky heating sources). The first part of

this paper will focus on the fabrication of VO2-based RF

switches and the characterization of their electrical properties

at millimeter-wave frequencies, while the second part will

describe the design and the electromagnetic simulation of the

antenna. The overall device measurement including the mono-

lithic integration of the VO2 material will be further presented,

validating its performances at the millimeter-wave frequencies.

Before the integration of the VO2 layer inside the

antenna, its dielectric properties (complex permittivity) need

to be determined at the frequency band of interest. Thus, a

basic VO2 switch integrated in a coplanar waveguide line has

been designed, fabricated, and measured on a large frequency

domain. Using the Finite-Integration Technique electromag-

netic simulation tool of CST,18 VO2 dielectric properties can

be deduced.

The VO2 thin film has been obtained by electron beam

evaporation of a vanadium target under a reactive oxygen

atmosphere.19 To obtain the best MIT switching properties

and the desired high-frequency performances, i.e., low losses

and high isolation, the 200-nm thick film was fabricated on a

c-cut sapphire substrate ((0001)-Al2O3) heated at 500 �C dur-

ing deposition.19 The sapphire is an anisotropic substrate

with permittivities of ex¼ 9.3, ey¼ 9.3, and ez¼ 11.5. It

allows obtaining structurally mono-oriented and stoichiomet-

ric VO2 films having a high conductivity change across the

phase transition.20

First, the VO2 layer deposited on the whole surface sub-

strate was patterned by optical lithography and wet etching.

It followed the electrode deposition of the coplanar wave-

guide (CPW) transmission line (using the lift-off method)

through a second photolithographic step and the thermal

evaporation of a Ti/Au (10/250 nm) metallic layer [Fig.

1(a)]. The VO2 pattern has a width of 60 lm with a thickness

of 200 nm, and the gap between the two parts of the CPW’s

signal line is 20 lm.

Following the fabrication of the VO2-based switch, the

device was measured using Ground-Signal-Ground probes to

obtain S-parameters of the VO2-based switch to extract its

complex permittivity e ¼ e0 þ je00, with e00 proportional to

the material’s conductivity. We have previously presented9

the VO2 dielectric properties in its OFF (insulating) and ON

(conductive) states obtained by using an external temperature

activation of the MIT. Here, the ON-state has been measured,

while the MIT in theVO2 pattern has been electrically acti-

vated using a DC-bias voltage. The electrical excitation (DC-

bias voltage of 2 V applied between the two parts of the signal

line separated by the VO2 pattern) is brought together with

the RF signal using a bias Tee and a DC generator. The RF

performances of the fabricated switch were simulated [Fig.

1(b)] using 3D electromagnetic tools.

The VO2 dielectric properties from RF to millimeter-

wave frequencies were extracted by fitting the measurement

results with their S-matrix simulations on the same fre-

quency band. Figure 1(c) presents the ON-state measurement

results for an electrical polarization of the VO2, together

with the 3D electromagnetic retro-fitted ones. As in the case

of a classical switching device, the OFF-state has been mea-

sured when no DC-bias voltage is applied while the ON-state

is for a DC-bias voltage of 2 V. The extracted results are pre-

sented in Table I together with the ones for the ON-state

temperature-based activation of the VO2 material at 90 �C.9

The simulation results of the OFF-state confirm that the

VO2 layer behaves as an insulator since it has a low conduc-

tivity of 10 S/m. When temperature-activated (ON-state), it

performs as a good metal, with a conductivity of 3.2� 105

S/m. The conductivity lowers at 1� 105 S/m for the VO2’s

electrical activation in the ON-state, probably because the

electrical activation is not as efficient as the temperature one

and part of the VO2 pattern’s volume may still contain insu-

lating inclusions. However, since adding a thin film heater

underneath the VO2 layer increases the fabrication complex-

ity of the device and decreases activation times, the proposed

electrical activation scheme remains a convenient and simple

alternative for the integration of such components within

more complex devices. Our previous reports on similar two-

electrode VO2 devices show that the activation times range

between 100 and 350 ns5,21 and can be further decreased in

the several nanosecond timescales for electric gaps below

the micrometer range.5 Also, the electrical cycling of the

VO2-device has shown no degradation of the switch’s RF

FIG. 1. Optical microscopy image of the fabricated VO2 switch (a), its simulated structure (b), and the measured and simulated S parameters (c).

TABLE I. VO2 layer properties on the (10 GHz–40 GHz) frequency band.

ON-state

(no DC bias)

ON-state (electrical

excitation of 2 V)

ON-state (temperature

excitation at 90�)

Conductivity (S/m) 10 1� 105 3.2� 105

Permittivity 500 10 000 10 000

203501-2 Huitema et al. Appl. Phys. Lett. 110, 203501 (2017)



performances even after several millions of cycling between

the ON and OFF-state operation.21

Once the VO2 material’s properties were extracted, they

have been integrated within the antenna device design simu-

lations for optimizing its response in the millimetre-wave

spectrum.

The antenna design is based on a slot radiating element

excited with a 50 X microstrip line. A classical slot antenna

working on its fundamental mode is roughly a half guided-

wavelength long as defined by the Ls ¼ k0

2
ffiffiffiffiffi

eeff
p , where k0 is the

wavelength in vacuum at the operating frequency of the

antenna, eeff the effective permittivity of the slot medium,

and Ls the main antenna dimension. In our case, to be coher-

ent with the previous VO2 characterization, the antenna sub-

strate is a c-cut sapphire, with a relatively high permittivity.

Considering that the antenna will operate at frequencies

higher than 30 GHz, the main dimension Ls is very small,

i.e., lower than 2 mm. The starting design of the passive

antenna (no VO2 layer integration) is presented in Fig. 2(a).

The slot antenna is excited with a microstrip line ended

with a stub having a length L1 as shown in Fig. 2(a). The

stub creates an additional mode which can be optimized to

be close to the fundamental mode of the slot to match the

antenna on a wider impedance bandwidth. Moreover, by

changing the length of the stub, its mode can be frequency

tuned, implying that the antenna matching band can also be

tuned. Figure 2(b) presents the input impedance of the slot

excited by two different stub lengths, i.e., 1.2 mm and

1.4 mm. The slot has been dimensioned to have its funda-

mental mode resonance around 34.5 GHz. Figure 2(c)

shows the jS11j parameters corresponding to the two stub

lengths. As expected, the antenna is matched between the

two different modes, and therefore, the antenna matching

band is frequency tuned. Depending on the stub length, i.e.,

the frequency value of its resonance, we can achieve an

impedance bandwidth more or less wide. Following an

additional parametric optimization of stub lengths, we can

also conclude that the widest impedance bandwidths can be

reached when the stub lengths equal 1.3 mm and 1.4 mm.

The agility behaviour of the proposed antenna design (dis-

crete frequency tunable operation) is therefore based on the

modification of the length of the stub (e.g., switching

between two stub dimensions). Following this principle, the

design of the agile antenna is based on the integration of the

previously shown VO2-based switch in order to conve-

niently modify the length of the stub (L) and therefore to

tune the operating frequency of the antenna.

As indicated before, the discrete frequency tunability

with the widest instantaneous impedance bandwidth is

obtained for L¼ 1.3 mm and L¼ 1.4 mm. For an easier fab-

rication methodology, we decided to adopt an antenna

design which will be able to switch between L1¼1.3 mm

and L2¼1.4 mm þ kg/2¼ 3 mm stub configurations, which

will allow the same antenna performances. The final design

of the agile antenna is presented in Fig. 3(a). It integrates

the VO2 based switch component which will allow us to

FIG. 2. Initial antenna design (a), its input impedance (b), and simulated jS11j parameter as a function of the stub length (c).

FIG. 3. Electromagnetic simulated design

(a) and fabricated prototype (b) of the

reconfigurable antenna and the corre-

sponding jS11j parameters with the VO2

pattern in the OFF- or ON-states (c).

203501-3 Huitema et al. Appl. Phys. Lett. 110, 203501 (2017)



select either the L1 (OFF-state) or the L2 (ON-state) stub

lengths. This antenna is fed with an End-Launch connector

for which the DC-polarization can be applied using a bias

Tee underneath.

Thus, the microstrip line feeds the millimetre-waves to

the device, and also it is used to apply the DC-bias to switch

the VO2 pattern to its ON-state. As previously shown, the

ON-state is obtained when applying a DC-bias voltage of

2 V at the VO2 terminals using a millimetre-wave choke.

This latter is a built-in thin film resistance based on a

Molybdenum (Mo) pattern presenting resistance values

higher than 1 kX up to 40 GHz. The fabrication process of

the antenna device starts with the fabrication of a 200-nm

thick VO2 layer on a 410-lm thick sapphire substrate of

15� 15 mm2. The plane VO2 layer is then photolithographi-

cally patterned to define a rectangular 400� 400 lm2 VO2

shape. It follows the deposition of the thin-film Mo resis-

tance (RF choke) using the magnetron sputtering method and

the lithographic lift-off process. Finally, the two parts of the

metallic microstrip line (10/200 nm-thick Ti/Au) are realised

and defined using a third lithography step and electron-beam

evaporation of the respective metals.

The antenna slot is obtained on the other side of the sub-

strate using a similar procedure (lift-off lithographic step and

Ti/Au metallisation) by carefully aligning the slot position

with the microstrip line. The slot length equals 1.8 mm,

while its width is 0.47 mm. The images of the fabricated

device and its integration with the high-frequency connector

are presented in Fig. 3(b).

Figure 3(c) presents the comparison between simulated

and measured jS11j parameters of the fabricated device.

Obviously, the simulated S parameters integrate the VO2

dielectric properties determined in Table I, the Mo resis-

tance, and the connector.

There is a good agreement between the measurement

and the simulation demonstrating that the fabricated antenna

exhibits a discrete frequency tunability at millimeter-wave

frequencies. Moreover, the measured jS11j parameters show

that the antenna is matched on the (31.4–33.8 GHz) and

(35.91–37.8 GHz) frequency bands, for the ON and the OFF

states of the VO2 switch, respectively.

The typical radiation pattern of a slot antenna is similar

to a magnetic dipole. However, when it is integrated on a

finite ground plane, the radiation pattern is disturbed. In our

case, since the connector is large compared to the antenna

dimensions, this disturbance is even more important [Fig.

3(c)]. Figure 4(a) presents a rather good agreement between

the simulated and measured radiation patterns of the antenna

device, for the ON-state, on two different planes, i.e., (uOw)

plane (u¼ 0�) and (vOw) plane (u¼ 90�) at 33 GHz.

Figure 4(b) presents the comparison between the radia-

tion patterns of the antenna device in the OFF-state case of

the VO2 pattern (at 37 GHz) and in the ON-state one, respec-

tively (at 33 GHz). The measured radiation patterns are in a

good agreement with the simulated ones and exhibit a linear

polarization (difference between the co-polarization and

cross-polarization of more than 20 dB) for both measurement

and simulation results. The measured and simulated maxi-

mum realized gains are equal to 5.28dBi and 5.55dBi for the

ON-state and 5.41dBi and 5.65dBi for the OFF-state, respec-

tively. Therefore, both maximum realized gains and the radi-

ation pattern shapes (Fig. 4) are stable for each of the VO2-

based switch states. The measured total efficiency was

extrapolated by gain pattern integration, and the obtained

values are equal to 83.5% for the ON-state case and 86% for

the OFF-state.

In conclusion, we proposed an original design for a min-

iature frequency tunable antenna operating at millimeter-

wave frequencies. The fabricated prototype can operate on

two working bands with impedance bandwidths of 7.4% for

the first matching band and 5.2% for the second one. The

proposed antenna design is based on a slot shape having

dimensions of 1.8mm� 0.47 mm corresponding to k0/5.3

� k0/20.3 at 31.4 GHz. The choice of a specific operating fre-

quency band is based on switching schemes using the origi-

nal integration of the VO2 metal-insulator transition

material, having effective high-frequency dielectric proper-

ties. We demonstrated that the VO2 material ability to conve-

niently change its electrical and high-frequency properties

from an insulated to a metallic state under electrical and opti-

cal stimuli makes it a viable alternative to the current switch-

ing solutions for highly integrated frequency tunable antenna

and agile devices at millimeter-wave frequencies.
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