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Communication
Low-RCS UWB Planar Monopole Array Antenna Based on the Optimized

Design of the Conductor Layers
Lei Sang , Ji Xu, Ziyan Liu, Yongfeng Mei , Wei Wang , and Zhongxiang Shen

Abstract— Using an optimized design of combining traditional copper
(Cu) film and novel phase transition film vanadium dioxide (VO2),
this communication proposes an ultrawideband (UWB) planar monopole
array antenna with excellent stealth performance. The VO2 film exhibits
two controllable phases: one with low conductivity of less than 103 S/m
and the other with high conductivity of more than 106 S/m. Since VO2
has lower conductivity than Cu, antenna designs using this material will
have lower radiating efficiency as a tradeoff for reducing the radar cross
section (RCS). To optimize this tradeoff, careful antenna shape design,
and an innovative combination of using VO2+Cu films, the RCS can
be reduced in a UWB without significantly decreasing the gain of the
array antenna. In this work, Cu is applied in the regions supporting
high current density, while phase transition VO2 film is used in areas
supporting lower current density. Both the shape and size of the VO2 film
are optimized. Compared with the all-Cu film counterpart, the realized
gain of the VO2+Cu hybrid film array antenna is decreased only by an
average of 0.4 dBi, maintaining the same radiation pattern in the working
band of 6–9 GHz, while the monostatic RCS is reduced by about 9 dB
on average across the UWB of 4–11 GHz.

Index Terms— Monopole antenna, radar cross section (RCS) reduction,
ultrawideband (UWB) antenna.

I. INTRODUCTION

With the rapid development of stealth and antistealth technologies,
antennas with low radar cross section (RCS) over an ultrawideband
(UWB) are in high demand for stealth weapons, including tactical
fighter aircraft, tanks, unmanned aerial vehicles, and missiles. So far,
five main approaches have been proposed to minimize an antenna’s
RCS, including shape optimization [1], microwave absorbing mate-
rials [2], [3], phase cancellation [4], [5], [6], polarization conversion
meta-surfaces (PCM) [7], [8], and coding metasurfaces [9].

While optimizing the antenna shape and adding microwave-
absorbing materials are the most straightforward approaches to mini-
mizing an antenna’s RCS, several drawbacks are apparent. By reduc-
ing the number of edges and corners of an antenna, the incident
waves are scattered toward directions other than the direction of
incidence [10]; however, this method requires the object’s shape to be
electromagnetically and aerodynamically co-optimized, severely con-
straining design flexibilities. On the other hand, while a wide range
of materials, including lossy materials [11], resonant elements [12],
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and polymer composites, can serve as microwave absorbers, they
may bring undesirable side effects, such as significantly reducing the
antenna gain.

The basic operating principle of phase cancellation is to control
the reflected waves so as to interfere with the primary incident
waves destructively. The reflecting plate may be artificial magnetic
conductors (AMCs) [13], electromagnetic band gap structures (EBGs)
[14], or perfect electric conductors (PECs) [15]. The drawbacks of
this method are that the reflecting plate is usually much larger than
the antenna, taking too much space, while the achieved bandwidth is
typically not wide enough. In the PCM method, many polarization
rotation unit cells are introduced around the antenna to change the
polarization rotation ratio of the radiated electromagnetic waves so
that the scattered energy is dispersed and the backscattering RCS is
reduced. In 2014, Cui et al. [16] proposed the concept of “coding
meta-materials” and used 1- and 2-bit coding meta-surfaces for RCS
reduction. Then, in [17], multibit coding meta-surfaces were designed
for diffusion purposes in the terahertz band. In [18], [19], and [20],
two AMCs with 180◦ out of phase reflection coefficients were
selected as the 0 and 1 elements for the 1-bit coding metasurface.
The main limitations of the PCM and coding metasurfaces are the
large areas required and their selective RCS reduction with respect
to the incident angle.

This communication explores a phase transition material applied
in antennas and arrays to maintain their good radiation performance
while reducing their RCS over a wide frequency range. As a phase
transition material, vanadium dioxide (VO2) film has the remarkable
ability to reversibly switch the order of magnitude of its electrical
conductivity based on its crystallographic phase. The material has
electric conductivity that can be lower than 102 S/m in one state
(Phase I) and can reach ∼106 S/m in the other state (Phase II).
Therefore, VO2 film can be potentially very useful for reducing the
RCS of UWB antennas and arrays.

The phase transition of VO2 films can be triggered by infrared radi-
ation, applied voltage, or heating. For practical implementations, the
heating method is used in this work. The phase transition threshold
temperature is about 68 ◦C and can be adjusted by doping [21], [22].
A 2 × 4 monopole array antenna is designed using a combination
of VO2 film and copper (Cu) film. For comparison, an all-Cu array
antenna is also fabricated and measured (Au and Ti films are also
used for improving adhesion in the fabrication). Compared to the all-
Cu monopole array antenna, the radiation performance of the hybrid
array antenna using VO2+Cu film does not appreciably change,
whereas its average monostatic RCS is reduced by more than 9 dB
from 4 to 11 GHz.

II. LOW-RCS UWB ARRAY ANTENNA USING VO2 FILM

A. Basic Requirements of the Phase Transition VO2 Film

To achieve tuning performance, the employed VO2 film should
have the following characteristics.
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Fig. 1. (a) Temperature-dependent conductivity curves of the VO2 film on
Sapphire, Si, and Duroid RO4350B substrates, respectively (the embedded
photo is the conductivity test scene). (b) Frequency-dependent S21 curves of
the VO2 microstrip transmission line on a sapphire substrate.

1) In one state (Phase I), the conductivity of the VO2 film must
be as low as possible and no more than 103 S/m.

2) In the other state (Phase II), the conductivity of the VO2 film
must be as high as possible and no less than 106 S/m.

3) The switching speed between these two states must be as fast
as possible, like faster than 200 ns.

4) The triggering mechanism for the phase transition must be as
simple as possible.

To satisfy these requirements, the substrate material should be
appropriately selected, and the fabrication process must also be
optimized accordingly. Typical microwave substrate materials are
sapphire, silicon, and composite resin. The conductivity versus tem-
perature characteristics of a 3 × 4 mm VO2 film of thickness
1.5 µm on different substrates is measured by the four-probe method
and compared in Fig. 1(a). For Sapphire, Si, and Rogers Duroid
substrates, the VO2 film’s conductivities are 1.5 × 103, 2.3 × 103,
and 1.6 × 103 S/m in Phase I, and 2.6 × 106, 0.9 × 106, and 0.8 ×

105 S/m in Phase II, respectively. The sapphire substrate enables the
VO2 film to achieve the largest conductivity change ratio, defined as
the conductivity in Phase II divided by the conductivity in Phase I,
and is, therefore, chosen as the microwave substrate for the antenna
design reported in this communication.

The S-parameters of a 50 �, 20 mm long microstrip transmission
line, fabricated using 1 µm thick VO2 film as the signal line and 1 µm
thick Cu layer as the ground plane, are measured by an N5242
Keysight vector network analyzer from 4 to 11 GHz to demonstrate
the significant conductivity variation following the phase transition
with an acceptable ohmic loss. As shown in Fig. 1(b), the insertion
loss difference is over 12 dB between Phases I and II.

B. Antenna Elements Based on VO2 Film

Without loss of generality, a planar UWB monopole antenna is
considered, as shown in Fig. 2(a). Like a conventional monopole
antenna, a tapered microstrip line and cross-etching grooves in the
ground surface are both used for impedance matching. The ripples
on the radiation patch are used to expand the operating bandwidth in
the low-frequency band. HFSS 2020 is used to simulate the antenna.

The antenna has two working states following the two phases of
the VO2 film: low conductivity and high conductivity. When the VO2
film is in Phase II, its conductivity is close to that of the lead (Pb),
so the antenna can operate as a regular UWB monopole antenna in
the radiating state. When the VO2 film is in Phase I, its conductivity
is about 1000 times lower than that of Pb, so the antenna’s radiation
efficiency drastically degrades due to the intentional introduction of
high ohmic losses. Therefore, the antenna’s RCS will be much lower
in this state than in the radiation state.

Fig. 2. (a) Shape and critical dimensions of the planar monopole antenna.
(b) Simulated electric field distribution at three frequency points.

As the conductivity of the VO2 film in Phase II is nearly 20 times
lower than the conductivity of CU, its ohmic loss will be higher than
that of the Cu film. Therefore, the realized antenna gain will decrease
proportionally to the increase of VO2 film used to replace Cu film.
On the other hand, for RCS reduction, as the conductivity of the VO2
film is about 2 × 103 times lower than that of Cu in Phase I, the
replacement of Cu using VO2 can proportionally reduce an antenna’s
RCS. Therefore, a tradeoff in the proportion of Cu versus VO2 area
should be considered in the antenna design.

To better understand the design tradeoffs, the position and area
of the Cu part replaced by the VO2 film are analyzed. As shown
in Fig. 2(b), the electric field of the monopole antenna is mainly
concentrated on the feeding portion and around the edge of the
radiation patch. Therefore, the Cu area may be replaced by the VO2
according to the electric field distribution in the regions with low
current density. In Fig. 2(a), Wa and La mainly determine the area
of the VO2 film. The influence on the realized gain and VSWR are
shown in Fig. 3. It can be seen from the simulation results that the
area ratio of VO2/Cu in the radiation structure has little influence on
the antenna’s VSWR, indicating that a good matching is guaranteed.
The impact of the area ratio on the realized gain is more prominent
and meets our expectations, where a larger VO2 area translates to a
lower antenna gain.

Furthermore, the realized gain and monostatic RCS as a function
of the area ratio between the VO2 film and Cu film are evaluated at
7.5 GHz, as shown in Fig. 4(a). It can be seen that when the area ratio
of VO2/Cu is about 4.5, the monostatic RCS can be reduced by over
14 dB from the all-Cu baseline while the realized gain is maintained.
By setting up the area ratio to 4.5, the S11 curves between the all-
Cu antenna and VO2+Cu hybrid antenna are compared in Fig. 4(b).
The reflection coefficient S11 of the antenna element is lower than
–10 dB within 6–9 GHz, which meets the antenna array’s 6–9 GHz
operating band requirements. Only slight differences exist between
the S11 parameters of the all-Cu and VO2+Cu hybrid antennas. The
key dimensions of the VO2+Cu hybrid antenna are listed in Table I.

To examine the RCS reduction performance more comprehensively,
the monostatic RCS of the all-Cu and hybrid VO2+Cu antennas are
compared from 4 to 11 GHz, as shown in Fig. 5(a). We define 1RCS
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Fig. 3. Dependence of (a) gain and (b) VSWR of the antenna on Wa and
La at 7.5 GHz.

Fig. 4. (a) Realized gain and monostatic RCS (0◦ incidence) as functions of
the VO2/Cu area ratio at 7.5 GHz. (b) Dependence of the reflection coefficient
S11 on the frequency.

TABLE I
DIMENSIONS OF THE HYBRID VO2+CU ANTENNA(DEFAULT UNIT: MM)

Fig. 5. (a) Comparison of the monostatic RCS (0◦ incidence) between the
all-Cu antenna and the hybrid antenna as a function of frequency. (b) 1RCS
as a function of frequency.

as the difference between the monostatic RCS of the all-Cu monopole
and the monostatic RCS of the hybrid VO2+Cu monopole antenna,
as shown in (1). The simulated 1RCS result is shown in Fig. 5(b)
as a function of frequency from 4 to 11 GHz

1RCS = RCS(all−Cu film antenna) − RCS(VO2+Cu film antenna). (1)

C. Low-RCS Array Antenna

From the practical point of view, most modern weapons and equip-
ment use array antennas. Therefore, based on the hybrid monopole

Fig. 6. Three-dimensional model of the 2 × 4 hybrid film array antenna.

Fig. 7. Performance comparison between the all-Cu array antenna and the
hybrid array antenna with an area ratio of 4.5. Comparison of (a) simulated
gain and (b) monostatic RCS with 0◦ incident angle.

Fig. 8. 1RCS as a function of frequency and azimuth incident angle.

antenna, we further design a 2 × 4 array antenna. The 3-D model
of the array is shown in Fig. 6. The transverse and longitudinal
spacings between array elements are Sa = 16.6 mm, and Sar =

9 mm, respectively. The length Lar and width War of the sapphire
substrate are 23 and 66.6 mm, respectively. The array antenna with
all-Cu film elements is also simulated for comparison.

A comparison of the simulation results between the all-Cu
array antenna and hybrid VO2+Cu array antenna is shown in
Fig. 7(a) and (b). Fig. 7(a) compares the simulated realized gains of
the two array antennas as a function of frequency. It can be seen that
for the case of a VO2/Cu area ratio at 4.5, the simulated gain of the
hybrid antenna is slightly lower compared to the all-Cu array antenna,
by a maximum of 0.7 dBi at 9 GHz and by an average of 0.4 dBi
from 6 to 9 GHz. Fig. 7(b) compares the monostatic RCS of the two
antennas as a function of frequency. The RCS of the VO2+Cu hybrid
array antenna is reduced significantly across the wide frequency
band from 4 to 11 GHz, with an average RCS reduction of more
than 14 dB.

Compared with the all-Cu array antenna, the RCS reduction effect
of the hybrid VO2+Cu array antenna with different incident angles
from 4 to 11 GHz is shown in Fig. 8. It can be seen that over the
entire ultrawide frequency band and with varying incident angles, the
RCS of the hybrid VO2+Cu array antenna is reduced significantly.
The average RCS reduction is more than 14 dB.
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Fig. 9. RCS performance comparisons between the all-Cu array antenna and
the hybrid film array antenna under different azimuth angles.

The monostatic RCS and bistatic RCS results under different
incident angles were simulated to analyze and verify the radiation
performance and RCS reduction performance of the array antenna
using the hybrid VO2+Cu film. As shown in Fig. 9, three frequency
points are selected to compare the monostatic RCS and bistatic RCS
of the conventional all-Cu array antenna and hybrid VO2+Cu array
antenna. It can be seen that the monopole array antenna has both
a remarkably lower monostatic-RCS and bistatic RCS by using the
VO2 film. As the surface current varies with the angle of incidence of
the electromagnetic wave, the RCS introduced by the surface current
also varies with the angle.

III. FABRICATION AND MEASUREMENTS

In this communication, a rectangular single-crystal sapphire wafer
is used as the substrate to realize the desired VO2 phase transition
characteristics. The VO2 thin film is deposited by direct-current
magnetron sputtering with a high-purity vanadium target. The
growth pressure, Ar/O2 gas flow, D.C. power, and temperature are
11.5 mTorr, 60/40 sccm, 200 W, and 580 ◦C–700 ◦C, respectively.
The VO2 phase transition is measured to occur abruptly when the
temperature surpasses 68 ◦C. Simultaneously, the D.C. electrical
conductivity increases by over three orders of magnitude from ∼1.5 ×

103 to ∼2.6 × 106 S/m.
Because of its compatibility with conventional semiconductor

processing, Cu, deposited by E-beam evaporation, is used as the
primary conductive material. The Cu layer is patterned to cover the
most current-dense region. To increase the adhesion between the Cu
and sapphire substrate, a thin layer of Ti with a thickness of about
0.2 µm is initially evaporated in the area where Cu is required,
as shown in Fig. 10(a) and (b). Then, to avoid the oxidation of Cu in
the air, a gold (Au) thin film with a thickness of 0.3 µm is deposited
by E-beam evaporation to fully cover the surface of the Cu region

Fig. 10. Layout and fabrication process flow of the VO2-based array antenna.
(a) Single crystal sapphire with the evaporated Ti adhesion layer. (b) E-beam
evaporation of a 1.5 µm Cu thin film on both sides of the sapphire substrate.
The top Cu layer was patterned with a shadow mask during evaporation.
(c) 0.3 µm Au thin film was deposited by E-beam evaporation to cover the
top of the Cu thin film on both sides of the sapphire substrates with a shadow
mask during evaporation. (d) 1.5 µm VO2 thin film was sputtered locally onto
the top side of the sapphire substrate with a shadow mask during sputtering.

Fig. 11. (a) Optical photograph of the hybrid monopole patch antenna.
(b) Planar near-field test apparatus of the array antenna. (c) Assembled array
antenna for radiation performance testing (c) all-Cu and (d) VO2+Cu.

on both sides, as shown in Fig. 10(c). A shadow mask is used to
cover the top side of the device during sputtering. Finally, a VO2
thin film with a thickness of 1.5 µm is sputtered locally onto the
sapphire substrate, as shown in Fig. 10(d), and with a shadow mask
covering both sides of the device during sputtering.

Fig. 11(a) shows an optical photo of the hybrid VO2+Cu monopole
antenna, in which the blue-black material represents the VO2 thin
film, and the bronze part is the metal film. To facilitate the test, the
antenna array on the testing platform, as shown in Fig. 11(b). The
inner conductor of the 2.92 mm connector is bonded to the feeding
microstrip line by a conductive adhesive. The radiation performance
of the antenna is tested by a planar near-field system. The whole
antenna is placed on a temperature-controlled platform, and the
temperature is raised to 90 ◦C to ensure Phase II of the VO2 film,
as shown in Fig. 11(c) and (d).

To test the antenna’s RCS, the previously described platform is
removed, as shown in Fig. 12, and a far-field rotating platform is
used. The RCS of each angle is calculated based on the measured
S-parameters by using the time window filtering algorithm.
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Fig. 12. Array antenna for RCS test. (a) Front side of VO2+Cu array antenna.
(b) Back side of the all-Cu array antenna.

Fig. 13. Performance comparisons between the all-Cu array antenna and the
hybrid film array antenna. (a) Comparisons of the S11. (b) Comparisons of
the measured realized gain.

It should be noted that when the antenna is in the nonradiation
state, the VO2 film is in Phase I with no need for feeding and
heating and with the platform and fixture removed. Therefore, the
RCS performance of the array antennas can be tested directly with
the standard horn antennas without being affected by the heating
platform and fixture.

The measured results of the all-Cu array antenna and hybrid array
antenna are shown in Fig. 13. Fig. 13(a) compares the simulated
and measured |S11| results between these two array antennas. It can
be seen that the measured operating frequency band of the hybrid
antenna is from 6 to 9 GHz, which is consistent with the simulated
value. Fig. 13(b) compares the measured gain of these two array
antennas. The measured gain of the hybrid array antenna is slightly
lower than that of the traditional all-Cu array antenna, but the
difference is marginal. Measured results show that the maximum
reduction of the realized gain reaches about 0.7 dB at 9 GHz,
which is consistent with the trend of the simulation results. A
noticeable discrepancy between the simulated result and measured
data is, however, observed in all performance metrics, which can
be attributed to the manual welding of the SMA connectors and
unexpected thickness variations of the VO2 thin films.

Fig. 14(a)–(c) compares the monostatic RCS results of the two
array antennas at 4.5, 7.5, and 10.5 GHz as a function of the incident
angles. The strong RCS reduction effect of the hybrid array antenna
is evident for most incident angles.

The measured RCS results of the two array antennas are compared
in Fig. 14(d) in the UWB range from 4 to 11 GHz, where the
monostatic RCS reduction of the hybrid array antenna is substantial.
The average RCS reduction across the whole frequency band is about
9 dB. As shown in Fig. 2(b), the electric field on the patch is denser
at 5.5 GHz, which probably results in the larger RCS around that
frequency.

The simulated and measured radiation patterns at three frequency
points of the VO2+Cu hybrid array are compared in Fig. 15. Since a
planar near-field testing apparatus is used, the measured data are valid
in ±70◦ range. Because of the antenna elements arranged along the
X -axis, the pattern in the XOZ plane shows a narrower beamwidth

Fig. 14. Comparison of the monostatic RCS dependent with azimuth incident
angles at (a) 4.5, (b) 7.5, and (c) 10.5. (d) Comparison of the monostatic RCS
between the all-Cu array antenna and the hybrid array antenna dependent on
the frequency at 0◦ incidence angle.

Fig. 15. Comparisons between the simulated and measured radiation patterns
(the XOZ plane (ϕ = 0◦) is the E-plane, and the YOZ plane (ϕ = 90◦) is
the H-plane. In the pattern, the angle is the elevation angle).

than that in the YOZ plane. It can be seen that the measured patterns
differ slightly from the simulated results, which may be due to
the inconsistency of soldered joint and the imperfect power-splitting
network.

To evaluate the RCS reduction more comprehensively, we com-
pare the antenna’s performance with other RCS-reduced antennas
published in recent years, as shown in Table II. It can be seen
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TABLE II
COMPARISON OF THE PROPOSED ANTENNA WITH OTHER DESIGNS

that the antenna designed with VO2 exhibits better RCS reduction
performance and has a broader frequency band.

IV. CONCLUSION

A phase transition film has been used to reduce the RCS of a UWB
array antenna. Considering the phase transition characteristics of the
VO2 film and the current distribution of a monopole antenna, VO2
and Cu films have been used together to design a 2 × 4 array antenna.
Compared to an all-Cu film array antenna, the hybrid VO2+Cu film
array antenna has achieved a remarkable RCS reduction over a UWB
under a large incidence angle range. The average reduction of the
monostatic RCS has been proven to be about 9 dB. The realized gain
of the hybrid film array antenna has been measured to be less than
0.7 dBi lower than the all-Cu counterpart. Nearly identical radiation
patterns to the all-Cu antenna have been observed.

When the antenna array is in practical use, there are many ways to
control the temperature to enable the phase transition. For example,
if the array antenna is placed on a fixture, the temperature can be
controlled by heating the fixture. Most of the fixtures can readily
handle 80 ◦C. In addition, since the sapphire has acceptable thermal
conductivity, the temperature of the array antenna can also be
controlled by a thermal-conductivity wire connected to a heat sink.
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