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Abstract— A method is presented to achieve a slot antenna array with
a reconfigurable radar cross section (RCS) by injecting and extracting
ethanol. In a complex communication system, this can be used to switch
between the detection and stealth modes. The antenna system is formed
by combining a liquid absorber with a 2 x 2 slot antenna array. The
liquid absorber consists of a polymethyl methacrylate (PMMA) container,
45% ethanol layer, and metal ground, which is attached to the surface
of the slot antenna array. The incident wave can be absorbed by the
absorber rather than reflected in other directions when the PMMA
container is filled with ethanol, which reduces the monostatic and bista-
tic RCS. Thus, the RCS of the antenna can be changed by injecting and
extracting ethanol while sustaining the antenna’s radiation performance
in terms of bandwidth, radiation patterns, and gain. The mechanism of
the absorber is investigated. The simulated results show that the antenna
with this absorber has monostatic and bistatic RCS reduction bands from
2.0 to 18.0 GHz and a maximum RCS reduction of 35 dB with an average
RCS reduction of 13.28 dB. Without ethanol, the antenna realizes a gain
of 12.1 dBi, which drops by 2 dB when the lossy ethanol is injected. The
measured and simulated results agree well.

Index Terms— Ethanol, radar cross section (RCS), reconfigurable, slot
antenna array.

I. INTRODUCTION

The radar cross section (RCS) is of fundamental importance in
defense electronics, and related antennas usually contribute to good
RCS values for stealth platforms [1]. In contrast with the RCS
reduction of common objects, it is necessary in this scenario to
maintain the radiation characteristics of antennas while achieving low
scattering properties.

Recently, several approaches have been proposed to reduce the
RCS of antennas. In these techniques, metasurfaces have been widely
used, and metasurfaces with filtering features have been applied
as excellent measures to reduce the RCS. For example, bandpass
frequency-selective surfaces (FSSs) as radomes [2], [3] or a band-
notched FSS as a metal ground [4], [5] were applied to reduce the out-
of-band RCS of antennas. Another option is to load the antenna with
metamaterial absorbers [6], [7]. In this way, the in-band and out-of-
band RCSs will be reduced, but this method sometimes compromises
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the antenna gain. Furthermore, chessboard-layout metasurfaces were
employed to reduce the antenna RCS through the phase cancellation
between the incident and reflected waves [8]-[11].

This method can effectively reduce the in-band RCS. Moreover,
polarization conversion metasurfaces were used to reduce the RCS
of antennas [12]-[16]. This technology can achieve ultrawideband
RCS reduction, but it is only effective for the monostatic RCS.
An integrating design of antennas and low-scattering metasurfaces
can achieve low-RCS systems, while the radiation characteristics are
well maintained [17], [18]. The combination of Fabry—Perot (FP)
resonator antennas and low-scattering metasurfaces is an excellent
way to deal with gain reduction [19]-[22]. Specifically, combining a
polarization conversion metasurface with a metamaterial absorber can
achieve superior RCS reduction [23]. In this method, the in-band co-
polarized waves will be transformed into their cross-polarized waves
and then absorbed, whereas the out-of-band waves will be absorbed
directly.

The low RCS antennas discussed above fall in the category of
passive devices, which are mostly inflexible after fabrication. Unfor-
tunately, switching and multifunction antennas are frequently required
in practical applications due to changes in a real environment. To date,
some liquid absorbers have been proposed for their wide absorption
band, transparency, reconfigurable properties, low RCS, and low
price of the liquid materials. A liquid material can be used as a
radiator [24], [25], or it can be used as a unit cell to absorb incident
waves [26]-[28].

To overcome the challenge of RCS reconfigurability, this study
focuses on a three-layer liquid absorber to reduce the wideband
RCS of a 2 x 2 slot antenna array. The liquid absorber can absorb
incident waves, thereby reducing the RCS. The absorption band of
the absorber ranges from 6.1 to 18 GHz. The simulated results show
that the antenna equipped with this absorber exhibits monostatic
and bistatic RCS reduction bands from 2.0 to 18.0 GHz and a
maximum RCS reduction of 35 dB with an average RCS reduction
of 13.28 dB. The reconfigurable property of the antenna is performed
by injecting and extracting ethanol in a polymethyl methacrylate
(PMMA) container. The mechanism and functionality of the liquid
absorber are analyzed, and the RCS reconfigurable performance of
the antenna is investigated. The novelty of our design lies in that a
wide switchable absorption band can be achieved by leveraging the
fluidity of the ethanol layer.

This communication is organized as follows. Section II introduces
the geometry and mechanism of the absorber. Section III presents
the radiation parameters and scattering properties of the low-RCS slot
array antenna with an absorber, as well as the design and construction
of the antenna. Finally, Section IV concludes the communication.

II. DESIGN OF THE ABSORBER

A. Permittivity of 45% Ethanol

The liquid absorber consists of a PMMA container, 45% ethanol
(55% water) layer, and metal ground. The permittivity of the
45% ethanol at radio frequency can be represented using the Debye
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Fig. 1. Permittivity of 45% ethanol.

formula with filled ethanol temperature 7" as follows [29]:

e0(T) — eo0o(T)
,T) = T+ ——— 1
80 T) = ooo(T) + 21— )
where exo(w, T'), €9(T), and 7(T) are the optical permittivity, static
permittivity, and rotational relaxation time, respectively. They are
only related to temperature and can be expressed as

eo(T) = aj —b 1T +c T —a, T3 2)

eoo(T) = eo(T) — age 2T 3)
dy

(T) = cpeT*To 4)

where ay, a», by, by, c1, ¢2, di, and dp are constant variables of
e0(T), e0o(T), and 7(T). Here, we set T = 25 °C, and hence,
e(w, T) is only related to the frequency. First, the permittivity of
45% ethanol is measured by Dielectric Assessment Kit V 2.4 [30].
Then, the above equations are combined with the least-square method
to fit the permittivity of the 45% ethanol. The fitting curves are in
good agreement with the measured ones, as shown in Fig. 1. It can
be seen that the imaginary part of the permittivity is large, which
ensures that the liquid absorber has a good absorption property.
The fitting curves of the permittivity will be applied to the full-
wave electromagnetic simulation to obtain the features of the liquid
absorber and the antenna array. The parameters are exo(7) = 5.0344,
eo(T) = 735.1702, and z(T) = 20.9273.

The reason 45% ethanol is selected instead of all water or another
percentage of ethanol is shown in Fig. 2. The real part of the
permittivity of ethanol is substantially lower than that of water, thus
allowing a thicker liquid layer, which enables us to make full use
of the liquid’s fluidity. It is necessary to point out that the real and
imaginary parts of permittivity will be smaller with the increase in
the ethanol percentage. Considering the fluidity of the liquid layer
and the profile of the antenna, 45% ethanol is selected.

B. Structure of the Absorber

The proposed liquid absorber is a sandwich structure composed of
a container layer, 45% ethanol layer, and metal ground, as shown
in Fig. 3(a). The container is made of PMMA (¢ = 2.67 and
tand = 0.01) on the top layer, with square grooves that match the
shape of the square-type ethanol, as shown in Fig. 3(b). With the
metal ground, the container produces an enclosed chamber that will
be filled with ethanol. The length and width of the PMMA container
are wp = 13 mm, and its thickness is 415 = 9 mm. The length and
width of the square ethanol layer are w{ = 10 mm, and its thickness
is hy = 5 mm.
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Fig. 3. (a) Unit cell structure of the absorber and (b) bottom view of the
container.

Full-wave electromagnetic simulation is applied to examine
S11 of the liquid absorber. The effects of different parameters on
the absorption band are shown in Fig. 4. As shown in Fig. 4(a), as
h increases, the absorption band expands until it reaches 71 = 5 mm,
and then, the absorption band becomes narrower as /&1 continues to
rise. Fig. 4(b) shows that as /> increases, the absorption band of the
absorber remains nearly unchanged until 75 = 12 mm, after which
it narrows. The absorption band of the absorber changes slightly as
w1 changes, as shown in Fig. 4(c). In Fig. 4(d), it is observed that as
wy increases, the property of the absorber deteriorates dramatically.
The reason for the varied absorption band is that the impedance of
the absorber does not match that of the free space due to its different
parameter values. Finally, to obtain superior absorption properties of
the absorber and better characteristics of the antenna, the optimized
parameters are as follows: 4; = 5 mm, A7 = 9 mm, w; = 10 mm,
and wp = 13 mm. The absorption band (S1; < 10 dB) of the absorber
covers a frequency range of 6.1-18 GHz.

C. Mechanism of the Absorber

To better understand the mechanism of the absorber, we use a one-
port network, as proposed in [31], to describe the impedance and
S-parameters of the liquid absorber. For a parallel resonant circuit,
the real part of the impedance is maximum and the imaginary part is
minimum. Therefore, we can obtain the impedance of the absorber
from the full-wave electromagnetic simulation; we find that there
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Fig. 5. Equivalent circuit model of the absorber.

are six maxima in the real part of the impedance. Thus, six parallel
resonant circuits with resonant frequencies fi — fg and unloaded
Q factors Q1 — Q¢ are shown in Fig. 5. The series inductance
and capacitance are described by X (f) = X0 f/fe and Xc(f) =
Xcoflfe, respectively, where f. is the center frequency. In the circuit
model, resonant frequencies, unloaded Q factors, and X7 and X g
can be found by a genetic algorithm. Thus, the impedance of the
equivalent circuit model can be achieved and its S-parameters can be
calculated by Z = (1 + [S11)/(1 — |S11]). The parameters are Q1 =
5.28, Q) = 438, 03 =248, Q4 =252, Q5 =4.22, Q¢ = 4.01,
f1 =428 GHz, f, = 4.72 GHz, f3 = 5.68 GHz, f4 = 11.39 GHz,
fs = 15.5 GHz, fg = 20.95 GHz, X ¢ = 141.2 Q, and X¢g =
1.86 Q. The fitting results are shown in Fig. 6(a) and (b). The curves
of impedance and S11 in ADS are slightly different from those in the
full-wave electromagnetic simulation because the number of cascaded
parallel resonant circuits is low. It is worth noting that the use of more
cascaded parallel resonant circuits can achieve more accurate curves
of the impedance and Syj.

The power-loss density of the absorption minima at 7.6, 13.3, and
17.7 GHz is presented in Fig. 7(a), (b), and (c), respectively. It is
observed that at 7.6 GHz, the power is mainly concentrated on the
top left and top right of the ethanol layer, the power is transferred to
the upper surface of the ethanol layer at 13.3 GHz, and the majority
of the power is localized at the interface of the ethanol layer and
container layer at 17.7 GHz. This result reveals that the power is
absorbed by the ethanol layer.

III. DESIGN AND MEASUREMENT OF THE SLOT ANTENNA
ARRAY WITH RECONFIGURABLE RCS

A. Antenna Structure

To verify the reconfigurable low-RCS function of the liquid
absorber, we combine the absorber with a 2 x 2 slot antenna
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Fig. 8. (a) 3-D sketch of the antenna and (b) bottom view of the container.

array, as shown in Fig. 8(a). A metal ground with four slots is
located on the top surface of a 1 mm-thick FR4 dielectric substrate
(¢r = 4.4 and tan 6 = 0.02). W and L represent the width and length
of the metal ground, respectively. The width and length of the slot
are w and [, respectively, and the distance between slots is d. The
feeding network is printed on the back of the FR4. A metal reflector
is added to suppress the back lobe. The container with four slots is
set on the surface of the metal ground, as shown in Fig. 8(a). The
slots on the container are wider and longer than those on the metal
ground, which can help the slot antenna array to maintain its radiation
performance. A square space is adopted to contain the ethanol, and
a slot is designed between the adjacent square spaces to ensure the
fluidity of ethanol, as shown in Fig. 8(b). The parameters of the
antenna are W = 120 mm, L = 220 mm, w = 3 mm, [ = 33.2 mm,
and d = 30 mm.

B. Simulated and Measured Radiation Performance

The antenna has been fabricated and measured to demonstrate the
reliability of our simulations. The container structure is fabricated
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Fig. 9. Photographs of the fabricated (a) antenna and (b) feeding network
of the antenna.

Fig. 10. Measurement setup of the radiation performance.
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Fig. 11.  Simulated and measured reflection coefficients of the antenna
(a) without ethanol and (b) with ethanol.

by a numerically controlled machine tool and the slot antenna array
is fabricated by the PCB process. Fig. 9(a) and (b) shows the
photographs of the antenna and the feeding network. A 5245A vector
network analyzer was used to measure the reflection coefficient,
and the radiation patterns were measured in a microwave anechoic
chamber, as shown in Fig. 10.

Fig. 11 presents the reflection coefficient of the antenna with or
without ethanol. The 10 dB return-loss bandwidth of the antenna, with
or without ethanol, is approximately 100 MHz, ranging from 2.94 to
3.04 GHz. The difference between simulation and measurement is
attributed to the glass glue used to seal the ethanol, which slightly
changes the impedance of the antenna. The simulated and measured
radiation patterns of the antenna with and without ethanol at 3 GHz
are shown in Fig. 12. The 3-D radiation patterns of the antenna with
and without ethanol are shown in Fig. 13.

The radiation patterns reveal that the radiation performance of
the antenna without or with ethanol remains nearly identical, which
coincides with our initial hypothesis. The realized gain of the antenna
without ethanol is 12.1 dBi at 3 GHz. As the layer is filled with
ethanol, the gain drops by 2 dB due to ethanol loss. However,
considering the good scattering property of the liquid absorber, this
effect is acceptable. The simulated and measured gains of the antenna
with and without ethanol are shown in Fig. 14. The glass glue and
background noise are assumed to cause a small difference between
the simulation and experimental results.
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Fig. 13. 3-D radiation patterns of the antenna at 3 GHz: (a) without ethanol
and (b) with ethanol.
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Fig. 15. Simulated and measured monostatic RCS of the antenna with and

without ethanol. (a) x-polarized wave. (b) y-polarized wave.

C. Simulated and Measured Radiation Performance

Fig. 15(a) and (b) shows the monostatic RCS of the antenna with
and without ethanol for x- and y-polarized waves. The measured
results are in reasonable agreement with the simulations. The fol-
lowing factors contribute to the difference between measurement
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and experiment: 1) the impinging wave in the simulation is a
plane wave, but the radiated wave of the standard horn antenna
has a slightly spherical shape; 2) it is difficult to ensure that the
container is completely filled with ethanol; 3) background noise in
the measurement setup causes measurement tolerance; and 4) a small
amount of misalignment is unavoidable in such a setup.

Fig. 16 shows the RCS reduction of the antenna with ethanol com-
pared to the antenna without ethanol. It can be observed that the RCS
decreases dramatically between 6 and 16 GHz because the absorber
absorbs the majority of the power. In addition, from 2 to 6 GHz, the
RCS of the antenna has a small reduction due to the influence of the
container and the loss of the ethanol. The resonant frequency points
are generated by the resonant cavity formed by the metal reflector and
the slot antenna array. The maximum RCS reduction is 36 dB, and the
average RCS reduction is 13.28 dB. Within the operating frequency
band of the antenna, the bistatic RCS of the antenna with and without
ethanol remains almost unchanged, and the slight difference between
the two curves is caused by ethanol loss, as shown in Fig. 17(a). The
bistatic RCS of the antenna is reduced obviously within the operation
band of the absorber. This coincides with the operation band of the
absorber and indicates that the absorber helps reduce the RCS of the
antenna. In Fig. 17(b) and (c), we can see that the RCS increases
in some directions because the absorber destroys the resonant pole.
Fig. 18 shows the 3-D patterns of the RCS of the antenna with and
without ethanol at 3, 7.6, and 16 GHz. It is found that the absorber
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Fig. 18. 3-D patterns of RCS of the antenna with and without ethanol at
(a) 3, (b) 7.6, (c) 16 GHz.

reduces the backward RCS, while the forward RCS of the antenna
remains unchanged due to electromagnetic wave diffraction.

IV. CONCLUSION

This communication proposes a liquid-based reconfigurable
RCS slot antenna array. A sandwich-structure liquid absorber with
an absorption band ranging from 6.1 to 18 GHz was constructed
by combining a 2 x 2 slot antenna array with an absorber, result-
ing in wideband monostatic RCS and bistatic RCS reduction. The
RCS of the antenna can also be reconfigured by injecting and
extracting ethanol while maintaining the radiation performance of
the antenna, except for its gain, which is affected by the ethanol
loss. The simulated and measured results show that the maximum
monostatic RCS of the antenna with ethanol is 36 dB lower than that
without ethanol at 6.7 GHz, and the bistatic RCS of the antenna with
ethanol is 15 dB lower than that of the antenna without ethanol when
6 = 0°. This design could be applied in a stealth communication
platform in the future.
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