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Reconfigurable integrated 
structures with functions 
of Fabry–Perot antenna 
and wideband liquid absorber 
for radar system stealth
Yukun Zou 1, Xiangkun Kong 1,2*, Zuwei Cao 1, Xinyu Zhang 1 & Yongjiu Zhao 1

This paper proposes a functionally reconfigurable integrated structure of a Fabry–Perot (FP) antenna 
and wideband liquid absorber. First, a two-layer partial reflecting surface (PRS) has been designed. 
Then, a patch antenna is used to act as the source antenna. By combining the source antenna with 
the PRS, an FP antenna has been designed. What’s more, taking full advantage of the reflective 
properties of PRS, a liquid broadband absorber is then designed. Last, the integrated structure with 
two functions has been realized. It can be used as the FP antenna or the liquid absorber through the 
extraction and injection of ethanol. In this way, it is effective to switch between stealth and detection 
states which can be used in different electromagnetic environments. The PRS is elaborately tailored to 
serve as both a component of the FP antenna and the metal ground of the broadband liquid absorber. 
Then the integrated structure is realized by combining the FP antenna with the liquid absorber. The 
PRS is composed of patches on the top layer of the substrate and the square loop on the bottom. The 
liquid absorber is composed of a 3-D printed container, 45% ethanol layer and the PRS is used to serve 
as the metal ground. The formula of Mie resonance theory has been extended and used to design the 
liquid absorber. The gain of the antenna is 19.7 dBi when the ethanol is extracted. When the ethanol is 
injected, a wideband liquid absorber is achieved. The absorption band (S11 < − 10 dB) ranges from 4 to 
18 GHz. The absorption bandwidth is over 133%. The monostatic RCS reduction bands of the structure 
with ethanol range from 4 to 18 GHz and the average RCS reduction is 28.4 dBsm. The measured and 
simulated results are in good agreement.

Fabry–Perot (FP) which is also known as partially reflecting surface (PRS) antennas, 2-D leaky-wave antennas 
have attracted more and more attention in stealth platforms, sensing systems, and satellite communications 
because of their simple configurations and high  directivity1–4. With the development of radar detection tech-
nologies, it is important to improve the stealth properties of antennas which play a key role in radar systems in 
the military background. The RCS is an evaluation criterion of stealth properties. Therefore, it is necessary to 
reduce the RCS of FP antennas.

Recently, many types of metasurfaces about the RCS reduction of FP antennas have been published. Loading 
absorbing structures (AS) is an efficacious way to reduce FP antennas RCS. By designing the PRS and the (AS) 
 together5–8, the incident waves will be absorbed so that the RCSs of antennas will be reduced. In this way, the 
antenna’s gain often decreases. To maintain the gain of F–P antennas, chessboard-layout metasurfaces are applied 
to reduce the RCS of FP  antennas9–12. By locating two kinds of artificial magnetic conductors (AMC) on the top 
of PRS, the RCS of the antenna will be reduced through the phase cancellation between the incident and reflected 
waves. Another way to reduce the RCS of the FP antenna is to apply the polarization rotation  metasurfaces13–15 to 
the FP antenna. In this way, the co-polarization waves will be transformed into cross-polarization waves so that 
the RCS of the antenna will be reduced. Coding  metasurfaces16 have also been applied to the RCS reduction of 
FP antennas. The incident waves will be scattered in all other directions by encoding techniques. Beyond these, 
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metasurface has been also applied to the antenna systems to broaden the operating frequency band, improve 
radiation efficiency and gain and suppress the mutual  coupling17–19.

The technologies proposed above are all based on inactive material. The properties of the antenna keep 
unchanged once processed. Meanwhile, this can’t adapt to the complicated electromagnetic environment. With 
the design of active electronic components, such as p-i-n  diodes20,21,  varactors22,23 and RF  switches24, many mul-
tifunctional antennas have been designed which can adapt to complex electromagnetic environments. Unfortu-
nately, these active electromagnetic components often affect the performance of antennas because of the parasitic 
effect and complex feed networks. So far, many liquid materials have been applied to  absorbers25–28,  antennas29,30, 
frequency selective  surfaces31,32 and so on because of their wide absorption band, transparency, reconfigurable 
properties, low-RCS, and low price.

To overcome the challenges of reconfigurable properties of FP antennas. This paper proposes a functionally 
reconfigurable integrated structure of FP antenna and wideband liquid absorber. The novelties and contributions 
of the design can be summarized as follows: (1) The liquid absorber and PRS of the FP antenna are designed 
integrally. Under the premise of not affecting the high gain of the antenna, the function switching of the wide-
band RCS reduction absorber is realized. (2) The formula of the Mie resonance theory has been extended and 
used to design different shapes of liquid absorbers. (3) Under the same height and metal ground condition, the 
topology of the wideband liquid absorber is constructed and selected.

This paper will go as follows. First, the working mechanism of the integrated structure has been introduced. 
Then, the permittivity of the pure water and 45% ethanol solution is discussed. What’s more, the design process 
of the liquid absorber and FP antenna has been discussed. Last, the property of the integrated structure has 
been introduced.

Working mechanism of the integrated structure. The working mechanism of the integrated structure 
is shown in Fig. 1. The structure has two functions. One is the liquid absorber, the other is the FP antenna. When 
the ethanol solution is injected into the structure, the source antenna doesn’t work. Then the whole structure can 
be seen as the 3D container layer, the ethanol layer and the PRS. The PRS can be considered as the metal ground 
of the liquid absorber. In this way, the whole structure forms a wideband liquid absorber. On the contrary, when 
the ethanol solution is extracted from the structure, the source antenna comes into play. Then the whole system 
can be seen as the 3D container layer, the metal layer and the source. In this situation, the 3D container and the 
metal layer collaboratively form the PRS. It is noted that the amplitude and phase response of the PRS with 3D 
container is slightly different from that without 3D container. However, this slight difference can be overcome 
by changing the height of the FP resonator. The ethanol solution is controlled by the water cycle control system. 
The system used in this paper is the same as that  in17. It takes about 40 s for the liquid to be completely evacuated 
from being filled. In this way, this structure can be used to switch between detection and stealth mode which can 
better adapt to the complex electromagnetic environment.

The permittivity of the pure water and 45% ethanol solution. The permittivity of pure water and 
45% ethanol solution can both be described by the Debye formula. For pure water, the permittivity can be 
expressed by the formula as  follows31:

where ε∞(T), ε0(T) and τ(T) are the optical permittivity, static permittivity, and rotational relaxation time, respec-
tively. The ε∞(T), ε0(T) and τ(T) are all directly dependent on the temperature T:

(1)ε(ω, T) = ε∞(T)+
ε0(T)− ε∞(T)

1− iωτ(T)

Figure 1.  The working mechanism of the integrated structure.
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where a1 = 87.9, b1 = 0.404  °C−1, c1 = 9.59 ×  10−4  °C−2, d1 = 1.33 ×  10−6  °C−3, a2 = 80.7, b2 = 4.42 ×  10−3  °C−1, 
c2 = 1.37 ×  10−13 s, d2 = 651 °C, T0 = 133 °C, T is the water temperature in °C. In our design, T is set as 25 °C which 
is close to room temperature. Therefore, ε∞(T), ε0(T) and τ(T) are constant. The permittivity of the pure water at 
25 °C is shown Fig. 2a. Similarly, the permittivity of the 30% ethanol solution can also be described by formulas 
(1), (2), (3) and (4). The only difference is the values of ε∞(T), ε0(T) and τ(T). The values of ε∞(T), ε0(T) and τ(T) 
are respectively 5.0344, 735.1702 and 20.9273 which has been proposed  in30. The permittivity of the 45% ethanol 
solution at 25 °C is shown Fig. 2b. From Fig. 2a and b, we can see that the imaginary part of pure water and 45% 
ethanol solution is very big. This means that these two materials have a large loss for electromagnetic waves and 
this can help us design a wideband liquid absorber. However, the real and imaginary parts of the permittivity of 
the 30% ethanol solution is smaller than the pure water. Considering the fluidity of the liquid layer and the good 
impedance matching, 45% ethanol is selected. The permittivity of the pure water and 45% ethanol solution will 
be used in analysis and simulation of the liquid absorber.

Design of the FP antenna and the liquid absorber. The unit cell of the PRS is shown in Fig. 3a, it is 
composed of the top metal patch, the F4B dielectric substrate (εr = 2.2, tanδ = 0.0009) and the bottom metal loop. 
The PRS has two functions: (1) acts as the metal ground of the absorber; (2) forms an FP cavity with the source 
antenna floor. The FP antenna consists of the PRS and the patch antenna which is served as a source, as shown in 
Fig. 3b. The source antenna is fed by a SMA connector at the back of the patch as shown in Fig. 3c.

Although it can improve the absorption property of the absorber with a high reflection magnitude of the 
PRS, the antenna’s gain will decrease. Therefore, it must make a compromise between the absorption property 
of the liquid absorber and the gain of the FP antenna. As shown in Fig. 4a, with the increase of the width of the 
top patch w1, the reflection magnitude of the PRS at 10 GHz will increase. However, the gain of the antenna at 
10 GHz decreases as proposed forward. Last, the intersection of two curves of the reflection magnitude of PRS 
and the gain of the antenna has been chosen.

The height of the FP resonant cavity can be designed according to the following  equation1,33:

where φ1 and φ2 are the reflection phase of PRS and the metal ground, respectively. λ is the wavelength of oper-
ating frequency. N is the resonance mode number of the resonant cavity and here only the zero-order (N = 0) is 
considered to make the antenna keep a low profile. Here, φ1 = − 130°, as shown in Fig. 4b. φ2 = 180° which is the 
reflection phase of the metal ground. λ is the wavelength of 10 GHz which is the operating frequency of the FP 
antenna in this work. Therefore, by Eq. (1), the calculated value of the height of the FP resonant cavity h = 9.6 mm. 
The optimized parameters are as follows: w1 = 8.6 mm, p = 12 mm, w2 = 8.6 mm.

As the finish of the PRS, the metal ground of the liquid absorber has been fixed. To expand the low-frequency 
absorption bandwidth of the liquid absorber under the fixed metal ground, two shapes of liquid absorbers are 
compared. One is the truncated cone-shaped structure, the other is the prismatic-shaped structure. Each unit 
cell of the liquid absorber consists of three layers: the 3d container layer (εr = 2.8, tanδ = 0.0318), the liquid layer 

(2)ε0(T) = a1 − b1T+c1T
2 − d1T

3

(3)ε∞(T) = ε0(T)− a2e
−b2T

(4)τ(T) = c2e
d2

T+T0

(5)h =
�

4π
(ϕ1 − ϕ2 − 2Nπ),N = 0, 1, 2...
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Figure 2.  The permittivity of (a) pure water and (b) 45% ethanol solution.
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and the metal ground. The only difference is their shape. As shown in Fig. 5a, keep the bottom diameter and the 
height of the truncated absorber unchanged, the first resonant frequency of the truncated cone-shaped absorber 
will go lower frequency with the increase of the top diameter d1. Similarly, the first resonant frequency of the 
prismatic absorber will also go lower frequency with the increase of the top width W1, as shown in Fig. 5b. 
However, compared to the truncated absorber, the first resonant frequency of the prismatic absorber is lower 
under a similar size.

To verify this conclusion, the Mie resonance theory has been introduced. According  to34, the first resonant 
frequency can be described by the following formulas:

(6)f =
ϕc

2πr
√
εpµp

(7)F(ϕ) =
2(sin ϕ − ϕ cosϕ)

(ϕ2 − 1) sin ϕ + ϕcosϕ

(8)r = k0 ×
(

4

3

)k1(h−n)

Figure 3.  (a) Unit cell of the PRS (b) 3D structure of the FP antenna.(c) The feeding diagram of the source 
antenna.

Figure 4.  (a) Reflection magnitude of the PRS and the gain of the antenna with different w1 at 10 GHz. (b) 
Reflection magnitude and phase of the PRS.
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where f is the first-order Mie resonance, r is the radius of the spherical medium. c is the velocity of light, εp and 
μp are the permittivity and permeability of the material of the particle, respectively. F(φ) is the function which is 
related to φ. Under the first-order Mie resonance, φ = π.  In31, a modified formula (8) has been given in the case 
of the water block. However, this doesn’t apply to our situation because there are more parameters of the liquid 
absorber which are analyzed. Therefore, formula (8) has been modified by the following:

where fi is the impact factor of the absorber. n is the number of the impact factor and ki is the influence coefficient 
of each impact factor. b is the constant variable and is related to the shape of the liquid absorber.

Taking the truncated cone-shaped absorber as an example, three impact values have been considered: the basal 
diameter, the height of the absorber and the top diameter. Therefore, r can be calculated by the following equation:

where d1, d2 and h11 are the top diameters, the bottom diameter and the height of the truncated cone-shaped 
absorber, respectively. Here, k0 = 0.005, k11 = 199.1, k12 = 164.8, k13 = 310.1, b1 = 9.58. Similarly, for the prismatic-
shaped absorber, r can be described as:

where W1, W2 and h21 is the top width, the bottom width and the height of the prismatic-shaped absorber, 
respectively. Here, k21 = 265.4, k22 = 186.1, k23 = 311.3, b2 = 9.81. To verify the correction of Eq. (4), The first reso-
nant frequency of the truncated absorber with different top diameter d1 and the first resonant frequency of the 
prismatic absorber with different top width W1 have been shown in Fig. 6a and b, respectively.

From Eq. (6), we can find that f becomes smaller when r becomes bigger. When keeping the bottom diameter 
and the height of the truncated cone-shaped absorber unchanged, it can be known from Eq. (9) that with the 
increase of the top diameter, r will become larger, resulting in a decrease in f. This is consistent with the conclu-
sion put forward. From Eqs. (10) and (11), we can find that k21 > k11, k22 > k12, k23 > k13 and b1 ≈ b2. Therefore, when 
the two shaped absorbers have the same height (h11 = h21), metal ground (d2 = W2), and top length (d1 = W1), 
r2 > r1. In other words, the first frequency of the prismatic-shaped absorber is lower than that of the truncated 
cone-shaped absorber. Last, the prismatic absorber has been chosen to realize good absorption properties at 
low frequencies.

In order to facilitate processing, a base layer is added to the container and this almost has no effect on the 
property of the liquid absorber. The unit cell of the absorber has been shown in Fig. 7a. It is composed of three 
layers: the 3D container, the 45% ethanol layer and the metal. A prismatic 3D container has been designed to 
enclose the liquid. To facilitate the circulation of liquid between adjacent unit cells, the water channels have been 
designed between adjacent units. To achieve good impedance matching in a wide band, 45% ethanol is chosen 
to replace water. The reason has been introduced  in30. The optimized parameters are shown as follows: w3 = 5 
mm, w4 = 8 mm, w5 = 3 mm, w6 = 7 mm, h2 = 10 mm, h3 = h5 = 5 mm, h4 = 9 mm.

The S11 of the absorber has been simulated and measured, as shown in Fig. 7c. It is noted that lens  antennas35 
and vector network analyzer 5245A are chosen to measure the S11 of the liquid absorber due to size constraints 

(9)r = k0 ×
(

4

3

)

(

n
∑

i=1

kifi

)

+b

(10)r1 = k0 ×
(

4

3

)(k11×d1+k12×d2+k13×h11)+b1

(11)r2 = k0 ×
(

4

3

)(k21×W1+k22×W2+k23×h21)+b2

Figure 5.  (a) S11 of the truncated cone-shaped liquid absorber with different top diameters d1 (b) S11 of the 
prismatic-shaped liquid absorber with different widths of top bottom W1.
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of the liquid absorber, as shown in Fig. 7b. The absorption band of the absorber ranges from 4 to 18 GHz. The 
difference between measurement and experiment is affected by the following factors: (1) it is difficult to ensure 
that the container is completely filled with ethanol; (2) a small amount of misalignment of the 3D container 
and ethanol concentration is unavoidable in such a setup. The absorption property of the liquid absorber can 
maintain until 50°, as shown in Fig. 8.

Structure and the property of the integrated structure. Figure 9a shows the 3D structure of the FP 
antenna. It is composed of a 3D container which is used to encapsulate ethanol. Channels are set up between 
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Figure 6.  (a) The first resonant frequency of the truncated cone-shaped absorber with different top diameters 
d1. (b) The first resonant frequency of the prismatic-shaped absorber with different top widths W1.

Figure 7.  (a) The unit cell of the liquid absorber. (b) Measurement setup of the S11 of the absorber. (c) 
Simulated and measured S11 of the liquid absorber.
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each adjacent unit cell of the liquid absorber to ensure the circulation of the ethanol. An ethanol outlet and an 
ethanol inlet are designed to ensure fluid injection and extraction. Square patches and square loops are placed 
on both sides of the substrate which form the PRS, as shown in Fig. 9b and c. The patch antenna is used as the 
excitation source and it is fed by a SMA connector as proposed forward. It is noted that the height of the FP reso-
nant cavity h with container is lower than that without container because of the existence of the 3D container.

To verify the performance of the FP antenna, the antenna has been processed and measured. The container 
structure which is used to enclose liquid is fabricated by 3D printed technology. The PRS and the microstrip 
patch antenna are fabricated by the PCB technology. The container is installed on the PCB board with glass 
glue to ensure that the entire container is watertight. Figure 10a and b show photographs of the fabricated FP 
antenna and PRS.

The simulated and measured S11 of the FP antenna is shown in Fig. 11a. The operating frequency is about 
10 GHz. The operating bandwidth is about 100 MHz. The antenna gain at 10 GHz is 19.7 dB, as shown in Fig. 11b. 
The radiation pattern of the FP antenna has been measured. The test scene is shown in Fig. 12. The radiation pat-
terns of the antenna have been shown in Fig. 13a and b. The monostatic RCS of the structure is shown in Fig. 14. 
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Figure 9.  (a) 3D sketch of the FP antenna. (b) Front of the PRS. (c) Back of the PRS.
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We can find that the band of RCS reduction is consistent with the absorption band of the absorber. When the fre-
quency is below 4 GHz, the RCS of the two states of the structure keeps almost unchanged. When the frequency 
is higher than 4 GHz in the absorption band of the absorber, the RCS reduction is noticeable. The average RCS 
reduction is 28.4 dBsm. To better explain the good properties of the proposed structure, a comparison between 
the existing low-RCS antennas or metasurfaces has been made. As shown in Table 1, it can be found that this 

Figure 10.  Photographs of the fabricated (a) FP antenna and (b) PRS.
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Figure 11.  Simulated and measured (a) S11 and (b) Realized gain of the FP antenna.

Figure 12.  Measurement setup of the radiation performance.
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structure has a wideband RCS reconfigurable band and wide absorption band. The gain of the antenna has been 
significantly increased compared to the antennas which is designed by liquid materials.
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Figure 13.  Radiation patterns of the proposed antenna at 10 GHz. (a) E-plane (b) H-plane.

Figure 14.  Monostatic RCS of the integrated structure antenna for normal incidence.

Table 1.  Comparisons (Simulated Results) with other structures.

References Metasurface/antenna Reconfigurable RCS Reconfigurable bandwidth of RCS Bandwidth of RCS reduction (%) Gain
14 Antenna No – 100 8 dB
15 Antenna No – 80 12 dB
16 Anetenna No – 52 20 dB
20 Antenna No – 96 6 dB
36 Metasurface Yes 32% 32 –
21 Antenna Yes 40% 40 6 dB
23 Antenna Yes 24% 24 10 dB
30 Antenna Yes 160% 160 12 dB

This work Antenna Yes 133% 116 19.7 dB
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Conclusion
A structure that can serve as the FP antenna or wideband liquid absorber has been proposed in this paper. When 
the ethanol is injected, the structure acts like an absorber. When the ethanol is extracted, the structure acts like 
an FP antenna. This can be applied to the radar system stealth. With the convertible modes, the structure can 
adapt the complex electromagnetic environment. When the ethanol is injected to the structure, the structure acts 
as the liquid absorber which contributes to the stealth of the radar system. The absorption band ranges from 4 
to 18 GHz. The absorption bandwidth is over 133%. When ethanol is extracted from the structure, the structure 
acts as the FP antenna. The antenna operates at 10 GHz and the gain of the antenna is 19.7 dBi which can help 
the radar system detect. The structure possesses reconfigurable RCS by injecting or extracting and this can adapt 
to the complex electromagnetic environment. The RCS of the integrated structure is reduced from 4 to 18 GHz 
and 28.4 dB average RCS reduction is realized. The formula of the Mie resonance theory has been extended to a 
different structure of liquid absorber and this can help instruct readers to design liquid absorbers.

Data availability
The dataset used and/or analyzed during the current study will be made available by the corresponding author 
on reasonable request.
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