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Ultra Wideband Radar Cross 
Section Reduction by using non-
Resonant Unit Cells
Morteza Nadi1, Seyed Hassan Sedighy   2 ✉ & Mohamad Khalaj-Amirhosseini1

A general approach is proposed to design ultra-wideband radar cross section reduction (RCSR) 
metasurface by using non-resonant unit cells in chessboard arrangement. The proposed miniaturized 
artificial magnetic conductor unit cell is composed of two stacked non-resonant patches separated 
from one another by thin dielectric substrates. The genetic optimization algorithm is used to optimize 
the unit cell design parameters and obtain wide 10-dB RCSR bandwidth. The proposed approach is 
performed to design three different RCSR metasurfaces, ideal, ROGERS and low cost. The low cost 
RCSR metasurface composed of low cost commercially available FR-4 substrate is fabricated and tested 
which reduces RCS more than 10-dB from 5.22 GHz to 30.85 GHz, 142% fractional bandwidth. This 
metasurface has significantly wider RCSR bandwidth rather than the state of the art references as well 
as low cost, simple and light weight structure which facilities its practical applications.

Within the last decade, the radar stealth technology has been developed rapidly and resulted in new methods 
for radar cross section reduction (RCSR). There are various technical methods for RCSR such as shaping and 
absorbing materials. The shaping method usually affects the aerodynamics and mechanical aspects of the object 
which limit its benefits. In the absorption method, the resonance absorbers such as Dallenbach layer are placed on 
a conducting plane to converting the incident electromagnetic energy into heat1. The Salisbury screens are used 
as absorber, also which employs a resistive sheet above a metallic surface with a distance of a quarter wavelengths. 
However, the low bandwidth and high thickness of these layers limit their applications specially in the moving 
platforms2.

The metasurfaces are considered in the early published papers for RCSR, also which can achieve thin effective 
RCSR surface with wide bandwidth performance. Metasurfaces are two dimensional metamaterials composed 
of subwavelength periodic array elements. Several design approaches have been reported to reduce the RCS 
with metasurfaces3–10. The chessboard like surface arrangement with PEC (reflecting incident waves with a 180° 
phase change) and PMC tiles (reflecting incident waves without phase change) has been proposed in3 to achieve 
destructive reflective phase and RCSR, consequently. Two different AMC tiles instead of PEC-AMC ones in the 
chessboard like arrangement have been proposed to enhance the RCSR bandwidth, also. For example, two differ-
ent AMC tiles formed by saltire arrows and four E-shaped unit cell arrays were employed in5 to enhance 10-dB 
RCSR bandwidth more than 85%. The uneven layered coding AMC tiles were presented in6 which consists of 
square ring unit cells and resulted 10-dB RCSR from 6.2 to 25.7 GHz. Using more than one layer AMC metasur-
face can be employed to achieve 109% RCS reduction as discussed in11. The polarization conversion metasurface 
has been proposed for wideband RCS reduction, also. For example, a metasurface consists of double heads arrow 
unit cell with its 90°, 180° and 270° rotated ones has been proposed in7 to create the destructive interferences 
cancellation and RCSR, consequently from 9 to 40 GHz (126.5%) for normally TM- and TE- polarized incident 
waves.

In this paper, a new technique is proposed to achieve ultra-wideband RCSR by using miniaturized artificial 
magnetic conductor (MAMC). The MAMCs are periodic highly-miniaturized non-resonant unit cells composed 
of stacked non-resonant patches separated from one another by thin dielectric substrates12. The non-resonance 
behavior of this unit cell achieves more linearity in the reflection phase response versus frequency rather than the 
resonant ones. These unit cells can be designed to achieve wideband 180° ± 37° destructive reflection phase can-
cellation in chessboard arrangement and RCSR, consequently as shown in Fig. 1(a). For this purpose, the design 
parameters of the unit cell are optimized with genetic algorithm (GA) to achieve the widest RCSR bandwidth. 
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This design method is employed to design three different RCSR surfaces: ideal metasurface without any imple-
mentation consideration, ROGERS metasurface used commercial available RF substrates which have closest elec-
trical constant achieved in ideal metasurface, and low cost metasurface used low cost commercial available FR-4 
substrate. The 10-dB RCS reduction bandwidth of the proposed structure is about 150% for ideal metasurface, 
133% for ROGERS metasurface and 142% for low cost metasurface. The low cost metasurface is fabricated and 
tested as representative case. The 10-dB RCSR bandwidth of the proposed surface is more than 98% for TM- and 
more than 51% for TE- polarization up to 40° oblique incident angles.

The proposed structure has significantly wider RCSR bandwidth rather than the state of the art refs. 4,6,7,9–11,13–15,  
as well as low cost, simple and light weight structure which facilities its practical applications.

Design Procedure
MAMC unit cell Modeling.  Figure 1(b) shows the proposed MAMC unit cell which is composed of capac-
itive patches and the thin dielectric substrates modeled with parallel capacitors and transmission lines, respec-
tively. The ground plane is modeled as short load (S.C.) at one side, also. The equivalent circuit model of this unit 
cell is also shown in Fig. 1(c). The capacitance values at each layer can be calculated by mapping between the 
equivalent circuit model and physical parameters of the unit cell. The effective capacitance in each layer (C1, C2) 
can be approximated by the following closed form expression16
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where η0 is the free space characteristic impedance, k0 is the free space propagation constant, and h1 is the first 
layer dielectric substrate thickness. The input impedance of the layer1 (Zin1) is resulted from parallel connection 
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Figure 1.  (a) The chessboard like proposed RCSR metasurface structure includes two different MAMC tiles (b) 
The composition of each MAMC (c) MAMC equivalent circuit model.
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between two complex impedances; 1/jωC1 and Zd which is related to the thickness and dielectric constant of the 
first layer and the first patch width, a1. This impedance can be considered as the load for the second layer where 
the input impedance Zin2 achieved by using the transmission line theory. This impedance (Zin2) is paralleled with 
C2 and simply achieves Zin which is related to patches widths (a1,2), substrates constants (ε1,2) and heights (h1,2). 
Therefore the reflection coefficient of this unit cell in periodic arrangement can be expressed as
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where the phase of Γ achieves the unit cell reflection phase.
For an ideal lossless structure, this reflection coefficient is achieved where the real part of the input impedance 

is zero (Re(Zin) ≅ 0). Therefore, the MAMC reflection phase is related to the patch length, thickness, and dielec-
tric constant of the both layers which can be approximated as:

Γ π
ε

η
∠ = −












Z h a
2arctan

Im( ( , , ))

(4)
in r1,2 1,2 1,2

0

To achieve wideband RCS reduction, two different unit cells should be designed with 180° ± 37° phase dif-
ference in the bandwidth. To evaluate the proposed MAMC behavior versus a1 and a2 variations, a unit cell with 
Rogers 4003 (εr = 3.38 and tanδ = 0.003) substrate for both layers and 1.6 mm and 3.2 mm thicknesses for the 
first and second layers is designed and simulated by CST Microwave Studio software. The phase response of the 
designed MAMC are extracted by applying periodic boundary conditions and exciting the unit cell with Floquet 
port.

The reflection phase of this unit cell versus frequency is shown for different a1 values where a2 = 1 mm (upper 
patch is smaller than lower one) in Fig. 2(a) and a2 = 5 mm (upper patch is larger than lower patch) in Fig. 2(b). In 
similar way, the reflection phase of this unit cell versus frequency is shown for different a2 values where a1 = 1 mm 
(lower patch is smaller than upper patch) in Fig. 3(a) and a1 = 5 mm (lower patch is larger than upper patch) in 
Fig. 3(b). It can be seen, the dimension variation of the upper patch (a2) and lower patch (a1) lead to change in the 
slope of reflection phase response as well as its exchange from −180° to +180°. Therefore, one can achieve wide 

Figure 2.  Simulation results of reflection phase for different a1 (a) a2 = 1 mm. (b) a2 = 5 mm.
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bandwidth 180° ± 37° phase difference by proper selection of these parameters. In the next subsection, the GA 
optimization approach is used to achieve these values, properly.

Optimization.  Here, the GA algorithm is used to obtain 180° ± 37° phase difference between two unit cells 
in wide bandwidth, assuming that the unit cell period is fixed in each MAMC. The unit cell design parameters 
such as length (a1 and a2), thicknesses (h1 and h2) and dielectric constant of each layer (ε1 and ε2) are the input of 
Matlab optimization code, as illustrated in Fig. 4. The GA tries to find the best parameters of these two MAMC 
unit cells which satisfy the desired phase difference 180° − 37° < Δϕi < 180° + 37° in the specified frequency 
bandwidth, where i∈ [fmin, fmax].

In fact, the GA optimization minimizes the cost function value subject to the upper (180° + 37°) and lower 
(180° − 37°) violation values for 10-dB RCSR as follow
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Figure 3.  Simulation results of reflection phase for different a2 (a) a1 = 1 mm. (b) a2 = 5 mm.

Figure 4.  Genetic algorithm module for optimization.
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where N = (fmax - fmin)/fstep and αk is the weighting coefficient and their values should emphasize the relative 
importance of each term in the cost function. The optimization procedure is iterated until the cost function is 
neared to zero or the maximum iterations are met. The design flowchart is shown in Fig. 5, also. The optimization 
outputs are the optimum design values of two different unit cells which satisfy the 180° ± 37° phase difference 
criteria in wide bandwidth.

Design Examples.  In this section, three examples are proposed to design MAMC unit cell based on the 
proposed optimized approach to achieve 180° ± 37° phase differences at maximum frequency bandwidth. In 
the first example, the substrate availability is not considered and the optimized design values are extracted ide-
ally (ideal metasurface). In the second example, the closest available commercial RF substrates extracted in the 
ideal metasurface are considered in the design approach (ROGERS metasurface). Finally, the low cost commercial 
available FR4 substrate is used to achieve low cost metasurface in the third example. The values of fmin and fmax are 
considered as 5 GHz and 35 GHz, respectively in the optimization process.

Case I: Ideal metasurface.  The most bandwidth of 180° ± 37° phase difference can be achieved by using 
two different unit cells with a1 = 5.85 mm and a2 = 2.7 mm for the MAMC1 and a1 = 1.17 mm and a2 = 0.4 mm 
for the MAMC2 one. The optimized dielectric constant and thickness values are εr1 = 1, h1 = 3.9 mm for the first 
layer and εr2 = 1.7, h2 = 1.69 mm for the second layer. The unit cell dimension is 6 × 6 mm2, also. Figure 6 depicts 
the reflection coefficient of these unit cells (MAMC1 and MAMC2) where the solid lines demonstrates the results 
achieved from the circuit model proposed in Fig. 1 and the dashed line depicts the full wave simulation results. 
The good agreement between these two results prove the proposed model, also. The 180° ± 37° phase difference 
is achieved from 5.462 GHz to 35.02 GHz (146% 10-dB RCSR bandwidth) in the equivalent circuit model and 
5.37 GHz to 37.5 GHz in the full wave simulation, corresponding to a 150% fractional bandwidth in this case.

Case II: ROGERS metasurface.  The first layer relative permittivity in ideal metasurface is εr = 1 which 
can be implemented by air gap simply with the corresponding height (h1 = 3 mm), but the second layer with 
εr = 1.7 and h2 = 1.69 mm is not commercially available. Therefore the closest commercially available substrate 
to the optimized values (εr2 = 1.7, h2 = 1.69), Rogers 5880 with εr = 2.2 and tanδ = 0.0009 specifications is used as 
the second layers but with 1.6 mm thickness. Therefore, a1 and a2 for both MAMC unit cells and h1 are obtained 
from the GA optimization process. The reflection phase of these two optimized MAMC unit cells are shown in 
Fig. 7 versus frequency. The optimized values are a1 = 0.4 mm and a2 = 0.4 mm for MAMC1 and a1 = 6.5 mm and 
a2 = 2 mm for MAMC2. It can be seen that 180° ± 37° phase difference is achieved from 6.425 GHz to 41.14 GHz 

Figure 5.  GA Flowchart employed to search for the optimal unit cell design parameters.
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(146% fractional bandwidth) in the circuits model and 6.37 GHz to 31.72 GHz in the full wave simulation, cor-
responding to a 133% fractional band width. The lower phase difference bandwidth in the circuit model is due 
to the higher mode propagation at high frequency which is not considered in the model. After the optimization, 
the unit cell periodicity is slightly tuned to achieve wider phase difference bandwidth which results to a = 7 mm.

Case III: Low Cost metasurface.  The commercially available FR-4 substrate is used in the third example 
to design low cost metasurface. In fact, the Rogers 5880 layer in the ROGERS metasurface is replaced by low cost 
FR-4 substrate and air gap where the air gap height is optimized to achieve closest effective εr to Rogers 5880 layer. 
Moreover, the lower patch which has air gap substrate should be carried out on a very thin substrate. Therefore, 
the both unit cell layers are composed of air gap and thin FR-4 substrate. The FR-4 substrates height which 
includes the patches are considered as 0.5 mm for both layers. The GA achieves optimized design values where air 
gap thickness is 3.9 mm and 1.23 mm for the lower and upper layers, a1 = 0.4 mm and a2 = 0.4 mm for MAMC1 
and a1 = 7.29 mm and a2 = 2.09 mm for MAMC2. Similar to the second case, the unit cell periodicity is slightly 
tuned resulted in a = 8 mm. The desired phase difference (180° ± 37°) is achieved from 4.725 GHz to 28.24 GHz 
(142.6% fractional bandwidth) in the circuit model and 4.89 GHz to 28.37 GHz in the full wave simulation, cor-
responding to a 141% fractional bandwidth as shown in Fig. 8.

Fabrication and test.  The third design example (low cost metasurface) is simulated and fabricated to 
demonstrate the idea. For this purpose, a checkerboard-like metasurface is formed by 4 × 4 alternating tiles 
where each tile consists of 8 × 8 identical unit cells as shown in Fig. 9. Considering that the size of each unit cell 
(8 mm × 8 mm), the overall dimensions of the metasurface is 256 mm × 256 mm. The 0.5 mm FR-4 lower layer is 
mounted on the copper sheet (GND) by using 3.9 mm thin Teflon rings spacers, while the top 0.5 mm FR-4 layer 
is suspended on the lower layer by 1.2 mm spacer as depicted in the figure.

The surface RCSR is calculated from the metasurface RCS normalized to the RCS of a metal plate with the 
same physical dimension. Figure 10 depicts simulated and measured monostatic RCS reduction of the proposed 
surface at normal incident wave versus frequency. It is observed that 10-dB bandwidth RCS reduction is achieved 
from 5.22 GHz to 30.85 GHz, corresponding to a 142% 10-dB RCSR bandwidth. Notice that the simulation results 
are slightly different from the ones achieved in Sec.III (c) which is due to the mutual effect of tiles. Since the low 

Figure 6.  Reflection phase from two MAMC unit cells in Ideal metasurface.

Figure 7.  Reflection phase from two MAMC unit cells for ROGERS metasurface.
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cost available commercial off the shelf (COST) dielectric material is used to realize the air gap spacer, some small 
differences between simulated and measured results are appeared in Fig. 10.

Figure 11 depicts the designed low cost metasurface performances in different oblique incident angles 
at both TE- and TM-polarization up to 40°. The 10-dB RCS reduction bandwidth of the surface are listed in 
Table 1 for different incident angles where the RCS reduction bandwidth is more than 98% for TM- and 51% for 
TE-polarizations up to 40° oblique incident angles.

The 3D scatter radiation fields from the proposed metasurface are shown in Fig. 12 for normal incident 
wave at 7.1 GHz and 10.4 GHz which have the maximum RCS reduction values based on the results presented 
in Fig. 10. Under normal plane wave in Transient Solver of CST Microwave Studio, the reflected wave is mainly 
scattered in the diagonal planes (45° and 135°) due to the phase cancellation between adjacent tiles. Hence the 
monostatic RCS is minimum at the normal plane wave. Moreover, the scattering pattern of the chessboard layout 
has four main lobes and zeros in the incident angle.

Figure 8.  Reflection phase from two MAMC unit cells for low cost metasurface.

Figure 9.  The fabricated low cost RCSR metasurface Measurement.

Figure 10.  The simulation and measurement monostatic RCS reduction of the proposed low cost metasurface.
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Table 2 compares the proposed metasurface specifications with the state of the art researches. It is found that 
the RCS reduction bandwidth of this structure is significantly wider than the other works. In more details, the 
proposed structure achieves more than 142% RCS reduction bandwidth which has significantly wider rather than 
the best previous surface7. In addition, the start frequency of RCS reduction is low compared to the other works. 
Wide RCS reduction bandwidth, low cost and general design method are the main advantages of this work which 
proves its capability for practical applications.

Conclusion
In this paper, the non-resonant unit cells were designed, fabricated and measured for ultra-wideband RCSR. 
The proposed tile composed of a stack of non-resonant patches separated from one another by thin dielectric 
substrates and the whole structure is backed with a ground plane. The GA algorithm is adopted to optimize the 
geometry parameters of unitcell and find the best value. It was demonstrated that the 180° ± 37° reflection phase 
difference between two unitcell is achieved from 5.37–37.5 GHz corresponding to a 150% fractional bandwidth 

Figure 11.  The RCS reduction of the proposed low cost metasurface for different incident angles, (a)TE- 
polarization (b) TM-polarization.

Incident angle (θ°)

10-dB RCS reduction bandwidths

TM- Polarization TE-Polarization

10 140 140.4

20 124 108.2

30 114.5 65.2

40 98 51

Table 1.  The 10-dB RCS reduction bandwidths for different incident angles.

Figure 12.  The 3D scatter radiation fields from the low cost metasurface at (a) 7.1 GHz (b) 10.4 GHz.
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for ideal model, 6.37–31.72 GHz (133%) for Rogers metasurface substrate and 4.89–28.37 GHz (141%) for low cost 
metasurface. The low cost metasurface fabricated and measured which demonstrates wideband RCS reduction 
larger than 10 dB from 5.22–30.85 GHz (142%) for normal incidence plane wave. Compared to the references, this 
paper exhibits significantly wider RCSR bandwidth by using simple, thin and low cost structure.

Received: 4 July 2019; Accepted: 7 April 2020;
Published: xx xx xxxx

References
	 1.	 Knott, E. F., Schaeffer, J. F. & Tulley, M. T. Radar cross section. SciTech Publishing. (1993).
	 2.	 Fante, R. L. & McCormack, M. T. Reflection properties of the Salisbury screen. IEEE Trans. Antennas Propagat. 36, 1443–1454 

(1988).
	 3.	 Paquay, M. et al. Thin AMC structure for radar cross-section reduction. IEEE Trans. Antennas Propagat. 55, 3630–3638 (2007).
	 4.	 Modi, A. Y., Balanis, C. A., Birtcher, C. R. & Shaman, H. N. Novel design of ultrabroadband radar cross section reduction surfaces 

using artificial magnetic conductors. IEEE Trans. Antennas Propagat. 65, 5406–5417 (2017).
	 5.	 Esmaeli, S. H. & Sedighy, S. H. Wideband radar cross-section reduction by AMC. Electronics Letters 52, 70–71 (2016).
	 6.	 Su, J. et al. Uneven-Layered Coding Metamaterial Tile for Ultra-wideband RCS Reduction and Diffuse Scattering. Sci Rep 8, 8182 

(2018).
	 7.	 Ameri, E., Esmaeli, S. & Sedighy, S. Ultra Wideband Radar Cross Section Reduction by Using Polarization Conversion Metasurfaces. 

Sci Rep 9, 478 (2019).
	 8.	 Sun, H. et al. Broadband and Broad-angle Polarization-independent Metasurface for Radar Cross Section Reduction. Sci Rep 7, 

40782 (2017).
	 9.	 Su, P. et al. An Ultra-wideband and Polarization-independent Metasurface for RCS Reduction. Sci Rep 6, 20387 (2016).
	10.	 Zhuang, Y. et al. Random Combinatorial Gradient Metasurface for Broadband, Wide-Angle and Polarization-Independent Diffusion 

Scattering. Sci Rep 7, 16560 (2017).
	11.	 Ameri, E., Esmaeli, S. H. & Sedighy, S. H. Ultra Wide Band Radar Cross Section Reduction Using Multilayer Artificial Magnetic 

Conductor Metasurface, Journal of Physics D: Applied Physics (2018).
	12.	 Abadi, S. M. A. M. H., Ghaemi, K. & Behdad, N. Ultra-Wideband, True-Time-Delay Reflectarray Antennas Using Ground-Plane-

Backed, Miniaturized-Element Frequency Selective Surfaces. IEEE Trans. Antennas Propagat. 63, 534–542 (2015).
	13.	 Haji-Ahmadi, M. et al. Pixelated Checkerboard Metasurface for Ultra-Wideband Radar Cross Section Reduction. Sci Rep 7, 11437 

(2017).
	14.	 Ameri, E., Esmaeli, S. H. & Sedighy, S. H. Low cost and thin metasurface for ultra wide band and wide angle polarization insensitive 

radar cross section reduction. Applied Physics Letters 112, 201601 (2018).
	15.	 Sang, D. et al. Design of checkerboard AMC structure for wideband RCS reduction. IEEE Trans. Antennas Propagat. 67, 2604–2612 

(2019).
	16.	 Al-Joumayly, M. A. & Behdad, N. A generalized method for synthesizing low-profile, band-pass frequency selective surfaces with 

non-resonant constituting elements. IEEE Trans. Antennas Propagat. 58, 4033–4041 (2010).

Author contributions
M.N., M.K.A. and S.H.S. developed the idea. M.N. designed the sample and did the simulations. M.N. and S.H.S. 
fabricated the surface and M.N. and S.H.S. wrote the manuscript based on the inputs from all authors. All authors 
contributed to the discussions.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.H.S.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Structure
Thickness 
(mm)

10-dB Bandwidth

Substrate
Normal incident (%)/
Frequency range (GHz)

Oblique 
incident/ (%)

6 6 122.3/6.2–25.7  — F4B-2
7 2.52 126.5/9–40 — FR-4
9 3 89/7.9–20.8 — F4B
10 3 73/7.2–15.6 — F4B
13 6.80 95/3.8–10.7 70% (40°) RO4003 and PTFE
14 2.5 108/13.6–45.5 108% (50°) FR-4
4 6.35 91/ 3.75–10 GHz 31% (40°) RT/duroid-5880
11 2.524 109/ 13.1–44.5 93.5% (50°) FR-4
15 11.508 91.5/3.77–10.14 90% (10°) Rogers RO4350B

This paper 6.1 141.8/5.22–30.85 GHz 98% (40°) FR-4

Table 2.  Comparison of the proposed low cost metasurface with state of the art references.
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