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A Coding Metasurface with Properties of Absorption and Diffusion
for RCS Reduction
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Abstract—A low-radar cross section (RCS) coding metasurface (MS) with properties of absorption and
diffusion for both normal and oblique incidences is proposed in this paper. The coding MS is composed
of a miniaturized perfect metamaterial absorber (PMA) and a wideband artificial magnetic conductor
(AMC) in a shared aperture. In addition, to avoid strong scattering energy appearing at specific
directions, genetic algorithm (GA) is adopted to search the optimal layout of the two MS elements.
Simulated and experimental results confirm the properties of coding MS and indicate that the 6-dB
RCS reduction bands under TE- and TM-polarized normal incident waves are 6.28 GHz–9.16 GHz and
6.33 GHz–9.41 GHz, respectively.

1. INTRODUCTION

Recently, metasurface (MS) constructed by sub-wavelength metamaterial structures [1] has been
studied in depth due to its favorable characteristics in manipulating electromagnetic waves, such as
electromagnetic invisibility for antennas [2, 3], polarization conversion [4, 5], perfect absorption [6–8],
and anomalous reflection [9], among which the MS with low-radar cross section (RCS) [10–12] is of
crucial significance in military practice.

Generally, there are mainly two methods adopted to reduce RCS by MS: absorption and phase
cancellation. For the first method, the handiest instrument is called perfect metamaterial absorber
(PMA) [6], which has the advantage of extremely low profile. However, PMA usually has narrow-
band absorption, and the half power bandwidth (HPBW) is less than 5%. For the second method,
it is significant to produce an effective phase difference in a certain band. In 2007, Panquay et al.
first proposed a chessboard-like MS composed of AMC and perfect electronic conductor (PEC) whose
RCS reduction can be achieved based on the principle of phase cancellation [13]. To expand the
RCS reduction bandwidth, two AMC cells with distinct structures were combined to form a MS in
a chessboard configuration, and the 10 dB RCS reduction bandwidth was expanded to 40% [14] In
2014, Cui et al. proposed the concept of coding metamaterials [15], and arbitrarily desired scattering
patterns could be obtained by means of different coding sequences. Based on this idea, a series of works
using coding MS were reported for RCS reduction [16–18]. Moreover, to achieve accurate bandwidth
control of low-scattering MS, a new-type coding MS composed of three basic AMC elements was
presented by Zhao et al. in 2016 [19]. In summary, RCS reduction of the MS is usually achieved
by using the two methods independently with either PMA or AMC. Recently, Li et al. [20] designed
a MS made up of PMA and AMC in a way of shared aperture. This idea provides a novel path
to reduce RCS in multiple approaches. However, the large structure of PMA and narrow in-phase
bandwidth (−90◦ < reflection phase < +90◦) [21] of AMC with conventional square patch restrict the
miniaturization and wideband RCS reduction performances of the MS to some extent. In addition,
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four strong redirected scattering beams distributed along the diagonal lines are induced due to the
chessboard layout, which is infaust for the electromagnetic stealth.

Inspired by the research situation, in this paper, unit cells of miniaturized PMA and wideband
AMC are designed using the technology of fractal firstly. Secondly, based on the concept “coding
metamaterials” genetic algorithm (GA) is adopted to search the optimal layout constituted by PMA
and AMC, whose scattering energy is confined in a lower degree in all directions. Lastly, the simulation
results manifest that the coding MS possesses the properties of absorption and diffusion, and the
experimental results indicate that the 6-dB RCS reduction bands for normal TE and TM waves are
6.28 GHz–9.16 GHz and 6.33 GHz–9.41 GHz, respectively.

2. DESIGN AND ANALYSIS OF MS UNIT CELLS

In [22], the relationship among fractal dimension d, order n and the fundamental mode frequency f of
multi-resonant dipole antennas using fractal curves can be expressed as:

f = f0 ·
(
1 − e(n−1)/n · (ln d/d)

)
(1)

where f0 represents the fundamental mode frequency of common dipole antennas with the same size as
the proposed antennas. Although the formula is used to analyze antennas with the given structures, it
can be inferred that the larger value of n is, the better performance of miniaturization can be achieved
when d is a constant. Hence, as shown in Fig. 1, a fractal PMA with a three-order trapezoid slot
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Figure 1. Schematics of PMA under different orders. (a) One-order PMA; (b) Two-order PMA; (c)
Three-order PMA.

6 7 8 9 10 11
0.0

0.2

0.4

0.6

0.8

1.0

A
b

so
rp

ti
v

it
y

Freq [GHz]

 one-order

 two-order

 three-order

Figure 2. Simulated curves of the absorptivity for the PMA with different orders.
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structure is designed based on the common PMA with a one-order cross-shaped slot structure, in which
the optimized parameters are: p = 5 mm, l = 4.8 mm, l1 = 4mm, l2 = 1.5 mm, l3 = 3 mm, l4 = 0.7 mm,
h = 0.5 mm. Comparing the proposed PMA with the original one, it can be found from Fig. 2 that the
absorptivity is increased from 74.5% to 99.6% and the resonant frequency reduced from 9.44 GHz to
6.6 GHz. It is apparent that miniaturization of the proposed PMA is enhanced by 43% compared with
the original one.

The proposed wideband AMC is shown in Fig. 3, in which the grey portions surrounded by black
dash lines are cut from the original AMC (p2 = 0mm) with the square patch, and the parameters
are: p = 5 mm, p1 = 4.8 mm, H = 3mm (p2 remains optimized). From Fig. 4, it is apparent that
in-phase bandwidth of the AMC becomes wider as p2 increases. At the same time, each AMC performs
total reflection for the incident wave when p2 varies. To determine the value of p2, the reflectivity of
PMA and phase differences between PMA and AMC with different p2 are calculated by HFSS 14.0, as
shown in Fig. 5. It can be inferred that the first reduction peak will appear at 6.6 GHz due to perfect
absorption of PMA for the incident waves. In addition, the second reduction peaks will appear at
7.25 GHz, 8.1 GHz and 9.35 GHz due to the most sufficient phase cancellation between PMA and AMC
with p2 = 1.1 mm, 1.5 mm and 1.9 mm, respectively. In particular, our goal is to achieve RCS reduction
by MS in a consecutive broadband, which means that frequency of the second reduction peak should not
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Figure 3. Geometry of the proposed AMC.
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Figure 4. Reflection characteristics of AMC with
different p2.
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Figure 5. Reflectivity of PMA and phase differences between PMA and AMC.
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be too close to or too far from the first one. As a result, we choose the AMC with p2 = 1.5 mm as the
optimal one, for which the consistency of band and broadband characteristics can be better achieved
than the other two. In summary, there will be two reduction peaks for the MS at the frequencies of
6.6 GHz and 8.1 GHz, for which the RCS reduction bandwidth will be broadened in a way of cascade
connection.

3. ARRAY DESIGN AND SIMULATION ANALYSIS

It is known that out of the absorptive band, PMA exhibits total reflection for the incident wave with
a π phase response. Based on this condition, we study the array design to achieve diffusion effect. A
block contains 5× 5 MS unit cells is generated to satisfy the period boundary condition of the unit cell,
and next a MS array that contains 6×6 blocks is adopted to illustrate the array design after considering
the time cost of the optimization and computation complexity in the full wave simulation. Then, the
total scattering field of the array can be regarded as the superposition of the scattering field from each
basic block [23], which can be described as:

SFM×N =
M∑
m=1

N∑
n=1

sfmn = EP · SAFM×N (2)

where M = N = 6 EP represents the pattern function of each block, which is supposed to be changeless
in the design. SAFM×N (θφ) represents the array factor which can be expressed as follows,

SAFM×N =
M∑
m=1

N∑
n=1

(ej(
2π
λ
dx·(m−M+1

2 )sinθcosφ+ 2π
λ
dy ·(n−N+1

2 )sinθsinφ) · ejψmn) (3)

where dx and dy represent the distance between two adjacent blocks along the x- and y-axes, respectively.
ψmn is the reflection phase of any block in the array. θ and φ are the polar and azimuthal angles,
respectively. Based on the concept of coding metamaterials, we can nominate the block of PMA as
“0” element with a 180-deg reflection phase and nominate the block of AMC as “1” element with a
0-deg reflection phase. Then, layout of the array can be expressed by a 6 × 6 coding matrix with 0–1
elements. As a result, constitution of the matrix becomes the crux which influences the scattering
performance of the array. For example, Li et al. [20] employed a chessboard-like matrix to achieve RCS
reduction at the normal direction, but this would lead to four strong redirected scattering beams at the
backward space. In order to solve the problem caused by the regular matrix, we adopt genetic algorithm
(GA) to search the optimal layout of the matrix. GA is an intelligent method solving the problem of
global search, which does not start to search the optimal layout from the single solution but a string of
solution assembles. In other words, GA is better at escaping from the local optimal solution than the
conventional algorithms and also possesses the advantages of strong robustness and rapid convergence.
The main parameters of GA are the population size sp, number of iterations N , crossover probability
pc and mutation probability pm. In this design, the parameters of sp, N , pc and pm are set at 200,
500, 0.8 and 0.05, respectively. In particular, our objective is to search the best coding matrix (Mbest)
leading to a scattering pattern with the smallest peak value. Thus, the peak value of SAF 6×6 is utilized
as the fitness function:

fitness = max(SAF 6×6) (4)

A flowchart of GA for optimizing the coding matrix is summarized in Fig. 6. Fig. 7 gives an
evolution plot of max (SAF 6×6). From Fig. 7, the curve descends sharply at the beginning, and then it
tends to be constant when the number of iterations is larger than 50, which verifies the rapid convergence
of GA.

The calculated 3-D patterns for max (SAF 6×6) of the chessboard-like matrix and optimal matrix
are shown in Fig. 8. It can be seen that the scattering energy fluxes of the optimal matrix are distributed
more uniformly at the backward space than the chessboard-like matrix, indicating that the diffusion
property of the MS is achieved after the layout optimization.

As shown in Fig. 9, the coding MS is set up by combining the optimal matrix and the two MS
blocks. From Fig. 10, an obvious RCS reduction is achieved from 6 GHz–12 GHz for both TE and
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Figure 6. Flowchart of GA for optimal coding matrix.
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Figure 7. The evolution plot of max (SAF 6×6).

TM-polarized incident waves with incident angles ranging from 0 deg to 45 deg (step by 15 deg), proving
satisfactory broadband and broad-angle performances of the MS. Additionally, there are two reduction
peaks in each curve, where the first peak is caused by perfect absorption for the incident wave of PMA,
and the second is attributed to the most sufficient phase cancelation between PMA and AMC. The
significant variations for the second reduction peak in Fig. 10 can be explained by Fig. 11, in which the
phase difference curves between PMA and AMC are dramatically shifted to higher frequency bands as
the incident angles increase. Meanwhile, it has to be noticed that the reduction peaks under TM waves
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Figure 8. 3-D scattering patterns for different coding matrixes. (a) chessboard-like matrix; (b) optimal
matrix.
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Figure 9. Geometry of the proposed coding MS.

decrease obviously as the incidence angle increases, while the regularity is inapplicable to the TE waves.
This is attributed to the asymmetric structure of coding MS.

To verify the absorption and diffusion properties of coding MS, consider the condition of normal
incident wave with TE polarization, for example. Firstly, Fig. 12 gives the surface current distributions
of both PEC and coding MS at 6.52 GHz. Compared to the PEC, the PMA blocks of coding MS
present stronger electromagnetic resonance, which reveals the impendence matching between PMA and
free space, and then results in perfect absorption. Secondly, the scattering spectra in the backward
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Figure 10. RCS reduction curves under TE- and TM-polarizations with different incident angles. (a)
TE polarization; (b) TM polarization.
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Figure 11. Phase differences between PMA and AMC under various incident angles.
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Figure 12. Surface current distributions at 6.52 GHz. (a) PEC; (b) coding MS.
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Figure 13. Scattering spectra in the backward space at 8.1 GHz. (a) PEC; (b) coding MS.

60

R
C

S
 (d

B
sm

)

(a) (c)(b) (d)

(e) (g)(f) (h)

Figure 14. 3-D scattering patterns under different incident angles. (a) PEC at 8.1 GHz, 0 deg; (b)
PEC at 8.5 GHz, 15 deg; (c) PEC at 9.1 GHz, 30 deg; (d) PEC at 9.9 GHz, 45 deg; (e) coding MS at
8.1 GHz, 0 deg; (f) coding MS at 8.5 GHz, 15 deg; (g) coding MS at 9.1 GHz, 30 deg; (h) coding MS at
9.9 GHz, 45 deg.

space at 8.1 GHz are shown in Fig. 13, in which the results of PEC are illustrated in the same color
map as comparison. From Fig. 13, the scattering energy fluxes are distributed mainly along the normal
direction while the fluxes of coding MS are suppressed in a wide angle range, proving the scattering
diffusion property of the proposed MS.

In order to comprehend the diffusion effect more vividly, Fig. 14 provides the 3-D scattering patterns
of both PEC and coding MS illuminated by TE-polarized waves with incident angles of 0◦, 15◦, 30◦ and
45◦ at the corresponding frequencies where the second reduction peaks appear in Fig. 10(a). It can be
clearly seen that the layout of coding MS leads to a better uniform reflection for the incident waves,
and value of the scattered energy is confined within a low degree.

4. FABRICATION AND MEASUREMENT

To demonstrate the validity of simulated results, a sample of coding MS fabricated with the technology of
optical lithographic is tested in an anechoic chamber, as depicted in Fig. 15. The reflectivity S21 of coding
MS is measured by the vector network analyzer to represent the value of RCS. After the data processing,
the measured RCS reduction curves are shown in Fig. 16, and the simulated results are also imported
in the graph for comparison. From Fig. 16, it can be seen that the backward scattering of coding MS
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Figure 15. The fabricated coding MS and experiment setup.
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Figure 16. Simulated and measured RCS reduction curves under various incident angles. (a) TE
polarization; (b) TM polarization.

is reduced from 6GHz–12 GHz for both TE and TM waves with various incident angles. Additionally,
the 6-dB RCS reduction bands for TE- and TM-polarized normal incidences are 6.28 GHz–9.16 GHz
(37.3% relative bandwidth) and 6.33 GHz–9.41 GHz (39.1% relative bandwidth), respectively. The
maximum RCS reduction is obviously decreased under the condition of TM polarization as the angles
of incidence increase, which is coincident with the simulation in Fig. 10(b). Furthermore, compared
with the simulated results, the measured second reduction peaks are shifted to lower frequencies at the
range of 0.5 GHz, which can be attributed to fabrication errors, ambient noise and imprecise angles
between the sample and horn antennas. In summary, reasonable agreement between the measurements
and simulations verifies the low scattering of the MS in broadband and broad-angle.

Lastly, the comparisons between the results obtained in this paper and the original work in [20]
are listed in Table 1. It is obvious that the problems of a large structure of PMA and narrow in-phase
bandwidth of AMC have been well solved in this paper. In addition, the diffusion effect has been
achieved due to the layout optimization, and the RCS reduction bandwidth of coding MS has been
obviously expanded compared with that in [20].
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Table 1. Comparisons between the proposed coding MS and the reference MS in Ref. [20].

Proposed coding MS Reference MS in Ref. [20]
Dimensions of PMA 0.11λ0 0.17λ0

In-phase bandwidth of AMC 6.35 GHz–10.25 GHz (47%) 6.15 GHz–8.1 GHz (27.4% )
Layout optimization? Yes No
Scattering effects at

the non-absorptive band
Diffusion

Four redirected
scattering beams

6-dB RCS reduction bandwidth
for normal TE waves

6.28 GHz–9.16 GHz (37.3%)
5.5 GHz–5.8 GHz (5.3%),
6.54 GHz–7.6 GHz (15%)

Remarks: λ0 is the wavelength of incident wave at the corresponding resonant frequency

5. CONCLUSION

In this paper, a coding MS with properties of absorption and diffusion for RCS reduction in broadband
and wide-angle has been designed, simulated, fabricated and measured. The elements of miniaturized
PMA and wideband AMC are employed to construct the MS firstly, and then GA is utilized to optimize
the layout of the MS to avoid strong redirected scattering patterns caused by the regular layout. The
simulation results verify the absorption and diffusion properties of the MS. Scattering performances of
the MS under TE and TM polarizations with various incident angles have also been investigated and
tested in an anechoic chamber. The measured results indicate that the MS can achieve RCS reduction
in broadband and wide angle.
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