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Abstract
One-bit coding metasurfaces combine two basic unit cells with out-of-phase responses. Their
potential in achieving diffuse scattering has already been demonstrated. These metasurfaces
can subsequently be applied to radar-signature control. This paper presents a theoretical anal-
ysis linking the scattered field to the autocorrelation of the code that encodes the metasurface.
This analysis leads to a focus on Minimum Peak Sidelobes codes with autocorrelation charac-
teristics similar to the unit impulse. Advances in other research areas have greatly enhanced
the search for these kind of codes, making them directly usable for coding diffuse scat-
tering metasurfaces. This approach is compared with existing codes, specifically examining
how it performs against the optimal code found through exhaustive search in small-scale
scenarios. Then, it is shown that this coding strategy facilitates the design of metasurfaces
with any and large electrical sizes, achieving results comparable to those obtained through
optimization-based approaches, at a significantly reduced computational workload.

Introduction

Over the past decade, metasurfaces have revolutionized electromagnetic (EM) wavefront
manipulation, enabling a diverse range of applications. In the field of radar, their capabilities
extend to areas such as anomalous reflection [1, 2], backscattering enhancement [3], and radar
cross-section reduction (RCSR) [4, 5]. Diffuse scattering metasurfaces represent a promising
technique for bistatic RCSR [6].

The present study focuses specifically on the concept of codingmetasurfaces, which leverage
a limited number of unit-cells represented by a binary code [7]. In the simplest implementation,
only two different elements, labeled as “1” and “0”, are used. Therefore, the metasurface is rep-
resented as a 2D binary matrix. By arranging these elements in specific patterns, the scattering
fields can be manipulated to achieve various functionalities [8]. The idea behind coding diffuse
scattering metasurfaces is to achieve uniform scattering of an incident EM wave in all direc-
tions. Thus, the primary goal when designing such a metasurface is to determine the optimal
arrangement of binary elements within the coding matrix to achieve the best diffusion.

Various approaches are present in the literature such as the checkerboard configuration
[4, 5]. By arranging binary elements in a chessboard pattern, the incident EM wave is reflected
into four main directions and the radar cross-section (RCS) is minimized in the specular direc-
tion. Another strategy involves randomly distributing the elements within the matrix to try to
maximize destructive interferences and thus decrease the bistatic RCS [9, 10]. These initial two
approaches are directly applicable and do not require computation time for synthesis. However,
their performance is limited as the diffusion is not optimal. Another approach could be opti-
mization [11, 12]. This method allows for good scattering performance but is highly costly in
terms of time and computational resources. Finally, a method based on Golay–Rudin–Shapiro
polynomials, which lead to Golay codes, allows for the fast synthesis of coded diffuse scattering
metasurfaces [6]. That analytical method does not require extensive computational costs and it
is applicable for codes of size 2i, where i is a natural number.This enables the suboptimal encod-
ing of large-sized metasurfaces. Such a method is regarded as the most advantageous solution
in terms of time versus performance trade-off for encoding a diffuse scattering metasurface.
However, the constraint to use a code whose length is 2i lacks flexibility.

In this context, a new coding strategy based on Minimum Peak Sidelobes (MPS) codes is
introduced in this paper. These codes, used in other fields, are valuable for encoding metasur-
faces for RCSR. This work also provides a detailed assessment of the different codes from the
literature, including the newly introduced ones.
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Figure 1. General printed metasurface configuration.

Section “Background theory and modeling” presents the the-
ory and modeling of metasurfaces, with a particular focus on the
concept of coding metasurfaces. The link between the metasur-
face radiation and the autocorrelation of the code is also discussed,
leading to design rules for selecting this code. Section “1D coding
metasurfaces for diffuse scattering” provides a detailed analysis of
1D codingmetasurfaces for diffuse scattering, including an exhaus-
tive search for optimal codes that achieve low directivity. It also
compares the performance of established codes from the literature
with theMPS codes introduced in this paper, relative to the optimal
solutions. Section “Design examples” provides design examples of
large 1D metasurfaces. Then, the classical dyadic product is used
to extend the 1D codes to 2D metasurfaces.

Background theory and modeling

Metasurface configuration

A metasurface is a 2D panel composed of M ×N unit-cells. Each
unit-cell is characterized by a complex reflection coefficient with
amplitude Γmn and phase 𝜑mn. The periodicities of the metasur-
face along the x and y axes are denoted as dx and dy, respectively.
An example of a metasurface in printed technology with patches as
unit-cells is shown in Figure 1.

A widely used configuration in the literature is the 1-bit cod-
ing metasurface involving only two different possible phase states.
All the results in this article are based on this concept. As illustrated
in Figure 2, a particularmetasurface with two phase states, denoted
as 𝜑1 and 𝜑2, where the phase difference is Δ𝜑 = |𝜑1 − 𝜑2| = 𝜋,
can be represented by a coding matrix. In this representation, 𝜑1
corresponds to the binary element 0, and 𝜑2 corresponds to the
binary element 1.Thus, the phase responses of the 0 and 1 elements

are simply defined as 𝜑n = n𝜋 rad (n = 0, 1). A common exam-
ple of cells that meet these conditions are the artificial magnetic
conductor and perfect electric conductor cells [4].

Analytical modeling

To quickly and efficiently compute the scattered field Es of a meta-
surface, the simple antenna array theory is used [13]. The field
reflected by themetasurface when illuminated by an incident plane
wave is defined by equation (1), where f (𝜃, 𝜙) represents the radia-
tion of the unit-cells, E0 is the magnitude of the incident wave, and
𝛼mn its phase on the unit-cell (m, n)

Es(𝜃, 𝜙) =
M−1

∑
m=0

N−1

∑
n=0

E0ej𝛼mn ⋅ Γmnej𝜑mn ⋅ f (𝜃, 𝜙)

⋅ ejk(mdx sin 𝜃 cos𝜙+ndy sin 𝜃 sin𝜙).
(1)

For the sake of simplicity, several assumptions are used in this
study. First, the unit-cells are assumed to be lossless (Γmn = 1) and
isotropic (f (𝜃, 𝜙) = 1). Furthermore, the metasurfaces are illu-
minated with normal incidence (ej𝛼mn = 1) and unit amplitude
(E0 = 1). Therefore, the degrees of freedom for manipulating the
reflected EM wave are only the reflection phases 𝜑mn.

Scattered field and autocorrelation

The scattered field Es can be expressed from a Fourier transform
(FT). For the sake of simplicity, let’s consider a linear array of
N unit-cells with spacing d oriented along the z-direction. Then,
equation (1) can bewritten as (2) with z = ejkd cos 𝜃 and an = ej𝜑n =
±1 due to the phase responses of a 1-bit coded metasurface

Es(𝜃) =
N−1

∑
n=0

anzn. (2)

The squaredmagnitude of the radiated field iswritten as (3)with
l = n − m

|Es|2 =
N−1

∑
n=0

N−1

∑
m=0

al+ma*
mzl. (3)

Equation (3) can be rewritten as,

|Es|2 =
+2N

∑
l=−2N

Ra(l)ejlkdcos(𝜃) (4)

where

Ra(l) =
N−1

∑
m=0

al+ma*
m. (5)

Ra represents the autocorrelation of the sequence a where the
shift l ranges from −N to +N. It is well-known the FT of the unit
impulse is a constant function.Then, in order to produce a constant

Figure 2. Coding metasurface example.
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scattered field (which guarantees a lowRCS), the autocorrelation of
the used code must resemble the unit impulse as much as possible.

Various families of codes with interesting autocorrelation prop-
erties are available in the literature, such as Barker [14] or Golay
codes [6]. These codes, originally used in other fields like spread
spectrum and radar pulse compression, find their relevance in
metasurface coding.

Existing codes

Barker codes are characterized by a main peak Ra(0) = N and
secondary peaks Ra(l) for l ≠ 0 all equal to 0 or −1. As a result,
their autocorrelation function closely approximates a unit impulse
function. However, there are only nine different Barker codes and
the maximum size is N = 13.

Golay codes are other codes that have been used for diffuse scat-
tering metasurfaces due to their good autocorrelation properties.
Their main advantage is that they can be defined analytically by (6)
using generator polynomials P an Q

P0 = Q0 = 1

Pi+1(x) = Pi(x) + x2iQi(x)
Qi+1(x) = Pi(x) − x2iQi(x)

} for i ≥ 0.
(6)

This analytical derivation process drastically simplifies the gen-
eration of these codes. Moreover, contrary to Barker codes, Golay
codes do not suffer any stringent size limitation. Indeed, the only
constraint is that the produced coding sequence an is of sizeN = 2i
with i an integer number. In practice, this enforce to use a meta-
surface with a number of unit-cells which is a power of 2. This
can be a tricky point regarding the design of the unit-cell since it
put constraints on the inter-element spacing d. Also, despite their
good autocorrelation properties, Golay codes are usually not the
best possible solutions. They are usually referred to as suboptimal
solutions.

MPS codes

Identifying binary codes with optimal or quasi-optimal autocorre-
lation properties is a research direction that is very active in several
domains [14]. These codes are referred to as MPS when the peaks
of Ra (except from Ra(0) that is always equal to N) is minimized.
Other figures of merit have also been used, such as integrated side-
lobe level (ISL) [15], calculated as (7), which gives a global measure
of all peaks

ISL =
N−1

∑
l=1

|Ra(l)|
2 . (7)

This involves summing the squared secondary peaks of the
autocorrelation. Since the autocorrelation is always symmetric rel-
ative to the main peak, this summation can be performed from
l = 1 to l = N − 1. The derivation of MPS cannot be done ana-
lytically. It usually relies on optimization algorithms [15–18] or
exhaustive analyses [19] of the autocorrelation function. However,
many studies have been carried out and a huge quantity of tabulate
data is now available whatever the values ofN up toN = 74 [19]. In
[16], the search has even been extended up toN = 300 although the
provided codes are not actual MPS but quasi-MPS codes (which
means codes with better properties could still be found). In this
paper, available databases of MPS codes will be used. An assess-
ment of their properties in the specific context of diffuse scattering

metasurface will be performed. It has never been done from our
best knowledges.

To conclude, these codes are interesting in the context of coding
diffuse metasurfaces due to their good autocorrelation properties
and their approximation to the unit impulse function as well. The
link between good autocorrelation properties of codes and the dif-
fusion of the reflected field is verified in the next section through
an exhaustive study for small dimension problems.

1D coding metasurfaces for diffuse scattering

Exhaustive search of optimal codes

The goal of this section is to find and analyze the codes that pro-
duce the best diffuse radiation and to validate the interest of codes
with good autocorrelation properties. In order to make an exhaus-
tive search possible, the canonical case of a 1D metasurface is
considered.

To determine the optimal codes, the exhaustive search is con-
ducted by testing all possible coding sequences. That is, for a given
sizeN, the 2N binary combinations are generated.Then, the scatter-
ing field Es is computed for each configuration and the associated
directivity is calculated as (8) [13]

D(𝜃) =
2 |Es(𝜃)|2

∫𝜋
0

|Es(𝜃)|2 sin 𝜃d𝜃
. (8)

Finally, the code with the lowest maximum directivity is identi-
fied as the optimal one.This study is done for plane-wave illumina-
tion with normal incidence on the 1D metasurface. The interspac-
ing element d is assigned to 0.5𝜆. The study is conducted for sizes
N ranging from 3 to 24 elements. Larger sizes would have resulted
in an excessive number of configurations to analyze.

Comparison between available codes

Figure 3 presents the results of this exhaustive search. For each
value of N (from 3 to 24), it gives the maximum directivity of few
codes.The blue crosses correspond to the worst codes, i.e. the ones
with the highest directivity. As could be expected, they are uniform
codes (with an = −1 or an = +1 whatever n) and they pro-
duce a maximum directivity equal to 10log(N). Therefore, this is
the reference case for quantifying the RCSR performance of dif-
fuse scattering codes. On the contrary, the blue circles correspond
to the best codes. All other codes, namely the 2N − 2 remaining
ones, lie within these upper and lower bounds.They are not shown
for the sake of clarity.

Barker, Golay, and MPS codes are also included, when they
exist, to visualize their performance compared to the optimal ones.
Barker codes are the optimal ones except for N = 13. Golay codes
are not far from theminimum,making them a suboptimal solution
except for the length 4 case for which the Golay code is the optimal
one and also a Barker code.

MPS codes in black and red dots are selected from [19] and [16]
respectively. Asmentioned earlier, there can be codeswith identical
autocorrelation properties for a given size N. However, the result-
ing directivities may differ but still remain very low. Therefore,
the use of MPS codes for coding diffuse scattering metasurfaces
represents a new family of suboptimal solutions considering these
results.

One strength of these codes is that they are available for any
sizeN, extending beyond 24. It is noteworthy that Barker codes are
MPS codes at the sizes for which they exist.
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Figure 3. Maximum directivity of different codes for lengths ranging from 3 to 24 elements.

Figure 4. (Dmax, ISL) maps of all possible configurations for different given sizes.

Validation of diffuse radiation codes with good autocorrelation
properties

To better show the relation between good autocorrelation
properties and diffuse radiation, the ISL criteria is now used.

Figure 4 illustrates the complete set of the 2N codes with their
respective maximum directivity and ISL for four different values
of N. The optimal code, which exhibits the lowest directivity, is
depicted by the blue circle located farthest to the left on these
plots. The placement of MPS codes is also specified within the set
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Figure 5. Maximum directivity for Golay and MPS codes with large sizes.

of combinations for each size. Golay and Barker codes are also
included for sizes 8 (Figure 4(a)) and 11 (Figure 4(b)) respectively.

From these plots, it is obvious that good autocorrelation prop-
erties ensure low directivity. However, codes with the best auto-
correlation properties do not necessarily guarantee the lowest
directivity. MPS codes are always close to the optimal case. For
a given size N, there exists a set of MPS codes as mentioned
earlier, the other MPS codes besides those referenced as [19]
and [16] can achieve even lower directivity. This is clearly visi-
ble in Figure 4(a) with the circle just to the left of the selected
MPS code. They share the same ISL but generate different direc-
tivities. The situation is identical for N = 14 in Figure 4(c). The
two chosen MPS codes exhibit nearly identical directivity, making
them nearly overlapping on this plot. OtherMPS codes of the same
size with equally ISL show lower directivity. In the case of N = 11
shown in Figure 4(b), unsurprisingly, the Barker code shows the
minimum ISL and directivity. Finally, the selected MPS codes of
size N = 17 are very close to the optimal one as illustrated in
Figure 4(d).

Design examples

Directivity of 1D diffuse scattering metasurfaces

The new MPS suboptimal solution can now be compared to the
existing one in the literature i.e. by Golay codes. For this purpose,
Figure 3 can be extended to longer lengths as shown in Figure 5.
On this extended plot, the upper bound stays at 10log(N). The
lower bound, which was previously shown for codes ranging from
3 to 24 elements, is omitted here for the sake of clarity. Indeed, an
exhaustive search for codes achieving low directivity becomes too
expensive in computing resources for sizes larger than 24. Golay
codes, available for sizes that are powers of 2, are compared toMPS
codes of the same sizes. MPS codes of lengths in tens are included,
but it should be noted that they are applicable for any N as men-
tioned earlier. It can be seen that the performance of MPS codes is
very similar to that of Golay ones without suffering their restriction
on N.

An example of a directivity pattern is shown in Figure 6. A com-
parison of the directivities of 1D metasurfaces with 64 elements
for different codes is provided. The uniform case, which is the ref-
erence to quantify the RCSR, exhibits a maximum directivity of

Figure 6. Directivity of uniform, Golay and MPS codes for a 1D metasurface with
N= 64.

Figure 7. 2D MPS-coded metasurface with 64×64 elements.

18.06 dB. The Golay-coded metasurface has a maximum directiv-
ity of 3.00 dB, while theMPS-coded one from [19] has a maximum
directivity of 2.58 dB. The performance of the MPS code is supe-
rior to the Golay one in this case. These performances can reverse
for other lengths in powers of 2. Lower directivities can also be
achieved by MPS codes of lengths close to those where Golay can
exist as shown in Figure 5.

Extension to 2D diffuse scattering metasurfaces

Previous codes can be extended to 2Dmetasurfaces using the stan-
dard dyadic product [6, 7]. In this case, the same code is assumed
for the two directions. This is the most used method in the litera-
ture and cost-effective to implement. Using the previous 1D MPS
code of length 64, the matrix depicted in Figure 7 can be gener-
ated using a dyadic product, with green and black indicating binary
elements 1 and 0 respectively. Thus, the outcome yields a matrix
comprising 4096 elements. Inter-element spacing dx and dy are
assigned to 0.5𝜆.

The reflected field |Es|dB computed by equation (1) on the
metasurface is diffused with low intensity in all directions, as
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Figure 8. 3D radiation of the 64×64 MPS metasurface.

Figure 9. Directivity of uniform, Golay and MPS metasurfaces with size 64×64,
𝜙 = 45∘.

shown in Figure 8. The associated maximum directivity is 5.16 dB.
Directivity in the cut plane 𝜙 = 45∘, where the maximum is
located, is shown in Figure 9. This result is compared to the 2D
metasurface of 64×64 elements encoded with Golay code using the
dyadic product. This metasurface exhibits a maximum directivity
of 6.05 dB.

Conclusion

This paper introduces a newmethod based on code autocorrelation
for encoding diffuse scattering metasurfaces of any size, includ-
ing large ones. After identifying the optimal codes that achieve
the minimum maximum directivity for 1D metasurfaces of small
size, the performance of MPS codes is compared to these optimal
ones. A strong correlation between good autocorrelation prop-
erties and low directivity is demonstrated using the ISL metric.
Additionally, calculating the autocorrelation is much less compu-
tationally expensive than calculating the backscattered field Es and
the directivity. This approach offers new possibilities by focusing
on the autocorrelation of the codes instead of optimizing the cod-
ingmatrix to diffuse the incident EMwave and thus to decrease the
RCS. As the method is evaluated using analytical modeling, future

work will focus on experimental validations. In particular, the pre-
dicted RCSR ofMPS codes will be verified through EM simulations
and measurements.
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