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Abstract: The development of diffusion metasurfaces created new opportunities to elevate the
stealthiness of combat aircraft. Despite the potential significance of metasurfaces, their rigorous de-
sign methodologies are still lacking, especially in the context of meticulous control over the scatter-
ing of electromagnetic (EM) waves through geometry parameter tuning. Another practical issue is
insufficiency of the existing performance metrics, specifically, monostatic and bistatic evaluation of
the reflectivity, especially at the design stage of metasurfaces. Both provide limited insight into the
RCS reduction properties, with the latter being dependent on the selection of the planes over which
the evaluation takes place. This paper introduces a novel performance metric for evaluating scatter-
ing characteristics of a metasurface, referred to as Normalized Partial Scattering Cross Section
(NPSCS). The metric involves integration of the scattered energy over a specific solid angle, which
allows for a comprehensive assessment of the structure performance in a format largely independ-
ent of the particular arrangement of the scattering lobes. We demonstrate the utility of the intro-
duced metric using two specific metasurface architectures. In particular, we show that the integral-
based metric can be used to discriminate between the various surface configurations (e.g., checker-
board versus random), which cannot be conclusively compared using traditional methods. Conse-
quently, the proposed approach can be a useful tool in benchmarking radar cross section reduction
performance of metamaterial-based, and other types of scattering structures.

Keywords: diffusion; metasurfaces; radar cross section (RCS); performance metrics; bistatic scatter-
ing

1. Introduction

In recent years, metasurfaces, with their unique ability to shape the electromagnetic
(EM) wavefront, have attracted increasing attention from researchers and practitioners
[1-3]. Some of the areas where metasurfaces found their applications include radar cross
section (RCS) reduction, as well as spatial processing, and polarization conversion tech-
niques [4-6]. The advancements of radar detection technology placed RCS reduction in a
forefront of research on stealth technology [7]. To date, metasurfaces have been exten-
sively exploited to accomplish essential RCS reduction of the targets [8,9]. One practical
design strategy in this regard is to utilize metamaterials, particularly, exploiting their dis-
tinctive property of manipulating the phase reflection characteristics [10]. It entails a pe-
riodic combination of artificial magnetic conductors (AMC), and perfect electric conduc-
tors (PEC), arranged to attain the desired phase reflection characteristics. To extend the
RCS reduction bandwidth of such structures, the concepts of coding metasurfaces [11],
diffusion metasurfaces [12,13], programmable metasurfaces [14], Huygens’ metasurfaces
[15], as well as cloaking structures [16], have been proposed, which offers control over the
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wavefront in a more sophisticated manner. The primary advantage of coding and diffu-
sion metasurfaces is that it scatters the incident EM waves into all directions. In addition
to that, coding metasurfaces are also being exploited as an absorptive surface to realize
essential RCS reduction [17].

The design of metasurfaces requires availability of performance metrics that can be
applied for their assessment, as well as to discriminate between alternative architectures.
The existing metrics developed to measure RCS reduction performance of a diffusion
metasurface are based on evaluating the energy scattered from the target with reference
to the PEC surface featuring the same physical dimension. The scattering characteristics
can be studied in monostatic and bistatic modes of operation [18-23]. The former conforms
to a situation where the transmitter and the receiver radars are collocated, and, hence, RCS
performance of an aircraft is evaluated with respect to a specified position [24]. This ap-
proach provides limited insight into the metasurface properties. In a related vein, a bistatic
mode corresponds to a condition when the transmitter and receiver radars are stationed
at a certain distance between them [24]. Unfortunately, bistatic RCS performance is highly
dependent on the selection of the planes over which the evaluation takes place [25], which
makes it inconvenient as an evaluation tool for RCS-reduction-oriented metasurface de-
sign. In Reference [26], a figure of merit for bistatic RCS reduction (FMB) has been intro-
duced (based on the maximum RCS), which is a step forward in making RCS evaluation
angle-independent. However, this metric boils down to considering the worst-case sce-
nario performance, which may provide an overly pessimistic evaluation because it is re-
lated to the maximum reflection lobe of a small angular spread. With the development of
multi-base radar detection technology, the accomplishment of bistatic RCS reduction
turns out to be a measure of choice, together with the monostatic RCS. Notwithstanding,
comprehensive quantification of the scattered energy in a regime that is independent of
an arbitrary selection of the specific setup, requires the development of more sophisticated
measures of merit. These should be pertinent to both contemporary needs (as the afore-
mentioned multi-base radars), and the various types of metasurfaces featuring distinct
scattering patterns.

This paper introduces a novel performance metric for evaluating scattering proper-
ties of metasurfaces, which is intended to deliver an effective tool for comprehensive as-
sessment of RCS reduction characteristics. The metric, referred to as Normalized Partial
Scattering Cross Section (NPSCR), involves numerical integration of the energy scattered
from the target over a solid angle. As a result, a conclusive assessment concerning observ-
ability properties of the diffusion metasurface can be obtained in a way independent of
the particulars of the setup. Furthermore, the metric evaluates the average performance,
which is not biased towards a particular scattering pattern. We demonstrate the signifi-
cance of the proposed metric through benchmarking of two specific metasurface architec-
tures. In particular, we show that the integral-based metric allows for meaningful discrim-
ination between alternative metasurface setups (e.g., checkerboard versus random) even
though traditional metrics remain inconclusive. The results indicate that the proposed
metric may be a useful tool in the design of scattering metasurfaces featuring improved
RCS-reduction performance.

The remaining part of the article is organized as follows. Section 2 discusses the mo-
tivation of the introduced Normalized Partial Scattering Cross Section (NPSCR). In Sec-
tion 3, the underlying concepts behind RCS of scattering metasurfaces are provided, fol-
lowed by a brief description of the proposed integral-based metric. In Section 4, we
demonstrate the significance and practical utility of the integral-based metric using two
benchmark examples. Section 5 concludes this paper.
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2. Motivation

The key performance indicator in the design of low scattering metasurface is the RCS
reduction characteristics. The design can be evaluated under two types of scattering con-
ditions, i.e., the monostatic or bistatic ones. Therein, a realistic environment can be char-
acterized to assess the practical performance of a surface.

The advent of a multi-base radar detection technology demands contemporary
stealth structures to feature nominal RCS. The standard monostatic and bistatic regimes
are illustrated in Figure 1. As shown, the transmitter and the receiver radars are separated
by a certain distance. In a bistatic mode, the angle between the receiver radar and reflected
EM waves are denoted by f and is referred to as a bistatic angle [27]. It can be observed
from Figure 1 that the bistatic RCS solely depends on the selection of the measuring plane,
i.e, it is increased whenever the plane misses the scattering lobes and drops otherwise.
Therefore, the nature of bistatic characteristics restricts their evaluation to only a single
direction (angle) at a specific instance. Consider Figure 2, where the bistatic RCS perfor-
mance of a considered metasuface is evaluated along the three scattering angles, = 10°,
35°, and 75°. Expectedly, the results are dependent on the angle of observation. In partic-
ular, the best RCS reduction does not endure at all of the tested angles, and similarly, it
varies along the plane [27-29].
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Figure 1. Illustration of (a) a monotonic, and (b) bistatic mode of operation.
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Figure 2. Exemplary bistatic RCS characteristics at an observation angle 3 = 10° (gray), 35° (blue)
and 75° (black).

This implies that bistatic performance evaluated at a few selected angles or planes is
insufficient to deliver a comprehensive account for the metasurface properties, which be-
comes problematic especially in the design process of high-performance RCS-reduction
metasurfaces. The bistatic RCS characteristics given in Figure 2 are obtained by evaluating
metasurface IV (cf. Section 4). Consequently, a new metric should be developed that alle-
viates the difficulties of the existing methods and is more aligned with the contemporary
needs, including those pertinent to design procedures. In this regard, evaluating RCS
properties along a specified angular spread (e.g., a cone determined by a solid angle a,
see Figure 1) may deliver a more conclusive assessment of the bistatic performance of a
surface.

3. Proposed Metric

This section briefly describes the underlying concepts behind RCS of scattering
metasurfaces, and anchor these to monostatic and bistatic characteristics. Later on, we
give a formal definition of a novel performance metric proposed in this work. Its utility in
the context of metasurface design and evaluation will be demonstrated in Section 4.

3.1. Background Information

The mechanism of a monostatic and bistatic RCS can be understood by recalling a
planar array excited with a progressive phase shift of 180° over a certain frequency band
[23, 300]. The metasurface exploits the anti-phase reflection property of periodic arrays to
control the scattered energy.

To quantitatively illustrate the physical phenomenon, we consider a generalized
configuration of a metasurface (cf. Figure 3) that contains N x N equally-sized lattices of
dimension d. The scattering phase of each lattice is assumed to be ¢(m,n). Under the nor-
mal incidence of the plane waves, the far-field array factor corresponding to the energy
scattered by a metasurface [23] is given as

AF(0,4,1)=E (0,4, 1)

iiexp{—i{¢(m,n)+kd sin0[(m — 15)cos g+ (n— 13)sin g]}} @
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where 0 and ¢ denote the elevation and the azimuth angles of a scattering direction, re-
spectively, f denotes the specified frequency and E.(0,¢,f) is the pattern function of a lattice
at a frequency f. Subsequently, the overall directivity of the metasurface can be obtained
as

AT | AF(0,9, /) [
D04, f) =gt A0 )] )
[ ], VAF(©.4, f)F sin0dodg

On the other hand, the principle of RCS reduction is based upon redirecting the inci-
dent EM energy to all directions in the space. More specifically, the RCS of a correspond-
ing surface at the scattering angles 0 and ¢ at the frequency f can be expressed as

c(0.¢, 1) = M [4nN?d*]' D0, 4, /) ®3)

where A is the free space wavelength.

Note that the monostatic RCS refers to a specific 0 and ¢ (e.g., 6(0,0,f), where 0 = 0°
and ¢ =0°) at a frequency f. Alternatively, bistatic RCS corresponds to o(0,¢,f), with -90°
< 0<90° whereas ¢ determines the evaluation plane (e.g., 0° or 90°).

3.2. Novel Integral-Based Performance Metric

As indicated in Section 1, characterization of the RCS reduction using both the mon-
ostatic and bistatic approaches is generally insufficient in terms of providing comprehen-
sive assessment of metasurface performance, especially in the light of modern circum-
stances (e.g., multi-base radars). Furthermore, bistatic RCS may be misleading due to be-
ing highly dependent on the choice of the evaluation planes.

In order to mitigate these issues, this work proposes a novel, integral-based, perfor-
mance metric, referred to as Normalized Partial Scattering Cross Section (NPSCR). It is be
defined as the metric involving numerical integration of the energy scattered from the
target over a solid angle Q) = (6,¢) € [Omin, 90°] x [-180°, 180°], where Omin is the angle de-
fining the considered range Q). Analytically, it is formulated as

fpo(@, e

P\ @ rn

4)

where ¢” is the RCS of a perfect electric conductor (PEC) having the same physical dimen-
sion. In other words, oa represents the RCS of the corresponding metasurface averaged
over a solid angle Q) normalized to the same of the PEC surface. A scalarized version of
the metric, which may be more convenient for, e.g., design optimization purposes, is de-
fined as

o=[fy~1.1"[ oal) df ®)

where fi and fu determine the frequency range of interest. Thus, o is the average RCS per-
formance over the frequency interval [fi, fu].

An important advantage of the metrics (4) and (5) is that it is not biased towards a
particular scattering pattern. As a result, a conclusive assessment concerning the observ-
able properties of the diffusion metasurface can be obtained in a way independent of the
particulars of the setup (e.g., the choice of the evaluation plane for a bistatic mode). It
should be noted that NPSCR exhibits certain resemblance to the Scattering Cross Section
[30], although it is more specific in terms of being defined over a pre-defined frequency
spectrum and the angular spread of the scattering directions.
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Figure 3. A simple configuration of a N x N metasurface.

4. Numerical Results and Discussions

This section demonstrates the significance and practical utility of the integral-based
metric introduced in Section 3, using two specific metasurface examples. We start by
benchmarking the two architectures of similar underlying designs but with different ar-
rangement of the lattices. Subsequently, we consider performance discrimination between
the four alternative metasurface designs.

4.1. Case Study 1

Our first verification case is a coding metasurface employing crusader-cross-shaped
unit cells. The structure is implemented on a ground-backed Arlon AD250 lossy substrate
(er =2.5, h = 1.5 mm, tand = 0.0018). The overall size of each surface is W x L = 144 x 144
mm?. The topology of the cell, and the two configurations of the metasurface are shown
in Figures 4 and 5, respectively. For the sake of brevity, we omit the detailed information
about cell parameterization (cf. [31]). The CST Microwave Studio is used to evaluate the
field performance of all metasurfaces considered in this work.

One of the considered metasurfaces is a standard checkerboard configuration,
whereas in the second case, the composition of the lattices is determined by globally opti-
mizing (1) using binary coded genetic algorithm, as presented in [28].

Our target is to assess the RCS reduction performance of the two architectures, thus
determining the recommended structure. First, we attempt to discriminate between the
two structures by means of the existing measures of merits, i.e., the monostatic and bistatic
RCS. Figure 6 shows the monostatic and bistatic RCS performance of the two designs. It
can be observed that neither of these metrics allows for conclusive determination of the
better-performing structure. On the one hand, considering the monostatic RCS character-
istics, the optimized metasurface is superior. On the other hand, the checkerboard archi-
tecture features lower bistatic RCS than the optimized surface; however, this is only for a
specific plane, and a specific frequency. As mentioned before, bistatic evaluation is am-
biguous mainly due to dependence of the plane selection and the particular scattering
pattern of the surface.

At this point, we apply the proposed integral-based metric to evaluate the considered
architectures. Figure 7 shows two cases, parameterized by the solid angle: Omin = 30° (i.e.,
Q=[30° 90°] x [-180°, 180°]) and Omin = 45° (i.e., Q1 = [45°, 90°] x [-180°, 180°]) (cf. Section
3.2). It can be observed that regardless of Omin, the optimized metasurface features better
RCS reduction properties than the checkerboard version over a wide range of frequencies.
Furthermore, the average RCS performance (cf. (5)) for the checkerboard and the opti-
mized metasurfaces is 11.49 and 20.87 for Omin = 30°; for Omin = 45° the figures are 11.56 and
20.89, respectively. Please note that the end-result in Figure 7 involves integration of the


http://mostwiedzy.pl

Electronics 2021, 10, 1731 7 of 11

overall scattering performance of the metasurface, therefore, the response at two solid an-
gles, i.e., at Omin = 30° and Omin = 45°, seem to be almost the same. Thus, the optimized
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metasurface is conclusively superior in terms of the integral-based metric.

y

-

rn=%

0<t<b

Figure 4. Topology of the crusader-cross-shaped unit cell.
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Figure 5. (a) Configuration of the checkerboard; (b) optimized metasurface architectures.
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Figure 6. Monostatic (top) and bistatic at 28 GHz (bottom) RCS characteristics of the two metasur-
faces. The bistatic RCS is evaluated at 6 = 0° and ¢ = 0°. The monostatic performance is normalized
to the reference PEC surface. The black and blue color corresponds to checkerboard and optimized
metasurface performance, respectively.

15 20 25 30 35
Frequency (GHz)

15 20 25 30 35
Frequency (GHz)
Figure 7. RCS performance evaluated using NPSCS of (4) when Omin = 30° (top) and when Omin = 45°

(bottom). The black and blue color corresponds to checkerboard and optimized metasurface perfor-
mance, respectively.
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4.2. Case Study 11

The second demonstration example involves four metasurfaces implemented using
entirely different unit cell topologies as shown in Figure 8. The first metasurface is based
on a design of [25], the second, and the third ones were presented in [28] and [29], respec-
tively, hereafter referred to as metasurface I, II, and III, respectively. The fourth surface
involves the underlying unit cell topology as given in Figure 4, hereafter referred to as
metasurface IV. All the designs are further adjusted to obtain the optimal performance in
the sense of maximizing monostatic RCS reduction bandwidth.
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Figure 8. Configuration of the metasurfaces; (a) metasurface I [25], (b) metasurface II [28], (c) metasurface III [29], and (d)

metasurface IV.

In this study, the aim is to quantify the RCS reduction performance of these metasur-
face architectures using the integral-based metric. For fair assessment, the comparison is
carried out in terms of the average RCS performance (5) calculated over the frequency
intervals corresponding to the 10 dB monostatic RCS reduction bandwidths of the respec-
tive surfaces. For each case, five angular spreads are considered, parameterized by the
solid angle: Omin = 10°, 20°, 30°, 40°, 50° (i.e., Q = [Omin, 90°] x [-180°, 180°]), cf. Section 3.2.
The results are presented in Table 1. It can be observed that metasurfaces III and IV are
superior over metasurfaces I and II for Omin> 20°, and their performance is similar to each
other. This means that for the vast majority of operating conditions in terms of Omin, the
last two structures are conclusively better and the difference is significant (performance
improvement by a factor of about 2.5 over the first two structures). Only for the lowest
value, Omin=10°, does metasurface I exhibit the best properties.
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Table 1. Performance Comparison of Different Metasurface Designs.

Average RCS Performance (5)

Design Polarization Dependent O = 10° O = 20° O = 30° Omn=40° O = 50°
Metasurface I Yes 37.0 5.2 44 4.3 4.3
Metasurface II Yes 14.2 5.1 4.2 4.0 3.9

Metasurface III - 13.9 12.0 10.4 9.9 9.7
Metasurface IV No 15.6 10.1 9.8 9.2 9.1

It should be reiterated that the proposed metric is independent of the choice of the
evaluation plane (as in the case of bistatic performance), which seems to be much more
practical having in mind that the specific spatial (and angular) relationship between the
target (e.g., an aircraft) and the ground infrastructure (radar) is unknown beforehand.

5. Conclusions

This paper introduces a new performance metric, referred to as Normalized Partial
Scattering Cross Section (NPSCS), for quantifying scattering properties of the metasur-
faces. It entails evaluating the total energy scattered from the target over a solid angle.
NPSCS allows for a conclusive assessment of the observability properties of the diffusion
metasurface, which can be obtained in a way independent of the particulars of the setup
(e.g., the choice of the evaluation plane for a bistatic mode). Moreover, the metric evalu-
ates the average performance, which is not biased towards a particular scattering pattern.
The significance and practical utility of NPSCS has been demonstrated by benchmarking
two pertinent metasurface examples. The results indicate that the NPSCS complements
the existing metrics. In particular, it can be considered a potentially attractive evaluation
tool in the design of scattering metasurfaces featuring improved RCS-reduction perfor-
mance. A potential disadvantage of the proposed metric is its slightly more involved for-
mulation, which required numerical integration to evaluate NPSCS; however, when im-
plemented using a specific programming environment, this complexity is hidden from the
user.
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