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Introduction

Stealth objective. 7

m Approaches used in the literature for the attenuation of specular reflection:
. - . . . Incident wave
® lefr.ac.tlon in a c_hos_,en direction, . - - 'O»N
m Deviation of the incident waves, PN ’

reflection - k8 " region m
m Attenuation of the reflected wave amplitude. T

Concentrator

m Absorbing coating (lossy materials): Fig. Diaz (2017) Fig. Yang (2024) Fig. Li (2022)
m Dielectric and ferromagnetic materials.

Permeability i

m Properties limitation of classical material: e<Ou>0 eu>0
m Frequency range of absorption and material thickness. plasma dielectric

» £ Permittivity

eEu<0 e>0u<O0

> Use of metamaterials (metasurfaces): material designed metamaterial torrite

to exhibit specific electromagnetic properties.

Fig. Electromagnetic media classification.
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Introduction

m Baseline: absorbing materials.
m Homogeneous and isotropic.

m Intrinsic properties: permittivity &, € C, Ry (w1)
permeability u, € C. Mafeon)

LR

m Electromagnetic properties: Surface impedance Z = j./u/< tan(w /g h/cy),

Z-1 Rz(wﬂ///g. >

Reflection coefficient R = —
741 Ry(w3)

Ry (w3)

Robj
Radar cross-section ogcs = f (R, S).

Eig. Complex plane.
m Modification of substrate properties by inclusions.
m Metallic pattern with no thickness,
m Periodic and dense distribution.

» Optimization of inclusion geometry: numerical or analytical approaches.

~N

Numerical Simulations

Inclusions (
) - ~7 R | Z
Engravings ) : L obj | Zobj J
Analytical Models
\ N
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Introduction A W

= Analytical approach: Equivalent Circuit Model (ECM). - g W
.- . i ;
m [nitial conditions: ' Zyoc(0,7,0) Zgc(w,0,p,1;)
= Infinite plate length with periodic cells of size p, = : ’/lc ////
= Wavelength 4 > p > [, characteristic length. ” // T
p
m Examples:
m Double square loops T ) m Square loops 0
without substrate. = with substrate. 7]
= A/p €[15,6] = - Apel615] =71
- p=5mm, v + p=10mm,  E 7
= g =0.5mm, z = g =23.2mm, %_25
< J ]
= w=0.15mm. = —=— EC model = w=2.1mm. = —=— EC model
! - Simulation =30 == Simulation
0 20 2 30 3 40 0900 25 30 35 40 45 50
Frequency [GHz| Frequency [GHz|

m Sources of discrepancies:
m Use of equivalent circuit models outside their validity domain?
m Errors due to external factors affecting the modeling of metallic patterns?

> Prior to optimization: identification of potential sources of discrepancies and errors.

@ llyes Moufid - Journées Ondes du Sud-Ouest 19/03/2025 5



Contents

1. Introduction

Il. Equivalent circuit modeling of metasurfaces

A. Introduction of equivalent circuit models
B. Validity limits of the model
C. Metasurface modeling

ll1l. Metasurface absorption optimization

IV. Conclusion

@ llyes Moufid - Journées Ondes du Sud-Ouest 19/03/2025



Equivalent circuit modeling of metasurfaces

m Theoretical study of the electromagnetic response of an infinite array
of parallel metallic strips under an incident electromagnetic wave.

References: Lamb (1898), Macfarlane (1947), Wait (1951), Marcuvitz (1951), ...
m Hypothesis: A > p > [, ﬁi
= Impedance derivation in quasi-static regime: E, = Zy(7 x H,).
:E 1) Inductive case [E; / j] *~T " 2 Capacitive case [E; / X]
L

Ztg = jX(p,w,4,0)cos(6), | C Ztg = cos(0) /jB(p, g, 1,0), w g
= jwL = jF(p,w, 4, 0).

A
|
|
|
|
|
[
1
|
|
|
|
|
|
|
|
|

p

=1/jwC =1/4jF(p,g,1,6). Fig. Array of parallel

metallic strips.
where F(p, (., A4,0) =p/A [log (l/sm( )) +G(p, 1A, 0)] with G a corrective term.

m Examples of patterns derived from the initial configuration:

o Square metallic patches: ¢, = 222 gC = Square loops: C; = ;gC and L, =%L.
T T T ] R
EEEE Ooooo _IHI == T
1Tk gooa“in == L
h--- g L B o B B T 1N B
E;
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Equivalent circuit modeling of metasurfaces B W
m Validity domain of theeCM T w
m [nitial configuration: infinite parallel strips. piw_:::[g
m Lengths and frequencyﬂraﬂnge of the study: Fig. Inductive Fig. Capacitive
[1GHz, 10GHz] — {—,—} € [10,100] configuration configuration
w'g = | = |

m Reminder: 1> p » [. € {g,w}. ~10

= Inductive effects correctly captured =

with the equivalent circuit model, .

= Capacitive effects well approximated
for sufficiently large w.

0.03 0.03
Fig. Relative error between simulations and EC modeling
for the inductive (left) and capacitive (right) configuration.

m Remark on shape: square versus circle

0.03 0.03

m Straightforward application on

. O el e T P N B ———— L $i [] it b T ] -
a square-loop surface: e N e [Deng, 2024]. e et
‘\ * kS .".‘* ._‘_10 [} -vl'
SR e L
' h ;’ .E 2[) ,'
W A - \d
Y E L
b Y Z =30 i
He—w = 0.5 mm ‘ i 7 !
=10 =+ w=0.5mm [ECM] Il 5 401 ———= BC model i
_- - i : (2)?2: {EE;[]] ¢ = _50 Square [Num] H
*  w= 2:5 mm [Num] = ‘ Circle [.\-lllll] E
! _ !
1 2 3 4 bt 6 60 1 2 3 4 bt 6
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Equivalent circuit modeling of metasurfaces

Metasurface modeling: material (substrate) with surface inclusions.

€o

m Substrate permittivity: capacity modification 1 X B(...) = &g X B(...). :
m General correction [Munk, 2000] : Eoff = (Eo;fgr)
(g0+&7)

m Specific correction [Costa, 2014, Ferreira, 2015] : .4 = T f(p,g,w,..).

= Substrate height: effect of a metal ground. hi ol o 1 G Sl 4,

(g0t

r)
=+ f(p.g,w,h).

m Specific correction [Ferreira, 2015] : gq¢r =

Fig. Sketch of electric-field lines

m A posteriori correction of the equivalent circuit: [Baena et al. 2005]

m Square slot FSS [Ferreira 2015] : B; = €qf¢ (1.75 B., + 0.6 B,)

with B, =4 F(p,d,1), and B,, = 4 F(d — s,s,1). e
T H
Z 11 Zy .L..:-— 2 e iy
m Cross-square resistive patterns [Li, 2022] : N H é{J CT_T)
ot ¢ g — XStot - )l ) e an =
Resistivity : 7 = ¢ Ry YSres with ¢ € [1.05,1.11] Fig. Square slot Fig. Cross-square resistive pattern
[Ferreira et al., 2015] [Li et al., 2022]
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Metasurface absorption optimization

Optimization with 1 degree of freedom.

m Configuration: " L
. . . . = O.V' 4?’__. L] mat
m Ferromagnetic material: h = 2.5 mm with known properties (&, i,-). = |~ '\5 :
= b tot
m Frequency selective surface (FSS): square patches (ZFSS(p, g)). g 00 "
bo »
. = o
m Total surface impedance: Ziot = Zmat / Zpss- 20511 S’
10k p = 3.0mm _10 | | |
T ~ | p=10.0mm 0.0 05 1.0 15 20
m Optimization at f;,, = 3.5 GHz: osby ? Real part
P A 2 LT Fig. Impedance in the complex
- £0.6 Y
m Periodic-cell size: p € [3,20] mm, E:N olane between 1 GHz and 6 GHz.
m Objective function: ‘ v L/ gm0z N :
(.21 1 i s g=3.12mm
_ ZtOt(fOb])_l * ’ ¢ g=2887mm . |
Fobj (9) = Ztot(Fobj)+1 YT 6 s 10 1o %710
2 g [mm] 2201
Fig. Minimization of the objective g }
: : function for different values of p. I i — —c ) o
> Discrepancies: 401 sou s pn - o 7o 200 o
i 1 2 3 4 5 6
m Thickness of the substrate. Froquency [GHdl
m Inductive effects overlooked? Fig. Reflection coefficient.
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Optimization with 2 degrees of freedom.
m Similar configuration:

Metasurface absorption optimization

m Ferromagnetic material: h = 2.5 mm with known properties (&, u,-).

m Frequency selective surface (FSS): square loops (ZFSS(p,g, w)).

m Total surface impedance: Ziot = Zmat / Zrss-

m Optimization at fi,, = 3.5 GHz and p = 10 mm:

Zot(fobj)—1

m Objective function: Fopi(g, w) =

m LC equivalent circuit:

Gopt = 3.2 mm, Wopt = 2.1 mm;

. _1p-g
C—w - B(p,g,1,0).

1.0
0.8
=
0.6 =
E
0.4 %
£
0.2
T 0.0
]

4
g [mm

—e
4
—C =3
=)
2
-
1
_. 2

Zot(fobj)+1

iy

w [mm]

=N W e

2
m LCC equivalent circuit:

Jopt = 4.25 mm; wype = 2 mm;

1p-g—2w B;(p,p — g — 2w, 1,0).

w p

. (=

2 4 6 8
g [mm]

> Better modeling with the LCC equivalent circuit.
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Fig. Impedance in the complex
plane between 2 GHz and 5 GHz.
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Metasurface absorption optimization

Optimization with 2.5 degrees of freedom.
m Previous configuration with adjustments:
m Square-loop FSS: p = 3 mm.
m Configurations: [oN] hyot = 2.5 mm, [iN] Ayt = 1.25 mm.

m Optimization at f;,- = 3.5 GHz:
m LC [on]: m LCC [on]: m LCC [in]:

1.25 . 25 .
?1.00 —1.001 —
_i().?o oS ' 2.0.75] oS ' =
= 0.50 A 501 A

0.251 . 251 )

0.0 P o 0.0

0.51.01.52.02.5 3.0 0.51.01.52.0253.0
g [mm] g [mm]

» Improved modeling with: p = 3mm and the LCC EC.
> Better absorption with the [on] case for the studied metasurface .

0.51.0 1.5 2.0 2.5 3.0
g [mm]

Remark: Infinite to finite problems.
» Finite square-loop metasurface [p = 3mm, f = 3.5 GHz].

= Study of the plate boundaries effects and
the impedance homogeneity.
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Fig. I|]|IOn a
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—301

<&+ [Num| sub + mot on (LC)

—201

=& [ECM] sub + mot in (LCC)
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== Substrate (sub)
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Fig. Metasurface reflection.
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Eig. Infinite and finite metasurfaces.
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Conclusion

= Main items covered:
m Understanding of the equivalent-circuit analytical models.
m Study of the validity domain of equivalent circuit models.
m Successful shape optimization based on circuit models.

m Outlooks:
m Extension of the absorption properties of metasurfaces:
= Modeling of geometries with more degrees of freedom,
= Multilayer metasurfaces with several FSS.
m Consideration of oblique-incidence waves.
m Application to curved metasurfaces [T. Bulteau, PhD].
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