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Fig. 10. Stability analysis. Geometry and parameters as in Fig. 7, with dispersive permittivity models as in (18) and (19), so as to satisfy the nominal design
condition the center radian frequency ωc . The core (lossy) relative permittivity is obtained from (19), with ε1 = 11.305, ω0 = ωc , ωp = 0 .274ωc and
� = 0 .1ωc . The shell (gain) relative permittivity is obtained from (18), with εh = 1 .125, ωa = ωc = 2 πc/λa (with λa = 777 nm), �ω a = 2 πc�λ a/λ2

a
(with �λ a = 56 nm), σa = 6 πc3η/

�
τ21ω2

a
√
εh

�
(with η = 0 .48), �N0 = 6 .1 · 1018 cm�3 , τ21 = 50 ps, τ10 = 100 fs, τ32 = 100 fs, � p = 1 .536× 109

s�1 . (a)-(f) Magnitude (square) of scattering coefficients |cm |2 , over the complex ω plane, for multipolar orders m = 0, 1, ...,5, respectively. The complex
radian frequency is normalized by its center value ωc , at which the nominal design is attained. Note that the poles are all in the lower half-plane Im (ω ) < 0.

APPENDIX B
DETAILS ON THE SYNTHESES IN SEC. IV

The basic principle underlying our syntheses in Sec. IV
is to numerically optimize the geometrical and constitutive
properties so as to maximize selected scattering coefficients
and possibly enforce some conditions in the scattering pattern.

For instance, in the example of Fig. 6, we assumed the core
and shell regions made of gain and loss materials, respectively,
and minimized the cost function

Jc
(
β
)

=
2∑

m=0

jcmj−2 , (23)

where β =
[
Ri, Re, εe, ε

′
i, ε
′′
i,0, ε

′′
i,1, ε

′′
i,2

]
is the parameter

vector, with each of the scattering coefficients cm computed by
assuming a different gain level ε′′i,m. For the geometrical and
constitutive parameters, we assumed the following constraints:
0.1λ < Ri < 3λ, 0.5λ < Re < 3λ (with Ri < Re), 0.1 <
ε′e < 6, 0.01 < ε′′e < 2, 0.1 < ε′i < 5, �1.1 < ε′′i < �0.01.

For the example in Fig. 7 (zero forward scattering), we
minimized the cost function

Jc
(
β
)

= α0Ws (0) + α1

(
jc0j−2 + jc1j−2

)
+ α2

6∑
m=2

jcmj2 ,

(24)

with the parameter vector β = [Ri, Re, εi, εe] and weight
coefficients α0 = 1, α1 = 0.05, α2 = 0.01. In this case
the idea is to minimize the forward scattering while ensuring
the dominant character of the two lowest multipolar orders.
In this and the following examples, we assumed the core and
shell regions made of loss and gain materials, respectively, as
this configuration was generally found less prone to instability.
Moreover, we assumed throughout the following constraints
for the constitutive parameters: 1 < ε′i < 12, 0.1 < ε′′i < 3,
0.1 < ε′e < 5, �2 < ε′′i < �0.01. Finally, we also
enforced some constraints in the strength of the scattering
coefficients (jcmj � 10) so as to sufficiently detune the spectral
singularities associated with the dominant orders, and thus
favor stability (see the discussion in Sec. IV-C).

Along the same lines, for the example in Fig. 8 (transverse
scattering), we minimized the cost function

Jc
(
β
)

= α0 [Ws (0) +Ws (π)] +
α1

Ws

(
π
2

)
+α2

(
jc0j−2+jc2j−2

)
+α3

(
jc1j2+

6∑
m=3

jcmj2
)
,(25)

with weight coefficients α0 = α1 = 1, α2 = 0.05, α3 = 0.01.
The only differences with respect to (24) are the presence of a
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further condition to penalize the backward scattering and the
dominance of the m = 0, 2 multipolar orders.

Finally, for the example in Fig. 9 (pattern reconfigurability),

Jc
(
β
)

= Ws0 (0) +Ws1

(π
6

)
+Ws2

(π
3

)
, (26)

with the parameter vector β =
[
Ri, Re, εi, ε

′
e, ε
′′
e,0, ε

′′
e,1, ε

′′
e,2

]
,

with each of the scattering widths Wsν computed by assuming
a different gain level ε′′e,ν .

For the minimization of the cost functions in (23)–(26),
we followed the approach already successfully utilized in
[69], relying on the NMinimize function in Mathematica
[56], which implements a combination of the Nelder-Meald
(simplex) and differential-evolution unconstrained optimiza-
tion algorithms. To cope with the inherent nonlinear character
of the minimization problem, we implemented a synthesis
strategy that explores different regions of the search-space via
randomly re-initialization the initial guess across a reasonable
parameter range. Accordingly, we enforced the parameter
constraints in a soft fashion, via suitable choices of the initial-
guess parameter ranges, with a posteriori verification.
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engineering via nonlocal transformation optics,” Optica, vol. 3, no. 2,
pp. 179–188, Feb. 2016.

Massimo Moccia was born in Benevento, Italy, on
February 11, 1982. He received the B.E. and M.E.
degree (summa cum laude) in telecommunications
engineering from the University of Sannio, Ben-
evento, Italy, in 2005 and 2007 respectively. During
his study program, he was a visiting student at
the Polytechnic University of Valencia (2003-2004)
and the Polytechnic University of Catalonia (2007).
In 2008, he attended a postgraduate specialization
course in “Technologies for micro and nano elec-
tronics” at the Sapienza University, Rome, Italy. In

2012, he received the Ph.D. Degree in Information Engineering from the
University of Sannio.

Since 2012, he has been working as a Postdoctoral Researcher at the
University of Sannio. His current research activity is focused on the areas
of electromagnetic and multiphysics metamaterials, RF devices, and antenna
design for satellite applications. In the past, he has also worked on su-
perconductivity experiments, ferroelectric devices, fiber-optics sensors, and
nanotechnologies.

Giuseppe Castaldi was born in Benevento, Italy, in
1968. He received the Laurea degree (summa cum
laude) in electrical engineering from the “Federico
II” University of Naples, Italy, in 1993, and the
Ph.D. degree in applied electromagnetics from the
University of Salerno, Italy, in 1999.

In 2001, he was a post-doctoral research fellow at
the TNO Physics and Electronics Laboratory, The
Hague, The Netherlands. In 2004, he was appointed
Assistant Professor of Electromagnetics, and joined
the Department of Engineering at the University

of Sannio, Benevento, Italy, where is currently working as an Associate
Professor.

He has co-authored over a hundred scientific papers in international journals
and books. His research interests include metamaterials, non-Hermitian optics,
transformation electromagnetics, aperiodically ordered structures, electromag-
netic chaos, antenna array diagnostics, and phase retrieval. He is the co-
founder of MANTID srl, a spinoff company of the University of Sannio.

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TAP.2019.2927861

Copyright (c) 2019 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. ??, NO. ??, ?? 2019 13
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