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Optimization of loss and gain multilayers for reducing
the scattering of a perfect conducting cylinder”
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Reduction of electromagnetic scattering from a conducting cylinder could be achieved by covering it with optimized
multilayers of normal dielectric and plasmonic material. The plasmonic material with intrinsic losses could degrade the
cloaking effect. Using a genetic algorithm, we present the optimized design of loss and gain multilayers for reduction of the
scattering from a perfect conducting cylinder. This multilayered structure is theoretically and numerically analyzed when
the plasmonic material with low loss and high loss respectively is considered. We demonstrate by full-wave simulation that
the optimized nonmagnetic gain-loss design can greatly compensate the decreased cloaking effect caused by loss material,
which facilitates the realization of practical electromagnetic cloaking, especially in the optical range.
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1. Introduction

In 2006, transformation optics (TO), first proposed by
Pendry et al., was introduced as a technique to manipulate the
electromagnetic (EM) wave propagation.!!! TO can be used to
design different kinds of novel EM devices, and the most sig-
nificant device designed by TO is the invisibility cloak which
can conceal an object from detection by EM illumination.>!
Apart from various theories on the cloak that have been an-
alyzed extensively, some experimental verifications have also
been reported from microwave to optical frequencies with as-
sistance of artificial EM materials.[*> As the magnetic re-
sponses of natural materials, even artificial EM materials, are
weak in the optical regime, a reduced set of medium parame-
ters has been proposed to solve the problem of optical cloak-
ing, which is still difficult to fabricate practically. >

Another approach to cloaking is to use layers of isotropic
plasmonic shells or metamaterials to cover the cloaked
object.[8 This approach based on scattering cancellation
mechanism can drastically reduce the total scattering cross
section of an object, which is only limited to the dimension
of the object much smaller than the EM wavelength. More-
over, the optimization procedure used to design layers of
non-magnetic moderate-size cloaking shells can achieve satis-
factory cloaking performance.!®!°! However, these optimized
shells with layers of anisotropic metamaterials for hiding a
perfect electric conductor (PEC) cylinder are difficult to fab-
ricate in practice. Afterwards, Yu proposed optimized cylin-
drical multilayers composed of isotropic dielectric and plas-

[11

monic material.['!l Besides, another optimized design made
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of normal dielectrics was proposed, which further simplifies
the fabrication but induces a noticeable scattering when the
radius of the cloaked target is compared with the working
wavelength.!1?!

To achieve good cloaking performance, we continue the
optimized studies on designing non-magnetic multi-layers
made of gain and loss materials through a genetic algorithm
(GA). In our previous work, lossless plasmonic materials have
been used with permittivities far less than unity which are al-
ways accompanied with losses.!!!! As reported in Han’s pa-
per, the gain-assisted method can be used to overcome the loss

(131 Therefore, considering

problem of the invisibility cloak.
introduction gain in the dielectric material to compensate the
loss in the plasmonic material, we demonstrate that the opti-
mized gain-loss shells can yield much better performance than

cloaking shells designed with only lossy materials.

2. EM scattering analysis of a cylindrical multi-
layered structure

For simplicity, we consider a two-dimensional cylindri-
cal multilayer constructed alternately by two kinds of non-
magnetic materials: one is a lossy plasmonic material, the
other is a dielectric gain material. Let us assume that a TM
uniform plane wave is traveling in the +x direction upon the
multi-layer cylindrical structure with inner radius a and outer

radius b, as depicted in Fig. 1.
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Fig. 1. (color online) TM plane wave incident on a PEC cylinder sur-
rounded by multi-layers of alternating material A and material B. The in-
ner and outer radii of the coating are a and b, respectively.

The form of time-harmonic variation is represented by
el® throughout this paper. The normalized magnetic field
polarized along the cylinder axis can be written as H™ =
aexp(—jkox), where kg = @,/H0&. As the multi-layer cylin-
drical structure is considered, it is desirable that the plane wave
should be represented by the sum of cylindrical wave functions

in the cylindrical coordinates (r,¢,z)!'¥
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where J,, is the Bessel function of the first kind.

The scattered magnetic field from the multilayers can be
represented by the sum of Hankel functions of the second kind
as

(kor) . )
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The magnetic field in layer m (m = 1, 2, ..., M) of the multi-

layered structure can be described as
v @) |
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where k,, represents the wave number in layer m. A,, Bun,
and C,,, represent the yet unknown coefficients which can be
determined by applying the boundary condition of each layer.
The EM scattering by a two-dimensional (2D) target is usually
represented by the scattering width (SW)[!4]
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From Eq. (4), the SW of the multilayers varies as a function
of angle ¢. To achieve the invisibility, we should maximally
reduce SW in all directions using global optimization of the
genetic algorithm (GA). Therefore, we choose the sum of SW
from 0° to 180° as the fitness function that has been discussed
in the previous paper. Moreover, this optimization method
could be extended to different goals of scattering, for exam-

ple super-scattering, by choosing different fitness functions.

3. Optimized multilayers made of gain and loss
materials

To simplify the multilayered structure, we consider a five-
layer structure composed of two layers of dielectric gain ma-
terial A sandwiched by three layers of lossy plasmonic ma-
terial B. The complex permittivities of the gain and loss ma-
terials can be expressed as €5 = €} + i€, and e = €} — igfy,
respectively. To begin with, the electric loss tangent tan§ =
€fy /€, with a relatively low value 0.1 is considered. The ra-
dius of inner PEC core is fixed to be 2A/3, and the thick-
ness of each shell is changeable with total five-layer thick-
ness less than 24, where A is the wavelength of the inci-
dent EM wave. When applying GA, the fitness function is
defined as f(€},€x,&h.11,12,13,1a,t5), Where 1; (i =1, ..., 5)
The GA searches the op-
timal parameters by approximating fitness function to low-

is the thickness of each layer.

est value, namely, minimizing the scattering by the five-layer
structure. Table 1 lists the optimized parameters with the gain
material o = 6.847 +10.275 and the loss plasmonic material
&g = 0.0804(1 —0.1i). We demonstrate by full-wave EM sim-
ulation that the performance of the optimized multilayers con-
structed by gain and loss materials is better than that in the case
of using only loss materials, as shown in Figs. 2(a) and 2(b).
We can see that the scattering of the optimized multilayers is
significantly reduced in the two cases in Figs. 2(a) and 2(b)
and only slight shadow in the forward direction of the no-gain
structure. The far-field SW normalized to the working wave-
lIength has also been calculated and compared in Fig. 2(c). The
SW for the optimized multilayered cover with gain is below
—10 dB at most of the angles and for the no-gain cover also
exhibits low level except at the forward direction (about 2 dB).

Table 1. The permittivity and thickness for the optimized low-loss five-
layer structure with gain material.

Material Layer parameters

eg = 0.0804(1 —0.1i)
low-loss plasmonic material 1 =0.0861

13 =0.02421

ts =0.01281

ea = 6.847+0.2751
gain material t, =0.0931

14 =0.154

As to the second example, we study the case of high loss
with loss tangent 0.5. Through optimization, the complex per-
mittivities of the gain material and the loss plasmonic material
are calculated with resulting values €4 = 5.158 4+-11.131 and
&g = 0.0355(1 — 0.51), respectively. The field profiles and the
far-field SW for the multilayered cover using the optimized pa-
rameters from Table 2 are also shown and compared in Fig. 3.
As can be clearly seen from the field distribution of no-gain
cover in Fig. 3(b), a shadow in the forward direction is evident
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with SW of 12 dB at angle ¢ = 0 in Fig. 3(c), caused by the
serious losses of plasmonic material. From the above two op-
timized examples, we conclude that the backward scattering
from the optimized layers with gain is changed slightly, but

the forward scattering is reduced dramatically.
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Fig. 2. (color online) The total magnetic field distribution for the opti-
mized low-loss gain-assisted multilayers (a) and for the low-loss multilay-
ers without gain (b). The scattering width (c) normalized by wavelength
for the PEC cylinder (solid), for the optimized low-loss multilayers with
gain (dashed), and for the multilayers without gain (dotted).

Table 2. The relative permittivity and thickness for the optimized high-
loss five-layer structure with gain material.

Material Layer parameters

eg = 0.0355(1 —0.51)
high-loss plasmonic material f =0.0582

13 =0.01814

ts = 0.00681

ea =5.158+1.131i
gain material th =0.1531

t4 =0.1851
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Fig. 3. (color online) The total magnetic field distribution for the opti-
mized high-loss gain-assisted multilayers (a) and for the high-loss multi-
layers without gain (b). The scattering width (c) normalized by wavelength
for the PEC cylinder (solid), for the optimized high-loss multilayers with
gain (dashed), and for the multilayers without gain (dotted).

The plasmonic material always disperses heavily as fre-
quency changes. Here, the plasmonic material is supposed to
follow the Drude model with &(f) = &o(1 — f2/[f(f +i7)])
where f}, is the plasma frequency and y represents the material
absorption. In the low-loss case, the permittivity of the gain
£(6.847 +0.275i), for
simplicity, supposed to be a constant in an adjacent frequency
domain. In the Drude model, we choose ¥ =9.12 x 1073 I
and the design frequency fy = 1.04f, to ensure the low-loss
plasmonic material €(fy) = €][0.0804(1 +0.1i)]. In the high-
loss case, the optimized gain material is €4 = &(5.158 +
1.131i). We choose y = 1.87 x 10_2fp and fo =1.018f,. In
this way €(fp) = €[0.0335(1 + 0.5i)]. Figure 4 shows the fre-
quency dependence of the total scattering cross section nor-
malized by the geometrical cross section of the PEC cylinder,
for the uncloaked PEC cylinder (solid line), for the optimized
cover with gain (dashed line) and for the no-gain cover (circle
dot). It is evident that the optimized cylindrical multilayers al-
low a drastic reduction of the scattering at the design frequency

dielectric has been optimized as €4 =
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fo, in Fig. 4(a). The normalized total scattering cross section
is reduced by about 17 dB (with gain) and 12 dB (without
gain) with respect to the uncloaked scenario. In the high-loss
case (Fig. 4(b)), the total scattering cross section is reduced by
about 8 dB (with gain) and 3 dB (without gain) at the design
frequency.

What happens if we exchange the inner PEC cylinder for
a dielectric one? We plot the dependency of normalized total
scattering cross section on the permittivity of the inner dielec-
tric cylinder. Although the original purpose of the optimized
multilayered cover is to conceal the inner PEC cylinder, it is
amazing to find that the multilayers are also effective to reduce
the scattering of the inner dielectric core with some specific
permittivities, shown in Fig. 5(a). We notice that three sharp
dips appear at the relative permittivity of 1.6, 4.2, and 7.8,
respectively. To demonstrate the above calculated results, full-
wave simulations with an inner dielectric € = 7.8 have been
carried out to visualize the field distribution, exhibiting accept-
able cloaking performance in Fig. 5(c). Moreover, the scatter-
ing for the high-loss gain-assisted multilayers is also studied
by total scattering cross section (Fig. 5(b)) and full-wave simu-
lation with inner cylinder € = 4.2 (Fig. 5(d)). These full-wave
simulations show that EM wave can penetrate into the dielec-
tric core and communicate with the outside world, but does
not produce noticeable scattering.!'! It is worth noting that
the permittivities of the inner cylinder corresponding to the
dips for those two optimized multilayer covers are almost the
same, due to the same initial goal of minimizing the scattering
from the PEC cylinder of the same size.
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Fig. 4. In the low-loss (a) and high-loss (b) cases, the normalized total
scattering cross section as a function of normalized frequency for the un-
cloaked PEC cylinder with radius a = 21 /3 (solid), for the optimized five-
layer low-loss cloak with gain material (dashed), and for the optimized
cloak without gain (circle dot).
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Fig. 5. (color online) The normalized total scattering cross section as a function of permittivity of the inner dielectric cylinder covered by low-loss gain-
assisted multilayers (a) and high-loss gain-assisted multilayers (b). The total field distribution for the optimized low-loss gain-assisted multilayers with an
inner dielectric € = 7.8 (c) and for the optimized high-loss gain-assisted multilayers with an inner dielectric € = 4.2 (d).
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The isotropic plasmonic material with relative permittiv-
ity close to zero in this design is available at infrared and vis-
ible ranges, for example, the noble metals, polar dielectrics,
some semiconductors, and even composite materials realized
by embedding metallic nano-particles and nano-wires into
dielectrics.['1°1 These plasmonic materials, in general, are
unavoidably endured with losses at infrared or visible wave-
lengths, which will affect the cloaking performance of the op-
timized multilayers. This troublesome problem could be con-
quered by introducing proper gain in the dielectric material.
The gain can be achieved by quantum dots and III-V semi-
conductors at long wavelengths (about 1500 nm) and by dye
at short wavelengths (for example, PMMA with Rhodamine
6G dye at wavelength of 594 nm).!?°! Moreover, giant gain
coefficients of 6755 cm™! and 6.8 x 10* cm™! are reported
for a CdSe nano-belt and a layer of InAs/GaAs quantum dot,
respectively.[>!?>] These gain values indicate that the gain
materials are expected to achieve the isotropic gain-assisted
cloaking device.

4. Conclusion

In conclusion, we have studied the optimization design of
alternating layers of isotropic gain and loss materials, which
can overcome the loss problem in the invisibility of PEC
core. We have demonstrated by full-wave EM simulation that
the performance of the optimized isotropic gain-loss cloak is
much better than that of the one without adding gain mate-
rials, especially in the reduction of the forward EM scatter-
ing. Moreover, when in the inner domain we replace the PEC
cylinder with a dielectric material of some specific permittivi-
ties, the optimized multilayers are also effective to reduce the
EM scattering. This optimized design approach by introduc-

ing the gain material properly can compensate the plasmonic
material’s loss, which can be extended to design other trans-
formation optics devices.
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