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Illusion electromagnetics for free-standing objects using passive lossless metasurfaces
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An electromagnetic illusion technique for free-standing objects for far-field observation using passive lossless
metasurfaces is presented. Over a closed surface, the electric and magnetic surface currents needed for generating
the scattered fields associated with a given physical scatterer are obtained using the surface equivalence principle.
The closed surface defines an impenetrable metasurface characterized by surface impedance. A set of auxiliary
evanescent surface waves are introduced and optimized over the entire surface to make the metasurface pointwise
passive and lossless. Example 2D designs in TE polarization show that desired scattered fields are established
immediately away from the illusion device surface. The illusion metasurfaces may be realized as tensor gradient
metasurfaces.
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I. INTRODUCTION

Electromagnetic illusion or camouflaging refers to delib-
erately changing the native scattering response of an object
to that of a different object for a given excitation. A sensor
that is close to or far from the camouflaged object would
be deceived into misidentifying the object under electromag-
netic probing. The most prominent example of illusion is
invisibility cloaking [1–17], where the target electromagnetic
scattering response is that of an empty ambient space. Trans-
formation optics (TO)-based cloaks utilize a spatial mapping
between physical and virtual spaces to find the cloak medium
parameters [1–3], which are anisotropic and inhomogeneous
as well as being both electric and magnetic. While effective
for arbitrary illumination, TO-based cloaks exhibit extreme
medium parameter values and their sizes tend to be substantial
compared with the cloaked volume. Ground-plane, or carpet,
cloaks based on quasiconformal TO lead to all-dielectric
designs for objects placed on a ground plane [4]. Still, the
cloak dimensions are often much larger than the concealed
bump on the ground [5–8]. Skin or mantle cloaks are based
on a scattering cancellation principle, where the induced
polarization of the skin is designed to cancel the dominant
scattering term of the object [9,10]. While a thin surface can
achieve cloaking and a conformal profile is feasible, the effec-
tiveness is limited to small scatterers in the quasistatic regime
[11,12]. Metasurface carpet cloaks reconstruct the scattered
wave using a conformal reflecting surface with a custom
position-dependent reflection phase distribution [13–16]. Thin
conformal surfaces for large bumps on a ground plane can
be realized, but such metasurface cloaks can be designed
for a specific given illumination. Furthermore, they are not
effective for ground bumps under a grazing illumination or
for free-standing objects, which cast a shadow. In Ref. [17],
a tensor metasurface cloak design was introduced for large
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free-standing objects utilizing auxiliary surface waves (SWs),
which carry power from the lit side to the shadow side before
reconstructing the incident wave behind the scatterer.

Synthesizing nonzero scattering of a target configuration
leads to illusion. Coordinate transformation was applied to
find an illusion medium to convert the scattering of a conduc-
tor cylinder to that of a dielectric cylinder in Ref. [18]. The
full-parameter cloak in Ref. [3] can be considered a TO-based
illusion device that reduces a 2D area to a 1D line, which does
not scatter an edge-on illumination in the appropriate polariza-
tion. As an extension of the scattering cancellation approach
to illusion, scattering manipulation of a cylindrical object to
another of different dimensions and materials has been shown
in 2D [19,20] and quasi-3D scenarios [21] in the quasistatic
regime. For bumps in a ground plane, conformal metasurfaces
with gradient reflection phases have been reported to synthe-
size reflection from those of different shapes [22,23]. Illusion
devices in each category based on TO, scattering-cancellation,
and metasurface ground-plane cloak approaches inherit the
challenges and limitations associated with their cloak coun-
terparts with respect to device dimensions, object dimensions,
and the applicability to free-standing objects. Recently, illu-
sion mechanisms for penetrable cylindrical metasurfaces have
been presented in terms of effective polarizability tensors [24].

In this paper, a design technique for illusion devices ap-
plicable to large free-standing objects is presented as electro-
magnetically impenetrable surfaces characterized by the pas-
sive lossless surface reactance tensor. A position-dependent
reactance surface is designed such that the scattered fields
match those generated by a target object. Specifically, 2D
cylindrical illusion device designs are presented to synthesize
scattering by objects of different shapes or materials subject to
a plane- or cylindrical-wave illumination. Over the cylindrical
illusion device surface, the surface impedance is determined
such that the induced electric and magnetic surface currents
generate the scattered fields associated with the target object.
As such a surface is not guaranteed to be pointwise passive,
evanescent SWs bound to the illusion device surface are
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(a) (b)

FIG. 1. Surface equivalence principle. (a) Field pairs (Eext, Hext )
and (Eint, Hint ) in the regions external and internal to a closed
surface S. The discontinuities in E and H fields across S result in
electric and magnetic surface currents, Js and Ms. (b) An equivalent
configuration for the external region when null fields are chosen for
the internal region.

introduced and optimized such that the entire illusion surface
becomes passive everywhere. This purposeful introduction of
SWs was proposed for penetrable �-bianisotropic metasur-
faces in realizing perfect reflectors and refractors [25,26].
The approach was extended to impenetrable surfaces for
applications to anomalous reflection [27,28], cloaking [17],
and leaky-wave radiation [29]. In this work, cylindrical il-
lusion devices and orthogonally polarized SWs are treated
to demonstrate the design technique. The resulting designs
characterized in terms of the tensor surface reactance are
validated using full-wave simulations.

II. ILLUSION VIA SURFACE EQUIVALENCE USING
PASSIVE SURFACES

Given a closed surface S bounding a volume V that sepa-
rates space into the external and internal regions, the surface
equivalence principle [30] allows manipulating the source and
material configurations of one region without affecting the
fields in the other region. Figure 1(a) illustrates electric and
magnetic field pairs, (Eext, Hext ) and (Eint, Hint ), external and
internal to S, respectively. Each is a fully Maxwellian field
pair in its region. The boundary conditions on S demands
the presence of an electric surface current Js and a magnetic
surface current Ms given by

Js = n̂ × (Hext − Hint ), Ms = (Eext − Eint ) × n̂, (1)

where n̂ is the outward unit normal. The surface S can be
of either physical (e.g., an interface between two different
media) or imaginary (e.g., an imaginary surface in an ambient
medium) nature. For the external region, making S an impen-
etrable surface renders (Eint, Hint ) = (0, 0), modifying Js and
Ms accordingly via (1). Shown in Fig. 1(b), this is known as
Love’s equivalence.

In recent years, the surface equivalence principle has been
used to design functional electromagnetic surfaces, or meta-
surfaces, for a variety of waveform control applications. They
include Huygens’ metasurfaces for reflectionless beam refrac-
tion [31,32] and directive beam forming [33], metasurface
carpet cloaks [13], and optical metasurfaces for lensing and
cloaking [34]. They synthesize physical meta-atoms to induce
a desired set of polarization currents upon illumination by
external sources. In contrast, active metasurface cloaking [35]
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FIG. 2. Design of an illusion device. (a) A target configuration
with scattered fields (Es

tar, Hs
tar ). (b) An illusion device having an

impenetrable bounding surface S with scattered fields (Es
ill, Hs

ill ) on
and outside S.

and Huygens’ box [36] have been reported based on direct
synthesis of surface currents using active sources.

In this work, the surface equivalence principle is applied
to achieve an illusion effect. The target configuration that is
desired to be reproduced using an illusion device is illustrated
in Fig. 2(a), which creates a scattered field pair (Es

tar, Hs
tar )

upon excitation by an incident field pair (Ei, Hi ). A physical
illusion device configuration is shown in Fig. 2(b). The illu-
sion device is a volume V having an impenetrable surface S
that contains the target object. The illusion device generates
(Es

ill, Hs
ill ) on and outside S. The surface is characterized

in general by a surface impedance tensor Zs. For the total
fields in Fig. 2(b), E = Ei + Es

ill and H = Hi + Hs
ill, S is

characterized by the impedance boundary condition

Et = ZsJs = Zsn̂ × Ht , (2)

where Et = E − n̂(n̂ · E), Ht = H − n̂(n̂ · H) are the respec-
tive fields tangential to the surface, and Ms = Et × n̂. At a
given frequency, illusion device design reduces to synthesis
of the position-dependent surface impedance Zs such that
(Es

ill, Hs
ill ) approaches (Es

tar, Hs
tar ) outside S. If (Es

ill, Hs
ill ) =

(Es
tar, Hs

tar ) everywhere, it is near-field, or perfect, illusion. If
the equality holds far away from S, as in radar cross section
(RCS) observations, it is far-field illusion.

Let us consider a lossless object for the target configura-
tion. It may be possible to design a pointwise-lossless illusion
surface S. While the overall power through S is zero, a simple
enforcement of (Es

ill, Hs
ill ) = (Es

tar, Hs
tar ) on S typically leads

to a surface made up of locally active or lossy parts [24,37].
As device realization incorporating active constituents is chal-
lenging, designs that allow realization using passive materials
are preferable. For overall power-preserved wave transfor-
mations, a pointwise lossless surface can be obtained by
introducing an optimal set of SWs that carry and distribute
power over S, as illustrated in Fig. 2(b). For transmissive
surfaces, zero loss at a surface point is characterized by the
local power conservation [25]. For impenetrable surfaces, a
lossless surface point is associated with a vanishing Poynting
vector component in the surface normal direction [17], i.e.,

Sn(r) = n̂ · S(r) = 0, r ∈ S, (3)

where S = Re{E × H∗}/2 is the time-average Poynting vec-
tor. Hence, we aim to design passive illusion devices for loss-
less target configurations by synthesizing a surface impedance
Zs that induces a desired set of surface currents Js and Ms,
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FIG. 3. A circular cylindrical illusion device in the TE polar-
ization. An impenetrable cylindrical bounding surface of radius a
scatters an incident wave and creates a desired illusion wave. TM-
polarized SWs are induced on the surface. The configuration is
uniform and invariant in z.

or equivalently Et and Ht , on S under a known illumination.
Pointwise passivity is achieved by introducing and optimizing
SWs on S, propagating along the surface, for satisfying (3)
everywhere.

Illusion for external regions realized using an impenetrable
surface S is treated in this work for allowing a possibility to
hide an object inside S. Null fields inside S allow the surface
to be characterized by a surface impedance tensor. Illusion
for internal regions is obtained using the surface equivalence
principle, where a target field pair is to be synthesized inside
S. With the primary sources being located outside the surface,
an internal illusion device becomes a penetrable, or transmis-
sive, surface S. It is characterized by the electric admittance,
magnetic impedance, magnetoelectric coupling, and electro-
magnetic coupling tensors, all of which are 2×2 tensors in
general. In fact, many planar transmissive metasurfaces for
wave transformation applications may be considered internal
illusion devices, where S is an infinite planar surface that
closes at infinity.

III. PASSIVE CYLINDRICAL SURFACE SYNTHESIS FOR
FAR-FIELD ILLUSION

For quantitative illusion device designs in terms of the
surface impedance of the bounding surfaces, let us consider
2D scattering in TE polarization (the E field along the axis
of uniformity). Figure 3 shows a cylindrical illusion device of
radius a subject to a TE-polarized illumination from the −x-
axis direction. In standard (ρ, φ, z) cylindrical coordinates,
we choose a cylindrical device in this work because fields
in ρ � a can be efficiently determined from the tangential
fields at ρ = a in terms of cylindrical harmonics. For a closed
surface of arbitrary cross section, knowledge of the tangential
E or H field on S uniquely determines all fields on and
outside S using electromagnetic Green’s functions. However,
field evaluations are more involved in comparison. For the
purpose of finding passive designs, TM-polarized SWs are
introduced and optimized. While they lead to tensor surface
impedances, cross-polarized SWs permit straightforward ana-
lytical designs [27] or numerical optimizations [17] in enforc-
ing the design principle given by (3). It should be possible to
introduce co-polarized SWs in achieving (3) as was done for
planar surfaces [28,29], but SW optimizations are expected to
be complex, involving multiple spatial harmonics.
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FIG. 4. Introduction and optimization of the TM-polarized SW.
(a) The optimized envelope A(φ) and the resulting Htz(φ). (b) The
Poynting vector components in the surface normal direction for the
TE, TM, and total fields.

Consider time-harmonic scattering with an e jωt time con-
vention. For a desired target configuration in TE polariza-
tion, the scattered fields are known from either analytical
solutions or numerical simulations over the illusion surface
S, i.e., at ρ = a in φ ∈ [−π, π ]. Let the tangential compo-
nents of the total TE fields be denoted by Etz(φ) = Ez(ρ =
a, φ) and Htφ (φ) = Hφ (ρ = a, φ). The time-average Poynt-
ing vector component in the surface normal direction is
STE

ρ = − Re{EtzH∗
tφ}/2. Let us use an example design for a

target of a perfect electric conductor (PEC) cylinder with an
equilateral triangular cross section presented in Sec. IV A to
detail the design technique. For a triangular cylinder of a
side of 3

√
3λ (λ = free-space wavelength) subject to a unit

plane-wave propagating in the +x direction given by Ei =
ẑe− jkx V/m (k = free-space wave number), full-wave simula-
tion [Fig. 6(a)] finds Etz and Htφ on a cylindrical surface of
a = 4λ. Its associated radial power density, STE

ρ , is shown in
Fig. 4(b).

As the surface characterized solely by the TE-mode fields
is either active (STE

ρ > 0) or lossy (STE
ρ < 0) depending on

location, we introduce TM-polarized SWs. The TM-mode
fields are completely characterized in terms of the tangential
z-component of its magnetic field, Htz(φ) = Hz(ρ = a, φ).
Using an envelope function A(φ) to be determined, we define
Htz(φ) as

Htz(φ) =
{

A(φ)e− jkcaφ, −π � φ < φ0

A(φ)e jkcaφ, φ0 � φ < π
, (4)

where kc chosen in the evanescent range (kc > k) is the
“carrier” propagation constant that binds the TM fields to the
cylinder surface. Remember that the SWs are introduced to
distribute power over S to make the surface lossless every-
where. The angle φ0 is determined such that the two ranges
φ ∈ [−π, φ0] and φ ∈ [φ0, π ] are individually power-neutral,
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i.e., the net power penetrating S in each range is zero. Two
oppositely propagating SWs that initiate at φ = π meet each
other and vanish at φ = φ0, as described in Fig. 3. This angle
can be found by solving

I (φ) =
∫ φ

−π

STE
ρ (φ′)adφ′ = 0. (5)

For the example design, it is found that φ0 = 107.3◦.
The tangential E field associated with Htz(φ) can be found

using field expansions in cylindrical harmonics. It can be
shown that the φ component of the E field on the surface,
Etφ (φ) = Eφ (ρ = a, φ), is expressed as

Etφ (φ) = jη
∞∑

n=−∞
an

H (2)′
n (ka)

H (2)
n (ka)

e jnφ, (6)

where η ≈ 377 � is the free-space intrinsic impedance and
H (2)

n (·) is the Hankel function of order n of the second kind.
The expansion coefficient an is given by

an = 1

2π

∫ π

−π

Htz(φ)e− jnφdφ. (7)

The power density for the TM-mode fields is STM
ρ =

Re{EtφH∗
tz}/2 and it is completely specified by A(φ).

Owing to the orthogonality between TE and TM modes,
the local condition (3) for zero loss becomes

Sρ (φ) = STE
ρ (φ) + STM

ρ (φ) = 0. (8)

Now, designing a lossless impedance surface becomes de-
termining the envelope A(φ) in (4) such that (8) is satisfied
everywhere. Using a total of Nc control point angles φi, the
sampled values A(φi ) (i = 1, . . . , Nc) define the envelope via
interpolation. For the example design, Fig. 4(a) shows φi and
A(φi ) (red circles) for Nc = 74 control points. A finer control
point density is used over φ ∈ [90◦, 120◦], where the envelope
changes rapidly as detailed in the inset. In optimizing A(φ) via
numerical optimization, an approximate envelope profile can
serve as a good initial guess. Based on power balance between
the attenuated TM-polarized SW and the TE-polarized space
wave leaving the surface over a differential arc length d	′ =
adφ′, an approximate envelope can be found as

Aapprox(φ) =
∣∣∣∣−4kαc

kcη

∫ φ

−π

STE
ρ (φ′)adφ′

∣∣∣∣
1/2

, (9)

where αc = √
k2

c − k2 is the attenuation constant of the SW
in the radial direction. Its accuracy improves for a slowly-
varying envelope and a large radius a.

As (8) cannot be satisfied exactly everywhere on S for a
typical design, an error metric can be defined and minimized
for its approximate satisfaction in an average sense. In this
work, a relative square error is defined as

esq = 1

e0

∫ π

−π

|Sρ (φ)|2dφ, e0 =
∫ π

−π

∣∣STE
ρ (φ)

∣∣2
dφ. (10)

Using the fminsearch function in MATLAB, the envelope
profile is optimized for minimizing esq, starting from (9).
Using a choice of kc = 2k, a minimized error value of esq =
1.77 × 10−3 is reached for the example design. The optimized
envelop is plotted in Fig. 4(a). Also shown as a blue dashed

curve is the initial guess (9), which is observed to be very
close to the optimized profile. The optimized TM-mode power
profile, STM

ρ , is shown in Fig. 4(b). It successfully cancels STE
ρ ,

bringing the total power density close to zero everywhere.
The impedance boundary condition (2) is used to find the

surface impedance Zs of the illusion device surface S. Toward
obtaining a lossless surface, a tensor surface impedance of the
form

Zs = jXs = j

[
Xφφ Xφz

Xzφ Xzz

]
(11)

can be adopted, where Xs is the surface reactance tensor
with real-valued elements. The four reactance elements are
uniquely determined in terms of the four tangential field
components—Etz, Etφ , Htz, and Htφ [17]. However, at posi-
tions where Sρ (φ) is close to but not exactly equal to zero, the
resulting 2×2 surface reactance does not represent lossless
reciprocal points, albeit at a minor level. Since realization
using reciprocal constituents is desirable in addition to being
lossless, we find an approximate solution to (2) while limiting
Xs to symmetric tensors. A symmetric reactance tensor has
three independent elements and there are four real-valued
linear equations. Here we adopt a least-squares solution for
the reactance tensor, written as

Xlsq
s =

[
X lsq

φφ X lsq
φz

X lsq
zφ X lsq

zz

]
, X lsq

zφ = X lsq
φz . (12)

The three independent elements are found by solving the
normal equation derived from (2) [17].

For the example illusion synthesis for a PEC cylinder, the
elements of Xlsq

s are shown in Fig. 5. They represent a highly
anisotropic and inhomogeneous surface. The fast reactance
variation in 	/λ ∈ [0, 7.49] (φ ∈ [0, φ0]) is associated with
the local wave vectors for the TE-polarized space wave and
the TM-polarized SW pointing in opposite directions. Nev-
ertheless, the impedance is reactive and reciprocal, allowing
physical realization using passive, reciprocal constituents.

While an ideal illusion surface accompanied by an exact
satisfaction of (8) reproduces the exact target fields in the TE
polarization on and outside S, presence of the TM SW fields
in this work makes the illusion effect accurate at far distances.
An observer that is on or in the extreme near zone of S will
be able to detect field deviations from (Es

tar, Hs
tar ). However,

such deviations should practically disappear away from the
immediate vicinity of the illusion surface.

IV. NUMERICAL EXAMPLES

A. A PEC object under plane-wave illumination

Consider a PEC cylinder of a triangular cross section with a
base parallel with the x-axis and the centroid positioned at the
coordinate origin. It is subject to a plane-wave illumination
given by Ei = ẑe− jkx V/m at frequency f = 300 MHz (λ =
1 m). The side of the equilateral triangle is 3

√
3λ and the

illusion device is a circular cylinder with radius a = 4λ. The
illusion device design has been detailed in Sec. III. Scattering
by the target is analyzed using COMSOL MULTIPHYSICS and a
snapshot of Ez(x, y) is plotted in Fig. 6(a). A strong specular
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FIG. 5. The surface reactance tensor elements for the illusion device for a triangular PEC cylinder. For clarity, only the parameters for the
top half of the cylindrical surface are shown for the arc length variable 	 = aφ over 0 � φ < π .

reflection toward φ = 120◦ is observed and a deep shadow is
cast in the forward direction.

The performance of the illusion device design is simulated
using COMSOL by enforcing the tensor surface reactance Xlsq

s

in Fig. 5 mathematically at ρ = a. A snapshot of the resulting
E field distribution is shown in Fig. 6(b). Outside the illusion
surface, a distribution that is visually identical to that in the
target configuration is observed, including the strong specular
reflection and the deep shadow. This confirms a successful
illusion function on a qualitative level.

Figure 7(a) shows a snapshot of Hz(x, y), the H field
component of the TM-polarized SW introduced in the design.
As intended, SWs tightly bound to the illusion surface are
induced, carrying and distributing power along the surface
to make it passive and lossless everywhere. The strongest
|Htz| value around 16.9 mA/m observed near φ = −90◦ is
consistent with the designed value shown in Fig. 4(a). For
quantitative comparison of the far-zone illusion performance,
the 2D bistatic scattering width σ2D [30] is compared in
Fig. 7(b) between the target and illusion device. The illusion

FIG. 6. Distributions of Ez(x, y) in V/m for a triangular PEC
cylinder and its illusion device. The target is a cylinder of an
equilateral triangular cross section with a side of 3

√
3λ. (a) An

E -field snapshot for the target cylinder. The black circle indicates
the imaginary contour of the illusion device to be designed. (b) An
E -field snapshot for the cylindrical illusion device of a = 4λ.

device reproduces the two main scattering lobes at φ = 0◦,
120◦ accurately. Minor deviations appear away from these
main lobes, but the overall angle dependence is accurately
reproduced.

A typical metasurface realization of the synthesized sur-
face reactance comprises an array of spatially varying sub-
wavelength resonators. The effect of reactance discretization
on illusion performance may be gauged by using a staircase-
approximated reactance profile in simulation. The surface
reactance over an arc length of �	 can be uniformly set to
the value evaluated at the half-way point along the arc. This
can be achieved by defining a sampling angle φs by

φs =
(⌊

φ

�φ

⌋
+ 1

2

)
�φ, �φ = �	

a
(13)

and enforcing Xlsq
s (φs) on the cylinder surface. The ten-

sor reactance in Fig. 5 has been discretized using different
discretization intervals. Scattering simulation results using
a discretized reactance for four different values of �	 are
compared with the continuous reactance case in Fig. 8. With
finer discretizations (decreasing �	), the overall deviation of
σ2D increases from the continuous variation case. In particular,

−180−120−60 0 60 120 180

−10
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20

φ (deg)

 

 

Target
Illusion

)b()a(

(dBm)

(mA/m)

FIG. 7. Illusion characteristics for the triangular PEC cylinder.
(a) A snapshot of Hz for the illusion device. (b) Comparison of σ2D

between the target cylinder and the illusion device.
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FIG. 8. Comparison of σ2D for different discretization intervals
of the tensor surface reactance for the cylindrical illusion device.

a coarse discretization associated with �	 = λ/10 causes a
few significant minor scattering lobes to appear. However,
the direction and strength of the scattering lobe at φ = 120◦
associated with a specular reflection are correctly reproduced
by all discretizations considered. This suggests that a fine
discretization in metasurface realization may not be required
for reproducing strong scattering lobes.

Due to the frequency dispersion of subwavelength res-
onators in a physical metasurface realization, successful il-
lusion is expected to be narrowband. The exact bandwidth
property depends on the geometrical and material specifics
of a physical design. Nevertheless, it is instructive to analyze
the illusion performance dependence on frequency assuming
a nondispersive surface reactance as a best-case scenario.
Noting that an illusion characteristic of interest is unique to
every scattering configuration, we find that the triangular PEC
cylinder provides a frequency-consistent scattering feature
that can be investigated for dispersion—formation of a strong
scattering lobe at φ = 120◦. The cylindrical illusion device is
analyzed for plane-wave scattering over 270–330 MHz using
Xlsq

s shown in Fig. 5 as a nondispersive surface reactance.
Figure 9(a) compares the scattering width around the specular
reflection direction at three different frequencies. While the
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FIG. 9. Simulated dispersion characteristics of the illusion char-
acteristics assuming ideal, frequency-independent surface reactance.
(a) σ2D around φ = 120◦ at 290, 300, and 310 MHz. Solid and dashed
curves represent target and illusion responses, respectively. (b) σ2D at
φ = 120◦ as a function of frequency.

−180 −120 −60 0 60 120 180
−3

−2

−1

0

1

2

3

φ (deg)

S
ρ (

m
W

/m
2 )

−180 −120 −60 0 60 120 180
−20

−10

0

10

20

φ (deg)

H
tz

 (
m

A
/m

)

(a)

(b)

20 40 60 80
10

12

14

16

FIG. 10. Illusion surface design for a dielectric cylinder. (a) The
optimized envelope A(φ) and the associated TM-polarized tangential
H field component, Htz(φ). (b) Radial Poynting vector components
for the TE, TM, and total fields.

illusion device accurately reproduces the scattering charac-
teristics of the target at 300 MHz, both the direction and
strength of the scattering lobe slightly deviate from the target
responses at 290 and 310 MHz. At φ = 120◦, the scattering
width is compared between the target and illusion device with
respect to frequency in Fig. 9(b). For the target, the scatter-
ing lobe slowly strengthens with frequency as the electrical
width of the flat reflecting face increases. In comparison,
σ2D of the illusion device oscillates and weakens away from
the design frequency. Using a 3-dB criterion for scattering
width reduction, the bandwidth of the illusion device for
specular reflection reproduction is approximately 24 MHz,
or 8%.

B. A dielectric object under plane-wave illumination

As an illusion synthesis for a penetrable body, a target
of a dielectric cylinder of a square cross section subject to
plane-wave illumination is considered. At f = 300 MHz, the
side of the square cross section is 3

√
2λ and a unit plane

wave illuminates along a diagonal, as shown in Fig. 11(a).
The relative permittivity of the simple dielectric cylinder is
εr = 2. The coordinate system is set up such that the incident
plane wave propagates in the +x-axis direction. The illusion
device is a cylindrical impedance surface of a radius a = 4λ.

From scattering simulation of the target [Fig. 11(a)],
the TE-polarized power density to be canceled using
TM-polarized SWs is determined, as shown in Fig. 10(b)
(red dash). Symmetry in the geometry and illumination
gives φ0 = 0, which is also confirmed from (5) numerically.
Using kc = 2k, the TM-polarized H field envelope A(φ)
is optimized using Nc = 129 control points. The resulting
converged error is esq = 1.16 × 10−3. The optimized Htz(φ)
is shown in Fig. 10(a) together with the φ-positions and
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FIG. 11. Simulation results for the Ez(x, y) distribution in V/m
for a dielectric cylinder and its illusion device. The target is a
dielectric cylinder of relative permittivity εr = 2 with a square cross
section of a 6λ diagonal. A unit-amplitude plane wave propagating
in the +x-axis direction illuminates the cylinder. (a) A snapshot of
Ez(x, y) for the target cylinder. (b) A snapshot of Ez(x, y) for the
cylindrical illusion device of a = 4λ.

values of the envelope samples. Fine small-scale variations of
STE

ρ in |φ| ∈ [20◦, 100◦] necessitate a small sampling interval
of 0.175λ along the arc. The inset shows the fine amplitude
variation captured by the high sampling density. Fine
sampling is also needed to bring Sρ close to zero near φ = 0,
where the envelope changes precipitously. The optimized
envelope is close to the initial guess (blue dash-dot) given by
(9) assuming a slowly-varying envelope. Overall, Fig. 10(b)
shows that the no-loss condition (8) is approximately satisfied
over the entire surface.

The tensor surface reactance that describes a pointwise
lossless and reciprocal surface is obtained using the procedure
described in Sec. III (not shown). The spatially varying sur-
face reactance is mathematically enforced on the cylinder sur-
face to test the illusion characteristics. For the target dielectric
cylinder, a snapshot of Ez(x, y) is plotted in Fig. 11(a). Unlike
with the PEC cylinder in Sec. IV A, the shadow in the forward
direction is partially filled due to the penetrable nature of the
target. The Ez field distribution for the cylindrical illusion
device is shown in Fig. 11(b). A visually identical distribution
associated with the target configuration is produced, including
the field penetrating the target in the forward direction.

A snapshot of the Hz(x, y) distribution is plotted in
Fig. 12(a). Two equally strong SWs are induced on the top and
bottom halves of the cylindrical surface, as anticipated from
the symmetry. The angular envelop profile of the induced H
field is consistent with the design in Fig. 10(a). For quantita-
tive comparison of the far field scattering characteristics, the
2D scattering width is compared between the target and illu-
sion configurations in Fig. 12(b). An excellent agreement is
observed, with minor differences showing at low RCS levels.

C. A PEC object under cylindrical-wave illumination

The illusion synthesis technique is not limited to plane-
wave illuminations. In order to demonstrate the effectiveness
of the method for incidence by other than plane waves, we
consider a conducting cylinder illuminated by a cylindrical
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FIG. 12. Illusion characteristics for the square dielectric cylinder.
(a) A snapshot of Hz for the illusion device. (b) Comparison of σ2D

for the target cylinder and illusion device.

wave. Consider a PEC cylinder with a five-pointed star cross
section near an electric line current [Fig. 14(a)]. At f =
300 MHz, a +ẑ-directed line source carrying 1 A of current is
located at (xs, ys) = (−7λ, 0). The star-shaped cross section
has its centroid located at O and is circumscribed by a circle
of radius 3λ.

Along a circle of radius a = 4λ, the fields of the target con-
figuration gives a power density STE

ρ shown in Fig. 13(b) (red
dash). For this configuration, it is found that φ0 = −106.6◦
from (5). Using kc = 2k, the envelope A(φ) for the TM-
polarized SW is optimized to satisfy (8) using Nc = 92 control
points. The optimized envelope together with the control
points are shown in Fig. 13(a). A fine sampling interval of
0.175λ is used in φ ∈ [−180◦,−90◦] and [70◦, 130◦], where
detailed amplitude control for STM

ρ is needed for canceling the
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FIG. 13. Illusion surface design for line-source illumination.
(a) The optimized envelope A(φ) and the resulting Htz(φ). (b) Radial
Poynting vector components for the TE, TM, and total fields.
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FIG. 14. Distribution of Ez(x, y) in V/m for an illusion device
subject to a line-source excitation. An electric line current of 1 A/m
flows in the +ẑ direction at (xs, ys ) = (−7λ, 0). The target is a five-
pointed star-shaped PEC cylinder that is contained in a 3λ-radius
circle. (a) A snapshot for the target PEC cylinder. (b) A snapshot for
the cylindrical illusion device of a = 4λ. The color plots are clipped
at |Ez| = 200 V/m.

rapid variations in STE
ρ . A minimized error of esq = 2.08 ×

10−3 is reached.
With the optimized A(φ), the associated surface reactance

tensor Xlsq
s is found using the least-squares approximation

(not shown). Full-wave simulation is performed using COM-
SOL by mathematically specifying the position-dependent sur-
face reactance tensor at ρ = a. The total E -field component,
Ez(x, y), is plotted in Fig. 14(b) for the illusion device subject
to the line-source excitation. A visually identical field distri-
bution is obtained, including a shadow over a wide angular
range around φ = 0.

A snapshot of Hz is plotted in Fig. 15(a). An H field
distribution shown in Fig. 13(a) is correctly induced, with
strongest magnitudes observed in φ ∈ [90◦, 160◦]. Far-zone
scattering characteristics between the target and illusion de-
vice are compared in Fig. 15(b). Since RCS is defined for
plane-wave illumination, a 2D scattering width is not relevant
for this configuration. In 2D, a far-zone vector phasor, Efar(φ),
can be defined to express the far-zone E -field distribution as

E(ρ, φ) = Efar(φ)
e− jkρ

√
ρ

. (14)

The magnitude of Efar is compared in Fig. 15(b) in log scale,
where the reference value for |Efar| is 1 V/

√
m (volt per square

root of meter). An excellent agreement is observed between
scattering by the target and illusion device. A deep null around
φ = 0 and rapid angular variations in φ ∈ [60◦, 150◦] are
accurately reproduced by the illusion device.
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FIG. 15. Illusion characteristics for the PEC cylinder excited
by a line current. (a) A snapshot of Hz for the illusion device.
(b) Comparison of the far-zone E -field magnitude for the target
cylinder and the illusion device with respect to the observation
angle φ.

V. CONCLUSION

An electromagnetic illusion or camouflaging device design
technique has been presented based on the surface equivalence
principle. For a target scattering configuration, an illusion
surface that encloses the target can be designed as an electro-
magnetically impenetrable surface, on which the fields from
the target configuration are induced. In addition, SWs are
introduced and optimized over the entire illusion surface to
make the surface lossless and reciprocal everywhere. Illu-
sion devices for 2D TE-polarized scattering scenarios have
been designed in terms of the tensor surface reactance and
their illusion performances have been validated using full-
wave simulations. The proposed illusion surface synthesis
technique promises thin realizations as opposed to TO-based
illusion techniques and enables illusion for electrically large,
free-standing objects.

The biggest challenge in achieving the proposed illusion
is accurate realization of the inhomogeneous, anisotropic
surface reactance as thin impenetrable physical structures. In
the microwave regime, arrays of printed subwavelength res-
onators on a grounded dielectric substrate [38–40] are prime
candidates. While the bandwidth property of the proposed
illusion devices depends on physical realizations, the resonant
nature of subwavelength inclusions in typical metasurface
realizations tends to limit the effective bandwidth. However,
the illusion bandwidth of individual designs should be tested
against that of the target configuration.
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