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Experimental observation of invisibility to a broadband electromagnetic pulse
by a cloak using transformation media based on inductor-capacitor networks
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Invisibility devices have captured the imagination of humankind throughout the ages. In this paper, the
response of a cylindrical cloak to a broadband electromagnetic (EM) pulse was experimentally investigated.
The transformation medium of the cloak devices was realized with full parameters based on a nonuniform
inductor-capacitor (L-C) network. Based on the experiment and simulation results, the time delay effect, the
pulse broadening effect, and the scattered energy reduction ability of the cloak were studied. The dynamic
process of the pulse propagating across the cloak device was also measured. It is found that the nonresonant
nature of the unit cell structures leads to the low dispersion of the cloak parameters and results in the
invisibility of the cloak to the broadband EM pulse. The broadband property of the proposed cloak may offer
more practical applications in reducing the scattering of an object.
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I. INTRODUCTION

The methods to make objects invisible to electromagnetic
(EM) radiations have always been a subject of keen interest
in microwave and optical society. Various schemes have
been proposed to achieve invisibility, such as scattering can-
cellation with plasmonic shells,"?> anomalous localized
resonance,>* and invisible cloaks based on transformation
optics.>?? Of special interest is the transformation approach
because the proposed invisibility devices are not sensitive to
the size, composition and geometry of the objects being con-
cealed. The basic principle of the idea is to squeeze a volume
in a virtual space into a shell with complex material param-
eters in the physical space based on the invariance transfor-
mation of Maxwell’s equations.”~ Recent research progress
of artificial metamaterials (MTMs) with flexible and tunable
EM parameters offers a possible way to realize these kinds of
complex devices. However, it is still a nontrivial thing when
it comes to realization because the required material param-
eters for such cloaks are not only anisotropic, but also spa-
tially inhomogeneous. So far, most of the researches on in-
visibility cloaks have been limited to theoretical analysis and
numerical simulations.”!’

The first experimental demonstration® was conducted at
microwave frequencies using metallic ring MTMs with var-
ied magnetic resonances to achieve a set of simplified con-
stituent parameters, which inevitably lose part of the cloak-
ing effect. And the inherent resonances of the metallic rings
naturally result in strong dispersion and limit the device to a
very narrow frequency range. Latterly, a nonmagnetic ver-
sion of partial cloak, with reduced parameters which only
approximates the radial component of the dielectric permit-
tivity, was studied experimentally in the visible frequency
range.'® Obviously, it is still a partial cloak and can only
reduce the visibility of an object to some extent even in
theory. Recently, “carpet cloaks” employing nonresonant el-
ements were both proposed in the microwave!® and
infrared.?® Although in this scheme the bandwidth can be
extended to a wider range, the objects could only be con-
cealed in the region between the carpet cloak and a conduct-

1098-0121/2010/81(11)/115133(8)

115133-1

PACS number(s): 41.20.Jb, 42.25.Fx, 42.25.Gy, 42.79.—¢

ing sheet in the reflection mode. This considerably limits the
potential of the cloaks. A transmission-line (TL) method has
also been proposed to design cloak device under a different
concept which does not employ the transformation optics.?!
The drawback of this method is that the shape and the size of
the object to be cloaked must fits inside the space between
the adjacent sections of the TLs in the cloaked region. This
inevitably leads to the difficulty for cloaking a bulky object.
Lately, the authors have proposed a nonuniform inductor-
capacitor (L-C) network method to model the cylindrical
cloaks with full parameters based on the transformation
optics,?? and experimentally studied the performance of the
device under stable states at different harmonic
frequencies.??

In realistic applications, the dynamic responses of a cloak
to a wideband time-domain signal is ultra important. In this
paper, we experimentally demonstrated the invisibility of a
cylindrical cloak to a broadband EM pulse. As proposed in
Ref. 22, the cloak was designed based on a nonuniform L-C
network with full parameters, in which the three branches of
the inductor-capacitor (L-C) unit cells were employed to in-
dependently tuning each functional component of the aniso-
tropic material tensors in the cylindrical basis. The reminder
of paper is organized as follows: in Sec. II, the introduction
of the key procedure for the cloak design method is given at
first. Then the realization of the cloak device for experiment
is presented. In Sec. III, the response of the cloak device to a
broadband EM pulse is experimentally investigated. The
time evolution of the narrow pulse in each node of the cloak
device is measured using a network analyzer. Based on ex-
periment and simulation results, the time delay effect, the
pulse broadening effect, and the scattered energy reduction
ability of the cloak were studied. The experimental results
for the propagation of the pulse across the cloak device are
dynamically shown. Due to the nonresonant nature of the
unit cell structure, the low dispersion of the material param-
eters can be achieved which results in the broadband charac-
teristic of the proposed cloak. Sec. IV gives some conclu-
sions.
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FIG. 1. The unit cell of a 2D TL network

II. DESIGN AND REALIZATION OF A CYLINDRICAL
CLOAK WITH A NONUNIFORM L-C NETWORK

From the EM theory and the TL theory, media with spe-
cific permittivity and permeability can be modeled by L-C
networks. The TL versions of isotropic right-handed materi-
als (RHMs) and left-handed materials (LHMs) have been
investigated several years ago’*?> and been proposed to ex-
perimentally demonstrate the point-to-point focusing which
overcomes the classical diffraction limit.?®?” Additionally,
Balmain et al. utilized 2D TL approach to synthesize planar
anisotropic MTMs that exhibit sharp beams called “reso-
nance cones”—a resonant phenomenon that takes place in
anisotropic plasmas.”® To our best knowledge, all the previ-
ously reported anisotropic TL MTMs have permittivity and
permeability tensors diagonalized in the Cartesian basis, with
unit cells uniformly repeated in cubic lattice. However, the
medium parameters of an invisibility cloak are inhomoge-
neous and anisotropic with principle axes varying point to
point. In our recent Letter paper,”? a method was proposed to
model full parameter cloaks by nonuniform L-C networks
aligned in cylindrical lattice. In this section, the key proce-
dure of the method will be introduced. Then, the realization
of the cloak device for experiment will be presented.

Assuming a general case of a two-dimensional (2D) net-
work with its unit cell schematically shown in Fig. 1, one can
get following relations by applying Kirchhoff’s voltage and
current laws to the adjacent unit cells:

Ax

V(x0,y0) = V(xg + Ax,y0) = lex(xo + T’yo) . (la)

Ay
V(anyO) - V(anyO + Ay) = Zy1y<x0’y0 + 7) s (lb)

Ax Ax Ay
I xo—j’yo =L xo+ 7’)’0 +1 1 xo,yo—z

Ay
- Iy(%d’o + 7)} =YV(x0.y0). (Ic)

where Ax and Ay describe the dimension of the unit cell
along x and y directions, respectively. For a cylindrical
cloak, the permittivity and permeability tensors are simulta-
neously diagonalized in cylindrical basis. In this case, we can
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write the Maxwell’s equations with differential form in cy-
lindrical coordinates as following:

E(r+Ar,0)—E[(r,0)
Ar

) Ar
=]w,u9H9<r+ ?,0), (2a)

E.(r,0+A0)—E (1,0

. Ao
=_Jw/u‘rHr<r70+7), (Zb)

rA@
Ar Ar Ar Ar
r+— |Hp\r+—,0|—|r—— |Hy|r——,0
2 2 2 2
Ar
A6 A6
H, r,0+7 -H\r,0——
- v =jore.E(r,0).

(2¢)

Here, TE mode is presumed with electric field polarized in z
direction. Equations (1) and (2) can be mapped to each other
with following replacements:

Ay < rA0, Ax< Ar, I,< ArH,, I, —rA6H,,

Ve~ Ed, (3)

where d represents the cloak thickness along z direction.
Then, the natures of the impedances and the admittances in
Fig. 1 are also evident with following expressions:

P Aﬁ 7 i ﬂ _jerGArsZ
y_.]wlu’l‘d Ar’ x_]wlqurAg’ -

d b
(4a)
— Ar Y | —
AYAY = AG\I—Z— =\-ZY<1,
OrRvNpE =T "rAOrAOAr V=S
(4b)

rA6 Y I
wAr\r/,LLgSZ=AV _Z"ErAaAr =\V-ZY<1. (4¢)

This means an inhomogeneous and anisotropic medium with
permittivity and permeability diagonalized in cylindrical ba-
sis can be artificially synthesized by nonperiodic TL net-
works. The long-wavelength approximation has to be satis-
fied, where the dimension of the unit cell is much smaller
than the wavelength.

As proposed in Ref. 7, a cylindrical cloak with inner ra-
dius a and outer radius b has the following radius-dependent,
anisotropic permittivity and permeability:

r—a r b \’r-a
My = M > Me= My > €58 )
r r—a b-a r

)

where g, and u, represent the permittivity and permeability
of the background medium. Now, we consider the realization
of the above material specification through an L-C network.
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FIG. 2. The schematic show of the cloak shell and the back-
ground medium based on a L-C MTMs network

In each unit cell, u,, @y and g, are represented by two series
inductance Ly, L, and one shunt capacitance C,, respectively.
Since the medium parameters of the cloak are radius-
dependent, we can synthesize the whole cloak structure with
concentric layers. Each layer consists of identical unit cells
repeated along the angular direction. The schematic show of
the cloak design using an L-C network is illustrated in Fig. 2.
According to Egs. (4) and (5), the relationship between the
circuit parameters and the medium parameters of the cloak
can be derived as

Ad, my Ar,
LB(”) = Mp Ar (rn - a)d, Lr(n) = r _ba AB da
b \*(r,—a)Ar,A0,
Cz(n)ng(b—a) 7 , (6)

where the subscription n represents the n™ layer, and r,, Ar,,
A6, represent the radial distance, the thickness and the span
angle of the unit cell in the n'" layer, respectively.

In reality, the cloak should be connected to the real back-
ground medium, such as the free space, in a way like em-
bedded in a parallel plate waveguide. For the sake of conve-
nience in experiment, here the background medium is also
mimicked by the conformal L-C network as shown in Fig. 2.
Then, all the field distribution, in and outside the cloak shell,
can be extracted by measuring the voltages in each node of
the TL network. This does not lose the generality of our later
experimental results. The circuit parameters for the unit cells
in the n layer of the background medium can be derived
based on Eq. (4) by substituting u,= =, and e,=gp,

r,A6, Ar,
LH(n) =M Ar d’ Lr(n) = Iu‘br AO d’
er,A0,Ar,
C.(n) = r=—r=" I (7)

In our design, the outer boundary of the background me-
dium is truncated at radius R by being connected with Bloch
impedances,?’ which are applied to achieve match absorption
and to mimic the infinite extended background.

Now, we consider the following implementation of the
cloak based on the proposed method in this paper. The de-
sign frequency is chosen as 40 MHz, which is far below the
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FIG. 3. (Color online) The theoretical and the experimental val-
ues of the lumped L-C elements along the radius direction. The blue
solid line is for theoretical result and the red dotted line is for
experimental result.

parasitic resonant frequencies of the lumped capacitors and
inductors. To obtain a reasonable dimension of the whole
structure including the cloak shell and the background, here
we choose the permittivity and the permeability of the back-
ground medium as £,=107g, and w,=10"y,, where &, and
Mo are the constitutive parameters of free space. The inner
and outer radius of the cloak shell are chosen as a=3 cm
and b=9 cm, respectively, and the truncated outer boundary
of the background area has a radius R=18 cm. The network
is fabricated by mounting chip capacitors and inductors on a
FR-4 substrate with thickness d=1 mm. Before we can fi-
nally specify the values of the circuit elements in the net-
work, we must appropriately choose the number and the
thickness of the layers, and the number of unit cells in each
layer. The long-wavelength approximation should be well
satisfied so that each unit cell can successfully mimic the
locally homogeneous and anisotropic medium in the small
trapezoid like region. In our design, 15 concentric layers of
L-C MTMs are used to realize the cloak shell and another 15
layers to describe the background medium. Each layer is
equally divided into 90 unit cells along the angular direction,
resulting in 4° span angle for each unit cell. Based on Egs.
(6) and (7), the circuit parameters of the cloak and the back-
ground medium can be calculated. Then, chip inductors and
capacitors with available values most close to the calculated
ones are chosen to realize the network. The theoretical (blue
solid line) and the experimental (red dotted line) values of
the lump elements are shown in Fig. 3. Since the whole
structure is rotationally symmetrical, we only need to give
dependence of the circuit parameters on the radius. The
whole experiment device measures about 400 mm
X400 mm X1 mm and is shown in Fig. 4. Also shown in
the inset is a magnification of a single unit cell, consisting of
four surface-mounted inductors in series and one capacitor in
shunt to the ground by a via-hole, similar to the schematic in
Fig. 1. The performance of such a device under stable states
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FIG. 4. (Color online) The photograph of the fabricated cloak
with background medium for experiment. The inset is a magnifica-
tion of a single unit cell, consisting of four surface-mounted induc-
tors in series and one capacitor in shunt to the ground by a via-hole,
similar to the schematic in Fig. 1.

has been studied.?® In realistic applications, the dynamic re-
sponses of a cloak to a wideband time-domain signal is ultra
important. In the following section, the response of the de-
vice to a broadband EM pulse will be investigated experi-
mentally.

III. EXPERIMENT ON THE RESPONSE OF THE CLOAK
TO A WIDEBAND EM PULSE

In the frequency band below 40 MHz (the design fre-
quency), the long-wavelength limit is well satisfied and the
chip components (the inductors and the capacitors) have
nonresonant nature. In this case, w,, tg and &, in each unit
cell are directly proportional to Ly, L,, and C, whose values
change gradually as the frequency changes. Hence, the fab-
ricated cloak device has medium parameters with low disper-
sion in the band below 40 MHz, and is expected to exhibit
broadband characteristics. To demonstrate the performance
of the cloak, an Agilent E5071C vector network analyzer
(VNA) was employed to take transmission scattering param-
eter measurements. Port 1 of the VNA provides the excita-
tion via a coaxial feed, with its outer conductor mounted
onto the ground plane at the backside of the FR4 substrate,
and its center pin extending through a hole in the substrate
and soldered to the center of a unit cell as the expiation
point. Hence, a point source is introduced to excite a cylin-
drical wave. Port 2 of the VNA provides a near-field coaxial
probe that can scan over the surface of the cloak shell and the
background region. A broadband amplifier with high input
impedance is designed and connected between the probe and
port 2 of the VNA to amplify the signal and to reduce the
disturbance of the voltage distribution when the probe
touches the node during measurement. In the experiment, the
inductors L, at the inner boundary of the cloak are grounded
to create an effect of a PEC boundary.

To obtain the transient response of the cloak to a wide-
band pulse with VNA, two approaches can be chosen. The
first approach is transforming the frequency domain response
based on frequency sweeping measurement to the time-
domain response by computing the Inverse Fourier Trans-
form (IFT) by ourselves. The second approach is using the
time-domain analysis function of the VNA, in which the IFT
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FIG. 5. The excitation voltage and its spectrum

is performed by the integrated data processor of VNA to
automatically give the time-domain response. In the experi-
ment, we choose the first approach and benefit it from its
flexibility in the form of excitation voltage pulse. The exci-
tation point was set in the background region with location
x,=0 cm, y,=17.4 cm. Here, the original point (0, 0) was
set at the center of the cloak. The first derivative of a
Blackmann-Harris (BH) pulse®® was chosen as the excitation
voltage that vanishes completely after time 7.=90 ns with
following expression:

t 2t
Vixg,yet) =—a, Sin<2ﬂ-i) +2a, sin(sz)

. 3t
—3ay sin| 27— |, (8)
T,
where a,=0.48829, a,=0.14128, a3;=0.01168. The cutoff
frequency of the pulse is about f.=3.6/7.=40 MHz. The
wave form of the excitation voltage in the time-domain

V(x,,y,,1) and its spectrum V(x,,y,,f) are shown in Fig. 5.
After the frequency sweeping measurement of each node
with a 2D spatial scanning of the cloak shell and background
region, the transmission coefficients between the excitation
voltage at the feeding point (xy,) and response voltage at
any node (x,y) can be extracted in the frequency domain,

Tixy.f) = s2@r)) ©)

SZl(xs’ys’f)

where §21(x,y, /) is the measured transmission scattering pa-
rameter from Portl to Port2 of VNA at node (x,y) and fre-
quency f. Then, the transient voltage response at any node
(x, y) can be obtained in the time domain based on following
IFFT:

V(x,y,1) = IFFT[V(x,,y,. ) T(x,y.f)] (10)
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FIG. 6. (Color online) Transient voltages at four points Py, P,, P3, and P,. (a) The location of the four points in the background. (b) The
simulation results of the transient voltages at Py, P,, P3. (The blue line is the excitation voltage at P,. The green solid line and black solid
line are the voltages at P, and P; for only the background without cloak and metallic cylinder. The green dotted line and the black dotted
line are the voltages at P, and P5 for the background with cloaked metallic cylinder.) (c) The experimental results of the transient voltages
at Py, P,, P3, and P, for the background with cloaked metallic cylinder. (d) Comparison of the simulated and the measured voltages at Ps.
(The black solid line is the simulation result for only the background without cloak and metallic cylinder. The black dotted line and the red
dotted line are the simulated and measured voltages for the background with cloaked metallic cylinder.)

It is has been predicted by theoretical and numerical
methods' 7 that the dispersion of the cloak may lead to two
effects when a pulse is passing through a cloak shell. The
first effect is the time delay which becomes stronger near the
inner boundary of the cloak. Another effect is the pulse
broadening effect resulted from the different phase and en-
ergy velocities in different frequencies. These two effects
may finally results in the spatial distortion of the beam shape.
To study these effects of our cloak, the transient voltages at
the excitation point P;(0 c¢cm,17.4 cm) and other three
points P,(0 c¢cm,10 cm), P40 cm,—10 cm), P49 cm,
—8.48 cm) are investigated (as shown in Fig. 6). The points
P, and P; are both located along the center line of the cloak,
while P, in front of the cloak and P; behind the cloak. P,
and P; have same distance to P, while P, is located away
from the center line of the cloak.

Figure 6(b) shows the simulated voltages at P,, P;, when
P, is excited by the same voltage as in the experiment. The
solid lines in Fig. 6(a) are the voltages for only the back-
ground medium without the cloak and the metallic cylinder,
while the dotted lines are for the background medium with
cloak and the metallic cylinder. It is seen that, the changes
for the time delay and the shape of the pulses at Pj is little
when the cloaked metallic cylinder is embedded into the

background. In the simulation, loss of the inductor and ca-
pacitor has not been taken into account.

The measured pulses at P,, P3, P, for the fabricated cloak
device are shown in Fig. 6(c). It can be found that the mea-
sured time delay between P, and P; for the wave propagat-
ing in the background medium with cloak and metallic cyl-
inder is about 73 ns. It is also found from Fig. 6(b) that the
simulated time delay between P, and P; for the wave propa-
gating in the background medium without cloak and metallic
cylinder is 67 ns. Based on the simulation and the experi-
ment results, Table I lists the arrival moments, which are
defined as the time when the positive peak of a pulse arrives,
for more clear comparison. It can be further found from Fig.
6(c) that the time durations and the shapes of the measured
pulses at different points are almost same. The small time
delay and pulse broadening effect of our cloak resulted from
the low dispersion of the unit cell structure, which leads to
the broadband property of the cloak.

In Fig. 6(d), the pulses at P for three different cases are
replotted for more clear comparison. The black solid line is
the simulation result for only the background without cloak
and metallic cylinder. The black dotted and the red dotted
lines are the simulated and measured results for the back-
ground with cloaked metallic cylinder. It is seen that, the
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TABLE 1. The arrival moments of the pulses at different
points.

Arrival moments of the pulse

(ns)

Simulation for Experiment for
background with  background with

Different Simulation for cloak and metallic cloak and metallic
points only background cylinder cylinder

P, 30 30 30

Py 56 56 57

P; 123 126 130

Py 123 124 126

measured pulse has smaller amplitude than the simulated
pulse under the same case. This results from the loss of the
inductors and the capacitors in the experiment.

Based on the simulation results, we can also calculate the
scattered energy of the uncloaked metallic cylinder W, and
the cloaked one W, when excited by a same voltage pulse at
P,. First, the scattered voltage pulses at each node can be
obtained by subtracting the incident field (the voltage distri-
bution for background medium without cloak and metallic
cylinder) from the total field. Then, the scattered energy at i"
node in the background medium can be calculated based on
following integration:

W(i) =f Vili,0) Lo (i, )t (11)

where V(i,1) and I,(i,?) are the scattered transient voltage
and the outward current at i node. The integration is per-
formed over the whole duration time. In Fig. 7, the scattered
energy distribution dependent on the scattering angle 6,

x10°

w
W
T

W
s

£
n

cloaked metallic cylinder
------------- uncloaked metallic cylinder

—
W
T

[
T

scattered energy distribution (W-S/rad)
N

=]
[

0 /2 T 3n/2 2n
scattering angle (rad)

FIG. 7. (Color online) The simulated scattered energy distribu-
tion along a sampling circle with radius r;=15.3 cm. The blue solid
line is for the cloaked metallic cylinder. The red dotted line is for
the uncloaked metallic cylinder. Here, the scattering angle 6 is
defined as 6,=0(+y), O,=7/2(—x), O,=m(-y), 6,=37/2(+x).
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along a sampling circle with radius r;=15.3 cm is shown.
Here, the positive y direction is defined as 6,=0 for symme-
try of the curve. The blue line is for the cloaked metallic
cylinder, while the red dotted line is for the bared metallic
cylinder. It is found that, the cloak device greatly reduce the
scattered energy in different scattering angles. The maximum
scattered energy distribution and the total scattered energy
are both reduced more than 10 times. A more interesting
phenomenon is that the scatted energy of the cloaked struc-
ture is almost isotropy over all the angles.

Finally, the dynamics of pulse propagation across the
cloak device is measured. Figure 8 depicts nine time snap-
shots of the voltage distribution based on the experimental
results. A movie (media 1) is also provided as the supple-
mental online material.3! As the wavefront entering the
cloak, the center part of the beam begins to compress. After
the wavefront reaches the inner boundary, it separates to pass
around the metallic cylinder and then well recomposed on
the opposite side behind the cloak. As the wave leaving the
cloak shell, the circular wavefront of the cylindrical wave is
restored without obvious spatial distortion. However, the
scattering of the cloaked metallic cylinder and the attenua-
tion of the wave along the propagation path can still be ob-
served. The imperfection of the cloak performance is rel-
evant to complex factors, including the singularity of the
parameters at the inner boundary which cannot be dealt with
ideally in the experiment, the relatively large tolerance
(about 15%) and low quality factors (about 20) of the induc-
tor elements, the loss introduced by the dielectric substrate,
and the imperfect manual welding process. It is necessary to
point out that, the blur of the beam near the outer boundary
of the background is mainly due to the nonideal match ab-
sorption of the Bloch impedance. This phenomena is not
relevant to the cloak performance and will not exist when the
cloak is practically used in infinitely extended background
medium.

It should also be noted that, a broadband cloak with good
performance is required to support group velocities greater
than the wave velocity in the background medium. Since the
group velocity inside a cloak cannot exceed the group veloc-
ity in the air, a nice broadband solution is theoretically im-
possible when the background medium is air. Even though,
for air background, cloak devices realized with nonresonant
and low-dispersive unit cells could exhibit better broadband
performance than those realized with resonant and strong-
dispersive unit cells.

The results and the discussions in this section show that, it
is possible to design a cloak device with broadband charac-
teristic for background medium having wave velocity slower
than that in the air, such as to cloak an object in the earth or
in the multilayered medium.

IV. CONCLUSIONS

In this paper, the response of the cylindrical cloak to a
broadband EM pulse was investigated with experiment. The
transformation medium of the cloak devices was realized
with full parameters based on a nonuniform L-C network in
which the three branches of unit cells were employed to in-

115133-6



EXPERIMENTAL OBSERVATION OF INVISIBILITY TO A...

time=46ns

time=66ns

PHYSICAL REVIEW B 81, 115133 (2010)

time=86ns

y (em)

0.1

0 6 12 18 1 12 6 0
time=96ns

time=106ns

0.05

12 18 -18 12 6 0 6 12 18

time=116ns

y (em)

3

time=144ns

T8 a2 6 0 6 12 18

time=160ns

y (cm)

-0.05

X (cm)

6

-6 0

X (cm)

18

FIG. 8. (Color online) Nine time snapshots of the measured voltage distribution (Media 1). (a) =46 ns, (b) =66 ns, (c) =86 ns, (d)
t=96 ns, (e) =106 ns, (f) t=116 ns, (g) =128 ns, (h) t=144 ns, (i) t=160 ns.

dependently control the material parameters u,, g and €,
respectively. The time delay effect, the pulse broadening ef-
fect and the scattered energy reduction ability of the cloak
were investigated based on the experiment and simulation
results. The dynamics of pulse propagation across the cloak
device was measured. It is found that the nonresonant nature
of the unit cell structures leads to a very low dispersion of
the cloak parameters and results in the invisibility of the
cloak to the broadband EM pulse. More practical applica-

tions may be brought by the broadband property of the pro-
posed cloak.
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