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Abstract: The previously reported simplified cylindrical linear ckoa
is improved so that the cloak’s outer surface is impedanatshed to

free space. The scattering characteristics of the imprdivedr cloak is

compared to the previous counterpart as well as the recentiposed

simplified quadratic cloak derived from quadratic coortiénaansforma-

tion. Significant improvement in invisibility performands noticed for

the improved linear cloak with respect to the previouslypmsed linear
one. The improved linear cloak and the simplified quadralalc have

comparable invisibility performances, except that théelahowever has
to fulfill a minimum shell thickness requirement (i.e. outadius must be
larger than twice of inner radius). When a thin cloak shelliésired, the
improved linear cloak is much more superior than the othentarsions of

simplified cloaks.
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1.

Introduction

Some recent works have indicated that it might be possihiealizve passive invisibility cloak-
ing devices [1, 2, 3]. Based on coordinate transformatioklakwell equations, Pendry et al.
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have suggested that a perfect invisibility cloak can be waoted for perfect hiding of arbi-
trary objects from electromagnetic (EM) illumination [The direct coordinate transformation
methodology tears up the original coordinate space (se€llsigvhich leads to a cylindrical
cloak with extreme material parameters at the cloak’s itmo@ndary. In view of this difficulty,

a cylindrical invisibility cloak as suggested by the coowte transformation, though proved
to be asymptotically perfect [4], has to be realized in anrappnate manner. The simplest
method to avoid the extreme material parameters is to peay anthin layer from an ideal
cloak’s inner surface. Such a cloak can be made arbitraolyecto an ideal one [4]. Another
proposed method is to modify the inner surface of the clogdJBder these two schemes, the
cloak still needs to have three gradient material parars@@rEM polarization (TE or TM). In
[6, 7], the authors proposed that, for a single-polarizaetibplane propagation, the cloak can
be simplified (based on the ideal cloak derived from lineardmate transformation) such that
it has only one gradient material parameter. In additioa,réquirement on infinite material
parameter is lifted. This greatly eases the challenge istcocting a cloak by using man-made
metamaterials. An almost identical simplification procedwas also adopted in [8] for a non-
magnetic cloak, and later for a cloak based on quadraticiioate transformation [9].

With an arbitrary scatterer placed within a simplified linelbak, EM field scattered by the
overall structure may be smaller than that scattered byahe $catterer. But, the performance
of such a simplified cloak is still found to deviate much fromideal invisibility cloak (which
should have zero scattering) [10]. We will show in Sectiorh@t tthe mathmatical backbone
of the simplification procedure proposed in [6] is not steng Despite lack of rigorousness, a
cloak resulted from such a simplification, however, intsesibme properties of an ideal cloak
[6, 7, 10], especially in its tendency to bend light arourelitimer shell. In this paper, we show
that it is possible to improve the simplified linear cloak battits induced scattering can be
significantly lower. We start by noticing that the simplifiethterial parameters presented in [6]
is not the only solution according to the simplification pedare. In fact, a better simplified
cloak with improved invisibility performance can be dedva@he improvementis obtained by
matching the impedances of the cloak and the outside spabe atoak’s outer surface. We
will also compare the improved linear cloak with the simptificylindrical cloak derived from a
guadratic coordinate transformation, which similarly panfectly match with the outer space in
impedance at its outer surface [9]. It is found that the imptblinear cloak has the superiority
of being consistently near-invisible even when the cloakdaery thin wall. In addition, from
the engineering point of view, the material requirementréalizing an improved linear cloak
is also lower.

Before we proceed, we should recount the two necessary tammslfor claiming a perfect
invisibility cloak. Firstly, the device should have a spckegion that is in complete EM isola-
tion with the outer space. Secondly, the device should caoiperturbation to any incident EM
field. The cloaks in simplified forms will most likely disqufgi for both requirements. That is,
they would allow a certain percent of foreign field to pentetiato the cylindrical shell, apart
from causing scatterings. A quick and reliable fix to the fingiblem is to introduce a pefect
electric/magnetic conductor (PEC/PMC) lining on the insgrface of the cloak shell, as has
been mentioned in some previous works [6, 8]. Now the onhblem left is how to mini-
mize the cloak’s scattering by using various material sifiggtion schemes, based on the ideal
coordinate-transformed cloaks. From a practical pointiefyit is more appropriate to con-
sider the PEC/PMC lining as one part of the cloak body, ratiesm an object that we are trying
to hide. In this paper, we concentrate on simplified cloaitk PEC/PMC linings. The scatte-
ring characteristics of simplified cloaks without PEC/PMairgs depend heavily on objects
that the cloaks enclose. Their performance will only beflyriemarked.

This paper is organized as follows. The theoretical equattbat are necessary for under-
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Fig. 1. lllustrations of interactions between a plane wanéd perfect cylindrical cloaks

resulted from coordinate transformations. (a) Original Epéce; (b) Ideal linear cloak;
(c) Ideal quadratic cloak. The colormap is foy field. Green lines are for energy flow
(poynting vector). a=1, b=3} = 1.5 (a.u.). Domain size is at 7&.5. For the quadratic
cloak, p= a/b?. (Read the text for parameter descriptions.) Invariantdioate lines are

imposed to show how the EM fields are compressed.

standing simplified cloaks based on both linear and quadcatrdinate transformations are
presented in Section 2. The inherent scattering propetitte improved linear cloak and the
simplified quadratic cloak are studied in Section 3. A corgeer of the performances of sim-
plified cloaks subject to a plane wave incidence is present8dction 4. A conclusion follows
in Section 5.

2. Theoretical background

2.1. Simplified linear cloaks

In this paper, we restrict our analysis on normal incideft®t is, the wave vector is perpen-
dicular to the cloak cylinder axis. The EM wave is assumedte@T E polarization (i.e. electric
field only exists inz direction). The TM polarization case can be derived by mgkn— —H,

€ — U, u— &, and PEC-PMC substitutions. Domains inside and outside the cloalbatie
assumed as air.

The ideal cloak is supposed to compress all fields within mdyikcal air regiorr < binto the
cylindrical annular regioma < r < b (Fig. 1). This can be achieved by a cylindrical coordinate
transformation from the virtual EM spacg,(6’, Z) to physical spacer( 8, 2) [1, 11], where
0 =6'andz=Z. Ingenerat is a function of’ and with the conditions,._, = aandr|,_, = .
The transformation, in the simplest linear case, can beaemrds

b—a,

r= b r+a. Q)
According to invariance of the Maxwell equations, the cep@nding material parameters can
be obtained, as shown in the left column of Table 1. This sgaoameters are plotted in Fig.
2(a) (in black curves) for a sample cloak. Notice g (and &) is infinite atr = a. The
“perturbation” caused by such an ideal cloak, as it is illnated by a plane wave, is illustrated
in Fig. 1(b). To circumvent the fabrication difficulty, therglified parameters were used [6, 8],
which are given in the middle column of Table 1. This set ofpagters are shown by the green
curves in Fig. 2(a). To understand the motivation behindh susimplification, we have to start
from the derivation of the wave equation.

The cloak, together with its inner and outer air domainsnfarthree-layered cylindrical EM
system. We refer to the layers from inside to outside as lay&rand 3, respectively. Within
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Table 1. Material parameters for linear cloaks

Ideal Simplified [6] Simplified (current work)
&= =52 =1 = (52)° == (%)% 52
89=He=%l £e=lle=12 Se—ue 522
T P e T (0 N P

the cloak medium, the general wave equation that govern&gtfield can be written as

1[0 [ r 0k 10 (/10E

Lo o o) 236 (i og ) + e @
whereky is the free-space wave number. The cloak’s coordinate iseshas the global co-
ordinate. The time dependence éxpt) has been used for deriving Eq. 2. By employing the

variable separatiok, = W(r)@(8), we can decompose Eq. 2 into two separate equations. One
of them leads t® = exp(im@), wheremis an integer. The otherdependent equation is

d /rd¥ 2
E<ue dr)+kor£z‘iJ mZuqJ 0. (3)

The simplification procedure as described in [6, 7] arguasiftiug is r-independenteq. 3 can

be further written as L d 4w
W_n?
ueezdr( )+k°r

urfz =0. 4
Unfortunately, the assumption of a constagtis invalid in the very first place. As a result, the
wave equation 4 has deviated from the original wave equa&idrhe simplication procedure,
now based on Eq. 4, claims that the wave equation will not hegad as long as the functionals
Ug &, and i, €, are kept invariant, with respect to their values derivedftbe ideal parameters.
Therefore one has the freedom in choosing the metamateiahpeters. For the particular
experiment in [6], material parameters given in the middtbenonn of Table 1 are used.

An important consequence of the simplification is that, tiesa change of the wave equation
within the cloak medium, the outer surface of the cloak isgerfectly matched with free space.
Originally the perfectly matched layer (PML) conditiore.ie; = g = 1/, is valid atr = b.
Now the impedence at= b instead becomes= /g /&, = (b—a) /b, rather than 1. The cloak
hence inevitably scatters any incoming EM field. The ovesedittering coefficients, especially
for the zerd-order cylindrical wave component, can still be significamén when the cloak’s
outer radius is kept several times as large as its inner $gdidj. Despite the shortcomings,
the scattering characteristics of such a simplified cloakoisced to be distinct as compared
to a conventional annular cylinder made of an isotropic mter simply a PEC cylinder. An
incident EM wave has the tendency to flow around the cloakigiimboundary, much like (but
not exactly) the way it behaves in an ideal cylindrical cloak

However, one can notice that, to keep the functiopgls and i, &; invariant with respect to
the ideal values, more than one solution exist. In the rightron of Table 1, we show another
set of material parameters satisfying the requirementtfi®new parameter set, at= b we
haves, = ug = 1/, = b/(b—a), i.e. the PML condition. With the impedance-matched outer
surface, we expect that a cloak with the new set of parametaikl induce smaller scattering.
The improved parameters are plotted in Fig. 2(a) in red aiMetice the unchanged material
values at = b as comapred to those for the ideal cloak (black curves).
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Fig. 2. (a) Material parameters for an ideal linear cloal¢klcurves), a simplified linear
cloak (green curves), and an improved linear cloak (redes)r«b) Material parameters
for an ideal quadratic cloak (black curves), and an simplifjpadratic cloak (blue curves).
Solid line: iy ; dashed linepg; dotted line:g;. All cloaks havea= 1 andb = 3 (a.u.).

We go a bit further by substituting parameters in the middltéhe right column of Table 1
into the wave equation 4. We obtain

d2¥  (r—a)2dy b \?
_ a2t T ur 2 P 2 _
(r—a) T ar T (r—a) (b_a) ki —m?| W=0. (5)
Whenm = 0, Eq. 5 can be further simplified to
2y dw b \?
207 0% 20 B _
i +rdr +r k0<b_a) WY=0. (6)

This is simply the zef8-order Bessel differential equation. Equation 6 suggéstisan incom-
ing zerd"-order cylindrical wave would effectively see the simplifiloak as a homogeneous
isotropic medium whose effective refractive indexig = bTba [10].

2.2. Simplified quadratic cloak

In a very recent paper, the quadratic coordinate transfoomavas proposed for the cloak
design [9]. Itis found that the simplified version of the qretit cloak can also match with the
outer free space in impedance. The quadrtic coordinateftytemation takes the form of

r= [b—;aJr p(r’—b)} r'+a, (7)

wherep can be arbitrary as long ap| < (b — a)/b? is valid for keeping the spacial mapping
monotonic. The ideal material parameters according to sucbordinate transformation are
shown in the left column of Table 2. Singas free to change here, the material parameters can
be varied. Interestingly g» = a/b?, we have% ]r:b = 1. Under this condition, the material
parameters are all valued at 1lrat b. Electromagnetically, the resulted cloak does not even
have an interface at = b. The anisotropic ratio of the cloak material then grows aiala
positions closer to the cloak’s inner surface. Notice ttagipular choice ofp value, together
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with the monotonicity condition, impose a constraint onitleal cloak’s wall thickness, which
is b > 2a. The material parameters for a sample ideal cloak are plotté=ig. 2(b) (black
curves). Again divergentg is observed at = a. Figure 1(c) shows such a quadratic cloak in
interfaction with a plane wave. In [9], the authors agaimtdtam the modified wave equation
4 and propose that the cloak can be simplified by keeping ifumeals g €, and L &, invariant.
The simplified cloak has the material parameters as givelnamight column of Table 2. The
simplified material parameters are plotted in Fig. 2(b)dqalsth p = a/b?). Notice that the
“interfaceless” property at= b is inherited by the simplified cloak.

Table 2. Material parameters for quadratic cloaks

Ideal Simplified [9]
! / 2
e e O
6=Ho=g 6 = He [Pz —b)+ 22
v 1 o
Sz—ﬂz—Tm &=l=1

Strictly speaking, the monotonicity condition, a requissrhby the coordinate transforma-
tion, is only valid for the ideal cloak. The simplified cloak mot directly obtained from the
coordinate transformation. Hence it may be questionabileeéfmonotonicity, and hence the
minimum thickness constrainb ¢~ 2a), are still applicable for the simplified cloak. We will
show later the significance of the wall thickness to the perémce of simplified quadratic
cloaks. Another issue worth noting is that, by starting fritv@ modified wave equation 4, it
has already been assumed thatis a constant. However, the simplification process ends with
a Uug parameter that is dependent on radiudevertheless, such a cloak with a PEC lining
was shown to be partially invisible [9]. The simplified quatic cloak will be compared to the
simplified linear cloaks in Sections 3 and 4.

2.3. Analysis procedure

Due to the fact that the wave equation inside a cylindricaéklis separable, the scattering
characteristics of a cloak can be examined in each cylinddder. The obtained scattering
coefficients in different orders are source independerdt iEhthey are inherent properties of a
cloak.

The calculation of scattering coefficients in each cylindriorder follows the procedure as
described in [10]. In short, the radial dependences of fieldaree layers of the EM system,
for a fixedm, can be written as

E; = 5 Fmdm(kor) exp(ime), ®)
EZ = S {4Qm+Z5Rn}exp(imé), €)
ES = Y {3dn(kor) +BoHs (Kor)} exp(im). (10)

In Egs. 8-10, the transcendental functid@g and Ry, are solutions to the cylindrical wave
equation in the cloak medium, which dependrogdy, andHr%z) are Bessel function and Hankel
function respectively:7, and #!, are coefficients. Théy, and Hr(nz) terms in the 3rd layer
are physically in correspondence to the incident and seatt@aves, respectively. Hence, the
scattering problem becomes to solve for, most importanty, (transmitted field) and#3,
(scattered field) subject to a given incidengg. The scattering and transmission coefficients
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in each cylindrical order are definedss= | %3/ .#| andtm = |5/ .#3|, respectively. When
m = 0, the scattering and transmission coefficients can be @edaralytically a€), andRy
are merely Bessel and Hankel functions respectively.

The scattering problem is tackled by using the finite-elemegthod (FEM) with the com-
mercial COMSOL Mutiphysics package. The incoming cyliedliwave is generated by a cir-
cular current source surrounding the cloak. The deriveddieltside and inside the cloak are
used to derive coefficients;3, %3, and.«} through a fitting procedure. Of course, if the cloak
has a PEC lining,&* and hencép, are simplify zero.s, andty can be calculated in turn.
The validity of this procedure will be confirmed by comparihg numerical results with the
analytical results (for simplified linear cloaks and wimeg- 0).

3. Inherent scattering properties

The invisibility performance of an ideal cylindrical clo@loes not vary with respect to the
cloak scale or wavelength. However, cloaks are imperfecedhey are simplified. They can
become cavities and have their own resonance conditioredr rivisibility performances in
turn are influenced by the cloak scale and the wavelengtreeTkey parameters, namely the
cloak shell's inner radiug, outer radiu®, and the free-space wavelengtlfor frequencyf) are
affecting the cloak’s performance. Detailed effects obththree parameters will be presented.
Recall that the Maxwell equations are scale-invariant.faneéase (decrease)Anis equivalent

to a decrease (increase) afandb together in proportion. Focus will be given to simplified
cloaks with a PEC lining.

3.1. Simplified cloaks with a PEC lining

Three types of cylindrical cloaks, including the previguproposed simplified linear cloak
[6, 7], improved simplified linear cloak, and the simplifiedagiratic cloak are presented in
this sub-section. All cloaks consist of a PEC lining. Whee #ffect ofb is analyzed, we fix
a=0.1m andf = 2GHz (orA = 0.15m). When the effect aiis analyzed, we fiv = 0.6m and
frequency is unchanged. When the the effeck @ analyzed, we fixa= 0.2m andb = 0.6m.
The calculated scattering coefficients for the three tygesnoplified cloaks are summarized
in Fig. 3. Panels in each row in Fig. 3 are for a particular tgpeloak, while panels in each
column are for the effect of a particular parameter. Onlystegtering coefficients for the first
four cylindrical orders are presented. In general, for Elhks the scattering is smaller when
the order numbemis larger.

From Fig. 3, it is quite evident that the originally proposgplified linear cloak [Fig.
3(al)-(a3)] induces relatively larger scattering in allirgrical orders compared to the other
two cloaks. The scattering in each order vary greathaabs or A changes, suggesting the
relatively strong cavity effect of the cloak. In a dramatantrast, the scatterings caused by
the improved linear cloak [Fig. 3(b1)-(b3)] have only vetiglkt dependence on either b
or A. The geometry-insensitive scattering characteristicgilshbe attributed to the perfect
impedance matching at the cloak’s outer surface. The EMesysiow does not have a closed
region bounded by reflective interfaces. Therefore a cadtyt be formed. For the simplified
quadratic cloak [Fig. 3(c1)-(c3)], the scattering chagastics is quite similar to that of the
improved linear cloak when its geometry fulfills the> 2a condition. The relatively small
scatterings are again due to the matched outer surfaceheitixterior space. With a relatively
thin cloak wall p < 2a), incoming cylindrical waves in general experience heaatterings.
This result confirms the applicability of the minimum thiggs requirement, i.d. > 2a, for
the simplified quadratic cloak.

One interesting observation from Fig. 3 is that, for all thtgpes of cloaks, the scattering
coefficient in each cylindrical order tends to converge tms®pecific value whe > a. For
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Fig. 3. The scattering coefficients in each cylindrical oraea function of eithelp, aor A.
(al)-(a3) Previously proposed simplified linear cloak;){d3) Improved simplified linear
cloak; (c1)-(c3) Simplified quadratic cloak. In each rove tift panel shows the effect of
b asa=0.1m andA = 0.15m; the middle panel shows the effectaohsb = 0.6m and
A = 0.15m; the right panel shows the effectbfasa = 0.2m andb = 0.6m.

example, the zefd-order scattering coefficies is apprroaching te-0.7, ands; is approach-
ing to ~0.16, etc. As the geometrical ranges of cloaks analyzedisnstihdy are considered
quite wide, the values suggests that the performances ddithglified cloaks may have an
upper limit. For the improved linear cloak and the simplifgagadratic cloak, scatterings are
dominated by the zelfborder component. For the originally proposed simplifiegér cloak,
relatively heavier scattering exists even whe- a. In addition, its scattered field is likely to
comprise a significant portion of high-order cylindricalwes.

3.2. Remark on simplified cloaks without PEC lining

In this sub-section, we briefly look into the scattering mdp of simplified cloaks without a
PEC lining. Most importantly, once the PEC lining is absc¢dietd is able to penetrate into
the cloak. As a consequence, the air column bounded=by becomes a cavity, which leads
to geometry-dependent scattering properties for all doak Fig. 4, we show the calculated
results for the improved linear cloak. The scattered fieldiserved to be affected strongly
by resonance/anti-resonance of the cavity, especiallygn4tb) and (c). This structure allows
an analytical derivation of the zéPeorder scattering coefficient [10]. Excellent agreement be
tween the analytical and numerical results are noticedgn4&iwhich confirms the validity of
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the deployed numerical procedure. It should be noticedtieadurves in Fig. 4 will be different
if an object is present inside the cloak, due to a change afdkity resonance condition.

The major difference noticed by comparing Fig. 4(a)-(c) Bigd 3(b1)-(b3) is that the curves
for the zerd-order scattering coefficient have been changed greatigoai no change is no-
ticed for the high-order curves. From our numerical caldores, form> 0 and when no PEC is
present, thé&; field has almost decayed to zero when the wave approaches ¢totik’s inner
surface. This explains why the high-order curves are net#édtl after a PEC lining is imposed.
In contrast, the zef®-order cylindrical wave sees the cloak as an isotropic ha@negus ma-
terial, so it is now free to go into and out of the cloak as goeerby the cloak’s resonance

condition. Hence, the scattered field is a strong functiothefcloak geometry, especially the
parametea.

2 1.0 ‘ 1.0 e e 1.0 ‘ — ‘ ‘
R Iy T U e B TR ©)
31% 0.8 08 J | 0.8 . .
© m=0 (analytic) 1 1 1 A /
Sos m=0 (numerical) 0.6 .o .o .o « .1 06
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%) B et S e e
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Fig. 4. Scattering coefficients in each cylindrical ordeadsnction ofb (a),a (b) or A (c).

For each parameter study, the other two parameters are fixbd same way as described
in Fig. 3 caption.

4. A comparison under plane wave incidence

Having known the inherent scattering properties, it is neghl to verify the findings by
some numerical experiments. Notice that scattering pettebtained in such numerical ex-
periments are source-dependent. Nevertheless they céitatively reflect the performances
of the cloaks. Here a plane wave of unit amplitude is choseth@@cident wave in all cal-
culations. The wave has = 0.15m and travels from left to right. Three types of cloaks are
studied, including the previously reported simplified &neloak, improved linear cloak, and
the simplified quadratic cloak, all with a PEC lining. For kdgpe of cloak, two cloak scales
are examined. Whila is kept constant at 0.1rb,is at 0.15m or 0.3m. The calculated far field
scattering patterns are summarized in Fig. 5. For refer¢nescattering pattern for a bare PEC
cylinder with a 0.1m radius is also imposed in the panelssédittered far fields are normalized
to the maximum scattered far field by the bare PEC cylinder.

For the previously reported simplified linear cloak, thettrang remains high and varies
wildly in angular direction, regardless of the cloak thieks. The sharp variation of the scat-
tered field value along the angular direction suggests tieahigh-order cylindrical waves ex-
perience heavy scatterings. In comparison, the improveghii cloak causes a relatively low
scattering at all cloak thicknesses. The reduction in edag) is around 10dB in the backward
and forward directions as compared to the bare PEC cylifitherrelatively small angular de-
pendence of the scattering pattern indicates that theesiaftby such a cloak is dominated
by the zer8-order cylindrical wave. The quadratic cloak experienceavly scattering when
b = 0.15m. The scattering is almost as large as that caused by thePBC cylinder. This is
due to the violation of the thickness constrdint 2a. At b = 0.3m, the scattering has dropped
greatly, and becomes comparable to that caused by an intplioear cloak.
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Fig. 5. The far field scattering patterns by the simplifiedakt with an identical plane
wave incidence (amplitude at 1). Green curves are for theéiqusly reported simplified

linear cloak. The red curves are for the improved simplifiaddr cloak. The blue curves
are for the simplified quadratic cloak. Dashed black curvesar the bare PEC cylinder.
(@a=0.1m,b=0.15m; (b)a=0.1m,b = 0.3m.

The E field patterns together with the Poynting vectors for thggees of cloaks, all with
a=0.1m andb = 0.3m, are shown in Fig. 6(a)-(c). In all cases a PEC lining iSpn¢. These
field plots can be compared closely with those derived aitaljy in Fig. 1. The streamlines for
poynting vectors are starting from the same positions asetisbhown in Fig. 1. By comparing
the corresponding fields in Figs. 1 and 6, we see that all iegblcloaks cause perturbations
to the plane wave. Nevertheless, all simplified cloaks asenked to imitate their respective
ideal versions by bending the Poynting vectors around therishell and then returning the
vectors back to the original trajectories. The perturbratiaused by the previously reported
simplified linear cloak [Fig. 6(a)] is larger than that cadi®sy the improved linear cloak [Fig.
6(b)]. By a careful comparison of fields in Fig. 6(b) and (a)eaan see that quadratic cloak
[Fig. 6(c)] bends the EM field more severely at locations etds the cloak’s inner surface,
whereas for the linear cloak [Fig. 6(b)] the bending happsesly at all radial locations. This
difference is also seen between the ideal fields shown inKlg). and (c). In all cases, the
maximum field amplitude has increased from the ideal caséhnik -1—1. The scattered
near fields (B by three cloaks are plotted in Fig. 6(d)-(f). The scattdield induced by the
previously reported simplified linear cloak [Fig. 6(d)] istronly very high in amplitude, but
also rather inhomogeneous angularly. In comparison, @tesed fields by the improved linear
cloak [Fig. 6(e)] and the simplified quadratic cloak [Figf)pére dominated by the zeforder
cylindrical wave with significantly lower amplitude. Theseattered near fields comply well
with the results we obtained in Fig. 3 and Fig. 5.

5. Discussion and conclusion

One advantage of the simplified quadratic cloak is that itamade non-magnetic as its per-
mitivity can be kept at constant 1 [9]. However, this advgets valid only for normal incidence
with a TM polarization (magnetic field is directed alondirection). In most real-world appli-
cations, a robust cloak needs to account for incoming EMdi@idall polarizations. Hence,
anisotropic and gradient permitivity profiles are still assary for such simplified quadratic
cloaks. If we compare the material parameters plotted is.Fi¢a) and (b), we see that the
simplified quandratic cloak has two gradient parametersenthe improved linear cloak has
only one. In addition, the variation @fy for the simplified quadratic cloak is much sharper at
r — a. These two factors suggests that the realization of a dieglguadratic cloak is likely
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Fig. 6. Snapshots of Hields around (a) a previously reported simplified lineaag&ldb) an
improved linear cloak, and (c) a simplified quadratic claak 0.1m, b = 0.3m. Poynting
vectors are shown in green lines. The scattergfieiids of the three cloaks in (a)-(c) are
shown respectively in (d)-(f). Domain for (a)-(c)7®x 0.75n?, and for (d)-(f): 12< 12n?.

to be more difficult compared to the improved linear cloak.

In conclusion, we have compared the scattering charatitsrisf three types of simplified
cylindrical cloaks, including the previously reported piified linear cloak, the improved lin-
ear cloak, and the simplified quadratic cloak. Among thel@dpboth the improved linear cloak
and the quadratic cloak are impedance-matched with theiextomain at their outer sur-
faces. Therefore these two cloaks exhibit better invigjbperformances as compared to the
previously reported simplified linear cloak. The simplifiggadratic cloak however requires a
minimum thickness (outer radius is twice of inner radiuspider to achieve low-scattering
operation. Hence it is not suitable for constructing thioagls. The scattering induced by the
improved linear cloak is found to be at a steadily low levelalless of its thickness. Together
with its relatively low requirement on material parameténg improved linear cloak can po-
tentially be a better candidate for realizing a near-imléstloak.
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