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Abstract. Antennas are essential components of all exist-
ing radio equipments. The miniaturization of antenna is
a key issue of antenna technology. Based on supperscatter-
ing effect, we found that when a small horn antenna is
located inside of a dielectric core and covered with a com-
plementary layer, its far field radiation pattern will be
equivalent to a large horn antenna. The complementary
layer with only axial parameters varying with radius is
obtained using coordinate transformation theory. Besides,
the influence of loss and perturbations of parameters on
supperscattering effect is also investigated. Results show
that the device is robust against the perturbation in the
axial material parameters when the refractive index is kept
invariant. Full-wave simulations based on finite element
method are performed to validate the design.
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1. Introduction

It is well known that the directive coefficient of
an antenna is a direct proportion to aperture, but an inverse
proportion to the square of wavelength. For a required
antenna gain, how to achieve it using a small aperture an-

tenna instead of a large one is a key issue in antenna design.

In the past decade, a fascinating term “metamaterials”
[1] has attracted a great deal of attentions since it provides
many possibilities to explore unknown physical phenom-
ena and fabricate novel devices such as perfect lens [2],
antennas [3-5], and sensors [6], [7]. The idea of transfor-
mation optics generalized by Leonhardt and Pendry et al.
[81, [9] built up a bridge between the function of metamate-
rials and material parameter distribution, and provided
great convenience to the manipulation of electromagnetic
field. Cloak is perhaps the most famous application. Since
the first cloak [10] was realized at microwave band based
on metamaterial technology, great attentions has been
drawn to this area [11-16]. Apart from cloak of invisibility,
some other electromagnetic devices [17-24], such as con-

centrator, transparent structure, field rotator, beam
expander and shrinking device can also be realized with
this methodology.

Recently, the concept of superscatterer was proposed
by Yang et al. [25]. It means that the object looks like
a scatterer larger than its geometry size in electromagnetic
wave direction. The effect of superscattering plays an im-
portant role in electromagnetic camouflage. For example, it
is capable of concealing an entrance [26] or building up
an invisible tunnel between two waveguide [27]. Based on
supperscattering effect, we propose a novel directive an-
tenna with small aperture but the same gain as a large one
in this paper. Constitutive material parameters with only
axial components varying with radius are derived. Full
wave simulation considering the influence of metamaterial
loss and material parameter deviation are carried out to
validate the performance of the device.

2. Method and Simulation Model

Fig. 1 shows the schematic diagram for the construc-
tion of a superscatterer. The core media with a radius a
satisfies linear transformation of f{r”) = c¢r’/a, and the ma-
terial parameters can be easily obtained as g =p =1
€, =H, =1 &=pul=(c/a)’  The complementary media
layer colored in black is obtained by folding the air layer
bounded between b and ¢ in the virtual space () into the
region bounded between a and b in the physical space
(€Q').We suppose the transformation function between the
physical space and the virtual space is in the form of
r=f(r"), where f(;')is a continuous function of ', and it
satisfies fla) = ¢, f{b) = b. According to the optical transfor-
mation theory and the form invariance of the Maxwell’s
equations, relative permittivity ¢’ and permeability ,' of
the complementary media can be written as:
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Fig. 1.

(Color online) Schematic demonstration for the
coordinate transformation of the supperscatterer.

We can notice that numerical values in (1a) and (1b) are
reciprocal, that is, if one is set as a constant, the other can
be fixed. Suppose that:

o, _rdf(h/dr
g(ﬂ = o = T = mO M (2)
Solution of this differential equation is given by
r=f(r"y=mr"™ 3)

where m, =log,,, (c/b),m= ™™ Then material parame-

ters of the complementary media layer with only axial
components varying as a function of radius can be obtained
as follows.

g =u =1/m,, (4a)
&, =M, =m, (4b)
}’" 2(my=1)
el =4 =m, (;J . (4¢)

With this coordinate transformation, regions (a,b) and (b,c)
are complementary to each other, and the whole physical
space is optically equal to a circle of air with radius ¢, and
is thus invisible to any incident wave. If we replace the
dielectric core with a perfect electric conductor (PEC), the
device with a radius b will have an equivalent scattering
cross section to that of a larger PEC with a radius ¢, and
this is the superscattering effect. Now we use this intrigu-
ing effect to design a small directive horn antenna with the
same functionality as an equivalent large one. Fig. 2(a)
shows a large horn antenna made of PEC material is placed
in the region of < ¢ in the original space.

Fig. 2.

(Color online) (a) The large horn antenna in the
original space. (b) The small horn antenna embedded
in the dielectric core of the transformation media.

By compressing the domain (r<c¢) into the domain
(r’ < a), we obtain a small horn antenna embedded in the
dielectric core, and coated by the complementary layer, as
shown in Fig. 2(b). Geometry size of the small horn an-
tenna is minimized by a factor of c/a with relative to the
large one. In the next section, we make full wave simula-
tion to demonstrate superscatterering effect.

3. Results and Discussions

In this section, electromagnetic characteristics of the
miniature horn antenna are simulated based on the com-
mercial software COMSOL Multiphysics. We consider the
case of transverse-electric (TE) polarization, and only &,
Uy, U, components of the material parameters are required.

Fig. 3(a) shows the electric field distribution in the vi-
cinity of a larger horn antenna, of which the aperture width
is w;=212.1 mm, the taper length is L;=76.1 mm, the
length and width of the feeding waveguide is w,= 60 mm
and L,= 177 mm, respectively. It is excited by a current
line source located at the vertex of the taper. The far field
intensity is plotted in Fig. 3(c) (the solid line). The half-
power beamwidth (HPBW) is about 6.9°. It indicates that
this horn antenna possesses a good directional radiation
characteristic. Fig. 3(b) displays the electric field distribu-
tion in the computational domain of a small horn antenna
coated with the transformation media, of which the inner
and outer boundaries are ¢=0.05m, b=0.1 m, and
¢=0.15m. We can clearly observe that outside the region
of r=c, the functionalities of both the two antennas are
almost the same.

s ) | @)

0
(&)

!
=

£ ya!
1) - 10
8 T T ;
— Original horn antenna
7 [==--Miniaturized horn antenna
6_
E 5
2,
= 4
o
2_
1k J
L A ©
0 50 100 150 200 250 300 350

Angle (deg.)

Fig. 3. (Color online) Electric field distribution of a large horn
antenna (a) and a small horn antenna coated with the
transformation media (b). (¢) Far field intensity.

The far field intensity profile is shown in Fig. 3(c)
(dashed line). The HPBW is about 7.6 °. As can be seen,
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the directional property of the small horn antenna coated
with the transformation media coincide well with that of
the large one. Compared with dielectric lens antenna, of
which the directive emission lies on the shape of the lens,
the directivity of a horn antenna is mainly determined by
the horn aperture size. Besides, since the size of a lens
antenna possesses a large electric length, it usually operates
at millimeter wave band. The above simulation results
indicate that the effective size of a small horn antenna can
be amplified based on the superscattering effect, and then
the same directivity as a large one can be achieved. That
means the effective size of a desired horn antenna can be
miniaturized based on the superscattering effect, which is
quite important in modern antenna design.

Since metamaterials are always lossy, in what fol-
lows, we investigate the influence of loss tangent on the
superscattering effect, and material parameter deviation is
also considered. Fig. 4(a) shows the scattering pattern of
a PEC cylinder with radius of »=0.15m. The TE plane
wave with frequency of 3 GHz and unit amplitude propa-
gates from left to right. Such a large scatterer can be re-
placed by a smaller supperscatterer, as shown in Fig. 4(b).
Geometry size of the superscatterer is two-thirds that of the
PEC cylinder.
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Fig. 4. (Color online) Electric field distribution in the
computational domain. (a) PEC cylinder. (b) Ideal
superscatterer. (¢) g =0.01. (d) g5 =0.1.

Comparing Fig. 4(a) with 4(b), it is clear that field patterns
in the region of 7' > 0.1 m are almost identical. It indicates
that the superscatterer effectively acts as a special device
with large scattering cross section than its real size. But
when loss tangent (tgd) is introduced into the complemen-
tary layer, it will affect the field pattern both in the forward
and backward scattering region, as shown in Fig. 4(c) and
4(d). To give a quantitative illustration of the influence of
loss on superscattering effect, scattering width defined as
o(p) =21 R |E;(@, R)/E|* is calculated. Here, R is the
distance from the object where the far-field scattered field
E,. is evaluated, E;,. is the incident field, ¢ is the incident

angle. Curves in Fig. 5 show the scattering width of the
superscatterer with electric and magnetic loss tangents
(tgd) of 0, 0.001, 0.01, and 0.1, respectively. We can ob-
serve that when loss tangent is 0.001, it has little influence
on the performance of the superscatterer. Further increase
the loss tangent of metamaterials will result in a decrease in
scattering width. When loss tangent is equal to 0.01 and
0.1, the deviation of scattering width with respect to the
perfect value will be 0.9 dB and 3.5 dB, respectively.
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Fig. 5. Scattering width of the superscatterer with loss tan-

gents of 0, 0.001, 0.01 and 0.1 respectively.

To investigate the influence of material parameter de-
viation on superscattering effect, we simulated the electric
field distribution in the computational domain of the super-
scatterer when the axial component ¢, is multiplied by a co-
efficient of #. This represents the axial material parameter
is slightly deviated from the perfect value. Both the
negative (7 =0.9) and positive (# = 1.1) deviation is con-
sidered. Simulation results are shown in Fig. 6. We can ob-
serve that negative deviation in axial parameter has a weak
impact on the performance of the superscatterer. But a po-
sitive deviation will deteriorate superscattering effect
especially in the forward scattering region. When the axial
parameter is deviated by a factor of # = 1.1, the following
two cases are considered:

(1) the impedance ( 7z = \/ u, &, and \/ u /e ) is kept

invariant;

(ii) the refractive index (= _/ 8. and _/ wue, ) is kept
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Fig. 6. (Color online) Electric field distributions in the
vicinity of the superscatterer when axial parameter ¢, is
deviated from perfect value. (a) 7 =0.9. (b) p=1.1.
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Simulation results of scattering width are plotted in
Fig. 7. It is obvious that scattering width of the non-ideal
superscatterer agrees well with the perfect one when re-
fractive index is kept invariant. That means keeping the
refractive index invariant is the best choice to reduce the
influence of material parameter deviation on the perform-
ance of the superscatterer.
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Fig. 7. Scattering width of the superscatterer with positive de-

viation in axial material parameters. Case I: the imped-
ance is kept invariant; Case II: the refractive index is
kept invariant. The solid line denotes the scattering
width of the ideal superscatterer.

4. Conclusion

In conclusion, a miniature directive antenna is pro-
posed based on superscattering effect. Using full wave
simulation, we demonstrate that when a small horn antenna
is located in the a dielectric medium and coated with
a complementary layer, its radiation properties will be
equivalent to a larger one, which shows some advantages
in opening up an avenue for minimizing the size of
antennas and may have potential applications in radio
engineering.

Acknowledgements

This work was supported by the National Natural
Science Foundation of China (Grant Nos. 60861002,
61161007), the Scientific Research Foundation of Yunnan
University (Grant No. 2010YB025), and NSFC-YN (Grant
No. U1037603).

References

[1] SHELBY, R. A., SMITH, D. R., SCHULTZ, S. Experimental
verification of a negative index of refraction. Science, 2001,
vol. 292, no. 5514, p.77-79.

[2] PENDRY, J. B. Negative refraction makes a perfect lens. Phys.
Rev. Lett., 2000, vol. 85, no. 18, p. 3966-3969.

[3] CHEN, P. Y., ALU, A. Sub-wavelength elliptical patch antenna

(4]

loaded with p-megative metamaterials. /EEE Transactions on
Antennas and Propagation, 2010, vol. 58, no. 9, p. 2909 - 2919.

YANG, J. J,, HUANG, M., PENG, J. H., XIAO, Z. Design of
multi-beam antennas based on Epsilon-Near-Zerometamaterials.
International Journal of Electronics and Communications (AEii),
2011, vol. 65, no. 6, p. 543-547.

YANG, J., HUANG, M., PENG, J. H. Directive emission obtained
by mu and epsilon-near-zero metamaterials. Radioengineering,
2009, vol. 18, no. 2, p. 124-128.

YANG, J. J., HUANG, M., YU, J,, LAN, Y. Z. Surface whisper-
ing-gallery mode. Europhysics Lett., 2011, vol. 96, no. 5, p. 57003.

HUANG, M., YANG, J., SUN, J, SHI, J. H., PENG, J. H. Model-
ling and analysis of Q-shaped double negative material-assisted
microwave sensor. J. Infrared Milli Terahz Waves, 2009, vol. 30,
no. 11, p.1131-1138.

PENDRY, J. B., SCHURIG, D., SMITH, D. R. Controlling
electromagnetic fields. Science, 2006, vol. 312, no. 5781, p. 1780
to 1782.

[91 LEONHARDT, U. Optical conformal mapping. Science, 2006,

[10]

[11

[12

[15

—

—

[t}

[16]

[17

[18

[19

[20

[21

—

[}

[}

]

—

vol. 312, no. 5781, p. 1777-1780.

SCHURIG, D., MOCK, J. J., JUSTICE, B. J., CUMMER, S. A,
PENDRY, J. B.,, STARR, A. F., SMITH, D. R. Metamaterial
electromagnetic cloak at microwave frequencies. Science, 2006,
vol. 314, no. 5801, p. 977-980.

LIU, R.,JI, C., MOCK, J. J., CHIN, J. Y. CUL, T. J., SMITH, D. R.
Broadband ground-plane cloak. Science, 2009, vol. 323, no. 5912,
p- 366-369.

LIU, X., LI, C, YAO, K., MENG, X., FENG, W., WU, B,, LI, F.
Experimental verification of broadband invisibility using a cloak
based on inductor-capacitor networks. Appl. Phys. Lett., 2009,
vol. 95, no. 19, p. 191107.

ALITALO, P., TRETYAKOV, S. Electromagnetic cloaking with
metamaterials. Materials Today, 2009, vol. 12, no. 3, p. 22-29.

LAL Y., CHEN, H. Y., ZHANG, Z. Q., CHAN, C. T. Complemen-
tary media invisibility cloak that cloaks objects at a distance out-
side the cloaking shell. Phys. Rev. Lett., 2009, vol. 102, no.9,
p- 093901.

YANG, C. F., YANG, J. J., HUANG, M., XIAO, Z., PENG, J. H.
An external cloak with arbitrary cross section based on
complementary medium and coordinate transformation. Optics
Express, 2011, vol. 19, no. 2, p. 1147-1156.

MA, H., QU, S., XU, Z., WANG, J. The open cloak. Applied
Physics Letters, 2009, vol. 94, no.10, p. 103501.

RAHM, M., SCHURIG, D., ROBERTS, D. A., CUMMER, S. A.,
SMITH, D. R., PENDRY, J. B. Design of electromagnetic cloaks
and concentrators using form-invariant coordinate transformations
of Maxwell’s equations, Photonics and Nanostructures- Funda-
mentals and Applications, 2008, vol. 6, no.1, p. 87-95.

YANG, J. J.,, HUANG, M,, YANG, C. F., XIAO, Z., PENG, J. H.
Metamaterial ~electromagnetic  concentrators with  arbitrary
geometries. Optics Express, 2009, vol. 17, no. 22, p. 19656-19661.

YANG, C. F,, YANG, J. J.,, HUANG, M., SHL J. H,, PENG, J. H.
Electromagnetic cylindrical transparent devices with irregular
cross section. Radioengineering, 2009, vol. 19, no. 1, p. 136-140.

RAHM, M., ROBERTS, D. A., PENDRY, J. B., SMITH, D. R.
Transformation-optical design of adaptive beam bends and beam
expanders. Optics Express, 2008, vol. 16, no.15, p. 11555-11567.

JIANG, W. X., CUL, T. J,, YANG, X. M., MA, H.F.,, CHENG, Q.
Shrinking an arbitrary object as one desires using metamaterials.
Appl. Phys. Lett., 2011, vol. 98, no. 20, p. 204101.



516 JING-JING YANG, MING HUANG, FU-CHUN MAO, JING SUN, ANTENNA MINIATURIZATION BASED ON SUPPERSCATTERING ...

[22] CHEN, H., CHAN, C. T. Transformation media that rotate
electromagnetic fields. Appl. Phys. Letts., 2007, vol. 90, no. 24,
p. 241105.

[23] CUL, T. J., LIU, R., SMITH, D. Metamaterials: Theory, Design,
and Applications. Boston, MA: Springer-Verlag US, 2010.

[24] CHEN, H., CHAN, C. T., SHENG, P. Transformation optics and
metamaterials. Nature Materials, 2010, vol. 9, no. 5, p. 387-396.

[25] YANG, T., CHEN, H., LUO, X., MA, H. Superscatterer: Enhance-
ment of scattering with complementary media. Optics Express,
2008, vol. 16, no. 22, p. 18545-18550.

[26] LUO, X., YANG, T., GU, Y., CHEN, H., MA, H. Conceal an en-
trance by means of superscatterer. Appl. Phys. Lett., 2009, vol. 94,
no. 22, p. 223513.

[27] ZHANG, J., LUO, Y., CHEN, H., HUANGFU, J., WU, B. I,
RAN, L., KONG, J. A. Guiding waves through an invisible tunnel.
Optics Express, 2009, vol. 17, no. 8, p. 6203-6208.

About Authors ...

Jing-jing YANG was born in Hekou, Yunnan, China. She
received the B.S. and M.S. degrees in Electric Engineering
from Yunnan University, China, in 2005 and 2007, respec-
tively, and received the Ph.D degree in 2010 from Kun-
ming University of Science and Technology, China. Her
main research interests include wireless communication,
computational electromagnetism and electromagnetic
theory.

Ming HUANG was born in Wenshan, Yunnan, China. He
received the B.S. and M.S. degrees in Electric Engineering
from Yunnan University, Kunming, China, and the Ph. D
degree in Microwave Engineering from Kunming Univer-
sity of Science and Technology, China, in 1984, 1987, and
2006, respectively. He is currently a professor at School of
Information Science and Engineering, Yunnan University.
His main research interests include wireless communica-
tion, microwave power application, and metamaterials. In
his research area, he has (co-) authored 5 books, over 90
refereed journal papers and international conference pa-
pers. One of his research papers was highlighted by Nature
China in June, 2007.

Fu-chun MAO was born in Dali, Yunnan, China. He re-
ceived the B.S. degree from Yunnan University, in 2011.
Now he is a graduate student at School of Information
Science and Engineering, Yunnan University. His research
interests are in the fields of electromagnetic computation
and research of metamaterials.

Jing SUN was born in Xu Zhou, Jiangsu Province, China.
She received the B.S. degree in Electric Engineering from
Yunnan University, Kunming, China, in 1985. She is cur-
rently an associate professor at School of Information
Science and Engineering, Yunnan University. Her main
research interests include electronic and wireless communi-
cation.



