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Fig. 1. High directivity antennas based on photonic crystals: (a) Scheme of the two-dimensional photonic crystal;

(b) photonic band-gap of 2-D photonic crystal; (c) radiation pattern of monopole antenna inserted in 3-D photonic

crystal [01; (d) patch antenna with photonic crystal clad; (e), (f) are the radiation patterns of the patch without and

with photonic crystal clad (71,
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Fig. 2. High directivity antennas based on zero refraction index metamaterials: (a) Refraction in zero-index materi-

als; (b) and (c) are the monopole antenna inserted in zero-index metamaterial and its radiation pattern 16l (d) and

(e) are the horn antenna with zero-index metamaterial clad and its radiation pattern13]; (f)~(h) are respectively

the dual polarization patch antenna with zero-index metamaterial clad and the radiation pattern of x-polarization

11]

and y-polarization 1, (i) and (j) are the antenna with gradient-index metamaterial cover and its gain spectra[ .
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Fig. 3. Low RCS antenna based on metamaterials:

(a) Low RCS antenna based on absorption metamaterial;

(b) and (c) are respectively the spectra of RCS and gain [2%]; (d) low RCS antenna based on scattering metamaterial;
(e) and (f) are the reflectivity and gain spectra[27); (g) frequency tunable low RCS antenna; (h) and (i) are the

RCS and gain spectra (28],
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surface plasmon polariton (SPP); (b) resonant phase manipulation based on effective circuit model; (c¢) geometry

phase manipulation.

BEAL, R R R 2t A Al I8 U8 B A Ao 22 01 i
B, AT R R A O R 4 PO-0 X
Toft s R 26 A1 S 30 Jm) S AR Y 428 1A R0 =X, Lk
A R A 5 8 5 0 oA AR O R e AR
() JUAT A A7 192991 Berry 1971 Al Anandan (%) 4351
BT 772 U8 i 4 e 1) A RO L ART A 7 gk
17 THEFCRIEDR, 1338 7 JUATHAL S RG]
JUTERAR A OC. WP 4 (c) Fros B K 454, 7 5]

{TEEER Rl SR Ay AL N R L TR &
FAAESE IR S5 45 K 5 AR B il ) S A o 1D 2 5.

3.2 ETIRKEMBURRIBITRAR

2 )RRG5 1 A% 3 D 1) FE D R P A5 B A%
i PR B SR TSR A BN AN, ARG ER
TR, RO AR ST 1) A 4 2 R U 4
(¥ 75 2B IR R BRI R AE A PV el A 3 4

147802-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 14 (2017) 147802

. (H RN AR R AR E RS, B E
K Hbr, HAEREREE K. MG E, VIS5
B THOLE RS CRAM RS+, Wik, &
BE MRBE IR S A R R R 1 7 [ 1 R
RYSSA, SRTI 52 4% i 99/ S S e A T PR ), X e
R BRI KTk, HoE DSBS o 7 A 1 B))
A, WEKBEAMEREI, 5 T Es
St/ S e, NSRBI AR ST THN A R O R
BT A AR &R
3.2.1 BB BUR RARITH AR

FR 40 2 51 R 2 Jot 38 3 o O Y R A1) K 28 A A
A 5 BT ) S AR AL, AT DL S B OR 2R B A T
W) A ] AR FEE WA S (a) B, 2448
LR 2 2 18] AR AL 25 8 A IF, HY S8 R 5 8] A

v

0 = arcsin[—A¢/(kd)], FHH kAR, dNHBR
e [ [A] R

) 3 IV 9 K A 428 BB DR 4R 1 S Joit A2 15 vk B A A
AR Th RE A K 454, 78 5T B l— 2
(AR AL B, AT 428 )t 4 FR RS A 3 D7 ). Bt
FNREH T 2 PR KA AL f 451, PASEIT
ARSI AR B 5 (b)—(d) 23 5 A JURR g R
IR KA AL R 450, BFE R Y 42 BRI R 45
Fa) 109 TU D IR B Bt 45 4 1301 0 T2 R il i 4 g (70,
R T 18 T A U I 9 K 45 4 R B B o I 5 K 5
K, T LA RO SRR AR, ST S R
FAALI . OB, FAE IR JUAE IR AT
B AR R INE PIN ZhE B2 W S i,
AT SIS AR AL R B AS

(a)
|

/L

w0 | potAp [pot2A¢p s00+3A¢| """ soo+nA<p|
Wy
Wy
-
Sy

(b)

(c)

(d)

BI5  (a) SEIK G R 42 o A % 2 5 B R IR R L U8 ) 282 7 9 K 5 40 (b) TR S B i i 45 ey (69

(c) FTRAEI AR S H [30]; (d) TRty [70)

Fig. 5. (a) Scheme of the principle for phased array antennas; typical unit cells of metamaterial for phase ma-
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Fig. 6. Phased array antennas based on phase manipulating metamaterials: (a) and (b) are respectively the photo of beam-
steering antenna based on the metamaterial with ring slot and its far-field radiation pattern (37); (c) and (d) are the phased
array antenna based on the varactor loaded metamaterial and its radiation patterns [72]; (e) and (f) are the photo and radiation
patterns of phased array beamsteering antenna with polarization manipulation function[”3]; (g) and (h) are the photo and

radiation patterns of phased array antenna with two-dimensional beamsteering and polarization manipulation functions 1507
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Fig. 7. Typical beam deflector in light wave range: (a) Deflector based on the SP propagating phase manipulation
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different wavelength [42]; (e) active beam deflector based on GST in infrared range and (f) the radiation patterns

with different deflection angles (511,
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Fig. 8. Typical metamaterials for geometric phase manipulation: (a) Geometric phase manipulation metamaterial
based on V-shape structure [GQ]; (b) beam deflector based on the V-shape unit cell metamaterial [95]; (c) planar lens
for orbital angular momentum generation and focusing (861, (d) photo of planar lens based on dielectric metamate-
rial [66]; (e) and (f) are the perfect orbital angular momentum generator based on subwavelength catenary structure
and the generated fields[91]; (g) and (h) are the three-dimensional holograph generator based on the geometric
phase metamaterial and the radiated holograph [96]
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Fig. 9. Anisotropic polarization manipulating metamaterials: (a) Principle of polarization manipulation of anisotropic struc-
ture; (b) scheme of polarization manipulation metamaterial based on parallel strips; (c¢) meander-line metamaterial (1091,
(d) and (e) are respectively the I-shape metamaterial and its reflectivity spectra of co-polarization [101]; (f) and (g) are
the terahertz metamaterial based on metal strips and its reflectance spectra of co- and cross-polarization [196]; (h) and (i)
are the ultra broadband metamaterial for polarization manipulation with 2-D dispersion management and the spectrum
of polarization conversion ratio [110J; (j) the active anisotropic metamaterial in microwave band (111}, (k) tunable meta-
material based on MEMS [112] (1) terahertz reconfigurable metamaterial based on phase change material for polarization
control 1131,
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Fig. 10. Chiral metamaterial for polarization control: (a) Principle of circular polarization manipulation in chiral materials (561,
(b) typical chiral material of DNA molecule; (c) chiral metamaterial of two-layer twisted cross structure [33]; (d) chiral metama-
terial of two-layer twisted split rings 134]; (e) and (f) are the helix chiral metamaterial and its circular polarization transmission
in terahertz band [122]; (g) and (h) are the chiral metamaterial with two-layer twisted arc structure and its circular polarization
transmission [12%]; (i) and (j) are the reconfigurable chiral metamaterial using semi-conductor and its circular polarization trans-
mission spectra °0]; (k) and (1) are the active chiral metamaterial in microwave band and its circular polarization transmission

spectra of different working states [132],
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Table 1. Collection of meta-antennas on a sub-wavelength scale.
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SPECIAL ISSUE—Diffraction limit of electromagnetic waves
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Abstract

Since electromagnetic waves were discovered, effectively controlling them has been a goal and radiators with better
characteristics have always been chased by researchers. However, limited by the electromagnetic properties of nature
materials, traditional radiation technology is reaching its bottleneck. For example, traditional microwave antenna has the
disadvantages of large volume, heavy weight, narrow operating frequency band, etc., and cannot satisfy the development
requirement of modern communication systems. Therefore, the state-of-art radiation technology meets the challenge
of minimizing the size and broadening the bandwidth of radiators, and constructingmulti-functional and reconfigurable
antennas. In recent years, metamaterials have aroused great interest due to the extraordinary diffraction manipulation
on a subwavelength scale. Fruitful bizarre electromagnetic phenomena, such as negative refraction index, planar optics,
perfect lens, etc. have been observed in metamaterials, and the corresponding theories improve the fundamental princi-
ple systems of electromagnetics. Based on these novel theories, a series of new radiators has been proposed, which has
effectively overcome the difficulties in traditional radiation technology and broken through the limits of natural elec-
tromagnetic materials. The relating theory and technology may greatly promote the development of electromagnetics,
optics, materials.

In this article, we mainly review the recent progress in the novel electromagnetic radiation technology based on
metamaterials, which is named meta-antenna, including the principle of diffraction manipulation of metamaterial to
control the amplitude, phase and polarization of the incident electromagnetic waves. Subsequently, a series of radiation
devices is introduced, including the new phased array antenna on the concept of phase manipulating metamaterial, and
the high directivity antenna based on zero refraction index metamaterial and photonic crystal, and the low RCS an-
tenna simultaneously has the functions of gain enhancement and stealth ability. Besides, the polarization manipulation
characteristics of metamaterial are also reviewed. The anisotropic and chiral metamaterials are analyzed, and several
polarizers with broadband characteristics and reconfigurable ability are introduced. Furthermore, due to the importance
as future radiation sources, nanolasers that work on a subwavelengh scale are demonstrated. Finally, we point out the

current problems and future trend of the radiation technology based on metamaterials.

Keywords: subwavelength, metamaterial, meta-antenna, diffraction manipulation
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