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Bl Stof KL 8 R T A SR TS s P I 5 v R R 2 (R E P, R R — e L B s e R T
TG, SEBL YRR G A Y Rl PN B A R AT S P R R A AN SO ettt T — R R R T RR G R
Pt S SR AR RS B, BTN 1 mm, RPN 0.300 (Ao = 20 mm), TAESIBL 1518 GHz, 1 5%k 1
%5 TG AL BRI AR P B R I AE 15— 18 GHz Y0 [l P35 HLRE I PR 77 37 SO 55 SRR R . SR T I s S 5
FEBR N T M R 2, 5 B 5 MRS RIIRM, R = a5 7E 15—18 GHz NP3 n 7 11 dB
H —1 dB #2547 %~ 1518 GHz (FAXFH7 %60 18.2%). tT B E &R AT, itz o T
RS FEE T 2 THIE Sl 03 P, A B8y o 8 2 R 4R 1) SE IR A 1) U7 V.

KBEIE): ANCIERIE R M, 8, T, RER
PACS: 77.22.-d, 73.61.-1, 84.90.+a

1 5 =

A ELE T H AR A S IEAAEAE L AR
FEFAR BT R NG A RE, B iE 5 3
FL O 22 4T B A A AR R B . IR
K, WAL A R BRI TE L ) B PR
JH 7 TV IS T A Ak J OOl i b — R AE IR
W U1 B 20 P H e 191 45 7y i O e R R
THAE AR — 4P 15 Y, filn ) LAE © RO
A RHIE T2 AT P R MBI, ey, R LA BB 3%
[l (phase gradient metasurfaces, PGMS) [7=11]
T DA Sk Bk B I O A AT R s D2 2 3] T
BT T2 R00E. AR B2 R R A=
F2011 47, Fewl el Y5 DRI, AR T T X
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S BB BT T IAE. — RO AL R R
T A2 5 TR A RA AR AL A2 ) B AR BT L AT
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Fig. 1. Schematics used to derive the generalized law

of reflection.
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2 (a) BRI HRITEM; (b) HRIE
Fig. 2. (a) Structure of the PGMS element; (b) simu-
lated setup.
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Fig. 3. Reflected phase change with r; (1.0—2.5 mm)
at (a) 15 GHz, (b) 16 GHz, (c) 17 GHz, (d) 18 GHz.

2.3 BEHEFRFWIE

NGRS, 1E f = 15 GHz AL it A
ARG A AL 2 AP = 60°, i#EE CST Microwave
Studio Xf BT it () BT AT 0 5, FE 07 H45 R 4y
AR EC ry BB ANER 1 A8, Pirade ROST 0 B AR AL A
BT S E R K

*1 ERMH r 4H3H (mm)

Table 1. Structural parameters of metallic patch 71 (mm).

7"1(1) 7"1(2) 7"1(3) 7"1(4) 7"1(5) 7‘1(6)
2.50 1.93 1.75 1.67 1.61 1.51

A B, A 7 Mk 2K A4 CST Microwave Studio
XF LT AR L A5 P2 R 2 T EAT A= 07 BT, T 4 B

N, @ 7 R — 2 75 16 3 L S BB R
L, Herby J7 18 8 A A 5 %A

Kla —dearm s
Fig. 4. Structure of one-dimensional anomalous reflec-

tion.

T EMIGE 15—18 GHz 4t P 745 5 S 55 1%

B, TATUEE voz THIN ML 53, B 5 AT LAY 28 4

B BT BN AP TH JE J EE R T R B R

SKFTOR G BT AR g5 ), GESE T AR R A,

ERATMELR], 15 GHz £ 18 GHz DY Ak [z
R R SEIL.

K5 (MTER) zoz MANEFRFTEER (a) 15 GHz;
(b) 16 GHz; (c) 17 GHz; (d) 18 GHz

Fig. 5. (color online) Simulated results of anomalous re-
flection at zoz-plane at (a) 15 GHz, (b) 16 GHz, (c)
17 GHz, (d) 18 GHz.

N1 R KA T A R R, AT
F CST Microwave Studio 1jj B #4152 7 K 6 Ay
TNHY IR — 4 G A S1a . BRI 6 AT RN,
15—18 GHz &b 55 R4/ T —10 dB, #—H i
ST R A T T e
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Fig. 6. S11 of one-dimensional anomalous reflection.
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S AL, BT R TR R SR B AR (4)
ORI, NS T I 0 iad R 3 T 2 7 72 [ 7 AR il A
Y 5 RERIARGL o0 A, R EEAE AR AL fo b,
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Fig. 7. Schematics used to describe focusing effect.

1E a5 ) L 3RATTFR A 134 L it ik &
T 6K 55 360° AHAS, RIS 7E8EAS - J71a) BRI
B AT 2 (4) 3K, —4EARALBR B 8 SR T 1E 2oy °F
TP FRIARAL A3 A L B 8, ¥ o = 1 x 6, y = 0,
H(1x6,0)—¢y = 1/36, Ao = 20 mm (f = 15 GHz),
AR L = 64.7 mm, [FFE{EATE 16,
17, 18 GHz &b 13 4586 73 7128 68.9, 73.3, 77.6 mm,
15—18 GHz WA EEAH 22 AN K, P3N sl kb
FEPEARZE 3 mm, X 58T R AERCR PR A SRR,

FH UG AT 45 HH 25 x 25 AN 550 44 i B0 A 467 456 B2
R T S T AR R A, A BRSSO 150 mm x
150 mm, H7E CST Microwave Studio P A4 11
Bl 9 .
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Fig. 8. (color online) Relative reflection phase distri-

bution in zoy-plane.

K9 HEALBRRERE R 1 St S AR 41
Fig. 9. Reflected focusing array of phase gradient

metasurfaces.
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V/m

2.000
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—1.310
—1.560

—2.000

10 (MFIEE) zoz PN ERH B (a) 15 GHz; (b) 16 GHz; (c) 17 GHz; (d) 18 GHz
Fig. 10. (color online) Simulated reflected electric field distribution in xzoz-plane at (a) 15 GHz,
(b) 16 GHz, (c) 17 GHz, (d) 18 GHz.

7 SFoO T 12 (b), REAE 1518 GHz 4k 1# Sp1 3

0 / AT 10 dB, 54 T BT LA Vivaldi
. 5 \\// REEWYR, BT L = 64.8 mm 4b.
= 4 A / \ N
= AV I 24.5 mm N
P = >
/ \/
EVAA

1 g g

0 \/ 64.8 f] m g

0 20 40 60 80 100 —
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El11 15 GHz {f KA R &

Fig. 11. Schematics of simulated focal distances at

5 mm

15 GHz. 0
(b)

7R I15 GHz % JE ) 4 B 7% 8 1, 5 B K BUE o
L = 64.8 mm#4t, [F3 7] 45 )16, 17, 18 GHz o 16
MR EER S BMNL = 69.0, L = 73.8 mm, FRL \
L = 77.9 mm, 0y 2ORTHR i H 51 A . 5 o \

—22 \

—24
33 BERREBREAESEaX&d a6 [

H9 Rz A 28 15 16 17 18 19 20
HRAR O i 500 S, R A1 R 4 T G
B 25 TR YUy E B YE ST A Vivaldi K2k, B 12 H B 12 (M) (a) Vivaldi REWER]; (b) Vivaldi
. 7 REME S11 5 R

A LIDNL N ¢ . . H % M
g 7 ARSCBITi Vl‘Va‘ldl REHZHA Su EEE%%’ Fig. 12. (color online) (a) Parameters of Vivaldi an-
lgl 12 (a) Eijél/ﬁ\ 'EH T Fﬁﬁﬁ‘% Vivaldi 7(23% E"]%ﬁﬁ tenna; (b) simulated S11 of Vivaldi antenna.
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K13 (MTIEt) 3D iEx 7 inE  (a) 15 GHz; (b) 16 GHz; (c) 17 GHz; (d) 18 GHz
Fig. 13. (color online) 3D simulated farfield radiation pattern for (a) 15 GHz, (b) 16 GHz, (c) 17 GHz, (d) 18 GHz.

2 CST Microwave Studio 1fj H .13 2| & 13 (a),
(b), (c), (d) Bl REAE 15, 16, 17, 18 GHz 4k 3D
AR TR, AT TR, KRR AT AR, B8
BIRELEEPIRPBOR AL, SRR SN T
Vivaldi KM .

N T B IR B T ) R 2 TR 1 R, KA N
TR T B 14 B 7 1 68 2 TS24 A Vivaldi
K&z, M H Ok Vivaldi K 28 808 £ 15 N
L =64.8 mm &b, MR FEA1E 14 (d) Pros.

B, 1527 B 15 FE 16 R R,
FH fEIR T 2oz I W Vivaldi KE&TEHR BEMEK
THIFH 5 A7 5% A R 2 1D I 1) 07 L ATt 2 R 20 i
K15 A1 16 7 %0, 761518 GHz X PS4 A Ab,
REGIZE /MG T 12, 11.5, 11.2, 11 dB, {7 EA
SIS S RFF A R, RN HE RS dB Y
FEXT T 55 18.2%.

IR, FRATT R B B T e R AR AN
I FE AT AR T R FRED AR S B T 7 57 R 4,

B 14 (MR

) L (a) BRI IEME; (b) Vivaldi
Kk; (c) mitliai R4k (d) Ml
Fig. 14. (color online) The photographs of (a) meta-

surfaces top view, (b) Vivaldi antenna, (c) high-gain

antenna, (d) experiment.
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Fig. 15. (color online) Simulated and measured farfield
radiation pattern at (a) 15 GHz and (b) 16 GHz of the
Vivaldi antenna with and without the PGMS in zoz-

plane..
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Fig. 16. (color online) Simulated and measured farfield
radiation pattern at (a) 17 GHz and (b) 18 GHz of the
Vivaldi antenna with and without the PGMS in zoz-

plane.
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Abstract

The phase gradient metasurface has strong abilities to manipulate electromagnetic waves on a subwavelength scale
and has a potential to enhance the antenna gain. Based on the single multi-resonance metallic patch srtucture, we
propose a new kind of ultra-thin broadband unit cell to manipulate electromagnetic waves and enhance the gain. It has
been demonstrated that anomalous reflection can be achieved by utilizing the magnetic resonance between metallic patch
and ground plane. Moreover, it is believed that resonance with low quality factor (@ factor) is useful in extending the
working bandwidth. In order to extend the bandwidth of phase modulation, it is necessary to design a kind of low-Q unit
cell. Besides, we need to extend the phase shift to cover the entire range [0°, 360°] to achieve the focusing effect. Thus
we design a suitable symmetrical unit cell composed of ring and cross metallic patterns to control the phase of reflected
waves. The symmetrical structure is useful for decreasing the @ factor so as to get a kind of low-Q unit cell. Theoretically,
ring and cross metallic patch can be regarded as multi-resonance unit cells, which can cover the entire scope [0°, 360°].
The unit cell operates at 15-18 GHz with a thickness of 1 mm and the sides of 0.3X\¢ (Ao = 20 mm). Furthermore, we
design a phase gradient metasurface composed of the designed unit cell to verify the broadband anomalous reflection
and focusing effects in CST Microwave Studio; the effect can be clearly illustrated in the simulation results obtained
at 15-18 GHz. Due to the successful conversion from plane wave to quasi-spherical wave, we can place the Vivaldi
antenna at the focal point of the metasurface as a feed source to transform the quasi-spherical wave to plane wave to
enhance antenna gain. The simulation results are in good agreement with the theoretical analysis. Meanwhile, the
designed metasurface and Vivaldi antenna have been fabricated and applied to enhance the gain of Vivaldi antenna.
Both simulation and test results show that the peak gain has been averagely enhanced by 11 dB during the —1 dB gain
bandwidth of 15-18 GHz and the fractional bandwidth is 18.2%. Moreover, due to the thin thickness, light weight and
broad band, the designed unit cell may open up a new route for the applications of phase gradient metasurfaces in the

microwave band region, and may also used as an alternative of high-gain antenna.
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