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Non-Contact Respiration Measurement Using Ultra-wideband Array Radar
with Adaptive Beamforming Technique
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Abstract  In the radiation therapy, the accurate real-time estimation of the position of tumor is required because that varies
over time with respiration. Tumor position is predicted from the X-ray fluoroscopic image of the body and the breath phase.
However, the accuracy of the prediction deteriorates when the breathing type is not known. To solve this problem, in this paper,
we propose a new method to separate the signals from the chest and abdomen using ultra-wideband (UWB) radar based on an
adaptive beamforming technique. First, we estimate the positions of the targets using the Capon method, and modify the method
for near-field two-dimensional scanning. Next, we separate the signals using the directionally constrained minimization of power
method that suppresses the off-axis signals by calculating the optimal weighting vector. We estimate the displacement at each
scattering point using the separated signal, and evaluate the performance of the proposed method via realistic numerical
simulation. The conventional non-adaptive beamforming technique failed to estimate the two scattering positions. However, the
proposed method succeeded in estimating the scattering positions. The root mean squared errors of the displacement estimated
using the proposed method at two scatters was less than 0.3 mm.

Key words Ultra-wideband radar, adaptive array processing, Capon method ,respiration
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Non-reciprocal Metamaterials Origin of Non-reciprocity
.“ Asynn»;vrv,emc z i 821\Transparency )
o mod.;"“‘““ I GS TR 1) Broken time reversal symmetry | g2
- ! S el : Use of gyro-tropic media, active circuits, pepp
= G 3 Do i::m ik time-varying switches in network Suitioring eincuits
Fround plane - | o’ 7
AT, - N &==) |Nonreciprocal transmission |

From gyro-magnetic to nonmagnetic media: active circuits
- 2) Broken space inversion symmetry

Asymmetry of the unit cell or Asymmetric
wave-guiding structures inserfion of stubs

2 e We focus on how to design asymmetry
Kodera et al, APL 2011 Popa & Cummer, PRB 2012 of the wave-guiding structure
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Phase Shifting Nonreciprocal CRLH MM

\ FW 4= Power flow
n>0 . AL TAVIEY i -
: - 4K Phase flow
- g FW with positive index
BW
n<0

Pha se flow

BW with negative index

Pseudo-traveling wave resonator
-~ Reflectors ~
Nonreciprocal l

. CRLH MM
0o 48 i) « Size-free resonance
* Tunable phase gradient and
Ueda et al., IEEE T-AF, 2009. uniform magnitude of fields
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Highly Efficient Leaky Wave Antennas

Pseudo-traveling wave resonator
with automatic power-recycling system
implemented to beam steering leaky wave antennas

FW rad. BW rad. —
Refl. / / Refl. =sin"(AB/ B,)

=sin” (An,;(@))

AT
M= |~

: Beam steering by changing H,
0 Aﬂ ﬂ Ueda et al., -MTT, 2012.
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Leaky Wave Antennas and Beam Squint

%Leaky wave radiation  |@ =sin™'(8/f3,)
i 0
LT — =sin" n,, (o)
» —TF
i '
&3 yamvi vwﬂ o
= ~ :
g :r_/ \\/I./ ZQ -Ji, N..::V.-;
=3 o A o ‘.'7 ““““ —_,
g " ot T e v,
L "6 45 0 45 90-% w2 0 w2 30 ¢ 3 0
Scan Angle, G (°) Bp, (rad) Velocity, (x10® m/s)
b, 1 1 ! =
= = e e, —em, v, =V, Zero-squint
dw Bs =B Nlgi iUpi condition

Antoniades, Eleﬂ‘he/iades, IEEE T-AP, 2008

Beam Squint Reduction for PTWR LWA
A6,

Zero-squint condition
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Double stub structure

1) Shorter stub for shunt inductance L,
in ENG structure

2) Longer stub for adjustment of
dispersion of nonreciprocity

Operational band is narrow due to dispersive characteristics
Porokhnyuk et al., IMS 2013
$IEEE AW\ e

Motivation
To propose new configuration to realize
dispersion-less phase-shifting nonreciprocity
in normally magnetized ferrite MSL-based CRLH
metamaterials by inserting

1) symmetric inductive stubs for negative permittivity
2) asymmetric capacitive stubs for phase nonreciprocity

®H, Notmall¥ magnetized ferrite rod - &

Dielectric substrate - &,

I -

To show numerical and experimental demonstration

Formula for Phase Nonreciprocity

Analytical approach NRS RS Unitcell
;u 'k* A"—h\ ?
=R X
Capacitance C,, " Hof -~ F H & et
= = )
Shunt stub Z; E>T B 'f_‘] Z C:‘
r ’ ul / Shunt stub
X
: Shuntstubl,
oy Ferrite rod SHH I?S iNng Bs l-f?
Zx Dielectric substrate £ A

z | TLanalysis
i R
! 2 i DY
o T

<« Unit Cell —
Section-wise
simplified field analysis

Porokhnyuk et al. IMS 2012

Eigen Mode Solution in Each Section
Edge-Guided TE modes

Eerrite  Microstrip Without shunt stub
* : g Polder Tensor Symmetric geometry
Magnetic wall

u o ju, 0
Ho'@ 7L fl={—jﬂa H 0}
g H)\ ;i " 0 0 1
¥ .\ Ground plane

Equiv. admittance wall boundary
imposed at stub inserted walls

Y1 — Yz: Reciprocal

. N
7=a+Jﬂ=J’c‘\/5,ﬂ

With shunt stub
z K] Asymmetric geometry
z i .
! Ef | 43 Y, # Y,: Nonreciprocal
= CH™E
*:qﬁﬁ,s,,vl.»xg ©= joot(wk) (@)c) ()P(YK/J,+8,) . Y)_o
H, < 1k (Y +Y,) 1k (G+15)

Transmission Line Analysis
Transmission matrix analysis % v |

A126 : ; il el
Foar=(Fce) FasFansFrs(Face) Qi
= [Aan BC:II} ~ 2‘ '
cenDce | |PEriOdic boundary | i &R N
.............,conditinn H—t ; - ¢
;‘ !

m’ﬂ e SR@r0] e
[ C”]I] Dispersion relatlolrll

Perturbation analysw

o0 . ;
Q= QM,FO A,G-——— AB. =0 Phase nonreciprocit
’ * Py yxmn+ NS anBl P Y

¥5”  formulated!

£ T
=Y ow

;' c) 2

GrussmsussNAmNENEGuUNNEENwEn®

dsunnunn?

Porokhnyuk et al. IEICE
Trans. Electron. Oct. 2013
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Comparison with Simulation

ENG structure gbackward forward .
= ] P
%7 201
o 8] [
(e 2 % &40 4 L*l $,:8,,
by —60-L-‘c‘
5 :
= Proposed model | ° 77T o123 5 s 73
S5 FEM simulation a fem™) J(GH2)
9
CRLH structure O A ) Sy Sy
s AT Ny B TFFTT
\\ 'I L
N &10- TRadiation
4'(\ =
% 00
,/' \\\ o "~|"||'“ S Su”\ ""’I,".."‘
s ~ B, N iy
5 /I ; —— 30 ln.\I ' u ‘I' i
L P 5 8 7 8 9
Porokhnyuk etal. s 2013 > 2 1§ 112 3 7(GF)

Formula for Non-reciprocity
Eigen mode solution, TL model

@y (B =B)) Ly
c 2 p

@, = yieM of

Y, =jB, Y,=jB,

Porokhnyuk et al., IEICE Trans Electron. 2013.

Phase non-reciprocity is approximately proportional to
1) the difference of susceptances (B,-B,)

between both side walls at strip edges
2) the effective magnetization M,

| GIEEE AR o

Propagation W
direction ®

Suscépt.b
wall

Melzlic strip

wall A,B =

Geometry of Proposed CRLH MM

B @y‘ Normally magnetized ferrite rod : & B=-1/wL

Qi U e o TR O SR AT i e

05 B '{B?_=_a£—1/wL
AB < (B,-B,)
=-oC

1) Symmetric insertion of
inductive stubs L

2) Asymmetric insertion of
capacitive stubs C

Designed CRLHMM g i

Dielectric subst. and CRLH line
Thickness: 0.8 mm

Dielectric const.: £4=2.6

Unit cell length: p = 4.0 mm
Strip width: w = 3.0 mm

Series capacitance: C;= 0.5 pF

@ H, Normally magnetized ferrite rod - s

j i i

xi)—': Open capacitive stub
) . Patch: 2.4 mm x 1.8 mm
Capacitor: €; | enoth: 2.2 mm, width:2.0 mm

Shorted inductive stub
Length: 1.3 mm, width: 0.5 mm

Open stub Ferrite rod
Thickness: 0.8 mm

Via

Shunt inductive

stub ad' Width: 3.0 mm
S Dielectric const.: &; = 15
Bloch impedance Z, =346 Q0  Mag. loss: 1, AH =5 mT

Fabricated Circuit o IMS

Dielectric substrate

Fluorine resin multilayer boards
Prototype circuit NPE-E200A
(Nippon Pillar Packing CO LTD.)
Thickness: 0.8 mm.
Dielectric const.: £4=2.6

Series lumped capacitance
C;=0.5pF

Ferrite rod

Polycrystalline yttrium iron garnet
0.8 mm x 3.0 mm x 40.5 mm
Dielectric const.: £,= 15

Satur. magnet.: 4y M =175 mT
Mag. loss: gy AH=5mT

Simulation and Experiment Results
HoM=170 mT

Bl S, Normay magetzed tente 04 6
L g

R P2
¥EE

0, (Bi=B) Iy
c 2 p

A ~

B=-1/ol

— Measured g >0’ {

Frequency (GHz)
(=}

---- Simulated 2. = —
- - Dispeagion e B=oC-1/oL
el | AB « o, (B,—B,)
5 : H
0.2 0.1 0 0.1 0.2 =-0, o C<0
Normalized phase constant Sp/z
$IEEE_ /W R




Simulation and Experiment Results
HoM o= -170 mT

SN, | Normady magwezed ferite 16 g

0y (Bi=By) Ly

1 = - AB
48>0 G :
’g‘ 65 o I P1oP2i c 2, p
g 6| PoPIN] | — oot < 0, B=-1/wL
g : Sy & Simulatsd B,=wC-1/0L
£ 55 i S\ - - Dispersion free
A7 1 % ABxw, (B~ B,)
s 5
02 0.1 0 01 0.2 =—m, ®C>0

Normalized phase constant Sp/z

s
A

Comparison and Discussion
Operational bandwidth ]
estimated by the distance &
between adjacent _é
higher-order A/2 resonances [~ .
for 10 unit cells vroat 002

Normalized phase constant Sp x

6.5

6

55 }

Double stub structure | Proposed structure
17.2% @ 5.8 GHz
M0%@70GHz [16.3% @ 7.4 GHz

The bandwidth was enhanced for proposed structure.
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=754+ (YIG) D AFIRAE 175mTIsH L TARZE
EAE BIE TR

LH band

0 B
A \\
FI{R R D &4 - THCP at 26 GH: RHCP at 3.7\6%1;
—RMUT-YDEERIL360 dog  gonn05 9B wih Bbranches

Nakano, et al., IEEFE Antennas Prop. Lett., 2011

-uimma@a‘m:mm 48— (7.1GHz)

M=20mT> M= 200mD>

A. Porokhnyuk et al., EuMW 2014
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FEHEREOMK ey
UL TEIT5AH(YIG) EiR FRE T 54~ (YIG) 4R

REHE O FRERS O RERMIRE

Rp : 16 mm Rg: 10 mm
p:4mm Ly - 1.3 mm
&: 15 £,:26
Cp: 0.7pF
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| kB RCRLEMEEHS

; ma 257

sp |

= FUTATLY
AR 2z54 135 5

BHRS M

b

0 20 40 0 0

Renlton s she scawior () ERRAL 4 Mg =111 mT D&E
-3 O RIS FREERSOEEEHR=T

(Sim. pMg =111 mT, Meas. g,H,, =95 mT)

5 o =y = 1 10 !

/ NN \ /]

a i ;m:’ | s i

Iy v J 1%
0th:5.1 GHz v 3

47 48 49 5 51 52 53 54 55 56 57 0
Froquency f(GHx)

Radiation Patterns

*DC magnetic field is applied to +z direction.

( Simulated results ( z,Ms = 110 mT)
Gain (dB) 0 Gain (dB& 0
30 0 3

0 =LHcr 330 {—LHCP

| ==RHuCP

| ==RICP

330
-5 \ -5
.10 A 300 -10 300
-15 .’ 0 (deg) -15 6 (deg)
20 /) 270 200 L . 270
\ 5.1 GHz, ¢=0deg 5.1 GHz, $=90 deg
4 Measured results ( z,H,_, = 106 mT ) B
Gain (dB) 0 o] Gain{dB 0 — )
op 30 30 __imn p " 30| ji“"",“,‘"i

00
0 (deg) -10
-15

-20 270
% 5.1 GHz, ¢=0 deg

Radiation Patterns

-DC magnetic field is applied to -z direction.

. X -
( Simulated results( ggMg=-110 mT) =~ °
Gain (dB) . Gain (dB) 0
0. 30 330 [—puere 0 30
s [ --wier
-10 ; 300 -10
-15 0 (deg) -15
-20 ! 270 20 L _ od B, 270
\ 5.1 GHz, $=0 deg 5.1 GHz, ¢=90 deg /
Measured results ( g,H,, =-99 mT) N\
Gain (dB) 0 X Gain (dB) 0
0. 30 330 | —1HCP 30 330 |—I1HCP
==RHCP| =~<RICH
-5 Lt 25 O sc i
10 - 300 300
-15 0 (deg) ;5 0 (deg)
&20 270 20 270

Motivation

Circularly-polarized antennas based
on pseudo-traveling-wave resonators

L-shaped pseudo-traveling wave resonator

Ee%:ivdmdtm-end il a
reflecte PHASE ,
1H1 g
AMPLITUDE
L

——
Power feed = Length of CRLH-TL
*Achieve phase shift of 90 deg between the orthogonal section

*High efficiency

=Rotation direction of CP can be switched at the same frequency.
*Small structure
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Proposed Geometry

Ferrite substrate: ¢,

N -8

c substrate: &, |

C,: 06pF &5:15
w:3.0mm&,;: 2.6
p : 3.0 mm Lstub : 0.67mm

4. |Dielectri

Propagation Characteristics of
Nonreciprocal CRLH-TL

NCRLH-TL section (20cells)

Port1,~ ~ Port2
AR AR ER TR R RN E b=
® H,

C,:06pF £,:15 €,:26
w :30mm P :30mm Lstub: 0.67 mm

L-shaped with 10unit cells

‘

8 - 0
g78 Ve B |

‘ : | G0
& 7-67GH ‘i §%5>
s T B | 3D
R NG =

il t K S
gos = I i {20 | o
8 '5 bt ine] 110.11 | ;;: — 160mT

03 02 01 0 01 02 03 . g 10 5 20
Normalized phase constant fp/n Number of unit cell

Field distribution of Pseudo-Traveling Wave
Resonator (g,M.x= 160 mT)

0

[-:}

T

g2

2

£ -4

g6 A0t : 6.75 GHz

E 8 f it

€& 55 6 65 7 75 8 H field distribution

Frequency f(GHz)

*Amplitude is uniform.
»Achieve phase shift of 90 deg =

between the orthogonal section.

. ';*-’-J[wi

b 1
Circularly polarized wave radiation

Vector of H field

Radiation patterns (u4 M, ;= 160 mT)
-DC magnetic field is applied to positive z direction.

Gain(dB)
T
- 73\30 ZZRHCP

5 30

-5 ) /\-; .4; 300
.10,‘;/' [ 0 (deg)
-15 = 1 | la70
6.75GHz ¢ =0 deg
Gat (dB) e HCP
Sr 330 ghcr Field distribution of H field
or 7T ./ >\
SEL I I N 2 -
I~ N/ N\ -RHCP is dominant.
i‘;; £ Yy .730(‘163) «Beam is oriented in the
6.75 GHz ¢ =90 de z direction.

Radiation patterns (1M, ;= -160 mT)

-DC magnetic field is applied to negative z direction.

Gain (dB)
5. 30
il A
ol KA
o r 1, // E;, P!
6.75 GHz
Gain (dB) SR
5 30 Field distribution of H field
oL 7
MY -LHCP is dominant
:15 / NS AL =Beam is oriented in the
6.75 GHz =90 deg z direction.
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SAYMEBEE—LIETE

/ Beamed pilot signal (vertical polarization)

Transmitting antenna

Microwave power (horizontal polarization)
Receiving antenna
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Abstract

Analogies have been playing an important role in physics. For example,
quantum mechanics was developed by using an analogy between light and electrons.
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Because of thinness, Heat capacity
decreases, and sensitivity increases

increase of 3°C
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Absorption in “Self-Complementary”

Self-complementary
d=d,=pH2

Metal chip array
d <dgy=pH2
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02r i Frequency-independent response
0.0 I | h L L required by self-complementary
00 02 04 06 08 10 structure.

Frequency (THz)

Loss by Resistance

The “perfect” self-complementary checkerboard
pattern is impossible because the conductors must
contact at “dimension-less” points.
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Y. Urade, Y. Nakata, T. Nakanishi, M. Kitano, Phys Rev. Lett. 114, 237401 (2015).
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Broadband maximized absorption can be realized by self-complementary

checkerboard patterns.
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Intense THz pulse generation

Regeneratively amplified
Ti:sapphire laser

(800 nm, 35 fs, 1 kHz, 4 mJ) THR -

170 kV/em

Pulse-front tilt THz wave CL1
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fs pulses —».

Wavelength conversion
through nonlinear
optical crystal prism.
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Electric field enhancement by metallic structures

. . vacuum
- Field enhancement in the vicinity of ] E—
metamaterials or antennas is another E
important function. Erp -
@7 e

E100 L L5 Metal

3 Electric field N

A enhancement in Electrons easily

2 metallic resonators emits from metals by

¥} >10 times field emission

a0g 2 10 12 (E>MVicm)

@ 3
Time (ps)
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075

Fuse for THz waves?

Transmission
o4
n

Can we fabricate structures by
intense THz pulses?
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=R =100

15

05 1
(a) Frequency (THz)
A. C. Strikwerda, M. Zalkovskij, K. Iwaszczuk, D. L. Lorenzen, and P. U. Jepsen,
Opt. Express 23, 11586 (2015).

Coherer: Radio wave detector
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coherer-history.php
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R. Bridgman, Phys. World 14 (2001).

Sintering by near field enhanced THz pulses

Silver nano-ink
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SEM__image
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listance betwee
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Dispersant is pealed off. Nano-
particles are aggregated and
conductivity arises.
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Time dependence of conductivity AV X2 Z2DEFAL
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THz electric field is enhanced to be
6 MVicm

in the antenna gap.

6 MV/ecm — 0.6 Vinm

Comparable to the surface diffusion
potential (0.3~0.6 eV) of typical metals.

E

Metal atoms

Surface Diffusion
potential

THz pulse : low photon energy
high voltage
~ ps pulse
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Is there possibility to control molecular rotor by THz waves? Hefd"BE‘ Tt LHRL
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Transmission and Skin Depth
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1-4. What is happening on non-Foster elements 1-5. Negative Impedance Converter ~ Generation of -Z, ~
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NIC- - B4/ E—4 0 A% # 8 (Negative Impedance Conve7rter)
1-6. A variaty of NIC 1-7. A variaty of NIC
O Per 's NIC O MQ O QMD—NE T. Yanagisawa, "RC active network using current inversion type negative impedance
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2-1. Principle of Linvill's Floating NIC

i
¥ = W EROHEERD.
al TIOISVABEE v LT 5L, TOR—REEDL v,
if} U Lir TRoTIyEREE v,ETEL EOR-RBEDL v
i | N TNOISvAERERMNOKAI i, LT 5. A—2
Trl YL 2V BRAEBTEBRENSEG, | FTOEEIL
_ , SEBMELD. Trl QALHSER i) 1E, aRIBNT
i} Ll TR0R—RZERhAET, ZERTTROILYEE
% @ gl 7, TIVABRLLD.
Port1 Port2 SOEE, ZITBOTREAMEY L.
i Ff Floating-NIC V2"%n = Zf i
C ESA Etfz, ABAVE—F DRI,
@ g’) Z, " Vi—V,
r ‘5 ! i
g g EMFROT, ThoOR &Y
Vg% I Zy=-Z,
1 =g

&y, EEANCELTHET HIEAbns.
10

vy ¥y
Z
|Z> RS i &R, [] .

2-2. Principle of Linvill's Grounded NIC
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3-1. Linvill's Floating NIC1

~ Circuit Parameters ~
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Electrical and Computer Engineering, The Ohio State University, 2011.
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3-2. Linvill's Floating NIC1 ~ Circuit Configuration ~
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3-3. Linvill's Floating NIC1

~ Function of Circuit Elements ~
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3-4. Linvill's Floating NIC1

~ Antenna Model ~
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3-5. Linvill's Floating NIC1

~ Frequency Response ~
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3-6. Linvill's Floating NIC1

~ Loop Gain ~
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3-8. Linvill's Floating NiC2 ~without any Stabilization ~

3-7. Linvill's Floating NIC1 ~ Time Response ~
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3-11. FFT Analysis on Vp of Tr1 @400MHz, 1V excitation
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3-12. Linvill's Floating NIC1 ~ Effect of AC-Cut Inductors ~
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3-13. Linvill's Floating NIC1*

~ Effect of AC-Cut Inductors ~
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3-14. Conclusion on Linvill's Floating NIC ~
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3-15. Design Procedure
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3-16 Design Procedure

~ Linvill's Grounded NIC ~
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3-17 Design Procedure

~ Linvill's Grounded NIC ~
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HHEL WBL—F 37 OEIERESHREE & BB~ OMED b BEREER Y A7 A RERMEER 0 R v MCA 7oBDEE
B AT LA TOFRERHFEN W5, BUBEEORBRICEWT, HROBTELRNT D ZLHEETH D, AHFETIE
oA NRA A=V U T VAT LAEROD, B—0OT 7 THETEFOUBL —FEHWoA A—D2 ZVHENCER L. #HE
BT ANEOSEERAZ B U, S50 QMR+ BT, BREONSVADEZFEEZRVEL, EnEhO/ L ADOHEE
OEWHAESERIRT A 2 LT, B BEERC B TERERZET LA T T T RRET D, Fo2keEBIicE LT, 3
JSBUHE B AL 10Tl BESPRITHE: 213 2 & Ttk o BN DIEHEHE R L E 2 FICHE L. SR EO SRR &
179, ESPRITIRIZ Y — 7 BERELBELE LRWHIETH L0, Bl A—Dr /i’ ans, BEFEC>NTYIalb
— 8 S K BFEHE ATV, UTHE U723 B Al A RS 4.2 m/s | BEAEHEERRZE 0.02m ORE CTOMEIIRD L,
F—U—F UWB b—#, BSEESAE, ESPRIT #

Multiple walking human body imaging using
UWRB radar with adaptive signal processing
Kazuki Hiramoto” Shigeaki Okumura® Takuya Sakamoto® and Toru Sato”

T Graduate School of Informatics, Kyoto University
Yoshida, Sakyo-ku, Kyoto, 606-8501, Japan

1 Graduate School of Engineering, University of Hyogo
2167 Shosha, Himeji, Hyogo, 671-2280, Japan
E-mail: T khiramoto@sato-lab.0t0.jp

Abstract UWB radar is expected to be used in the surrounding environment recognition system for automatic driving and
health care because of its high range resolution and resistance to environmental light. In recognition of the surrounding
environment, it is important to identify multiple pedestrians. In this research, in order to realize a low cost imaging system, focusing
on imaging technology using UWB radar with a single antenna element, we aim to separate and identify muitiple walking human
bodies. By repeating transmission and reception of multiple puises, and using multiple frequency components of each pulse, a
virtual array antenna is constructed in the time / frequency domain. In the two-dimensional space, multiple targets are separated
and identified by simultaneously estimating in distances and velocities using the ESPRIT method, which is one of adaptive signal
processing. The ESPRIT method is a method that does not require a peak search, so it is expected to realize high-speed imaging.
We evaluated the proposed method by simulation and succeeded in estimating speed with an accuracy of 4.2 mm / s and distance
with an accuracy of 0.02 m.

Key words Ultra-wideband radar, adaptive array processing, ESPRIT method
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1 Introduction

We have presented the matrix eigenvalues method to study dielectric gratings '3, The method starts with
Maxwell’s equations and derives the first-order differential equations directly in order to reduce into the
eigenvalue problem. In our method, the error of energy balance always becomes zero except for rounding
error. Therefore, an accuracy criterion of a solution related to the expansion number of spatial harmonics is
a difficult problem. When analyzing gratings, we have observed the convergence of a solution to obtain the
accuracy.

In the theory of gratings, a numerical diffraction solution must be satisfy the energy balance and the
reciprocity 8. The reciprocity is a well-known physical principle. There are two reciprocity theorems in the
grating. One is the reciprocity for energy flow and the other is the reciprocity for wave fields. Many analytical
methods have been tried and tested for complicate gratings. However, there is few method to discuss the
reciprocity. Nakayama et al. reported that diffraction efficiencies satisfy the reciprocity for energy flow in a
conducting grating, and the reciprocity for wave fields appears in scattering factor of the shadow theory 48,
The former is useful only for a propagating incidence. The latter holds for a propagating incidence as well
as an evanescent incidence. In a previous work (1, we stated that, by the reciprocity, the mth order reflected
scattering factor is an even function with respect to a symmetrical axis on the diffraction order m.

This paper deals with the diffraction by a dielectric grating. We show that on numerical graphs, reflected
and transmitted diffraction efliciencies approximately satisfy the reciprocity, and scattering factors for a
transmitted wave in addition to a reflected one approximately satisfy the reciprocity. The difference of
efficiencies and that of scattering factors satisfying the reciprocity always become zero. Numerical values by
machine calculations, however, does not satisfy the reciprocity accurately. The differences can be called the
reciprocity errors. Using these errors, this paper consider an accuracy of a numerical solution.

2 Matrix Eigenvalues Method

This section describes the matrix eigenvalues method for the scattering problem of a multilayered dielectric
grating. In what follows, the time dependence ¢/*! is assumed and suppressed. The space variables r =
(z,v, z) are normalized by the wave number ko such that kor — 7.

Figure 1 shows a generalized structure of the grating. A plane wave of wavelength A and the incident
angle 8 illuminates. The relative permittivity and permeability in regions 0 and N are given by (., 1) and
(es, 1s), TESPECtively.

Using the normalized space variables, we start with Maxwell’s equations in dimensionless form as

culyYE = —j w(z)v/ZoH,  curl\/ZoH = j e(2)/TE. 1

Since the structure is periodic, the electromagnetic fields U, (£ = y, z) are expressed by the infinite spatial

9 .
N 0 ; Region 0 (g4, pta) z
S N I N A I A A
A
EEl T o ol
N
\ = Region N (e, pts)

Fig. 1 A multilayered dielectric grating.
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harmonics. Making truncation, the fields can be approximated by

M
Yoz, z) = Z VYo () €795m=, Sm = S0 -+ MNK, nk = A/A, 80 = \/Ealla sin 6. (2)
me=—M

The relative permittivity £(z), the relative permeability u(z) and their inverses can be expanded in Fourier
series of the truncated order Ny (=2M) as

LA .1 ‘
(D)= 3 ™ =g /C(z)e””m"‘{zdz 3)

m=-~Ny

where ¢ = &, ,1/¢,1/u. The Fourier expansions of 1/&(z) and 1/u(z) are introduced by the concept of the
inverse rule %19 Making column vectors composed of the expansion coefficients e, in Eq. (2) as

Ye(z) = [Yonr(z) - eo(2) - era (z)]" (4)

and arranging Maxwell’s equations through the inverse rule, we obtain the following first differential equations
directly,

i[wm)}: % {wm}, [C]:&m W}, (600, C) = {@y,hz,cm) (TB) o

dz |¥.(z) P.(z) Cs] [0] (hy, e, Crg) (TM)’
Using the eigenvectors matrix [T, we can diagonalize {C]. The solution of Eq. (5) is
Py(z)| _ oy |97 () 1 = | [Fmnem38m=9] 0]
S e |G wEn= [P ] ©)

where £,, denotes the mth-order eigenvalue, and corresponds to a propagation constant. In order to avoid
overflows on computations, we change the phase reference positions  and # correspond to the propagation
directions.

Applying the shadow theory, we formulate the electromagnetic fields in all regions, as described below. In
a uniform region, we can extract only elements corresponding to the mth mode as

|:7/)ym(T)} — |:T11,m} g;i-n(x) e—j{,n(a:—i) _ [Tm,m] gr—lr_z(x) ejﬁm(m-i‘) + [Tl2,m:¥ {g;;(x) +g;l(fé)}6j§m(z-i)

Yo () To1,m 22.m T52,m
U 26m g™ (1) } =S [2535@}
= [To)[Pon m 9 \L) | = [T [Pl 0°m 7
TalPr(@)] 55 D | = TPl [0 @
where
—JEm(z—2)
Gl 0 Tl?,m I _ 1/\/)‘7 (TE) 5} _ e ].5 . L 0
Tol= 7y, Ton|: Tom= {—1/¢E (rgyt P = | sneneo 2 e 252 grenaa |
(8)
In region N, we use another type of the manipulation of the shadow theory as
7/)ym(m);} P [9”"(«7'?)4*9"(55)} B [QESST
= [Tl [Pon I NN T [P()] | 2502m 9
]I e ) | ) R T O e )
where
— Tyym O — -1/E (TE) - eibm(a—i) _snEm(e—EE) e (23F)
Tl = = , dogm= , |[Pm = J&m -
(] [T21,m T22,m} % {1/\/5 (TM) P ()] 0 Jeﬂgm(m“‘x)
(10)
sinEm (z—-2EE) .. s-z . . )
and = = % = zy. Here, &, = \/eu — s2,, 5limo———-g--—%—-——z--)— eI = —j (z — &%) and & is the Oth-order
™mr m

eigenvalue for [C] in region 0. In the shadow theory, Sy, is called the mth-order scattering factors. The
excitation source at x = 0 is expressed by

V’yﬂ =26 m 6= {1_/1\//6;5; E%E/f) ' oy
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In periodic regions, transforming a transformation matrix so as not to calculate the inverse matrix, we can
obtain

_ | [Gille]  [Gi][®]
= |l e a2
[P(z)] is a propagation matrix composed of the 2(2M + 1) eigenvalues {—&, &}, and is given by
5. e—3Ek(z—2)
Py =[BT ] (13

The electromagnetic fields in periodic regions can be also expressed by the same form as Eq. (6). Applying
the manipulation by the shadow theory, we obtain

R R P L LN -

Here, a transformation matrix m and a propagation matrix [—PJ of the shadow theory are numerically given
by

Sped k(x—2) 0]
RO E | lwemeE]
1= {”’[‘1’] [‘I’ka(Sli [Pl = {5&1————-——Sln€k(]-m€;7)ej5km_5£} [ ciée@=8)] | (15)

The manipulation by the shadow theory was applied to only modes related by eigenvalues close to zero [Pl

The two dimensional formulations in this paper enable us to apply the manipulation to all modes.
Normalizing the boundary conditions by 2£5, the unknowns are the scattering factors. Using the scattering

factors S*~ and SV in regions 0 and N, the mth reflected diffraction efficiency 7%, and the mth transmitted

diffraction efficiency 7!, are expressed as follows :

o for a propagating incidence ( when £ is real )

o ] Pess-1f (m=0) =462 Reles]]S5F]? 16
" {463Re{<f~nnsz:z? (mpo) =@ ReIGI[SHT (16)

e for an evanescent incidence ( when &£ is imaginary )

Relez] |52 Rel¢s)] |55+
i =oimllm e RelllBaT )
e |5 ] Re [So }

Replacing as S*~ — §5F, S5 — 58~ &2 5 €5 and €5 — €2, the efficiencies for the incidence from region N
are obtained.

3 Numerical results and discussions

First of all, we think the reciprocity theorem for diffraction efficiencies of a dielectric grating, as shown
in Fig. 2. In Case 1, the mth—order reﬂected and transmitted diffraction efficiencies for an incident wave

e~76%=7%0% are denoted by 77]r (30) and nm, M (s0), respectively. The reciprocity theorem for the reflected
diffraction efficiency (RDE) and the transmitted diffraction efficiency (TDE) states that

ne (s0) = mi P (=50 —ma), 1S (s0) = 1t (—s0 — m'nac). (18)

Here, m and m’ are propagating orders of the reflected and transmitted waves, respectively. By numerical
calculations, we obtain a numerical RDE 7f, and TDE #%,. The differences of numerical values are denoted

by er [RDEI and e[TDE] only for a propagating incidence as
eliPH = iV (s0) = AP (=50 —mnk)|,  elyPH! Z ‘Ut(l) s0) — P (—so —mnk)|.  (19)
m
; . ar At . [RDE] [TDE] .
When M — oo, since 7}, and 7, satisfy Eq. (18), eir and ey always become zero. In numerlcal

calculations, however, due to an insufficient expansion order M, fjm, (1)(50) # fim L )(—30 —mnk), and 7 )(so) #

124



RS17-03 BESETFOEREREZAVRERORBEICET 285 &M i

Incidence L3
e~ iE§m—jiso= Oth 7’]:,;(2)(—50 — mnx) 77m(/ )(—SO — m'ng)
< 1 Incidence
0 D (s0)  Oth mth | _jesa—j(~so—mnk)z m/th
. mth e ~.
' ) Oth 7o\
5 P . = .
m'th .
kY t(1) e
K Tt (SO) B e
A 0th
‘ oth . Incidence
z “ Oth g - - ej{ga:—j(~so.—m'n}()z
Case 1 Case 2 Case 3
Fig. 2 The reciprocity problem for diffraction efficiencies.
ﬁfn(B)(—So — mnk). It is noted that eyr{DE] and eEDE} are not equal to zero, and become unwanted errors.

The reason for this is that the numbers of expansion terms (2M + 1) are the same, but the truncated range
shifts as

{so—Mng - --so--so+Mng} — {~sp~(M-+m)ng---—sp—mng---— 5o+ (M-m)ng}. (20)

Secondly, the reciprocity theorem for wave fields using the reflected scattering factor (RSF) and transmitted
scattering factor (TSF) state that

52 (s0) = 52O (—sg —mnk), ST (s0) = 573 (=5 — m'nk) (21)

m’ m!

where m,m’ = —M ---0--- M including evanescent orders. As like the diffracted efficiencies, we obtain a

numerical RSF $2~ and a numerical TSF $5F. The differences of numerical values are defined by BT and

[TSF]
err as

M M
=% 15 Wiso) = 8P (=so —mng)|, =

e — M m=—M

S50 (s0) = 557 (=0 = man)|

(22)

Now, we consider an asymmetric triangular profiled grating in Fig. 3. In following calculations, the error
of energy balance is always less than 107!!. The parameters are a = 0.9, b = 0.1, d/)\ = 0.6, A/\ = 1.2,
€, = 1.0 and &5 = 3.0. The grating region is approximated by partitioning into stratified N — 1 = 10 layers.
Table 1 shows 7%, and 7%, with the parameters so = 0.75 and M = 50. ﬁfn(l) and ﬁfn(z), and ﬁfn(l) and ﬁfn(?’)
are slightly different. We refer to this result as the reciprocity error for the efficiencies.

Replacing sg by sp — mnk /2 in Eq. (18) and putting m’ = m for the convenience of notation, we get

T (s0 — mnx/2) = 05 (—sp —mnk /2), 15N (s0 — mnic/2) = 0t (—sp — mnk /2) (23)
with the symmetrical axis sy = —mnk/2 in the range of max [-\/e/,c,——-«/su—mn}(] < s <

min [\/E'" s EI — mnK] . Figures 4 and 5 show the mth diffraction efficiencies (m = —3 ~ 3) against sq for
TE and TM incidences, respectively. Note that |so| > ,/Efz means an evanescent incidence. These figures
support that 75, and 7%, are line-symmetric with respect to the axis in the range for a propagating incidence.
We calculate eli>®! and elFP¥! against M with sg = 0.75 in Fig 6. Figures (a) and (b) show the reflected

and transmitted waves, respectively. The error of TM cases is larger than that of TE cases. It is found that

when M > 50, efP® < 10-5 and PP < 105 in both TE and TM cases.
And then, we illustrate the mth scattering factors (m = —3 ~ 3) against s for TE and TM incidences in
Figs. 7 and 8, respectively. Since we cannot distinguish ian"(l)I and |Sh, (2)1, and |Sp (l)l and |Sm (3)| in

these figures, we find that
S;an_. (1)(30 _ m'l’lK/Q) - S:;—- (2)(_30 - mnK/Z), STST;,*- (1)(80 — mnK/Q) = S?n_ (3)(-——50 - mnK/Q) (24)

with the symmetrical axis so = —mnxk /2 including the range of an evanescent incidence. We can say that
not only the reflected wave fields but also the transmitted wave fields satisfy the reciprocity in a dielectric
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(Ea, /‘La)

a ! A Ve
e

k
! —l ] b (esy ps)

Fig. 3 An asymmetric triangular profiled grating.

Table 1 The diffraction efficiencies.

(a) Reflected waves (b) Transmitted waves

mth A (s0) A?) (—s0 —mink) mth A (s0) D) (— 50 — i)
-2 0.0121832566 0.0121832558 -2 0.1071357476 0.1071357456
TE -1 0.0501373970 0.0501373916 TE -1 0.1141257163 0.1141256858
0 0.0199893531 0.0199893531 0 0.6518504001 0.6518504001
—2 0.0152920150 0.0152918866 1 0.0445781293 0.0445781405
™ -1 0.0349181618 0.0349190650 -2 0.0333772663 0.0333745729
0 0.0002006964 0.0002006964 ™ -1 0.1194892996 0.1194863785
B 0 0.7751206241 0.7751206241
1 0.0216019368 0.0216038181
. [RSF) [TSF] . . _ R .
grating. We calculate ey~ ' and ey~ ' against M with sg = 0.75 in Fig 9. Figures (a) and (b) show the
reflected and transmitted waves, respectively. e?:‘SF] and eETESFl denote the same tendencies of e?}DE} and
egDE] that the error of TM cases is larger than that of TE cases.

4  Conclusions

In our matrix eigenvalues method, the two reciprocal properties approximately are obtained for diffraction
efficiencies and for scattering factors. We found that not only the reflected wave fields but also the transmitted
wave fields satisfy the reciprocity which is useful for a propagating incidence as well as an evanescent incidence
in the case of a dielectric grating. In addition, we suggested that, the reciprocity error for diffraction
efficiencies instead of the convergence can be used as an accuracy criterion.
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Fig. 4 Diffraction efficiencies against sg for TE incidence. (M = 50
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Abstract:

Here we report a microwave analogue of the Stern-Gerlach (SG) effects
using nonuniform chiral metamaterials. The original SG experiment was a
milestone in the history of quantum theory, demonstrating the existence of an
electronic spin degree of freedom. In the SG effects, particles with opposite spins
will go their separate ways in a nonuniform magnetic field. While an optical analog
of the atomic beam SG effect can be realized by using chiral materials with optical
activities, direct observation of the SG effects for light was lacking. In this work, the
chiral meta-atoms are used to construct nonuniform chiral metamaterials with
refractive index gradient. An atomic beam and non-uniform magnetic field in the
original SG experiment correspond respectively to a microwave and non-uniform
distribution of the chiral meta-atoms in this experiment. We have succeeded in
observing that circularly polarized microwaves with opposite “spins of light” go
their separate ways in the nonuniform chiral metamaterial. Since the splitting is
traced back to artificial magnetic fields for microwaves, this work opens the way for

synthetic gauge fields for light using metamaterials.
Keywords:

metamaterials, chirality, optical activity, circularly polarized light, synthetic gauge
fields
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BHREAREPE 20174127188 The Stern-Gerlach experiment
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1922: The Stem-Gerlach (SG) experiment

jJ’f 5 U )‘97:}: I J 7 }[,féﬁ L \f: for neutral atom (Ag) beam in Tagnetic field gradient.
D ATIV T ILTUINTHER

EHAE
REIEFHFHMWAFEAFE - 1. Sa, o
WE BRI FHEF v— 0 :

tomita@ms.naist.jj Spin-dependent level splitting due to 5s electron in Ag atom
JP P! [ g g
+

Magnetic field gradient by the magnets

HEBRE BB (ZHFSPrngs) . LAHE th (FAFLHX) .

HERE AL . B2 N2 (NICTD Splitting of the atom beam: The SG effects

18 Dec 2017 EEQEMNHH2017

SG effects for light? Constitutive equations

Similar effects for unpolarized light by electromagnetically-induced Maxwell equations for plane waves
transparency (EIT) enhanced deflection - = - - = -
“A Stern-Gerlach experiment for slow light”, kxE =B kxH =—-wD
Karpa and Weitz, Nat. Phys. 2, 332 (2006).

Constitutive equations in isotropic chiral media

. Deed-iLi B =y uli +i2F
. c c
& : Chiral parameter

vt Eigenmodes
Note that optical SG effect is a different phenomenon
“Experimental Demonstration of the Optical Stern-Gerlach Effect”, = 1 . + : Left-handed circularly polarization (LHCP)
Sleator et al., Phys. Rev. Lett. 68, 1996 (1992). E=— (E,ilE ,0) ) ) o
ﬁ — : Right-handed circularly polarization (RHCP)
An atomic beam SG analog is only applicable for light
in polarized materials like chiral media P i
18 Dd Guaeral, Phys. Rev. . 78013833 (2005 18 Doc 2017 EEQMMH¥2017 \lu',l«‘).
Refractive index Chiral molecules split light
. . . Magneto-optical effect Optical activity
Dispersion relation 2 _ w oh T " e 49 .
B g F 2k é—‘ - _ k2 =0 Zeemzn splitting under field Spm-arbl:) interaction
c c o L
Refractive index =] R [
n= clk‘ /@ i
k 3
\ They are different basicall
= ey are airrerent basicaily,
n, =~le[u—Esgn(k) y y

but similar if we look at only one direction

In uniform chiral media, light

n, =N +Esgn(k) a
[ W o NI, A a G~
. NSNS =] will split into two beams: one

o * = ” LHCP and the other RHCP
Gradient: split the beam depending b
the polarizations What's about in

SG effects for light

Gradient: bend the center of gravity
of the beam
Effective nonzero incident angle

o d

Ghosh and Fischer, Phys. Rev. Lett. 97, 173002 (2006).
18 Dec 2017 BEQEHHP20

nonuniform chiral media?
Metamaterials

18 Dec 2017 EEQEAMHH¥2017
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Non-uniform chiral media

Chiral meta-atom for metamaterials

t
Refraction angle @ ~ An—
w

Chiral meta-atom
+ 0.55 mm diameter Cu wire
+ Right-handed 4 tums
+ 76mg

6, -6, =

Split angle of each polarized
beam on the first order of &

9x13(=117) meta-atoms in a metalayer

Uniform ChMTM

Nonuniform ChMTM

el
w

x
Thickness ¢ y
T Width w X
z
Normal incidence
18 Dec 2017 WEQMNH2017 N ® 18 Dec 2017 EEQWN %2017
Microwave measurements & Through uniform ChMTM
Receiver antenna ‘-."‘; R i d 'th I. rl I i d { i
! : ) At 90 degree eceived with linearly polarized antenna )
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Sample X \ Tmme
1,0,0) |
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antenna | g 3
(RH187S) | H H
| i £
180 149 0deg | s

S, signal amplitude (dB)

\\,/ B W / 601 L 1 1 L I =
Agilent PNA N5224A 48 50 52 54 56 58 60
18Dec2017  Network analyzer xEEN Frequency (GHz) 18 Dec 2017 EEHQENHF2017

With LHCP/RHCP receivers

Through nonuniform ChMTMs

Received with

Tt

anded circularly polarized

(RHCP) antenna
60 >

;

Frequency (GHz)
Frequency (GHz)

-vanant

sal activity region

Right-handed circularly pola@

LHCP, 180° RHCP, 180°

Y

normal inc 2
into nonuniform
ChMTMs highlights
a deflection of
transmitted
microwaves

Argle Degree)
18 Dec 2017 EBQMENHR2017

147



LHCP-RHCP amp. difference

18

Frequency (GHz)

@3 ke gy

Ampltude ditference (d8)

Angle (Degroe)
Red by LHCP antenna, blue by RHCP antenna

Angle (Degrea)

ularly polarized microwaves v

opposite “spins of lig
go their separate ways in the nonuniform ChMTMs

Light vs electron

Present experim Original SG experiment

Microwave Atomic beam

Circular polarization Electron spin

Electromagnetic
induction by chirality

Gauge field

Nonuniform distribution
of chiral meta-atoms

Nonuniform magnetic
field

18 Dec 2017 RE@MAHF2017

How we introduce non-reciprocity

Optical activity
“Spin-orbit interaction”

Magneto-optical (MO) effect
“Zeeman splitting under fiekd”

ax weny
[0

Magneto-chiral (MCh) effect

(Directional birefringence)
“One-way mirror” Y
18 Dec 2017 Em@uEAHT017 { o

Go their separate ways
Nonuniform ChMTMs ‘;;’5’;;;(2”;"‘; Rev. B 56,

With dense in 0° With dense in 180°

Frequency (GHz)
Frequency (GHz)

s s becgy
Amplitude difference (d8)

R
Amphude diference (dB)

The gradient direction flip leads to the flip of the transmission patierns

We have succeeded in observing directly the SG effects for
microwaves by nonuniform ChMTMs

Summary 1

v Stem-Gerlach experiments for microwaves have been
conducted using nonuniform chiral metamaterials consisting
of Cu chiral meta-atoms.

v Microwaves radiation patterns with a normal incidence into
nonuniform chiral metamaterials highlights beam deflection.

v Circularly polarized microwaves with opposite “spins of light”
go their separate ways in the nonuniform chiral metamaterials.

v The present study is one further step for synthetic gauge
fields for light using metamaterials.

In more detail: ST'et al., Phys. Rev. B 96, 165425 (2017)

18 Dec 2017 AEQWAH 22017

g, I, k, & diagonal and off-diagonal part
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MO constant k in permittivity € or permeability p

u —ix O
® Diagonal (e or p):c-pol independent i=|ix 4 ©
T ) 0o o0 1

=Magnetic OA

Magneto-chiral (k)
(c-pol independent)

Chiral parameter £

® Diagonal (£) :c-pol depn. = Structural OA

Optical magneto-
electric (OME) effect
,(”«_>,:

siast
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Synthetic “magnetic” fields for light

Lorentz force B

on electrons °

High refractive index

on light

Low refractive index

18 Dec 2017 EEEELH22017 5 4

MCh effects by natural materials

In interferometer:
Vallet et al.,

- PRL 87, 183003 (2001).
S Timg " ‘\1_

In absorption:
Rikken and Raupach,
Nature 390, 493 (1997).

€
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s | AR BN
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e £ H e e
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e i =10-0at 100 mT
= wr
18 Dec 2017 EEQNN 22017 /

Amplitude spectra through a single MMo

4 omT:
- Anotch at 10.2 GHz
5 1+ SyandS,are identical

T T T T T T

4 +10mT:

1+ Adifference at the notch between
] S,; and Sy, emerges

4 = Ferromagnetic resonance of

Sy, 8z signal amplitude (d8)

ferrite is around 1 GHz

+180 mT :

+ The difference increases

« Ferromagnetic resonance is
observed around 8GHz

b kbW Lo b b hlbbho bb kbbb o

T == I T e B e

L] 10 il 12
Frequency (GHz)
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Berry phase theory for electron and light

Sawada, private communication.

Field strength
(Berry curvature) 7R % name Phenomena
. X,)Y | Mag. field
Hall effects
Mechanics 71
B =9 AY -5 4 Inverse Quantum Hall effects,
m M i k"’k}’ mag. field Topological insulator
~elegronmation’ || ' Inverse spin Hall effects
4 X,y Lorentz force on light
Optics ,
X,1 Snell's law
Bﬁff =0 ﬂAf" = a.,A,':h bk Photonic Hall effects,
XAy Photonic one-way edge state
=Hight propegetion k.y Translation of light
18 Dec 2017 EEOMNEE2017

MCh metamolecule

18 Dec 2017

Magneto-chiral meta-molecule

(MCh MMo) M1&mmm
Cu chiral 4 tumns ™ Ferrite rod
e_,_‘iy
r.”gﬁg}t}‘i
: - B2
‘g ° WR-90 waveguide
i 2 Port 1 cut-off 6.6 GHz Port 2
1§ E E:
131 f Tha | e
v:" 2
| B Y Extemal dc field

Frequency (Gtz)

Heq (>0) by electromagnet
| Resonant optical activity
| around 10 GHz

EEHQEMNHR17

Non-reciprocal refractive index
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18 Dec 2017

ST et al., Phys. Rev. Lett., 113, 235501 (2014).

The MCh effects 0y, ams
os “N-..ﬁ\ Lo | At+200 mT,
. Appearat1mT &, 1+
e " ° S| Ag~-1.0deg.
- Rapidly grow with [ o ad =-0.0017 radian
the field upto 10 o Joose
mT owing to the o g Al~-04dB
soft magnetic N 5
nature of ferrite [ .\y\ Joom
SooF ! SN An’~ 5.4 x 107
+ Monotonically N W
increase with the ~ **[" ~jaoors An” ~ 1.5 x 1022
field o e
-200 -100 o 100 200

by a single MMo

External magetic field, /,H, (MT) RN
cf: 4n ~ 10%-10°in %

RE@RAH%2017 natural materials }



Enhanced MCh effects at high fields

STetal., Phys. Rev. B 95, 085402 (2017).

Experimeg Numerical simulation
g = g
= o L r
2 & 5
& ! I N
g g S
H a

£ & g S
£ £,  —
o " 200 T
32 = £/
H H = } i
o @ / F
3w e, s e B 21 onr
s P
2}

Giant

-100
MCh effects

8 9 10 11 12 13 14

18 Dec 2017 Frequency (GHz) EEEENHE2017

Orlgln of giant MCh effect

The chiral resonance at 14.5
GHz has exclusive nature

il 3. ST et al., Phys. Rev. B 95, 085402 (2017).

18

- 1e

g \ | IP
'olélggb[ 12
2 = 1
CEEE-X) h
°

%

- g N

The giant MCh effect originates from § -1oF ‘ 1

the one-way transparency E 20F J

- §
caused by the non-reciprocal 3 56k |
Eano resonance g e s
in the metamolecule 2 #0F|— Saw ch metmolecuie T
En. «~ 8,, only w magnetic meta-atom|
50| L '

This enhancement mechanism is 130 135 140 145,150
applicable in another frequencies Froquency (GHz) ”\
18 Dec 2017 EE@ENHR017 j Y P

Summary 2

¥’ Magneto-chiral metamolecule has been implemented by
combining Cu chiral meta-atom with ferrite magnetic meta-atom.

¥ Non-reciprocal refractive index difference of 103 has been
achieved at 10 GHz under 200 mT.

¥ By combining chiral resonance and magnetic resonance, giant
magneto-chiral effect is predicted; one-way transparency due to
non-reciprocal Fano resonance is a key phenomenon.

¥’ Large-scale magneto-chiral metamaterials are necessary for
synthesizing artificial gauge fields for light.

In more detail:
ST et al., Phys. Rev. Lett., 113, 235501 (2014).
ST et al., Phys. Rev. B 95, 085402 (2017).
ST et al., J. Phys. D: Appl. Phys., (Topical Review) in press.

18 Dec 2017 REQEHHE2017

Enhanced MCh effect

13.15 GHz
under +500 mT

14 GHz
under + 400 mT

f' -

Intensity of magnetization (pseudo color) and
vector field of surface current density (cones)
in vicinity of FMR of ferrite magnetic meta-atom

18 Dec 2017 WE@MNHE017

Non-reciprocal Fano resonance

From port 1

k

A

Magnetization intensity (pseudo color) and
surface current density (cones)
distributions at 14.446 GHz under +505 mT

E/y

A

From port 2 i
18 Dec 2017 EEQENHP2017 {Ill" ,.*
Conclusions

We have succeeded in observing the Stern-Gerlach
effects for light using metamaterials.

The present study is a step for synthetic gauge
fields for light.

Analogy between light and electron is a rich source
of new idea for metamaterials.

Grant:
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17K19034)
+ Research Foundation for Opto-Science and Technology
« Murata Science Foundation
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