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Fig.1.1: Schematic diagram of light reflection by a grating. Because of the incident

angle, time to reach the grating is different between beams next to each other. Then
the generated plane wave at each points have certain phase difference. So, at the
perpendicular direction to the equiphase plane, the reflected light become strongest.
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detector

Light source
Movable mirror

Fixed mirror

Fig. 1.2: Schematic of a Michelson interferometer. Light emitted by the light source
is splitted into two beams. One beam reaches to the fixed mirror, and the other
reaches movable mirror. Optical path length changes when the movable mirror
moves perpendicular to the beam. Reflected beams confluence at the half mirror
and interfere each other.
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Fig.1.3: Image of reconstructive spectrometer.(a)Calibration process. Monochro-
matic incident light is scattered by the dispersive media, and reach to the detector
array. Running this process reeatedly for various wavelengths, calibration data is
obtained. (b)Reconstruction process. Using calibration data obtaind in process (a),
reconstruct the unknown spectrum from scattered space pattern.
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Fig. 1.4: Comparison of size and resolution of spectrometers sold commercially. The
horizontal axis is the volume of the device. The vertical axis shows the resolution of
the spectrometer divided by the wavelength range width. The device plotted lower
and left side of graph is high resolution, while keeps wide wavelength range. The
orange rectangle represents the grating type, and the blue circle represents the FTIR

type (8] [5] 6] [@].

13 T7xbZwoESR
131 7xbZwvoiER

7% b=y G, BEEDPEEREEOR X TEMMCZL T 2B DR TH 3.
74 b= ZFERNTIE, ERERSHC X o TR RS L BRE#EE DR L, HWIC
FHT 5. THOBEBRIEIRD A ZIZZDOHIEBEBR L, Hi§FD H XX DNITHER
WERICFTETE RV, Tb5, KOEREET AR —EDRIF2FR S, FEH%
SEHERMBEL 2. ZOFEBERICE, TOXSREHTH > THIHELEDFAINLZL
BN EC 2 ZeHd. ZOLIREREZ 7+ P =y I NV F¥x v 7 (PBG)
L. ARSI PBG DMFET 2 WS Z e 2O TR|\ L 2D B. Rayleigh TH
D, 1887THFDZrTH-o7. PBG IIFEDKEDNZEIRINCFRIN T2 Z & THWVWEL
ADNRERO D, HIREFPCEEK e LTOCHAEETH S, /2, a7 779 FDA
2HET 5 BRIIDERRICHANIERICER R E— FOFENPTFAREINS Z2ICkD, R
O—74 MIRPELNDEHD, 74 b=y 7HRORETH 5.

74 b= &, ZORMMED AL > T 10T, 2 K0T, 3 Ko 3 IS
Kilxins.



1.3 7 b=v 755 9

LRI 4 b= ZHERIIFERZER RN, 2 FEU EOMREEZBED IR L
THEHRAELEHEEZFD. 107 4 b=y 7R, Ay XY Uy R EDER
W TR LI ER S 1, @R R HIREICICH I TV 5.

MEFHZED, BAKIHIEZINTVWEIDIE, 2KIC7 4+ b=y Z#EETHS. 2 K0T
74 b= 7L, BRHIEDSFHRNCIADS > TWAEZX L, FIiETVvarviky
o, FHBICZHORED I bosHWLNS.

Fig. 1.5: 3D model of 2D photonic crystal waveguide.
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Fig.1.6: (a) Schematic of 2D photonic crystal cavity. (b) Schematic of photonic
crystal waveguide and cavity. (c) Image of fabricated cavity. The cavity shines
when inject light to the waveguide.(From T. Tanabe, et. al., ” Trapping and delaying
photons for one nanosecond in an ultrasmall high-Q photonic-crystal nanocavity”,
Nat. Photonics 1 49-52(2007).
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0

(b)

Fig. 1.7: Simulation of the designed photonic crystal circuit working as NAND
gate.(a)TE mode. (b)TM mode. (N. Shanmuga, et.al., ”A novel design of
all logic gates in honeycomb photonic crystal and independent of polarization
modes (TE/TM) for optical integrated circuit applications”, Opt Lasers Eng. 161,
107345(2023).)
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Fig.1.8: (a) Schematic of 3D photonic crystal. (b),(c) SEM image of fabricated
3D photonic crystal.(D)SEM image of pabricated 3D photonic crystal with opti-
mized temperature and edging time length. (From S. Noda, et.al. ”Full Three-
Dimentional Photonic Bandgap Crystals at Near-Infared Wavelengths” | Science 289,
604-606(2000).)
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Fig.1.9: (a)SEM image of fabricated device. (b) Simulation of light route.
(c)Experimentally captured image of the scattered and emitted light from the top
surface of the device.(From B. Redding, et. al., ”Compact spectrometer based on a
disordered phonic chip”, Nat. Photonics 7, 746-751(2013).)
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Fig.1.10: (a) Deep neural network structure used to wavelength detection. (b)
Example of raining and test dataset. (c) Experimental result of 2 wavelengths de-
tection. Injected wavelength is 1572 nm and 1576 nm. Output value represents the
probability that the wavelength is exist. If the existence probability exceeds the
threshold, the light of that wavelength is considered to exist.  (From J.J.Hofs.L,
”Light frequency detection in a chirped photonic crystal waveguide using deep learn-
ing”, Master’s thesis in Keio University(2020).)
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Fig.1.11: (a) Schematic of Simulated-Annealing method. When the ” Temperature”
is high, the state can easily jump over the potential barrier. When the system
is cooled, the state converges to the ”plausible” state. (b) Experimental result
of 2 wavelength reconstruction. (c¢) Experimental result of continuous spectrum
reconstruction.(From T. Kodama, ” 7 ¥ X 62 &8 7 + b = v ZiEERE % AWi-%
I ERATICBE S 20987, Master’s thesis in Keio University(2022).)
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V- D(r,t) = p(r,t) (2.1.1)
V- B(r,t) =0 (2.1.2)
V x E(r,t) = —%B(r, t) (2.1.3)
V x H(r,t) = j(r,t) + %D(r, t) (2.1.4)

TITRE, ROLEHEL 1KLY + b=y ZHERICOWTERT 5. fHEEZMHIKLT 57
B, ROFEZHEATS. (1) 74 b=y 7HRIFEARTH 270, BREEII0OTDH
%. (2) BROFEMIZL, BAEEIZOTHS. 3) (EEOEMIE Y —V ZEHTRE
TEZZ2eh0, TTRHAKEOAEZ S, (4) B 2 AANCOAETL, BRI x
FHAD A, Wy HRADAZHENWT WS, KE (1), (2) ITkoT, v 7RV = L2
REIRDESICEZHZONS.

V-D(r,t)=0 (2.1.5)
V- B(r,t) =0 (2.1.6)
V x E(r,t) = —%B(r, t) (2.1.7)
V x H(r,t) = %D(n t) (2.1.8)

—77, IRE (3), (4) BRDEXHITKRHIHTE 3.

(Ew(z)ei“t)
E(r,t) = 0 (2.1.9)
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X (2.1.9), (2.1.10) 227 2V 2 VHFERICRAT 22T, a e y Knzhzh
DHRITTHETE T,

%Ex(z) = —lwpHy(2) (2.1.11)
%Hy(z) = iwek,(2) (2.1.12)

L%, FERMMNEICK - TENMT 256, HFERICMNERFEFE2FRE5 2L
T, e=c(2)eg ERWT 2. T TNUEKRETHLHFBR ¢ 9 1 2 2 ITOAMKIEL, &
HIZEMBABTHL T2 T, ERXRIZAV VAR 1RIT7 + b=y Z 5%
BRI RD. ¥, BHRIFILALTOWMHET =1 THZDT, ZITdHZ
DEIETS. T2, peo = 5 KD EEHOREEANZ LM TES XS ITk
b, BApfiE e 5. KX (2.1.11), (2.1.12) 2 oWAZHEL T,

E.(2) = ——¢€(2)E.(2) (2.1.13)

2, HEZVFEREZHEEITI
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TERWV. ZOHEA» S THBIGRER 27200 5EE, ROZOBEZL6NS. (1) #
BRI+ /NZ e LTGENT 2. (2) 7y rkOEHZEA L, EfHEREICE S}
AT ECRIEREE1TS.

gt (2) WEEHEME VAR IUIETIZEE L. RETTCE, AR (1) AW TGER
PBGZEHT 5.
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E,(2) = /oo A(k)et = dk (2.1.15)

¥z, FERE 77—V NEBEMTRELTBL. FEEVIEMEK c(2+a) =€(2) %
723 DT,

— Z fo el e 2m (2.1.16)
ZhER (21.13) KRAT 2 Z LT,
}: m O OOA@)W%M———EE QDA@)M%% (2.1.17)
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2 [ee]

—z};azm/ K2A(k)e**dk = — 2 A(k)e™*=dk (2.1.18)
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(Fe3) = —/ > ke F R (2.1.19)

AR TE S, CHUIERMPBRDT, 25 +k— k b ZBCR AL THRIER . 24
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e dk =0 (2.1.20)
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T DIEDHIC 0 72 513,
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X (2.1.16), R (2.1.22) ZHHTRK (2.2.13) KA TZ. 22T, stBEEMHICT S
O, FEEOZII T/ NI VERET S, ZOREEFR (2.1.16) iIBWT, m = —1,0,1
PN DIEZYIDIET 2 2 L ITHIE T 5.

ml{k+M}Em_1+m_1{k+M}Em+l (2.1.23)
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kT, w? ~ kA’k? LR ZETEEADPKREL RS, 20 X5 RHOARKREET L,
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m=—1,0 DAPED,

97\ 2
(w,% — 5062]{2) Ey — k162 (k - —W) E_1=0 (2.1.24)
a
27\ 2
—k_12k* By + {w,% — Koc? (k: - —> } E_1=0 (2.1.25)
a

BEoND. 2K 67k 2 TR RO,

wi — Koc?k? —r1c? (k — 27”)2 —0
—k_1C%k*Ey w]% — KoC? ( — %)2
ThHs. ZhzEfEl b,
5
wi(h) = 5\ /ko £ 1] £ S50 2 (2.1.26)
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Db, TIT, h=k-Z BE, b << ZZRELTWVS. ZORBKDMEIIZIX

e e
;\/ﬁo—hﬁl‘ <w< ;\/!@0+|H1| (2.1.27)

PDEEINTESY, ZhH PBG IIHIET 3.
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HET S, BR, RIZOMBEICRETSE51Ck5. 20 k5B, EhFoo v
R LIRMIC & > CETFOYWEEPRES 2 2 e T2 RS 7 v & — Y VY RFED Y
Hi7rad—Ths. ZOWEIZT VXL TH S0, HEMRENR L DR ETH
WHIfRET 2 Z 2138 L W, LaLl, 32l —YaryRERICL- T, FrEoiRizown
TQMHEFEDORMERBIET 2 Z LIFAJRETH 5. 2007 FFi2iE, 7+ b=y ZiEWEP O RTE
274 PRAA—FTHESTZ 22T, 7+ b=y 7R ORIEDHERKFRIEIHIE
XhTws [15).

IR-CCD

Waveqguide

Tunable laser input w _ Fiber taper
(A=1475-1580 nm) | ;oo i N

Fig.2.1: Schematic of Experimental setup. (From J. Topolancil, et. al., ”Experi-
mental Observation of Strong Photon Localization in Disordered Photonic Crystal
Waveguides”, Phys. Rev. Lett. 99 253901(2007))
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Fig.2.2: Obtained wavelength dependance of random PhC. (From J. Topolancil,
et. al., "Experimental Observation of Strong Photon Localization in Disordered
Photonic Crystal Waveguides”, Phys. Rev. Lett. 99 253901(2007))

22 JAXDHBFHERIE
2.2.1 175

WATHI 21X, detA # 0 723 EHTH At LT, UROSKMEERZ T/ At oz
LWV,
AAT ' =ATTA=1T (2.2.1)

LZBAATHITH 5. FATHNIIETATINSH L TDOAER SN D720, —fRD m x n 175
XS 2 ATANEAFAE L 72w, —RIV7RATA A = {am, } (RS 277K

y=Ax (2.2.2)

% 1 ICOWTIRL A,

ATA=1T (2.2.3)
k5175 At 2RO 2 2 eATEE V. K (2.2.3) iR TITHIE LT,
At = (ATA)71AT (2.2.4)
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DHIENTWSE., A= {an,} D&, AT = {a,} THZDT, ATAZIEHTHITH
3. LedoT, 1751 ATA X det(ATA) # 0 O & W74 28>, #uc, ZOFKMETRT
At 2R (2.2.3) 2T EHHETH 2. K (1.24) KXo THERINZ/T5%, A
X5 B BT, B B\ BALTE & R,

222 HEEDHE
EED m x n 1741 A 122D\,
A=USVT (2.2.5)

RDZDBENTEET S, I272L, U= {umm}J/T = {vpn} THY, U,V IZ2= KV 1T5]

THbd. £/,
c 0
5=(3 o)

o = diag{oy,09, - ,0.} (r < min(m,n)) (2.2.6)
op2022:-20.>0

TH35. XT 1379 X OiEZET. o1, - ,0, ZREMELIEE, O LS ZHHET 2
e ERRRMESRE VWS, X (2.2.4) RSN B WITHNE, RRRMES RN 175%
W

At =vSsUT (2.2.7)
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, (" 0
=5 0)

1 1 1
J':diag{—,—,~~- —} (2.2.8)

)
01 02 Or
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223 H[HERESB /14X

BRI ERICBWT, K (2.22) O 2 FATIARY b, y BZEMDNT — 2105
F5. EBCBWTE, ERRORE), HEZL, 74+ XA A — FOMETEDORA LI
ABENEZ LN, THUTy DEEELIEZ /4 X LTERAT 2. 3hbb, EBIC
XoTHIR SN B 7 — X113,

Y = Ytrue T Ynoise (2.2.9)
THD. ART FVIZHT 2 AR 72 B R
True = A Ytrue (2.2.10)
THoELEHE, /AXEHERTRARZ L LTHRLNEZ R MLZ
Tirue + Tnoise = AT Yorue + AT Ynoise (2.2.11)

5. ZZTREMOFIZIFFITNIWENTEEL2HE, X (228)1Ic&kD, 20
WEIIIEFICKE LS 25, ZoRE, X (2.2.10) OMEEHD D 272012, Tipe DE
RITWFEE LRV, —H, Ynoise I8 AT BIEHZ BTz Tpoise WKL TIE, IEFITKE2ME
ZHBIELAREMD D 5. UL, HATHI DT B LS HED, EBREO/NSR A
REWRIEIMRERHEOILERL TS [16] [17). R LT, B THZEE T
207NN XLTIE, /A4 XMHEPIMDTHL 5.

ZOMBIERBEMEOFI NI WVENEENEDICB I 5. TDD, NIREEYD
BTazeT, ZOMEZMBRTZZ2EZIOLNS.

HEHMEN ZHEL, o <N L R2FRMEZINTOICEZINZ S, ZOMR, K
WIEIZ N, FORRENEZ v $%. 22T, S=dag{o,00,---,0n,} £FBE, S
X Ny X N, ATHITH . ZhucEbH, UV OV A4 X235, bbb, m XoHt
N7 ML uyg & n RITHRZ b b o, 2 OWTEREET UL,

U= [ut, U, yUN,, > Un|— (U1, U2, un,| = U, (2.2.12)
U1
V2 V1
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vi=1 " |- . | =V} (2.2.13)
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3.1 T# by oERE RO
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Fig.3.1: (a) Full view of photonic crystal chip fabricated by AIST. Light is injected
into left aspect of the chip, and emitted from light aspect. (b) Close up of chirped
photonic crystal waveguide part. We used the waeguide with 21 sections, 80 periods,
240 nm hole radius. (c) Schematic of chirp structure. (d) Schematic of photonic
crystal parameters. a is lattice constant, W is waveguide width.
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Fig.3.2: Band edges of the different width of PhC waveguides. Periods of each
waveguides are 80. Injected light intensity is 0 dBm. Purple line represents 0.98W
waveguide. Blue line represents 1.00W waveguide. Orange line represents 1.02W
waveguide. Yellow 1.05W waveguide.
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KBWTHEHEN TV b DE5EHME, WAELMLTZDDTHS.

IR camera

Polarization controller

Lens
Laser1 50:50 ge:1 T —— PhC chip
Peltier
Laser 2 Wavelength Temperature
meter controller

Fig. 3.3: Schematic of Experimental setup. Laserl is santec TSL-510 type D. Laser2
is santec TSL-710. wavelength meter is bristol 428A. IR camera is artray ArtCam-
990SWIR-TEC. Light from Laserl and Laser2 is couple at 50:50 fiber coupler, and
then splitted by 99:1 coupler. 99 percent of light is injected into the PhC chip, and
1 percent is injected into wavelength meter.
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Fig. 3.4: Picture of the experimental setup. The system is covered by acrylic wind-
shields. During the experiment, we put paper on the windshield to shut the ambient
light out.
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Fig. 3.5: Experiment flowchart.
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Fig. 3.6: Image processing method. (a) Raw image of PhC waveguide. (b) Trimmed
image. (c) 1D data generated from image (b).
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Fig.4.1: Linear relation between Input power and pixel value. Input wavelength is
1650 nm, input power range is -15 dBm to -7dBm, 1 dBm step.
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Fig.4.2: Comparison between numerically superposed data and real 2 wavelength
input. Blue line represents numerically superposed data. Orange line represents real
2 wavelength input. Both 2 wavelengths are 1550.1 nm and 1550.9 nm.
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Fig.4.3: T matrix obtained in the single wavelength detection experiment. Horizon-
tal axis is wavelength index. Index of 1547.0 nm is 0. Index of 1553.0 nm is 69.
Vertical axis is pixel. Light is injected in pixels = 0.
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Fig.4.4: Test data matrix obtained by scanning laser2.
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Fig.4.5: Result of single wavelength input experiment. Red dots represent the
maximum values of reconstructed spectra. If a red dot is on the blue line, the
wavelength is correctly detected.
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Fig.4.6: Spectra reconstructed in single wavelength detection experiment. (a) Suc-
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Fig.4.7: T matrix obtained in 2 wavelength reconstruction experiment.
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Fig.4.8: T matrix obtained in 2 wavelength reconstruction experiment.(a-1) Com-
parison of numerically multiplied pattern and real input pattern with wavelength
1550.1 nm and 1550.9 nm. Same image as Fig. 4.2. (a-2) Reconstructed spectrum
from (a-1). (b-1) Comparison of numerically multiplied pattern and real inpt pat-
tern with wavelength 1550.3 nm and 1550.7 nm. (b-2) Reconstructed spectrum from
(b-1).
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Fig.4.9: Comparison of the localization image between 1550.1 nm and 1551.0 nm,
which is separated 0.9 nm. Localization of 1550.1 nm light is very dark compared
to the 1551.0 nm.
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