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Review of Ultrafast Photonic Differentiator and Integrator

Employing Integrated Waveguides
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(Wuhan National Laboratory for Optoelectronics, Huazhong University of

Science and Technology, Wuhan, 430074, China)

Abstract: Photonic computing can offer huge bandwidth to overcome the electronic bottleneck
of electronic circuits, and it also plays important roles in all optical networks. Integrated pho-
tonic waveguide is becoming one of the most promising resources to implement photonic com-
puting due to the compact size, light weight, and low power consumption. Photonic differenti-
ator and integrator based on integrated photonic waveguide attract more and more attentions in
recent years. In this paper, we review several schemes of ultrafast photonic differentiator and
differential equation solver employing integrated silicon cascaded or doped microring and Mech-
Zehnder interferometer to realize high-order photonic differentiator, tunable fractional-order
differentiator, high-order all-optical differential equation solver and all-optical constant-coeffi-
cient tunable differential equation solver. And they are one of the most important development
directions of the optical differential and integral.

Key words: optical differentiator; optical differential equation solution; integrated photonics

R T AR B ORR B O R R 2 SR TR
b o R 2 H 5 P I SRR 2 d8 B832 B) F  FRRE ELA
F14) T 2R I #51 BR f) G IR F 60 GHz) , (R AR X 5K
WM mSERes R ANEEZ — M BB EEEE, R T AR T LA SR

T

BES T - HF AR LR CIuE =732 (2011CB301704) ¥ By 35 H 3 20 & #6057 4245 75 A A % (NCET-11-
O168) VE B3 F + 42 i ff 75 1 -8 30 201130) B¢ BT F & 151 5¢ (1 48 Fh 2% 3 42 (60901006 . 11174096) ¥ Y31 H « [1 5 2 i
FHAER A4 (6112550 D B A .

Y5 B H#:2014-08-20; 81T B #1:2014-10-10



850 B

%

S

5 4 M %29 %

BOEF R E KA FE T RN TIH B2
A 2 g R R AR . A0 O T o) RR TE
Jik oh A R PAF 5 7 A R R g i A A AR A
JIZ R T B 2 — A e T L
PRI M Gy O B 00 5 B AT A R VF Z2 ) 27 30
Sof 14 7Rk 2 i) AR TR ) A B A0 ORI R B RK
AR A0 R 5 EE 45 Ty [ A A2 2 R 1 B
[*) 70 e L PR 25 P B M) N 5 L PR OGO AR
HEAT SR il o

H Al F i 4 B AR 2 20T L4y
KRGy et 5 eyt . il o & 48
WO B AR B AEJE R 5O T4 b A % JBAE 5 1
AL XA 43 AT T 8 98 4 (Ultra-wideband,
UWDB) s i (5 RE 5 g it . e i
SR G S b CaL & AR AL S PR D S A
ST 25 B AT K e AR A AR
JO K i 3 e B 7 AT R bk b i v R 0. Heh
N T B B0 A5 S B EORT LA o - R R o)
BNy . R IO 2 38 1 465 21 1 6 i
P AN | B S DIV OB E e | 2 4 D 2 N OE |3
SRR RO S B ORET A B AT K
EAID/50 1 A R 2 G = = 7 €7 NN
AT RLAR A R R A AR A, B O
T R (EB RN B &
A PR — P B — A BRI B R
i I F — AN A B -F B R IR R A R R B
Sl b g R L SRR A B B kB 1 el
PEH S X e AR I B 4. HEBOL B
SRS /N B S AU N E
WA IZ RFEMHTF RS REZ —. A
[ Jis T U & Ui Ak I O U S 8 10 Ol T R
GYIB RN ST E

1 T1ERIE

AT AT, — A4 NN SR 350 B 6 i 38035
A LORADEE S E %M N B S8 K55
FEAF IR - ] AR

E.(w) =[j(w—w)IVE, () (D
K iwo BB RE EL R E,, 53 512 i A F
e, B DUE B RSB S — A% 8 R
BN (w—wo) I B UE P AS 50T LASE B 19 T
AE. 4 N=1 I, XN — B o s 29 N>1 0. xf
IO B B o AR XS S COFEATHE . 2 N 4y

U . AL RE S BE 2 BB Iy . fiEE MZT S5 4 1 %
125 R RO E HE I IR AT 3R BT 30 30 B DA P AR i i
LA ASE B — B iz B n D ae . TR EE L R A
MZT B0 F (45 A 1] A9 9 R A3 UL mT LS8 N oy
By Bo o3 b X T PR I AR 2 AR X AR
MZI, HoA% 13 R BOE SF 3 2 N A 20 B s 20 - Bir LA
Af LS B R o s
73 5 — B AR A oy T AR AT R

dy(®) _
7 +ky () =x (1)

Ko (O RIREAMG T+ v 2 T7 R 09 A CE 4
GT) Mk AR A IE W B 1R RGN TR
NS B0 R . AT R AR X (2) B B AR A R i B pR AR
H(w) N

(2)

1
jow -+ k
KOO LFE A L BRI 28000 1) 1% 1%
PRUETCRH [R] . FoH & 22 53008 Q A3 QM H 45, Fir DA B
BB Q. il AT DL S H AR KT AR I R T

TR it 4

d*y (1) L dy@

dr? ds

J—it':':‘:a:kl—i_kz s b=kik, 9k1*u kzﬁj\%ljjﬂwjﬁ\%ﬁ%
(BCFR 1 RIBLR 2) 4% 33 sR B b ) R B ko

2 ETHEMZAWSMAEFRS
52[46]

2008 4F, | g 5258 K2 I 3 Bl 047 A BAAE ik
B ST — B ol A AR5 R
AN BT B GO T 28 1) % 3 oR B S i
A 30 30 B Sy e M AR 3 i 3, AT D S B — B A 0 i B
AITIRE . SCHRL28 IS B T 10 Gb/s 45 25 Gb/
s STkl TR 52 AE S R S O AR T B S5 A
Bk, (HiZdm Rl 7 — B Thae . JF AR
S N

fif A MZI 2544 14 1% 13 pR K007 LR IR A0 36 B 30
A AT 3 AR Ay £ A 3 BT DA A P R MIZT &5
oy )4 W DL 52 B — B o0 ds SRR T RE L 4 8 2 4
MZT G 1 & K 5t T L 52 B i B o a2 3. |1 oy
T B 48 24 I #: (Silicon-on-insulator, SOD | %
TEARIAE B PR R MZT B B iR, |1 R
MZI-1, MZI-2, MZI-3 iy I&1% .

% SOL Yy Bk 2B 340 nm, #5840 fL £k
JERER 2 pm, B SG.H HF HO6Z) (E-beam i

H(w) = 3)

+a 4)

+ by () =x ()



MZI-1MZI-2 MZI-3

B HE MZI R E G
Fig.1 Microscope image of the on-chip MZIs

thography) (9 J7 i # MZIL 25 44 5% ¥ 3| ZEP520A
JCZNE b KI5 R TRV #4545 B 7 & (Induc-
tively coupled plasma, ICP) ZI| {0 ¥t b ik )2 2 4 It
240 nm JE A B DA R B A B O O AR
MZT PR 5 AR 19 AN 289 &) 1 W0 I 5 96 B3 B st
1 e TS 5 A 98 B2 500 nm, 25 2 AR
15 pm, BUSERY T S BRI S S 2 ]
FH—1 3 pm KA MEHEIE X &,

Bl 2 g MZI-1,MZI-2 Fit MZI-3 ()14 3% R 805
P VR — B » B 0 = B i A% i R B B, A
ALEHBE—ERFREENNE -2 A,
MZI-1,MZI-2 #1 MZI-3 %5 5 & 1,3. 5
10.5 dB. W8 A HUFE K20 10 dB, MZI-1, MZI-2
A MZI-3 38 Iz 40 TR 19 T 2 43 591 g 13.5,9. 3 Al
16. 6 dB, H i )% % 78 B (Free spectral range,
FSRO#8 2y 80 GHz, T A4 58 73 5 9 43, 40 70
35 GHz,

FH B3R MZI G546 5230 = B A 43 1) 52 36 28 8 [
WK 3 Frs . SE 5 T ) i 20 B AT IR EOG g
(Tunable laser diode, TLD) % 4, H 835 43 ¥ XK
A1 pm, FHARRD YL A 4% (Bit pattern genera-
tor, BPG) 3K 3y 9 4~ 2% 356 114 H i 33 1 40 o] 4 o {07
NG G 7 A H R K E S . -1 BE
FEEF i K #% (Erbium doped fiber amplifier, ED-
FA) HITF IR 5 A% 5 - 1 55 — 4> EDFA WA F
M R ARG . T R Y A S HUBE S
Fii fB A (Transverse electrical, TE) &%y , By LLAE i
AGHE AR R 2 B A — i I 42 i 45 (Polari-
zation controller, PC), S5 H R H I B A A 19
TR A5 T koo A B0 6 b s d 5 i A I sk
T — A ECT A o A R WA B

B OB MK AT O 1 564. 4 nm, BPG
KBl A MZM 7 Az g 307 Bk b e 910, Gk 6 O 18
ps, AN 4 Ca) FT 7 o SR J5 H5 1E ok o 2 510 4 031 s A
F| MZI-1, MZI-2 fil MZI-3 385 R b JF A #Os 3

WG, 5T OB S BB P T I AR 4 is B A F 851
1.0
0.8F
|oE
@ 0.6
=
| 04f
o
02 — k%
----- AR \
0.0 L Y '
~100 -50 0 50 100
#i# | GHz
(a) — B

(a) 1st-order

AL HRIE

/
AN

50
#iZ / GHz
(b) =B
(b) 2nd-order

100

$i%. | GHz
() =kt
(c) 3rd-order

2 PR B T AL S BRI MZT 4433 26 5L

Fig. 2 Measured and ideal transfer functions

BHDL
HVION

>

[BPG ] st FEMMZILEH
Y | AR £THORE

B 3 T R B MZIS2ELUE B il i S2 00 2% B
Fig. 3  Experimental setup for the high-order DIFFs

with the on-chip MZI structures

PR MZL IR M BE AL . 5l ] 04 15 21 5
HAY 1 Br.2 B d 3 B o 1 AR 4 (b-
DF7R . o B ATE W0 A28 5 7 T A 4G R R
T2 B3 B BT 55 AL B 22 S5 AR - gy



852 ool X

VL. bidZE SR RER i MZI A BRA o 5 47 FR
MR R L 51k

p—
S

18] / ps B} 1E] / ps
(a) BNk (b) 1 DIFFHT 183 %
(2) Input pulse (b) Temporal waveforms for
1st-order DIFFs
1.2 —525% 12F — S8
-k 5
1.0r + .
g 0.8F
= oo}
o4l
0.2f
0.0 i,y 0 =
-100 0 100 -100 0 100
B 1] / ps 1] / ps
(c) 2B DIFFE S (d) 3K DIFFA 3 7

(¢) Temporal waveforms for
2nd-order DIFFs

(d) Temporal waveforms for
3rd-order DIFFs

B4 Bl B I B
Fig. 4 Experimental results for high-order DIFFs

3 E-FeE MZI B E MR aa-"

2008 4E PHPEF LR PG WKy C. Cuadra-
do-Laborde 58 AN i $& Hi 1 70 B9 19 45 1) A
A IR T A MZI 25 48 52 31 42 56 i) 3840 BB
Ty o A SR A3 BB B R R A B A HEATE . 2
J& s B bR BT TV 2 50 B0 BB O AR Y T 5
Fe 4 2009 4E C. Cuadrado-Laborde 25 AN X F)
B X FRAH 8 56 27 A1 1L 6 M 52 3 43 K B o3 4
2011 4F A 2012 4R 0 4 K R A8 K27 Wk 1 Hd%
P BN 220 ) R AW AR A9 ' 8 A 7 4% Ol B S B 43 50
T34 - 2013 4F SCHRLS5 1] S SE B 1 R T ik 2 2 8
T AL O S B B B o) i

FY A5 AT 2 MZT P ) SR S e, T L
ST BN s B 2 B MZT gl a] DA SE
IR Ve 1) 23 B Sl o i o 1T SR A TR R A
FHE R MZT ARSI E 5 iR .

% MZURSR R AT Bk )22 340 nm, #3541k

. (@) MZIBEGR

i

$ . (d)p-i-nGIN B
wid K%

(d) integrated p-i-n
diode

(b) G RR A 2%
(b) Coupling grating

K5 BRI MZI 8 KR
Fig.5 Micrographs of MZI

JZ0 2 pm 1y SOL § i o R 58 MR SN T 3 %
OB AL 50 nm JBBE ) 3 5 A MM, 2Z ) Sk F Al
WEOCIRB AL MY 7 IR E i PN 45, S 1 4 )@ FlkE
BRER RIS 700 nm AL FEAT TEE N 1X
10" em Ay & P RIUF N BB 2%, B G (e Bmt
We 1 pem 158 )2 91 200008 BEHL A .

&l 6 S MZI 32 2o 335 Bl i 2% v Fe 22 4 i il 26
B AT LA H MZI iR M B 09 467 & 7l 98 AR IR
IS B FEL A A T A Ak S DA AT A S A ] i ) 45
BN o is B . S i S g e ] 5 1R 3 2R AL
i Ak R A Ay AL 2 AR GE N 5.4 ps, A
B A 10 GHz(CUnE 7(a) fim) .

JH—1LThE / dB

1551 1552 1553 1554

WK /nm

0 ; ;
1548 1549 1550
& 6 MZI 2 ik % Fifl fin 8 v i 78 Ak fy 28
Fig. 6 Measured transfer functions of the MZI at dif-

ferent voltages

oA MZT b e b i H R S FF 78 15 B0 28 DK
fifi 2 5 MZI M1 U K % o o i o ik b an 1] 7 (b-D
N I AR T 2 O N i By A & 1 & 1 QL R Vi
FL4E R, HAMO B4y 5 N=0. 83,0. 85,0. 88,
0.93,0.96,0.98,1.00,1.03, MKW UFL . ET
A K 191 A A BN 22 B A1 5 S 550 4 ok v 5
JrA Bk s AF A R AT .



RSG5 TR ISOGIE S B PROE TR 23 is SR A B

853

— i

— iR

BF 8] / ps
(a) BT BY N Sk o
(a) An input Gaussian-like pulse

I 1E] / ps it i) / ps
(b) N=0.83 (c) N=0.85
(b) N=0.83 () N=0.85

— i

08
% 0.6
=04
02
0.0
-15
FF 18] / ps B IE) / ps fFfa] / ps
(d) N=0.88 (e) N=0.93 (f) N=0.96
(d) N=0.88 (e) N=0.93 (f) N=0.96

FF1A] / ps
(2) N=0.98
(2) N=0.98

7

A1) / ps i1 / ps
(h) N=1.00 (i) N=1.03
(h) N=1.00 (i) N=1.03

o B B o i e s T

Fig. 7 Experimental results of fractional differentiator

4 ETRNERSF[HSMEXRS
K FRRE

2012 4F, |- ¥ 52 3 K 2 7 3 L S0 i AT B
FHBAA REFEROIR I T — B il o0 SR A 25 L 25 4
B AR I REE N S A (Rl T
D5 A5 B IF R IEAT 5L 50 B0

T B AN TR T 280 A] S B — B R R AR
53 7 R SR ik [R) 3L, 06 22 A 1B 3 v L 5 B i
W ist oy 75 SR A

S50 BT FH 1 9 A SR O H 38 A SOT il 42
HAE B4 (R, =100 um, R, =130 um) fl Q
(Q =22 038, Q=19 045) , 4N 8() iR, HikS:
A I T 00 T E RN R B 43 3 S 450 A 220 nm,
BT 5 5 i F EEE Y 200 nm, B 8(b)
FURWOR Y SEM [, [ b R 2k R OR 200 pm,
1, 2 0m FEAGRE . R 1 SRRESE B — W o4tk

Sid
S

AEsL

(a) BRI J 2 I
(a) Schematic of the
cascaded MRRs

(b) FIKIMIFSEME]
(b) SEM picture of the
cascaded MRRs

— 142130 pm)
— WER2(342100 pm)
— FERHCE

H—L T3

1540 1545
#HK /nm

() BRI AN A ER I AT 1

(c) Measured spectra of each MRR and the cascaded ones

[ 8 RUER Ji B ] A0 )

Fig. 8 Schematic diagram and measured spectra of MRRs

1550



854 Boom|OX

%

5 & H %29 %

Ay I SR R % BB by =0.028/ps. #¥55.6
Uit 14 ASG I BOR 2 R R S AR R B k. = 0. 032/
ps M) — M @ E RS T oK iR 4% . LAk 3.4
Uity 142 A I o O IR A R T S 2 B 4o R Mk
Gy T RRSR AR A W BB K ca=k, +k, =0. 06/
ps, b=k k, =0.000 896/p52 o BN THEA RN e BRI R
{14000 2 A N 1] 8 (o) TR

S5 e A B {5 S R I ik o, AR A8
(a) B 17 1,2 5K 5.6 B A BEHIOR 1 Ffil

W2 AT Y MO 1B Ao R oy O AR SR i
A5 B4 6 1% A HE D R AN T 9 Ca-dD BT S 5 1h FRABLDE
WA AT B HIL 45 R BORE R,

Mk Ak o it 113 i B 2 (4D 11 i AT L
M 4 B3, Hd a=k +k,=0.06/ps fll b=
kik, =0.000 896/ps”, R ZIRSK . D45 A R AE 1Y
e A B B T A0 1 9 Ce) B (D TR . R AT LR
th s GBI T A S 30 i B 4 G 2 vk oy AR 1 SR
fif 25 o

1r 1 1r
R & B
T T T
ey g g
0 . ) 0 0 /4 L A
15422 15426 1543.0 15434 -150 0 250 15423 1542.8 15433
WK /nm I8 / ps WK /nm
(a) TR RIRE (b) TR 1B Sslip 7 (o) TFR2 kI
(a) Amplitude spectrum of MRR1 (b) Temporal waveform of MRR1 (c) Amplitude spectrum of MRR2
1 1F 1
= g =
T T T
z z z
0 0 - 0
-150 0 250 15422 15426 1543.0 15434 -150 0 250
I 18] / ps WK /nm I 1] / ps
(d) BER2 BB (¢) FUBL TR AT (f) FUBEIIET B B

(d) Temporal waveform of MRR2

& 9
Fig. 9

(e) Amplitude spectrum of cascaded MRRs

(f) Temporal waveform of cascaded MRRs

A5 A9 S B0 400 315 I B TR 85 2R (S 400 A0 TR BRAR AT I SRR 45 5 (R0

Measured amplitude spectra, simulated phase spectra, measured output waveforms (solid line) , and correspond-

ing simulated ideal results (dotted line) of MRR-based all-optical ODE solver

5 EMRYAESKES FERBE

HE BRI Q. T LASE I R AT A8 1)
TG T R SR i+ T A AR AR TR QY T ik
LR 4B 2 SE I HL PR B . 1 10 AR 9 v
TR . & 10 Ca) A1 (b)) J3 A1 s B A f A 0 BR IX 8l ik
LRI YR

A 375 3 3 B n 28 R AR R i R A 1] 11
7N o H P AT B A AR H T A 1 9, A Y 3 dB
e AR I, AT 51 B ROF Q ARk, 5 k[
I R IS IR B K WAERA R K B gl . 2 mak
JE 0V EF, SR B IR B O 1553, 202 nm,
3 dB#$Ek 0.096 nm, T N#RHL FEAS N 1.5 V i,

(b) FREIBONE K B 5

(a) AR

(a) Microscope image of the (b) Microscope image of the
fabricated MRR zoom-in ring region
P10 WG AR R

Fig. 10 Microscope image of MRR

R I K A 1 552, 417 nm, 3 dB W 9 A R
0.25 nm, Fi& Q /Y722 bl BE 5 3L nl i 1 4 R 4L



56 ST, A TR OB T I PO T RO S 8 TR ST 855
oy J7 RESK il 4% fige e 1ty 8 (9 W 0 1) B DB TS E .

TE R E S E 3 KM, AT s -10
&R¥¢’¥%éﬁj§ 41,51 ps,ﬂﬂ@ 12 F)?i_\‘c: %’M}%’[Iﬂ: —20+-
MM E R 0O V.o RN RN @w
0.038/ps. 4 I (S248) W 12 (b) 7, [ v o
~ SO 2 SAL Y A N iy -40
I VTS AR 0 B Y 2 R BOR ¥
HOHLFEAE S 0.9, 1,04 1.1 1 1.3 V B 3% R 504 =S
B A 0. 046/ps, 0.054/ps, 0.063/ps Fl 0. 082 - i i i i s
ﬂJjb‘ /ps /ps /pj_%u / 550 1ss1 1552 1553 1554 1555 1556
ps. MM L R ME 12D iR, B 12 Pk /om
1) K 2k 2 DN A5 I8 - i Ak 35 19 45 11 R R v s s i i 28R e, s A A i £k
T{utﬁﬁﬁf% MZ1 ;f)@ﬁ’(ﬁ%ﬁﬂ‘]ﬁ% ':P . %% Fig. 11 Measured transmission spectra at the drop
) 3 dBiF TR T s B e . AT % port of the fabricated MRR when varying the
FH Tk FE AR PR 52 B LR PR AR 53 7 AR SR A 1 O 48t 3R applied voltage
2.0 2.0 2.0
1.5F 1.5F 15F
5 10 P S Lof A S Lof f\
I " l| 1 l \ l [} 1
T o5 i \ T ost \ T osf ! \
: ) )
00 T | hamAdAA W el W id o, —— ) . jNT—
100 0 100 100 0 100 ~100 0 100
I 1] / ps iHiE] / ps I 1] / ps
(a) & B Bk () 0V, £=0.038/ps () 0.9V, k=0.046 / ps
(a) Super-Gaussian input waveform (b)0V, k=0.038/ps (€) 0.9V, k=0.046 / ps
2.0 2.0 2.0
1.5F 1.5F 151
% 1.0r /ﬁ\ % 1.0} y % 1.0F /r\‘
7
o o5} / \ I 05f / I o05f \
% / A\
0.0 ""*“k“f - . ] et 00 P uraf = v
-100 0 100 -100 0 100 -100 0 100
i 1] / ps i iE] / ps i 1] / ps
(d) 1.0V, k=0.054 / ps (e) 1.1V, k=0.063 / ps () 1.3V, k=0.082 / ps
(d) 1.0V, k= 0.054 / ps (¢) 1.1V, k=0.063 / ps () 1.3V, k=0.082 / ps
B 12 ingAS 7] B He A6 SO b 45 1 i s ik o
Fig. 12 Outputs with different voltages applied on MRR
6 ZRiE IR G EDE A AT B WIE 7 A DG vE A

TR E 2Ll AE M4 P A H 2 R REN
(EGERE S woviaE o2 C DS WN WIS ¢ 0 E i
M /NAFIE 3 C 28 A fi 32 53 B0 13RS T BT
Wz — . T MBIk ia B8 160 B A
fE S AT HOAR N BCF s 5.t T 1 Bl 43 78 Bk

T R A T T A N O T R AR AR DB AE A O
FOR SRR Ir # 25 J7 T B O T RO 4y
sz B T MOR B Z R TE . M AR OGBS
RSB TR f Fe 22 O 6 T BUR iz B
(W 22 S R T 1) o AN SC Il BT LR DL Ao ik 2 D
P T T AR 8 R SE BT & L B AE



856

oo X

S

l::l‘

ST | 29 %

(05 R G S SN o QT T 5 gt SN ] T €
O3 7 RER S L n] E M B — B H AR RO o) T RE SR i
3 9 R FH BA 2E BOG T A 8 £ A g MZTL 8
28T MZL RPN I IR 2 M4B 28 BRI IR &% .

S E 3k

(1]

(2]

(3]

(4]

[5]

[6]

7]

(8]

[9]

(10]

[11]

[12]

Robinson A L. Multiple quantum wells for optical
logic[J]. Science, 1984,225.822-824.

Lei Lei, Dong Jianji, Yu Yuan, et al. All-optical ca-
nonical logic units-based programmable logic array
(CLUs-PLA) using semiconductor optical amplifiers
[J7. ] Lightwave Technol.2012,30(22) ;3532-3539
Ngo N, Yu S, Tjin S, et al. A new theoretical basis
of higher-derivative optical differentiators[J]. Opt
Commun, 2004,230(1):115-129.

Yang Ting, Dong Jianji, Liu Li, et al. Experimental
observation of optical differentiation and optical Hil-
bert transformation using a single SOI microdisk chip
[J]. Sci Rep, 2014,4:3960.

Quoc Ngo N. Design of an optical temporal integra-
tor based on a phase-shifted fiber Bragg grating in
transmission[ J ]. Opt Lett, 2007, 32 (20): 3020-
3022.

FerreraM, Park Y, Razzari L, et al. All-optical 1st
and 2nd order integration on a chip[J]. Opt Express,
2011,19(23):23153-23161.

Venema L. Photonic technologies[ J]. Nature, 2003,
424(6950) :809-809.

Shaw G, Manolakis D. Signal processing for hyper-
spectral image exploitation [ J]. IEEE Signal Proc
Mac, 2002,19(1):12-16.

Azaa J. Ultrafast analog all-optical signal processors
based on fiber-grating devices[J]. IEEE Photonics J,
2010,2(3) :359-386.

Slavik R, Park Y, Kulishov M, et al. Ultrafast all-
optical differentiators [ J]. Opt Express, 2006, 14
(22):10699-10707.

Slavik R, Park Y. Kulishov M, et al. Terahertz-
bandwidth high-order temporal differentiators based
on phase-shifted long-period fiber gratings[J]. Opt
Lett, 2009,34(20):3116-3118.

Li M, Shao L Y, Albert J, et al. Continuously tuna-

ble photonic fractional temporal differentiator based

on a tilted fiber Bragg grating[J]. IEEE Photonic

[13]

[14]

[15]

[16]

[17]

[18]

[19]

(20]

[21]

[22]

(23]

Tech L, 2011,23(4).:251-253.

McCloskeyD N. History, differential equations, and
the problem of narration[ J]. History and Theory,
1991,30.21-36.

Slavik R, Park Y, Krematik D, et al. Stable all-fiber
photonic temporal differentiator using a long-period
fiber grating interferometer [ J]. Opt Commun,
2009,282(12) :2339-2342.

Velanas P, Bogris A, Argyris A, et al. High-speed
all-optical first-and second-order differentiators based
on cross-phase modulation in fibers[J]. J Lightwave
Technol, 2008,26(18):3269-3276.

Xu Jing, Zhang Xinlang, Dong Jianji, et al. High-
speed all-optical differentiator based on a semiconduc-
tor optical amplifier and an optical filter [J]. Opt
Lett, 2007,32(13) :1872-1874.

Yao Jianping. Photonics for ultrawideband communi-
cations[ J]. Microwave Magazine, IEEE, 2009, 10
(4):82-95.

Dong Jianji, Yu Yuan, Zhang Yin, et al. All-optical
binary phase-coded UWB signal generation for multi-
user UWB communications[ J]. Opt Express, 2011,
19(11):10587-10594.

Li Zhengyong, Wu Chongqing. All-optical differenti-
ator and high-speed pulse generation based on cross-
polarization modulation in a semiconductor optical
amplifier[J]. Opt Lett, 2009,34(6):830-832.

Dong Jianji, Zhang Xinlang, Fu Songnian, et al. Ul-
trafast all-optical signal processing based on single
semiconductor optical amplifier and optical filtering
[J]. Selected Topics in Quantum Electronics, IEEE
Journal, 2008,14(3):770-778.

Xu Jing, Zhang Xinlang, Dong Jianji, et al. All-opti-
cal differentiator based on cross-gain modulation in
semiconductor optical amplifier[J]. Opt Lett, 2007,
32(20) :3029-3031.

Park Y, Asghari M H, Helsten R, et al. Implemen-
tation of broadband microwave arbitrary-order time
differential operators using a reconfigurable incoher-
ent photonic processor[J]. IEEE Photonics J, 2010,
2(6):1040-1050.

Rivas L M, Singh K, Carballar A, et al. Arbitrary-
order ultrabroadband all-optical differentiators based

on fiber Bragg gratings[ J]. IEEE Photonic Tech L,



56

S 4 T AR O I B POE T MR S s BT R

857

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

2007,19(16) :1209-1211.

Li M, Janner D, Yao J, et al. Arbitrary-order all-fi-
ber temporal differentiator based on a fiber Bragg
grating: design and experimental demonstration[ J].
Opt Express. 2009,17(22) ;19798-19807.

Berger N K, Levit B, Fischer B, et al. Temporal dif-
ferentiation of optical signals using a phase-shifted fi-
ber Bragg grating[J]. Opt Express, 2007, 15(2);
371-381.

Preciado M A, Muriel M A. Design of an ultrafast
all-optical differentiator based on a fiber Bragg grat-
ing in transmission[ J]. Opt Lett, 2008, 33 (21);
2458-2460.

Preciado M A, Shu X, Harper P, et al. Experimen-
tal demonstration of an optical differentiator based on
a fiber Bragg grating in transmission[ J]. Opt Lett,
2013,38(6):917-919.

Kulishov M, Azana J. Long-period fiber gratings as
ultrafast optical differentiators[J]. Opt Lett, 2005,
30(20) :2700-2702.

Krcmarik D, Slavik R, Park Y, et al. First-order
loss-less differentiators using long period gratings
made in Er-doped fibers[J]. Opt Express, 2009,17
(2):461-471.

Rivas L M, Boudreau S, Park Y, et al. Experimen-
tal demonstration of ultrafast all-fiber high-order
photonic temporal differentiators [ J ]. Opt Lett,
2009,34(12) :1792-1794.

Kulishov M, Kremarik D, Slavik R. Design of tera-
hertz-bandwidth arbitrary-order temporal differentia-
tors based on long-period fiber gratings [J]. Opt
Lett, 2007,32(20) :2978-2980.

Slavik R, Park Y, Azana J. Tunable dispersion-tol-
erant picosecond flat-top waveform generation using
an optical differentiator[J]. Opt Express, 2007, 15
(11).:6717-6726.

Li F, Park Y, Azana J. Linear characterization of
optical pulses with durations ranging from the pico-
second to the nanosecond regime using ultrafast pho-
tonic differentiation[ J]. J Lightwave Technol, 2009,
27(21) :4623-4633.

Ashrafi R, Asghari M H, Azana J. Ultrafast optical
arbitrary-order differentiators based on apodized long-

period gratings[ J]. IEEE Photonics J, 2011,3(3);

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[46]

353-364.

Park Y, Azana J, Slavik R. Ultrafast all-optical
first-and higher-order differentiators based on inter-
ferometers[J]. Opt Lett, 2007,32(6):710-712.
Park Y, Ahn T J, Azana J. Stabilization of a fiber-
optic two-arm interferometer for ultra-short pulse
signal processing applications [ J ]. Appl Optics,
2008,47(3) :417-421.

Liu Fabgfi, Wang Tao, Qiang Li, et al. Compact op-
tical temporal differentiator based on silicon micror-
ing resonator[J]. Opt Express, 2008,16(20) :15880-
15886.

Dong Jianji, Zheng Aoling, Gao Dingshan, et al.
High-order photonic differentiator employing on-chip
cascaded microring resonators[ J]. Opt Lett, 2013,
38(5) :628-630.

Rutkowska K, Duchesne D, Strain M, et al. Ultra-

fast all-optical temporal differentiators based on
CMOS-compatible integrated-waveguide Bragg grat-
ings[J]. Opt Express, 2011,19(20):19514-19522.
Li M, Jeong H S, Azana J, et al. 25-terahertz-band-
width all-optical temporal differentiator[J]. Opt Ex-
press, 2012,20(27) :28273-28280.

Ahn T J, Azana J. Wavelength-selective directional
couplers as ultrafast optical differentiators[J]. Opt
Express, 2011,19(8) :7625-7632.

You Haidong, Ning Tigang, Jian Wei, et al. Optical
temporal differentiator using a twin-core fiber [J].
Opt Eng, 2013,52(1):015005-015005.

Lu Liyang, Wu Jiayang, Wang Tao, et al. Compact
all-optical differential-equation solver based on silicon
microring resonator [ J ]. Frontiers of Optoelectron-
ics, 2012,5(1):99-106.

Tan Sisi, Wu Zhao, Lei Lei, et al. All-optical com-
putation system for solving differential equations
based on optical intensity differentiator[J]. Opt Ex-
press, 2013,21(6):7008-7013.

Slavik R, Park Y. Ayotte N, et al. Photonic tempo-
ral integrator for all-optical computing[J]. Opt Ex-
press, 2008,16(22):18202-18214.

Dong Jianji, Zheng Aoling, Gao Dingshan, et al.
Compact, flexible and versatile photonic differentia-

tor using silicon Mach-Zehnder interferometers[ ] ].

Opt Express, 2013,21(6):7014-7024.



858 oo X

S

5 4 M %29 %

[47] Zheng Aoling, Yang Ting, Xiao Xi, et al. Tunable
fractional-order differentiator using an electrically
tuned silicon-on-isolator Mach-Zehnder interferome-
ter[J]. Opt Express, 2014,22(15):18232-18237.

[48] Cuadrado-Laborde C. All-optical ultrafast fractional

differentiator[ J J.
(13):983-990.

Opt Qauant Electron, 2008, 40
[49] Cuadrado-Laborde C, Andrés M. In-fiber all-optical
fractional differentiator[J]. Opt Lett, 2009,34(6):
833-835.

[50] Shahoei H, Albert J, Yao J. Tunable fractional order
temporal differentiator by optically pumping a tilted
fiber Bragg grating [J]. IEEE Photonic Tech L.
2012,24(9):730-732.

Photonic

[51] Shahoei H, Xu D X, Schmid J H, et al.

fractional-order differentiator using an SOI microring

resonator with an MMI coupler[ J|. IEEE Photonic
Tech L, 2013,25(15):1408-1411.
[52] Tan Sisi, Xiang Lei, Zou Jinghui, et al. High-order
all-optical differential equation solver based on mi-

croring resonators[ J]. Opt Lett, 2013,38(19) :3735-
3738.

PEE B A 4 (1979, 55, B8, WF 5% Jr ml - 4 ok F
2 OOE T2 R OE F S AL B, E-mail: jjdong @ mail.
hust. edu. en; BT I5 (1990-) , 4, 4 WF5E 7 1) 4 JBOG T
2 OG- R HOE AR B AL B KR A (1989-), F5 L B
R R e R T S N PR I e A N €% e X N =B oY =]
S4B A I (1989-) Ao A L W SE O Il < AR O T LI
BT 2R R OGS S A B KB 2R (1971, 5 i i
FEIT 1] i HOG AR A6 1E B AL BB R KO L T /ot
F A AR RO R A



