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Fig. 1. Spectral intensity of all the test pulses in context.
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Fig. 2. Distributions of FROG error at three levels for ran-
dom ultrashort pulses of two chirped features after
1500 circles of iteration with SOA.
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KR A SOA X fiknh 1 JEATE M A4S R, H
FIE 4(a) R T HANBRTY S8 L FObRE S
3 x 3 YA UE IS5 AR R S B R AR
FROG iR 2% G HXFFE. AT A0 BR 3 5 e 35 )5 1
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b
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Table 1.  Reconstructed results of three test pulses in cases without noise.

P Dbk o HICR B SOA-FROGiH5 455 PCGPZ5H
GDD/fs> TOD/fs* FOD/fs' FVOD/fs GDD/fs> TOD/fs? FOD/fs' FVOD/fs® G G
1(M=2) 150 ~2000 5 80 ~2000 0 0 4.0 x 106 1.1 x 102
2 (M= 4) 50 30 520 600 30 520 600 6.4x 109 7.2 x103
3(M=4) 100 ~500 ~3652 8000 ~500 ~3652 7999 1.2x10° 98 x10°%
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Fig. 3. (a) Original SHG-FROG trace of pulse 3#; (b) re-

constructed intensities and phases in time domain of the

pulse by SOA and PCGP algorithm, respectively.

Jik e ALY ) A 3 R B s A R B R
2= G AMINLRZE GP RRIE, Bife IESE X
Bk [27). HIE 4(b) FE 4(c) FTHL, 7E 1% FI 5% Y
M K GLAT GP #7380 FE 10% 1 20%
IR KT, BRI B9 FROG 152 2% e 35
KRR 2, G RZERAK, HERERZEM
FHAT R 22 W (B R H B W& s K, it
TRZEWRTEA K.

SRS, TR RS AT, GLH
GP AR EB I 2R 225 TR M 50/ NI I S
AL T FEASE L, i DR A 08 Ik 7T 2 g 4t
B SUERT U E: R EINES 371D 55 S M= N G
SEfE L

TEAN [R5 K H SOA-FROG Bk B4
Jok o 1 BRELEE SR LI 5. 5 1812 R 4R FROG
TN MR S LR, 2 2 FIAEE 3 513l
I HRM FROG 5K ) 1(t) A1 (¢) k. FHorp
WA KR 1% F1 5% A SRR A5 5L 2 AR IR H R
MBS I A5 T AR R T 10% F1 20% 45

FOEFNA R H SR EIE B PRI, AT LI i,
A K i 5 i Ik e R ) R 0 25 FAR A3
2L 14 i 22 Lt AR5 R T 39K

L () =& Oringinal FROG trace
=@ Subtract background

Subtract background
& filtered

0.3

FROG error

Noise/%
w 0.3F (G Filtered
'E = Unfiltered
3
2
8 0.2
-
0
o
5
>
£ 01}
12}
g
3
g L -
E }-_ ¥
or 1 I 1
1 5 10 20
Noise/%
(€) o= Fy
03k Filtered
— Unfiltered
e}
@
-
= L
5 0.2
o
5
8
£
x 0.1 .
o mom=ge=—= " o
1 1 1 1
1 5 10 20
Noise/%

Bl 4 R KF R A SOA Xt ik fr 1 47 o ) i 3o i
1 (a) FROG 122 | (b) #BEIRZE A (c) ANL1R 2

Fig. 4. (a) FROG error, (b) intensity error, and (c) phase
error of test pulse 1# reconstructed by SOA with different

noise levels.
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Fig. 5. Reconstructed FROG traces, intensities and phases in time domain of test pulse 1# by SOA algorithm with different noise
levels.
* 2 RFEMEEKFE T SOA Fl PCGP Fikmb ikl 1 AY45 5 HA
Table 2.  Comparison of reconstructed results of pulse 1# by SOA and PCGP algorithms with different noise levels.
- SOA-FROG ) FH L5 PCGPHYEMLAR
W Ik /%
GDD/1s? TOD/fs? GI/% GP/% G/% GI /% GP/% G/%
1 -150 2002 0.01 0.08 0.33 4.44 16.3 0.87
5 154 —2105 1.95 0.78 1.31 14.0 20.1 1.88
10 153 —-1940 0.02 2.61 2.01 13.2 13.6 3.46
20 193 —2651 1.52 5.77 3.77 20.0 22.3 4.62
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RN AN KU, BV FROG 3% B A7 —
TERIMEE, SOA {iReih B nElI B, ZX b PCGP
BRI 2. JRIRTE T OGS R ik i
PIETE A3 A S(w), HMEE KT R 2 I F A H Z B
Al 4R ME 2 %00 U i B () SHG-FROG % &, 1
SOA Hik H BRI iR 4L, M RTEH T =
H iR A 250 DU K o R I AR R T A MR Y
FROG &, PRI 125502 0 e 255 1y i 22 B 2 . ]
DI S A 6T 43 A S(w) o iknh A i 22 2
AR ITIINRIVE T, ROCHE e T M 25 T kb 8
R, AHILZ T, F PCGP kA R S0 &
KETFHERNMEMIRZE GLA GP £ KT SOA By
BB, J& B TAEE DGR R b 0 25
ok R SR YR T A e 1) FROG 33 &1, X RE A
K B Uk b B 3 R R 28 AR o7 il 0 2
EE AT ) B o), M S A o A o A R A 2
T 2 hMEEAREINIRE G MZENIFAK,
JRRTEFERER RN FROG 1EE 5A M &R
Tk B AR BN - 22 (WL (5) 2X), BRITinH:
B KNG 7T ELEEAR DG, N DATERf s e i
PR AR DR v A ERG B LI B 22 5

SEBR b, XA R BB FI#E |GDD| < 200 f52,
|TOD| < 2500 fs?, |[FOD| < 5000 fs*, LA f [FVOD| <
10000 fs® i 100 R ALIK w47 T A Mg 554 T
M ER. o SOA B S = 3 Fl M = 4, EAYZE
RE kit 1A E SLEEA AL, Hrbid 22 GI M GP
HIAS A 0 5 4(b) A 4(c) —2k, Rk
AL 5 B 4 ZAZ; TR E KT PCGP By
IR E AR SOA FEAAH{L.

3.2 BKMAIEEEM

AL SOA-FROG 35 1 kAR B 2 ARy
A LASEBR 280k b i SE it EE Y. FaRAR T T
YEMIZ 1T 3450 Inter® Core™ i5-4570 CPU(4s)
@ 3.20 GHz. 4 SHG-FROG & EI B RFh 256
256 If, SOA fEiE S = 3 1 M = 4 5&0F F 80
A HEAT 100.8 YEAR, 24K 1500 AN 15 s, 1%
£ 300 ALT 3 5. HIZBA LAY IR 28 ok iid8 &
YERE M /D, PR S ARk vp )
B AR Kok, AR M = 2 F1 M = 3 I Eyuiess
HEE M= 4 PRZL.

WHTArA, LS HIE, #U G < 10 *1E
R LR S, SOA-FROG B :%F 100 B8

HLWRBEK K o7 B, B 5 7E 1500 Yk FE
AREIB BN AR 0 2 Ak, HoAx 98 ANk iy
YIRSl 3.5 s, Hit 71 ANk REAE 4 s DU
WIERK, ILIE 6(a).

P F, AERK e E At B h PCGP Bk
LA 2 GP BRI ey, HR 25
RETE 100 YRR PSS, BIA A AT LS B S ik
() S B FE A4S B AEARSCIBLLZ RS T, PCGP
AR R IR E N 215 R (55 SOA HH 24
518%), BRIt 2y 4—5s. BPE M = 41
SOA 4 ik wft i) Wi S B8 e PCGP B A e —
5 (SR b S A S E AR R A
RE R 2200, B 6(b) 21 T HFPRE X 1
fik w2 B kAR B A L. R R ko B AT R
) TOD, Fi SOA %1% 300 KGR G Al [ 2
10° LAN; 1 PCGP Bk ekl B ik 2 G5k
SN AR PGS BPERRS Nk B &
W), 1B GIE—H4ERFAE 7 x 103 Btk am Rk

(a)
35 F
é 30
3 25
e
° 20
b
g
< 15
Z 10
5
0 e [ S
0 2 4 6 8 10 12 14 16
Reconstruction time/s
101
10-2F |
-
o
-
S 108
10-3}
0
Q
~
= 104t
10-5 |

C.) 5.0 1(.)0 1:50 2(.)0 2:50 300
Iteration numbers

Kl 6 (a) JCMRE 2544 T 1 SOA T H B ML G Mk b iy i 8
IR 9 R (b) AR AR % kb 1 74 1648 300 YRS IE T 3
BR2E M AT AR

Fig. 6. (a) Distributions of pulse numbers via reconstruc-
tion time for SOA in cases without noise; (b) evolutions of
FROG error for pulse 1# in 300 circles of iteration with
SOA and PCGP algorithm, respectively.
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HAB R A RERRE, PR UL SCRBELIZS
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Reconstructing algorithm for frequency-resolved optical
gating based on intelligent seeker optimization *

Wu Qin-Fei  Wen Jin-Huif
(School of Physics, Sun Yat-sen University, Guangzhou 510275, China)

( Received 18 October 2020; revised manuscript received 26 November 2020 )

Abstract

Frequency-resolved optical gating (FROG) is a common technique of ultrashort pulse measurement. It
reconstructs the test pulse by an iterative two-dimensional phase retrieval algorithm from a FROG trace. Now
the most widely used FROG algorithm is principal component generalized projection (PCGP), yet its accuracy
of pulse retrieval drops obviously under noise condition, and its iterative speed slows down significantly as the
size of FROG trace increases. Actually, most of ultrashort pulses delivered from ultrafast oscillators and
amplifiers as well as created in most scientific experiments are of smooth spectral phases, so that they can be
determined by a few of dispersion coefficients. In this paper, we propose a FROG algorithm based on seeker
optimization algorithm (SOA). After recording the spectrum of the test pulse, several main dispersion
coefficients of the spectral phase of the pulse are searched directly by the SOA algorithm to fit the
corresponding FROG trace. Then the shape of the test pulse can be uniquely reconstructed. Since this algorithm
mainly operates in a spectral domain and its routine of iteration is much simpler than PCGP’s, faster speed and
higher accuracy of pulse retrieval can be expected. In order to prove the advantages of SOA-FROG algorithm,
numeral simulations are performed for test pulses with varying dispersion, in the cases without noise and with
1%, 5%, 10%, 20% noise levels, respectively. The simulation results show that the new algorithm performs much
better than PCGP in accuracy and iteration speed. In the case without noise, 97% test pulses reach the
condition of rigid convergence (FROG error G < 10*) after 1500 iteration circles by using the SOA, with an
average FROG error G < 10°. So the accuracy of pulse reconstruction by SOA is at least three orders of
magnitude higher than by PCGP. In cases with different noise levels, the accuracy of pulse reconstruction by
SOA is also much higher than by PCGP. By means of background-subtraction and filtering on the FROG
traces, the retrieved pulse profiles almost accord with reality. Typically for a 256 x 256 FROG trace, SOA-
FROG iterates 100.8 circles per second, about 5 times faster than PCGP. After 300 iteration circles by SOA in
about 3 s, most of test pulses can finish their routines of reconstruction and reach high accuracy. Besides SHG-
FROG, the SOA-FROG algorithm can also be utilized in other FROG techniques based on the 3¢ order
nonlinear optical effects. In summary, the SOA-FROG is expected to be suitable to the real-time pulse
measurement with high accuracy in most of application cases. Yet some measures of improvement should be

taken to reconstruct complex pulses with rough spectral phases or/and broken spectra.

Keywords: frequency-resolved optical gating, ultrashort pulse, real time measurement, optimization algorithm
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