$£50% & 22H/2023 % 11 B/FEHNx

B A A BB R R RS 4 75 3 9

ERAU, B, BER, &7, At
o B S 5 LB o B B OO 5 A0 5 MR A T 09505 . 1 201800,
R TR {5 BT BLT BB FE 200003
SRR A, LR 100049

FE B HOGIE £ AR T 2R G BTN TR A AIRAR Xob 5 R R R (RIND B 75 5K, IR T M A1 AR I8 AH X it J32
Mg P I3 3 B BIE S o i e BT RN B R ISR P N0 3 R IO R X i R MR P AR G O R P R A R A R B R Y
RO, SRS AR 0 T 3 T4 RO L I O 5 4 (0 PR MR A A ST R 1) 1y X R e A IR B i, 2 LT AR A S BB i
SR X i R M P 0 3K, 93 2 M A B T IR B 40 GHz, M AR I8 — 171 dBe/Hzo & T %07 4 AR ST, SRS 41 M it
FEAAL T IG3E AR P A D't R R R TR R )i R 0 A X i P R R R AT 3 AT R T R AR AR T Ml R O Ol TR Y I
TR AN Z A S 5 4R 5 W ik B8 IR 1 90 e 2R LA AR 2, TR S T A AU AR IR IR R I o s B A O o AT SRS SR AR RO A
FIE YT 1 05, P 2R 9 1Y) e 0 P4 45 O TG R AT o A O R I 55

KR WOLE; HAPUEOLE WA AR R s SEDLES; MO T

FESES 0436 XHkFRERS A

1 5l =

A5 2R SR O E AR AR TGS M T ORI
T TGS A+ mEER A
FRGTROE A 00 i R R R JRIEAN HE RE I B S bR, b
WA G AR R GE B KA i R o2 T e
it R e L T 98O R M S L BB R R G (s M L
AT 55 0 388 £ 3 36 ) R T FE R e R Ge v o6 R
JE R 7S B RS R R AU MRS R R, X B O
AR AT 0 R M PR ORGP A A S, R M AR
AT 10 SE A FIET B, o 2 A8 FF ek FH R St
Y BARYE o RIS, 7 F — 25 A AR5t 3 M 7 N 2R 48 1Y
W8 AR, LA f Sk SR O 25 A I 75 5K

Al P AR T B B I 7 (RIND) o 6 F O 2% )
JEE W RS X B G A T B R R RS g, H AT E
HRZ W5, 2009 4F , Rubiola 25" F] F 52 X i v
X i BE MR PR AT T A 2% 7 iR AT B R S A
2 HUIE E MRS A B, JF7E 10 Hz~100 kHz 53t Bz N 1k
F| 7 —147 dBe/Hz A . 2011 4F, Singley %
XTI FH T AL 5 [ 0 LR SO SR R AT T R R 5L
ER BN SRR RS A T 10 kHz~40 GHz
I A5 B A — 165 dBe/Hz M AR A 3845, JRBL T A~
[7] 2 0 L TR 350 5 B A 5 B MR AR R R L 2021 4F | gk T

DOI: 10.3788/CJL230592

SELOHRE T —FP mHz 2 MHz 5545 Bt A o 5 e 7 st B
ARG H T B 7 3R B e A FF T 450585 43 X 55
22 A8 7 114 5 B W s S 0 BE O R AT T R 1S
WP, 2 T 1 mHz~50 MHz 35 B P — 155 dBe/Hz
) 7S JEC B9 A X g B e 7S 4 X BB AT 5 G A X AN
[F] P4 8 KT 1 B0 5O 2 5 8 T A X i R M ) 3k R
G5, T LA e BRI A 04 MR P R (LR DU AR R
AR JE M 7 PR BE R AR M LA ST B o 1 b 3 AiF A AIG I P
TG R R T i R A S e

R T i A5 BRSO Ko 5 MR T ARG A
F—165dBe/Hz LR, 2 2 X W A A Jps Mt s 00 o vk A
M RGP . 8 S il iy i 4 e 7= = A pIL B
FRUR, $ 0 T G H BRI RS = Ak R G HL AL, [R]85 A5 (g
T 53 BT A SR 2R AR 35 6 IR I8 75 AR B RN AR 75 5% B 114
R 5 T 40 kHz~40 GHz & 240 , AR
Wk — 171 dBe/Hz; SRJ5 3T 05 M R 40, SR ARA
Xof it JE MR 7 O 2 114 5 B MR S MR BB B AT T N L RAE
ARG GE Fns () 5638 A5 5 FH 0 = 2RI ARIEOG R 9
A X 56 I P REAE LA R 5 3 3R o 2o A P R D R AE

2 D RS S ARk

21 AEER%
TG A X iR i W 7 R SO O T R B Y R

i BHEA: 2023-03-06; 1&E EHH: 2023-03-19; FABHI: 2023-03-23; MEEHEEZBH: 2023-04-03
EETH: ERESHF AT (2022YFB3902503, 2020YFC2200302) . % A 4R FF2: 3 42 (12293033) . B} 22 B 5 S 0 H
(XDB43030401) . R} 2 b 55 AR B B #2350 H (YIPA2019251) | bt [E R} 2 e BHIF A 28 1% 4 R 6135 B (YIKY YQ20210017)

EEMEE . “fyang@siom.ac.cn

2201003-1


https://dx.doi.org/10.3788/CJL230592
mailto:E-mail:fyang@siom.ac.cn
mailto:E-mail:fyang@siom.ac.cn

% 50% £ 22 #1/2023 £ 11 B/ E#*x

E 5T T 2 I FER e b X B B
SRR
_Su(f)_Sulf)

Sin( f)=—= .
o f P IdZCZoul

Sun( f)= 101g{5;;<f)}

de 4~ out

, (1/Hz ), (1)

10lg[ Sun( £)]— 101g(1i Zu). (dBe/Hz),  (2)
FH SR A3 BT O B 5 S (f )RR TR
I Bl 1 T A3 5 B, B BRE 3 F4b 1 Hez A 58 N i D6 2

‘ LUT

PD |—‘ bias Tee

BBl 3 PFROET IR L g 6 RIS 7 A 1k
HLTE 5 Zou A O L PRI 45 1) B0 R BELBI

3T X Lo Zow Sap () =AY BRAEESEFT I, 7] A
A5 B IO A X i B M RS I R 8 A A5 A N (R 1R
TN o R DO 280 O FL RN B8 5 7 A S FL R D LR
25 fiw & A% (Marki BTN-0040) 43 & H 28 i it 5 B A
Ho B B EORE BE80T J7 3R (keysight 34410A)
KA A3 B 15 38 L 1t FA 1% 43 BT ASCHE A7 00335 43 B, 75
B Sap (f)o M & 7 2R H AT Z,, A5 e b E L B
Jei B TS HLSE A X 5 IR R S () B TTERL

ESA I-— computer I

LUT: laser under test
PD: photodetector

DMM H 3

DMM: digital multimeter
ESA: electrical spectrum analyzer

PEL L AR AR AR UG S35 2 M 7 0 3 2R

Fig.1 Ultra-low background single-frequency laser relative intensity noise measurement system
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Table 1  Shot noise limit of high bandwidth InGaAs photodetectors
Manufacturer Model Max photocurrent” I, /mA Shot noise limit RIN,, /(dBc-Hz ")
Discovery DSC10H 10 —165.0
Thorlabs DX20AF 9 —164.5
. . PD-18G-V 6 —162.7
CETC Custom one of this work 40 —171.0

Notes: the symbol * represents that the maximum photocurrent is obtained from datasheets.
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Table 5 Noise level after sinusoidal wave modulation at different frequencies

Noise level /(dBc-Hz ")

Input amplitude /V 60 MHz signal

600 MHz signal

60 MHz 120 MHz 240 MHz 600 MHz 1.2 GHz 1.8 GHz
2 —113.6 —154.4 —154.1 —121.9 —136.3 —148.5
1 —119.1 —161.8 —161.3 —128.8 —161.1 —152.8
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Abstract

Objective Narrow-linewidth single-frequency lasers play an important role in coherent optical communication, coherent laser radar,
microwave photonics, and fiber-optic sensing. The intensity noise of a single-frequency laser is an important indicator of its
performance. Accurate evaluation of the intensity noise is of great significance, as it is necessary for optimizing laser performance, as
well as for promoting and improving the design of application systems. However, current intensity noise measurement systems have
insufficient performance in frequency bands and background noise and cannot meet the measurement requirements of advanced single-
frequency lasers. Therefore, it is necessary to develop a relative intensity noise (RIN) measurement system with an ultralow broadband

measurement background to satisfy the measurement requirements of more advanced single-frequency lasers and application systems.

Methods In this study, the noise mechanism and RIN measurement methods are analyzed. Measurement errors in the system are
calculated, including shot-noise from photodetectors, thermal noise generated by components, thermal noise in spectrum analysis,
and calibration error. Numerical simulations of the main noise sources in the measurement system (see Fig. 2) are conducted. A
relationship that shows an increase in the photoelectric current can simultaneously reduce the shot-noise limit and the thermal noise
limit of the measurement system is observed. A method is proposed for reducing the shot-noise and thermal noise limits of the system
by generating a high photocurrent from a photodetector and combining it with a low-noise spectrum analyzer. On this basis, a
measurement system of 40 kHz to 40 GHz is built with a background noise of —171 dBc/Hz.

Results and Discussions The above measurement principles and methods are experimentally verified using an ultralow
background noise measurement system (see Fig. 3). An Emcore 1782 distributed-feedback semiconductor laser diode (DFB 1L.D) is
used to generate a photocurrent of 1 to 40 mA through an attenuator to measure the RIN. When the photocurrent is less than 10 mA,
the measured noise power spectral density remains unchanged, and the measurement results are limited by the system background
noise. When the photocurrent is 40 mA, the measured noise power spectral density is significantly higher than the background noise
power spectral density, clearly reflecting the noise characteristics of the laser. Under a 40 mA photocurrent, the measurement results
in the 100 MHz to 1 GHz frequency band reached a shot-noise limit of —171 dBc/Hz, which is consistent with the theoretical analysis.
Subsequently, the feasibility of using an erbium-doped fiber amplifier (EDF A)-amplifying photocurrent to measure the RIN is analyzed
(see Fig. 4). The results show that when the photocurrent is insufficient, the EDFA can amplify the optical power, increase the
photocurrent, and reduce the background noise, thereby making the measurement value closer to the true noise level of the laser.
However, this process introduces additional noise that makes the measured value larger than the actual noise value. Ultralow RIN lasers
are then measured and characterized using this process. The PLANEX series planar-waveguide external cavity diode laser (PWECL)
produced by RIO Lasers, the 1782 DFB LD produced by Emcore, and the self-developed nonplanar ring oscillator solid-state laser
(NPRO) display better performance parameters compared with the manufacturer’s data under ultralow background RIN measurements
(see Fig. 5). The three measured lasers reached the corresponding shot-noise limits at 100 MHz — 1 GHz. The results clearly
demonstrate noise rollover, multiple relaxation oscillation peaks, intensity modulation harmonic distortion (see Fig. 7), and other rich

experimental phenomena. Thus, the effectiveness of the ultralow background noise measurement method is confirmed by experiments.

Conclusions This study aimed to accurately measure the RIN of single-frequency laser sources in high-speed communication and
microwave photonic systems. A method for achieving ultralow background RIN measurements of single-frequency laser sources is
proposed, using a high-current photodetector to improve the photocurrentand a low-noise spectrum analyzer to reduce the thermal
noise. An ultralow background RIN measurement system is built with a spectrum analysis frequency band of 40 GHz and a
measurement background noise of —171 dBc/Hz. Subsequently, the RIN characteristics of common optical communication processes
are characterized, clearly demonstrating noise rollover, multiple relaxation oscillation peaks, intensity-modulated harmonic
distortion, and other characteristics of typical laser sources at extremely low frequencies. The research results have important

application prospects for laser performance design optimization and evaluation.

Key words lasers; single-frequency laser; noise measurement; relative intensity noise; high-speed optical communication;

microwave photon
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