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Fig. 1. Theoretical model of quantum-enhanced MZI.
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{9 SNR B2 K. TR 2025 FR 45 Je A PE N
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PR B O R OB 4% (NP Photonic Inc.), 5%
KEHIIFR N 2.2 W, LK N 1550 nm. 525 H
FIH A IE 7 48 (mode cleaners, MC) BFKG AT
e OGO AN S . 1550 nm E0EiE T MC1
J& T B A3 — BN B A AR AL B R A o A
PR 8E, R402E 775 nm 4L BATHOE; 5
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FE&NY. 775 nm POLLE T MC3 i3t — i JE LA
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HA B A4 T 2 S8 EK 2 (periodically poled KTiOPOy,
PPKTP) df 1A 1 [V TH] B2 2H A% 1) - 8 B 45 1) 2
WHREE. PPKTP & A 0 — A 0y h 24808
12 mm {1, 768 DOPO I B s 85, 8% iz
AR B 36 = SRR (R1550 nmg&e775 nm > 99.9%);
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B 2 5 2873 9 R F - 1 5 Y FMZT I I
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12 x 2 B ER (i DG ET 70 G (BS1) IR N
10 m [ 4 B 98 SR 7E PZT2 F PZT3 |- (1) BB 4F
1A~ 50/50 B 2 x 2 FAELR (R HIOGET 7> % (BS2)
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light
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7£ox WA x &), ATINECH) i K% N 550 kHz.
FI 6 4 k1251 25 (fiber polarization controller,
FPC) @i Hf H FMZI 1) P9 55 6 £F s gt 37
i ). 22 id MC2 i € 5 5 e 75 ) 1550 nm
MY, B A RSG5 r &g & it
H4F A48 (fiber coupler, FO) # & A\ BS1 1%
N FA, 73 B AHER RO, BT RAS
e 4id FC G #E BSL % A H B. PZT1H

SRAZ 1 PR A R W AR AL, 22 0d FMZT S
el ) MAR TSR M B E A S E

BEBS2 J& 4t v 1 C A D Fa a0 3 20l
F Al LR I 28 (PD1 A PD2) #EATHR M. PD1
A PD2 %t 16 FL I AH IS () 2SS 5 AR 7
Hr1X (spectrum analyzer, SA)ici3%, 73 Hr il &
IR, PD1A PD2 $i H (190 FL AR I8S 11
B RREE T, &k HFIFR 7355 (pro-
portional integrator differentiator, PID) 2 il] #% Al
I JBOK 2% (high voltage, HV) R4 % PZT2, 1§
Pound-Drever-Hall (PDH) i A 'SV a4 2 FMZI
PR AT AR AL, K(5 5 K AL 4% (signal generator,
SG) % AR A7 Y 145 5 N2k ££ PZT3 L2 xf
FLF KRR, T 7E FMZT— B 163 51N
TN RE XS FHAL. AR S TR, R R B 1 1 o Y
FMZIA RS 17 5 34T 8 SQL Al &

K2 RIS B B A Aot I il 2 SR - 1Y 5 FMZT PR S R A5 5 i) S B e

Fig. 2. Experimental setup for generation of vacuum squeezed states at 1550 nm and measurement of phase

modulation signal by quantum-enhanced FMZI at low frequency.
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i B S e R AR, SR R AT AR R IR
FeIhZ R 55 uW, P 240 BRI 48 1) FL B4 | b
67 dB. N T HiE £ #h 4R  d DOPO % ) B
73 ) e S D AR 4 23 B 0 #E 10500 kHz 1
96 73 % 1020 kHz, 2040 kHz, 4060 kHz,
60—100 kHz, 100—500 kHz Fi.> R {8 B 45 He
(fast Fourier transform, FFT) & . #f =A~FFT
T XS B2 SA 73 #F %45 58 (resolution band width,
RBW) A4 4 9% (video band width, VBW) 43
SN 2.7 kHz f120 Hz., S5 PVYANFET & 5N [
RBW Ml VBW 4 %] A 4.3 kHz f120 Hz. 55 HA
FFT & H X N f RBW 1 VBW 43 5l 4 10 kHz 1
47 Hz. K33 DOPO & i t 5 25 3 18 53 B A 2
10—500 kHz (1) e 75 T 2R, 1% Th 245 Ay g g s
hEME— B G M AANFFTHE O A S
BI3d 2k () & B EAE S A — 10 g
I A2k (i) 9 SNL, i £ (iii) & =R 4 A
— AL MR Th A 3 AT LA, AR A AR
10500 kHz FIya [ Py, SCie =4 7 R4k 3 dB
11 1550 nm H.25 45 &6

12

(iii)
(if)

3
0 1
-3
©)
6 1

Normalized noise power/dB

10 100
Frequency/kHz
B3 1550 nm BSR4 3 0 — g iR g, Hodp
M2k (i) A EE G I — (e A Dy 54, R (i) A
SNL, 128 (iii) SRR — {75 o) il
Fig. 3. Normalized noise power spectra of squeezing
light at 1550 nm. Curve (i), squeezed noise; curve (ii),

SNL; curve (iii), anti-squeezed noise.

FE S8 1) £ AR AT B 1550 nm 1E 38 M A7 B2 K
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el iE i FC L& 3 N FMZI % N\ S 11 A, #8424
FN8T%. WHES RSB NIENE FC AN
FMZI i N3 B B, [R] 8 3% PZT1, 5 w5
N6 BRI A AR AR B 5 7 . B ] PZT2,
W FMZI 8 637 (1) FEE AR AL B8 52 76 /2, 3E4T 58
1 SQLARATAR AL 45 5 Ml & 4 ngk 3 PZT3
RS S 9500 kHz I, I FMZI# H 6
28 3o~ i 2 1 I R S 1 B (0 AR L TR 1A S g s
WREME AFTR. B4 () NEESEES
J6I7 AN FMZT B 25 0 i il 45 1) Horpng s
B2 AT A a4 1, DR 2& SNL. B 4 i
£ (ii) N 7E FMZI %N\ 3ty B VN 3728 R4 45 6 3
R 25 5. vl LA, W HIAR AT 500 kHz Y
ARATUAR A7 18 455 5 PO DR T2 A7 A1, L e 75 ik e o
K7 2 dB. 24 F 5256 i 2% MR A0 18 15 e B IE AL
AL B2 R AR A3 384N FMZI ) B 25 @8 I, 52
W7 B FMZL, 52 T 940 SQL AR AL 1
HilAAE A 500 kHz KRG Sl E. 5 FMZIAHLL,
M SNR #2517 2 dB.

—80
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|
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=~

|
3
>

Noise power/dBm
| |
-
S @
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—96 s 1 s 1 s 1 s
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Frequency/kHz

4 FIH FMZI R ARSI AL 8 1] 45 5 (1 6 75 T 2 38,
Hohh £ (i) X RLOEE S ARSI, M (i) XA E
THARBTEN

Fig. 4. Measured noise power spectra of low frequency
phase modulation signal using FMZI. Curve (i), with-
out vacuum squeezed states; curve (ii), with vacuum

squeezed states.

RUEAE Y B4 10500 kHz 30 Bl 4 S 56
il % 19 1550 nm 3. 75 Fe 48 75 J6 3 10 K 46 75 #00k
73 dB, fH 453 i # /N T 500 kHz I, S8
P10 %% AN B ATAR A7 1 1145 5 I = SNR 1142 5.
XA e T2 B FMZI 51N B A4 e 75 () 500 .
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TE [ BR8] P47 22 50 2RI 2R Gt 0 7 S R D0 25
FL I A 93 6 1 s P e P T . [ 5 T2k (i)
N HL T B 75 (electronic noise level, ENL). % H
IR ZHZ 1 A 63755 SNL HEAT 1 #eHE, 2E i
KT 6 kHz B 514k (i) EE. B, B 5k (i)
155 BT K+ 6 kHz 6 Bl N SNL, I 5 F ENL
20 dB. K5 14 (i) £ 40 B % KT 500 kHz I &5
SNL H &, (B i /T 500 kHz {6 H A A 4
1T SNL &4 /. R, BT 52 3 FMZI 5
(RIARL A 7 (R s, B AT B R4 A A FMZL
) LA, (H AR 3 AT /N T 500 kHz Y LY, G
2 SEPL A SQL FARATAR Ar 8 145 5 I . FMZI
SN ARSI 75 0] e S BT E 627 &R G e N
65 7 A R AR Bt RURE A B 5 Gt AR A B 3 4 i
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Fig. 5. Noise power spectra of 1550 nm laser. Curve (i), out-
put after FMZI; curve (ii), without FMZI; curve (iii), ENL.
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Abstract

Generation of squeezed state at telecommunication wavelength has been recently a very interesting issue due to
the lowest optical power attenuation of light at a wavelength of 1550 nm in a standard telecommunication fiber. The
low-frequency vacuum squeezed state at 1550 nm in combination with fiber based interferometer offers the possibility
to implement quantum precision measurement beyond standard quantum limit (SQL). In this paper, we experimentally
realize a quantum-enhanced fiber Mach-Zehnder interferometer (FMZI) for measuring the low-frequency phase modula-
tion signal by using low-frequency vacuum squeezing at 1550 nm. Firstly, the low-frequency vacuum squeezed state at
the telecommunication wavelength of 1550 nm is generated by using a degenerate optical parametric oscillator (DOPO).
The DOPO is a semi-monolithic construction based on a type I periodically poled KTiOPO4 (PPKTP) crystal and a
concave mirror. The pump threshold of DOPO is 270 mW. When the pump power is 120 mW that is below the pump
threshold of DOPO and the temperature of PPKTP is controlled at 34.8 °C, a vacuum squeezing of 3 dB is generated at
an analysis frequency range from 10 kHz to 500 kHz. The quadrature phase vacuum squeezing is obtained by locking the
squeezed quadrature angle through using a coherent control scheme, in which two acousto-optic modulators are used to
shift the frequency and produce the auxiliary beam acting as a coherent control field. Based on the constructed FMZI,
a quantum-enhanced FMZI is realized by injecting the generated low-frequency vacuum squeezed state at 1550 nm into
the vacuum channel of FMZI. The relative phase between two injected light fields is locked at T by using the Pound-
Drever-Hall (PDH) locking technology, and the relative phase between light fields of its arms in FMZI is also locked at
1/2 by using the PDH locking technology. When a phase modulation signal at the frequency of 500 kHz is loaded in
the signal arm of FMZI, the noise power spectrum of the output from FMZI is measured by a balance homodyne detect
system. A 2 dB quantum improvement beyond shot-noise-level at the frequency of 500 kHz is obtained experimentally by
using the quantum-enhanced FMZI. The experimental results demonstrate a potential application in quantum precision

measurement beyond the SQL based on fiber sensor technique.
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