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Fig. 1. Schematic diagram of feedback control loop.

B, AT LK A5 e HE L 2T
Ain(t) = Ain + 5Ain(t)7 (3)
Hop Ay OCHIE KEAF, A BN 21
(B, 0 A — ML i AEI BT A e e AR
7, HAFYER 0. ot S iR Pl 25 (AM) J5,

NI KB N

AL () = Ai(t) + 64 = Ain + 64 () + 69,  (4)
XHL, o4 SR PR M A il s AR HOE I s i e i sh
N AR, eIt B RN « R
BEJE o PR S A G BIEINAR N 0 1R N

B2, R 731 Frr e SN 1 S N U U K (D
i (ONERE). SMOERIN IR R KA
FEI3 IR

Agurottoop = VE(Ain + Ay + 07) + V1 —edV, (5)
Aintoop = V71 {\/ﬁ(ﬁm + 0 A + 6) — \@ﬂ

+ /1 =iV, (6)

Hsv RFEHHEBIGIAMES RR,; oV, 1RFE

NPRSEHLERI & i TR AT S | AR 28 e i AR
INFR S 153 ] ) - (A AR T AT AR IR

Zin—loop =V 7’(1 - 5) Zinv (7)
8 Aintoop = v/N[V1 = (8 Ain + 89) — \/26V]
+ /1 =16V, (8)

PN S 5t 1] 3% 4 DY BT Jinetoop () P LAAR 48
PIER B 7 A A R K AT Ry
Tintoop(t) = T AT 1000 () Ainaoop (). 9)
o =ML SRR A G, IR R
—Br b shint, NERHL R RS R U4
6 Lintoop(t) = 0 Ainto0pd Xin-toop (t)

= o/l = &) A [Vi(VT — & (6% + 0,

—VE0X,) + V1= X, ], (10)
Hi X, 6X,, 6X,, 6X, /055 AL
WS EAR 6 Ay  IRIETA IS FECE BN 8 8k 3l
64+ 140 SRUAR AN R BEARIRIN 5% 5 | A ) L2 e 7
AELAR SV T GV, MR A 4R R I R AR Al R
N6 Xin = 6Ai(t) + 0AT (1), 06X, = 05(t) + 67+ (1),
0X, = SV (t) + 0V H(t), 6X,, = 6Vp(t) + 0V,H(t). X
Wt Il g |/ INERAR I 64 1] 27 O B it o] B s ik
PRAL (k(t)) FEREECHIR AT &t (61(t—17))
SOEE AN

54 = — /OOO k(F)SI(t — 7)dr
= — /Oo ok(T)y/nVv1 — cA;,
0

x [Vi(vVT—¢ (5&“(15 —7) 46X (- T))

—VES X, (t — 7)) + /1 —ndX,, (t —)dr. (11)
W i 75 5 67 SR DG, AR R R A i g ) 1

A )

114205-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 11 (2025) 114205

5X,(w) = — 20k(w)y/iVI = eXunlVT(VI—¢ ((SXin(w) + 5)2?,(@0))

—VE6 X, (w)) + /1 —ndX,, (w)]. (12)
R AL A
> Ve oo Vi-n o
) —h(w) |6 Xin(w) méXv(w) + \mm&)ﬁ, (w)]
0X,(w) = T () . (13)
|
Horp BRI 328 h(w) = 20k(w)n(1 — &) A, k(w) FR N
A R ) 1] B AR AR R AR 7290, Vautot-loop (1) = %Vm(w)
SRR I T A4 |1+ h(w)|
5 Aouoftoop = VE(S Ay + 64) + VI —e6V. (14 eh(w) —
flA Ve(dAin + VZti‘ 45 : (14) + VT2 (1t hw)) +V1—¢| Vi(w)
*Eﬁﬁ*% 6X'y (w) y ﬁl\£4:ﬂgﬂl§rpﬁn%)n Y)leZﬁJ 5Xout»of—loop 9
HPEZN)] (i(l _)Tl)h(:(” = (18)
R —¢&)|l + h(w
(SXout—of—loop (U)) !
. R ~ Vi (’LU): 77(1—5) v w) en V(UI)
= VE(0Xin(w) + 6X, (w)) + VI = 28X, (w) T T a1+ h(w)?
Ve sxw _l-n
1+ h(w) n(®) " 11+ h(w)]* (19)
eh(w) 5 o a‘/out—of—loop(w) _ SN
+ (ﬂ(l (@) +V1- 5) 0Xy(w) i 1 hw) =0, /M Vourottoop(w) ,
A 22 I 58 I i 1) B PR i
AW, ” ) AT DA 3 28 8 45t [ 3 fr e A0 25
VIVT—e(1+h(w) "7 port(ap) = L= Vinlw) = Vi(w)) (20)

ﬁl\ Iﬁ: E,:J IE 3‘5% mﬁﬁ% %ut-of—loop = <|5X0ut—0f—100p ‘ 2> %:Z
A

€
) Vin(w)

V:)ut-of-loop(w) = m

eh(w) ?
e h@) Ve W)
e(1—n)lh(w)?
n(1 — &)1+ h(w)|

7 Vo(w). (16)

X, Vi, Vo, 1V, 205l RS A e 07 22 |

SRR GBI )y 22 RN IO LRI 25 5 A
My 22

AR 71, NERIE SR IR M 7 22 m] 3%
RA
n(l—e)

o M) e

V;n—loop( ) |1+h(w)‘2Vm( )+|1+h(w)|2v( )
1-n

el "

HV, = LI, SRR HINERAY IE SR R R 7 2253531

L—n+nVi(w)
TER ARG 25 T, R4S 28 M5t 1 de /N IR S )y
ZH

Vout-of-loop (W)

_ eVin(w)(X —n) + Vo(w) (1 — & — n+Via(w)n + en)
L [Vi(w)e =1+ Via(w)(1 — €)]

(21)

2.3  [EHEHXHGEN

TERMIE 5 T, MRS A KPR 2 T 22
IR A FR , TEVE A I 22 8 T Bt — B RO
Dr R BE MR RS T A 2068 AT LATE N R 2R
TAANEE IRERAY 25 T, SR — N IEA S s
kg S TR PR, R ML B B T PR 5 |
AIRIEIEAE B0 Ve, BUREZ G VL, iE— 2D R
T 3 JEE M7

BERS, Ao s ARG Ve, B (18) 5X
5 (19) KAV, , SMIR5 R IE SR R R R 7
220 FIN N

114205-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 11 (2025)

114205

3

V;)/ut-of-loop(w) = mvin(w)
eh(w) 2
=ty TV W
=(1 = m)lh(w)* (22)
(1 —&)[1+ h(w)[*’
/ _.n (1-¢) - (w en w
V;n—loop(w) - |1—|—h(w)|2 m( )+ |1—|—h(w)|2V( )
L—n

+ 1T h(w)|2' (23)

3 ERM
3.1 SIREEFESHNIRESHEST
ST R G, KIESEBRTE N, BETIR e =
0.99, YerIRIMALZ n = 0.98, Hiy AIGME IRV, =
1000 , RGUEEIRAIRCEN
m =en =0.99 x 0.98 = 0.9702. (24)
AT BRI RS 10 dB /Y
R4S Ve, Gl RGUEIRIIFE R A R

VY = [10Log10(m x 1016(-10) 41 m)]
— 8.96812 dB. (25)

Bebhhig Ty 22 (18) A (22) 30, P ERIE 7S J7 22
(19) A (23) 5K, 55 i 547 il [l s R e S B
ISERES G, IR, WK 2 Fos.
TEFE 2(a) Y, B EHEZ D R TE A 4 e o
MOCY s BE M 7S U5 22 LI Z O TE ARG G
SRS i B W 5 22 W IR SN DO R A e
NS5 TRAGDGHE AR, SMIR6 0 1 e 7 7 22

30

(a) SN TSR
—V
2 out
m 2 T
< A(9.79, 19.67) — Voutr—Vout
o 20F
i
W o151}
ﬁ B(30.66, 10.89)
= 10}
= B’ (30.66, 8.97)
= 5k
0 , , , ,
0 20 40 60 80 100

43k h(f)

MIZEMH. FEFEA-10 dB BRGSO )G, 4 258
FoUFE fe A AN IS PR 75 N 2 /DRI 8.97 dB. il
it B TT LIS WA RS AR 258 9.79 B
(5 A), B 7 22FK 2 10.29 dB, MR 27
TR R G B eI 2%, DL PR A0t 2R mg A [nl
TR RSO B S Bk IR 2. ik 21 0 i 26 RN i £
HHZnT LI B R G Aed 450 30.66 I (A5 BRI B),
R4 NI 24 R B kLR 8.97 dB RURFEMERURE
25t DM, REEIREEEKFAE] 19.07 dB. It
Hb, NG 158 0 B2 MR 45 83.04
I, MR 7 2R 19.21 dB, FEWE T AW
25 1% AT T AR R MR AR 8 4 1 IS i — 254
il E AR i Lot g, AT LR LR 4R S
FE A B TN S i 4 s i i R e
(S0

Kl 2(b) F/nA TC LR i AR L %
JEME Ry 22, RO IR IR AR T ARG G Nk
LW o B W 7Ry 2% 21 (0 i 2R R T AR ARG Y
Wiy R Ty 22 LT ANR Y, IRt
o Wy 22 INZRTETE A FRGDGIG , ihZieoh iz
T, AN, R R 45 56 B AT N
Yy 5l 2 U s i) 22 8 1 R MRl PR S i AN

3.2 IRERIAEINEZNEEZEF
AN

AR IE SRR 7 22 (18) X (22) K,
IR IEAS PRI 7 22 (19) X5 (23) =X, i1k
BUAIIR L PN 2R 1) 1E A8 P I sy 2 F2 B4 45 — 00
BT I AR IV, . ISR RIS 5 AR
Mg 7 IV, R RO S | AR R S IV, L 4544 i Xt
I MR P F ] B R AN ] 3(a)—(d) P,

10

(b) WIE TEEAREN — Vin
— Viu
g st
\;
b
e L
,R 0
i
=
R
=
- 10 B 1 1 1 1
0 2 4 6 8 10
Witk h(f)

B2 e TR AR, SR P B A o 2 T 7 Ty 2

Fig. 2. The intensity noise variance between the outer and inner loops with and without squeezed state injection.
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Fig. 3. Noise variance of each component of the inner and outer ring optical fields with and without squeezed state injection.
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Abstract

This research focuses on advanced noise suppression technologies for high-precision measurement systems,
particularly addressing the limitations of classical noise reducing approaches. The noise level of laser sources is a
crucial factor that directly affects the measurement sensitivity in applications such as gravitational wave
detection and biomedical imaging. Classical feedback control technologies are effective but often encounter a
bottleneck resulting from the classical noise suppression limits. To cope with these challenges, a novel method
integrating quantum squeezed light with classical feedback control systems to reduce intensity noise is proposed
in this work. By employing an amplitude-squeezed light field, a quantum-enhanced feedback control model is
developed, thereby theoretically examining the influence of both the feedback loop gain and the degree of
squeezing on the noise suppression performance. The results show that the injection of squeezed light
significantly reduces the intensity noise, approaching the shot noise limit (SNL), thereby improving the system
sensitivity beyond the classical noise reduction boundaries. Specifically, —10 dB squeezed state injection into the

feedback system yields an additional noise suppression of approximately 8.97 dB, exceeding what is achievable
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using classical feedback alone. This demonstrates that the potential of the proposed method can enhance
measurement precision close to the quantum noise limits without increasing the laser power. The analysis
highlights the asymmetric noise suppression effects between the inner feedback loop and outer feedback loop.
Although the outer loop benefits significantly from the squeezed light injection and achieves noise levels that are
unattainable by classical feedback methods, the inner loop shows relatively minor improvements. This
asymmetry is attributed to the inherent characteristics of quantum squeezing and the limitations of the
feedback loop design. Further investigation into the individual noise components reveals that the primary
contributors to the intensity noise include input noise, photodetector noise, and beam splitter-induced vacuum
fluctuations. The injection of squeezed light effectively mitigates these vacuum fluctuations, which are typically
a major noise source in high-precision laser systems. Theoretical research results show that the use of squeezed
light in feedback control systems can effectively enhance noise suppression, equivalent to a nine fold increase in
detected optical power, without the physical drawbacks of increasing laser power such as thermal noise. In
conclusion, this study provides a theoretical validation of combining quantum squeezed states with classical
feedback control to exceed classical noise suppression limits. The integration of a —10 dB squeezed state
demonstrates a significant noise reduction, showing that this hybrid approach could revolutionize noise
management in precision measurement applications. The results pave the way for further exploring quantum-
enhanced control technologies in fields such as gravitational wave detection, quantum communication, and
advanced optical sensing, providing a pathway for improving sensitivity and noise suppression without

increasing additional power requirements.
Keywords: precision measurement, squeezed state, noise suppression, feedback control
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