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Influence of phase fluctuation by atmospheric turbulence on
phase estimation of coherent state quantum radar
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Abstract; The Mach-Zehnder interferometer and phase-diffusion main equation were used to simulate the influence of atmospheric phase
fluctuation on the quantum radar, and the evolution process under phase diffusion channel was solved. The influence of atmospheric phase
fluctuation on the phase estimation resolution and optimal sensitivity of the coherent state parity probe quantum radar were thoroughly analyzed, and
the Cramer-Rao limit of phase estimation sensitivity under atmospheric phase fluctuation was calculated. The study found that the effect of phase
fluctuation on resolution can be eliminated by increasing the average number of photons per pulse. Moreover, in the case of strong phase
fluctuation, the best sensitivity of parity detection may seriously deviate from the shot noise limit, but in the case of weak phase fluctuation, it is
found that the parity detection is a quasi-optimal detection compared with the Cramer-Rao limit.
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Fig.2  Atmospheric phase fluctuation light model



~34- [ B R K

5542 %

Horb, N =l a[* RS BROFBET 4L 183
2 T AFEDE TR B FARGLY B A0 T Il
RS LRI, BARF- TR L RO 54

0.9

-0.1 0.0 0.1

(d)N=32

K3 RAHARLE R A5 5 A0 45 141 B 52 )
Fig.3 Effect of atmospheric phase fluctuation on the

measurement signal envelope diagram

KEF(N=32,I, =0. 1), (5552 B KA
AR, 22 N =1 B, W32 RAAH R
TREZ IR EL/IN, 3 J2: PR R ML 47 1 T8 Hh 37 % 1
L B I X A 0 D AR AR G Bk b T A K
Wk

ARSORE FIR TG FAAE T, ARG BL T ik
— B Taylor 5l e ™ =1 = (k-m)> +
o(I7) AT LIS,
<ﬁB> ~e 2N (F) [1-I,(Ncosyp — N’sin’y)) ]

(12)

Y 0 BHEE, (IT,) ~e ™72 (1 - I \N) , JR 4
M TN TR /NG, 5B B A BEI A LT AT L 22
WA, (H &Y N F I, #R KB, n /b &
o(I) ~TN*e" G ARERK,

3 FREMNTRACEAN PR RHE
e

SRR R A A AR — AR AR, T
WG T 28 o R IR AE S ke 4
Gl ED Axoc FWHM x A2, [ 4(a) 5 TR
AR ARG 0L ™ FWHM 6 N ()78 fe il 26,
HoiF AR L TR — i R Es 3, R 2 3%
ANEETAE SR, WTLLEW, Y T, f N BN
B BUE TR S — B g RIEAY & R Z WA
SR RS RTSCAT A R —B0G Y T, 1N BRI,
RAABOL AR ™ F R i i T T T R 1 o R
T IHBRIX R, (& 4 (b) 25 3 1 AR E06 1
R FWHM Fifi Fried 28000728 L 2R, W LAE
AFASE A AR JIT A A () Wi m T LA S 2o 334 o oA ik e 1
R F R TR

TP R i TR AR B AR BB 5 —
ANEEFERR, B S 4 T AR R BOE R 1% 6l
T, Ay B RIS OL, TR Y T, =0 B,
Ay W/ METE O L HUAS, I, #0 B, Ay 15/ ME
TE o #0 LEHUAS:, 3156 B AE 67 4 5 26 20 285 ek
ASFADLAL TF 0 RO . AN, IR T R B S A
AR BN, A, BN 3 R BRL 8 328 ik, Y
L, =0. 1, BIFAALY s 324 K] X i Ay, B N
A 3G R 3 D f 4

Bl 6 gt TARRPEEDEFEUE T Ay, b
ro WIZBALHE 2k, 28 NV BN, KA AL E RN T
A, FIZIREBUIN, L2 A, W52 ry BEMRATR,
R TG BEER B AR A AR 5 R A 155 2k
TR 38 BT o 24 ry B, BV AAE A7 B AR 32 55
B, 2GR 3G i 7 T R R



PG, 2« i 5 | A A AL A R AR

=0
= 0GEABMA)

=102
= L0 AUE)
ra 0.02

I' = 0.02GEABMA)
r=01

a
a
a
a

(a) A[FAENIY W FWHM B N B8 {2k
(a) Variation curve of FWHM with N under

different phase diffusions

TETT
Ba+r—

,_.
=

(b) ARRPEHNFECT FWHM B
Fried Z % 047254k iHh £
(b) Variation curve of FWHM with Fried parameters

under different average photon numbers

K4 RAHCLERXT FWHM 500

Fig.4 Effect of atmospheric phase fluctuation on FWHM

TEIT
W= =
[N e}

TETT
Bt

(by r,=10""*

AR TR BT R

Ty
W= =

[\ e

S
W= =

[\ el

(d) I, =0.1

BIS KCURIRA
FARLAG T R B 52
Fig.5 Effect of atmospheric phase fluctuation on the

sensitivity of linear phase estimation using parity detection

TEITT
W=

NS e

K6 Fried 2800 R R R
Fig.6  Effect of Fried parameters on optimal sensitivity
BRORE s ]2 g /NI AP B A ok i 3501 1
BUNRDCIRREE —E R b T Ik i) R

4 FRfEAX REER RIS

AT B A A RS AR R SR B R BR ) 52
m PREZRS RPN R R B (4) A,
%ﬁ%%%f%*ABVFﬁ AT AR
RHATIHE ., BT a7 RE T
Fmﬂ%ﬁﬁﬁi@xmﬁﬁ¥ﬁﬁfﬂ%§k
SR AT, 0 T, =0 B, A, = 1//N; 2%




36 [ B B 4k % o i

I, #0, BEAE RS AR IRET , Ay, 5 N AT
BRZME R 5 G FBORAR LA HIGHE A HR AL KT
X i 125 20 W K, 3X 5 I SC AR BT I AR
A R UE I YO0 BUE a3

3%10° 6X107
5X10°
2X10° 4%10"

TXI0P 9X10°10*

B 7 AFEAALEIR T fefdk R U R UL
W BR BT HE AL log-log 4]
Fig.7 Log-log diagram of optimal sensitivity and sensitivity

limit with photon number under different phase diffusions

BEAh, B 7 XS L T 2 AR S e AR
RBUEZFNET Fisher {5 B HH M REUEW IR 5-F
PPz mi e R fUFEL, S5 T, =08,
FRRI 14 235 2R 8 B RORL R A A BR 5 25 T, B/
I BI85 AR AL AR AR BT, 7 BRI 45 2R 450
CRL,BE#H I, B, FRRAIAE R CRL, X
I FEAREATHAR S R AT, X R AP AR
BRI T3 58 BEAE B 41 5 IR (57 2R ) 520

5 #it

ARICE ST 78 R A SR
PUH 2 AT AE R AL R A7 D0 T H A2 A
TR A R o PR e AR Ol T R
BRT7 WA BT, 48 R A AR IR D IR
A ARDE R AR 22 % e B B iy i 3 B — 5 AR
FLL MZL B ARBEY 13 T R fE oy g R R, P20
SrH ARG AR XA LA T R R . DRSS B,
FRASE R PORE T FS0K ol 35 2 R 5 1) 38 o, DA T e
ARRARIN B 7 B 3 38 2o 384 00 ok o - 20 56 5 B B m]
SEMRIEAS KM o e Ah, AR LR AR A 384 i 2 (7
T R BRI B SN, 5o 5 24 48 n-F- 1156 74
B AR AT RBUE . R X
FC CRL 45 19 5 SR A FR A5 5 PR 000 45 14 ) e
HER AR Z 1] 1) 56 2R, e BT TG A5 R 58 A o
IRTE FERRERIN I — b o dp A A 40 T B, 7
IRTEOLT , TR ) foe H2 R B0 AT CRL 1 A —
TE MR, 10 N 343 H At B e 9 00 07 8 K
SERRARLE R A o

%42 %
S % 3k ( References)
(1] HBxJk. 87 RGN ETFE SR REN 5 R R

(2]

(3]

[4]

(5]

(7]

(8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

WLT]. hER TR B AR, 2014, 9(1) 2 1-9.
GE Jialong. Review of development of quantum imaging and
quantum radar in remote sensing [ J]. Journal of Chinese
Academy Electronics and Information Technology, 2014,
9(1):1-9. (in Chinese)

Gao Y, Wildfeuer C F, Anisimov P M, et al.

resolution at the shot-noise limit with coherent states and

Super-

photon-number-resolving detectors[ J]. Journal of the Optical
Society of America B, 2010, 27(6);: A170 — A174.
Giovannetti V, Lloyd S, Maccone L. Quantum-enhanced
measurements; beating the standard quantum limit [ J ].
American Association for the Advancement of Science, 2004,
306(5700) : 1330 —1336.

E4i5E, B4, Behnh, % RNERXT A A T8 5T
T EBZWHLMT]. PR, 2018, 67 (14):
140301.

REN Yichong, WANG Shu, RAO Ruizhong, et al. Influence
of atmospheric scintillation on entangled coherent states
quantum interferometric radar [ J ].
2018, 67(14) : 140301. (in Chinese)
EH, ARG, BeEP, & ORRFRN T TR IR
SEMHLEET]. PEE2E, 2017, 66(15) ; 150301.

WANG Shu, REN Yichong, RAO Ruizhong, et al. Influence
of atmosphere attenuation on quantum interferometric radar[ ] ].
Acta Physica Sinica, 2017, 66(15) ; 150301. (in Chinese)
Resch K J, Pregnell K L, Prevedel R, et al. Time-reversal
and super-resolving phase measurement[ J].
Letters, 2007, 98(22) : 223601.

Distante E, Jezek M, Andersen U L. Deterministic super-

Acta Physica Sinica,

Physical Review

resolution with coherent states at the shot noise limit[ J].
Physical Review Letters, 2013, 111(3) : 033603.

Cohen L, Istrati D, Dovrat L, et al. Super-resolved phase
measurements at the shot noise limit by parity measurement[J ].
Optics Express, 2014, 22(10) : 11945 -53.

Caves C M. Quantum-mechanical noise in an interferometer[ J ].
Physical Review D; Particles and Fields, 1980, 23 (8):
1693.

Takeoka M, Seshadreesan K P, You C, et al. Fundamental
precision limit of a mach-zehnder interferometric sensor when
one of the inputs is the vacuum [ J ]. Physical Review A,
2017, 96 052118.

Jarzyna M, Demkowicz D R. Quantum interferometry with and
without an external phase reference[ J]. Physical Review A,
2011, 85(1) : 011801.

Yurke B, McCall S L., Klauder J R. SU(2) and SU(1,1)
interferometers[ J ]. Physical Review A, 1986, 33. 468 -
489.

Feng X M, Jin G R, Yang W. Quantum interferometry with
binary-outcome measurements in the presence of phase
diffusion[ J]. Physical Review A, 2014, 90. 013807.
Helstrom C W. Quantum detection and estimation theory [ M ].
New York: Academic Press, 1976.

Braunstein S L, Caves C M. Statistical distance and the
geometry of quantum states [ J]. Physical Review Letters,
1994, 72(22) : 3439 —3443.

Liu J, Xiong H N, Song F, et al. Fidelity susceptibility and

quantum Fisher information for density operators with arbitrary



o514

PG, 28 R 5 A A AR A2 R X AR

BT RERBMAAGTT R - 37

[17]

(18]

[19]

[20]

[21]

[22]

ranks [ J ]. Physica A; Statistical and Mechanics and its
Applications, 2014, 410 167 - 173.

Wheelon A D. Electromagnetic scintillation. 1. geometrical
optics[ M]. Cambridge: Cambridge University Press, 2001 .
145 371.

Genoni M G, Olivares S, Paris M G A. Optical phase
estimation in the presence of phase diffusion[J]. Physical
Review Letters, 2011, 106(15) ; 153603.

Genoni M G, Olivares S, Brivio D, et al.
interferometry in the presence of large phase diffusion [ J].
Physical Review A, 2012, 85(4) . 043817.

Liu Y C, Jin G R, You L. Quantum-limited metrology in the

Optical

presence of collisional dephasing [ J]. Physical Review A,
2010, 82(4) : 045601.

Brivio D, Cialdi S, Vezzoli S, et al. Experimental estimation
of one-parameter qubit gates in the presence of phase
diffusion[ J]. Physical Review A, 2010, 81(1) : 012305.
Escher B M, Davidovich L, Zagury N, et al.
metrological limits via a variational approach [ J]. Physical
Review Letters, 2012, 109(19) : 190404.

Quantum

[23]

[24]

[25]

[26]

[27]

Zhong W, Sun Z, Ma J, et al. Fisher information under
decoherence in bloch representation[ J]. Physical Review A,
2013, 87 022337.

Al-Qasimi A, James D F V. Nonexistence of entanglement
sudden death in dephasing of high NOON states[ J]. Optics
Letters, 2009, 34(3) . 268 -70.

Bardhan B R, Jiang K, Dowling J P. Effects of phase
fluctuations on phase sensitivity and visibility of path-
entangled photon fock states[ J]. Physical Review A, 2013,
88(2): 023857.
Alonso J R G,
momentum  photons
atmosphere[ J]. Physical Review A, 2013, 88(2) ; 022326.
WS, 1M = W ARG TIRM TR EEL
WM. b BIRESE A v, 2010 120.

FAN Hongyi, HU Liyun. Representation theory of entangled

Brun T A. Protecting orbital-angular-

from decoherence in a turbulent

state of quantum decoherence in open system[ M ]. Shanghai .
Shanghai Jiao Tong University Press, 2010: 120. ( in
Chinese)



