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Fig. 1. Schematic diagram of a single-photon QS-NLA pro-
tocoll®). BS(#) and BBS are beam splitters with the trans-
mittance ¢ and 1/2, respectively. D1 and D2 are ideal
single-photon detectors. The input state and auxiliary
single-photon state enter the QS from the spatial modes e
and b, respectively. When one detector detects only a single
photon and the other detector does not detect a photon, the

NLA scheme runs successfully.
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Fig. 2. Schematic diagram of a single-photon polarized
qubit QS-NLA protocoll'l. Two single-photon states in or-
thogonal polarization |1pg) ® |1y) enter the QS together as
auxiliary states. Polarization beam splitter (PBS) can
totally transmit the horizonal (H) polarization and reflect
the vertical (V) polarization. Dy, Dy, Dys,Dys are four

ideal single photon detectors.
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Fig. 3. Schematic diagram of a single-photon polarization
qubit QS-NLA protocol™. QSy and QSy are ideal single-
photon quantum scissors with the auxiliary photons |1pg)
and |ly), respectively®, and PBS is the polarization beam

splitter.
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Fig. 4. Schematic diagram of the QS-SPE-NLA protocoll'.
QS, and QSp are ideal single-photon QSsl®!, which are loc-
ated on spatial modes A and B of the input state, respect-
ively.
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Fig. 5. Schematic diagram of a single-photon NLA protocol
with local orthogonal squeezing operation'. § (—¢) stands

for local orthogonal squeezing operation.
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Fig. 6. Schematic diagram of a polarized qubit NLA scheme

based on entanglement assistance ['. PPBS,;, PPBS, stand
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Fig. 7. Schematic diagram of a quantum nondestructive de-
tection (QND) gate using cross-Kerr nonlinear construction?).
Photons of spatial mode a;(ay) pass through the cross-Kerr
medium together with the reference light \oa)p . A single
photon in the spatial mode a; will shift the phase 6 ac-
quired by the coherent state |a),, while a single photon in

the spatial mode a, will shift the phase —6 it gains.

VBS .
1 BBS
S| @ C1 C3 1 »
oS
ay
BBS; »
ND v
Ping
(T§ND [ ]
by BBS,
D
——— OS
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d d:
S @ : 3 D
VBS, BBS,
v

P8 FASE TS [A] 4 4025 Y T PR NLA J7 58 J 3 1] 200,
Sy F Sy A PIA B TR, OS 6 2&, QND Jy i F AR
IR

Fig. 8. Schematic diagram of a cyclic NLA protocol for a
single-photon spatial-mode entangled statel2?). S; and S, are
two single-photon sources, OS is an optical switch, and
QND represents quantum non-demolition detection gate.
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Table 1.  Performance comparison of different NLA schemes for DV quantum systems.
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Fig. 9. Schematic diagram of multiple 1-QS parallel NLA
schemesl®. The N-splitter is an array of BBSs, which can
split the input state into N spatial paths. The second N-
splitter is used to couple the beams from N output spatial
paths. If all the QSs obtain the successful detector re-
sponses and no photons is detected at the other output

ports, the protocol is successful.
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Fig. 10. Schematic diagram of NLA protocol based on gen-
eralized three-order quantum scissors (3-QS)?. The NLA
protocol depends on the four-port joint photon measure-
ment. When three of the four ports each have a single
photon and the last port does not have photon, the NLA
protocol is successful. w/2 phase shift should be present on

the photon in one of the paths.
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Fig. 11. Schematic diagram of the generalized seven-photon
QS-NLA protocol?). The NLA protocol depends on the sev-
en-photon auxiliary state and the eight-port single-photon
measurement module. When seven of the eight ports each
detect a single photon and the other port does not, the
NLA protocol is successful.
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Fig. 12. Schematic diagram of NLA scheme based on n-photon QS P2: (a) |n) bunched photons are used as auxiliary state (BP

protocol); (b) n single photons ®” |1) are used as auxiliary state (SP protocol).

190302-11


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. 19 (2025) 190302

P T P e i RS AR, PR mT AR P AT
TR n RN R 125 B EFTHOKR.

SHATHEH n A 1-QS W EMIL, A EH
T BT —A> BS(t) B SR AN A PR B34 25 i AL
AT L 0] I AT H R BT n B FOCK 4%
F T SRR

3.2 HMERK CV-NLA 7%

B T 3T QS CV-NLA J5 & 4b, 2010 4F
Zavatta 55 B4R T —FR LT ik Ak 4
BT, SEILT X5 AH T A 1 O PR UK.
B E R S BTG = (9 - 2)ata + aat,
WHE g = 20, G = aal . FTFEMTE ) ~ |0) +
all)y, Arfg

aa'|a) = 10) +2a 1) . (34)
SEIR T XFEOGFARRIBUR. Zavatta 55 B SCERUEH]
TN B HTE (o] <0.65) MITRGERE R
i 90%, it FIET QS A NLA 7 ZRREEE.

2014 4F | Chrzanowski 55 B9 & HH T —Fh 3L F
W) CV-NLA F%&, % i x5
JE R 22 A, ML o = (2 +ip) / V2
o < a. B, R 8 R TS S,

P(a)= e%(\alz—laclz)(l—g’z), (35)
Hr oo A—HA S REEMEIEE. A5 H
A2 B A P AR AR Y BRAE R, ok
BERUICR 25 I /E . Chrzanowski 45 P9 IE B T 9%
T3 ST ATEA A AR, e SR A 7ok
YO, JF FEE ATy R, AT IR (S GRS

M-S BREIR TN R, Bl DL e i
(A DR | AT TR B .
ST %F A AL i 0] 52, 2015 4F Ulanov 45 B
f ) — A ] B AL BRI NLA J7 2852 B0 55
MUEAR S A R SIE R SRR, R
[0y = 100) yg = ¥[11) 5 » Fetfr 0, TAFEFIEL
B B S B3R - AHUEIE R RR G
p = (100),5 —77[11) zp) ({00 x5 — ¥7(11[,p)
+77 (1 =77) [10) 55 (10] . (36)
SR GBS AN ¢ B 73 R A A B R
LY BT B TR S, YR AR ) B
T, I s AT, A5 A
p = (t00) g = ¥7111) 5p) (£{00] x5 — Y7 (11]p)

+ 297 (1 — 7%) |10) 55 (10], (37)

pr )=t (|00>AB - 779|11>AB) . (38)
Mg =1/ (rt) I, AR A IR A iR
HARAS, XM g > 1/ (rt) AT SEET HOGF S A9 L
K. Ulanov % B0 3@ b SE 50k B, A1) H] i Ak 4
AT SR 5 A 280 315 AT B A RE B AR v 59
URRL R 408 25 1) 2 G 28088 S5 UK
722 KT R A H bR 1A 3 4R IR,
K7 I HSE T XA CV-NLA 7 £ 71
B.ETZA 1-QS IH17 NLA %, i BBS
FEFAT 1-QS SEEUX 55 A T A I BOR, (H A TR
Bt 73 o AR S T A T QS 9 NLA
J7 R H 200+ Bh AR S B T BoR, nT S
XF Fock 219 (28 — 1) By (S = 1, 2, 3 %) i Fn
HCRIE Rk B BT n-QS B9 NLA TR iR T

2 ESURRET RGN NLA Jr SRR H

Table 2. Performance comparison of different NLA schemes for CV quantum systems.

NLAFTERR  Hisd Hitig

IR P L

EA-QSIHTY FHITE A0/t

PRI 3, 1
] Focks  /{/(1— 1) S(gQH

N EL R

"%%ifﬁm Fock®s  /i/(1 — 1)

e FImEER  [0) + 1) —
) TR AL 2

BB |00) — y|11) 1/t

tNe—(1—g%)|al?
3 2 2 2 2 3 2
) (eol?+lger?+lg%eal* +lg%eal*)

P = (n+1)P
P = (n41)"P/(n+1)!

t2 + 727_2

FORFIMIFA, BIIERREE / REEN
AR T T AL
AT AFock 34T (25 — 1) kit
WKk, Hps =1, 2, 3%

AT PASHAE 1Y nlh Fock 2504 7 AR AR,
BRI, ATARYE RN BOR 2
NGO Ty RiS) Y R
FEPRELRE | 10 25 R )3
G 28 LA PR
R IR I R G T ek, AT
AR, STBT BORS R R
AT R OE 1 98TT3E F TE R m E R AR
HP 55 XU 240 25 1) 1 25 0 A5 T

190302-12


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. 19 (2025) 190302

7S QS TR AR, SEBL T X Fock aSAE R
BWTFIBOR. B 7T QS W E LISk, e s
LT B H AT IME Sk, LIS R
AR P S BRSS9 AH TS ROR, HICH T RasE
Py BT A 05 SR e e S 2 I MR A
BRI s B AT Z60E T T R Fe (Rl P Y
A MSIRE SR, 1 TR FERR . 14Ty
FAEH R IR ISR ¥ B IS, 3t
[FlHfESN T CV-NLA £oAR R A JE, Dyt 118 5 Ak
WIS T 2R T R

4 QS-NLA 77 % #y 5£56 52 30

BR T BE I REAL, BEE TR T EOR IR,
NLA #5250 SE i O 78R . BT QS
TR A 38 128 D' 7 BT S B 458 B H b 1
SHTCME R MO, HBORHT S PR B 7 AH T
A, TR R PP A S ROR. NLA (195250
SRR TR BE B TERIA R T IOR, R
RAESE TG TP AT T R I F . T AR
T QS-NLA T RERYJ LA BT &.

2010 4F, Xiang 75 00 2 i oo 2 v 22 oo
5T EES G R 77 ok 928 2009 4 Ralph Al
Lund® $#2H TS0 NLA 7%, JFk7 T 9258
YU, s e R 13 PR, B eRH SPDC
PR A KPR B BT (| Lnln) ), 1A AZS AN
BT, MU A (half wave plate, HWP)
PBS SCHUAT A/ AR B DIRE. J@ALIH S HWP £
FERIAE M SEL, M6 D, il Dy 5k Dy RO F5
A I AT A HEFNORIRAE. SR FROCIA S
HWP B B, B OR R % RS 5 3% 6 ik T
TR, WATHAL ¢ Il T ARS8 2k ol
FRERPERCR, 28T DLEE VNI 15 #5 R  lR
PERCR, 2800 UL 23 AR, M e (i 25 AT, AT
B TG R L S AR A R R 20K 2
S Ee 45 0 5 FRAS R AT LA, e Se = rh
SEEL TR ASHY NLA, KRR & -5 15 A2 2
ZRIBAR AL T A EORIIE.

[A]4F, Ferreyrol &5 16 JH T PR BRI 2 1)
T3 — S8 = Al SPDC YA A1 DG4,
— AT RRBOL T, S — T TRl OT %
I ETESL. i AMG S Gl A EE R IR A
A, FE A B A (5 2 22 A 0 A e KA

SREE RT3 7] SR S AN TRIIR I AT 2 1 a1 25 Y
Wigner #ERER A ISR, Bl HM = .

g

—D D-
—— (5
HWP PBS I
| | |
[1m) —. Dy
| /
(! o ) ‘II'
I T)
[1m)

P13 AHT A0 NLA J7 58 09 59036 50 9 00, 5% AR £k 4 4,
R A PBS 92 LA AIE 43 R g%, TR QWP S B AH
o WL TR A ROE T, A SR B LT A
AR AN

Fig. 13. Experimental implementation of an NLA protocol
of coherent states!'”. In polarization mode, the half-wave
plate and PBS are used to achieve a tunable beam splitter,
and the inclined quarter-wave plate is a phase shifter. The
auxiliary particle is a single photon, while the input state is
the mixed state produced by a single photon.
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Abstract

Quantum communication can realize secure information transmission based on the fundamental principles
of quantum mechanics. Photon is a crucial information carrier in quantum communication. The photonic
quantum communication protocols require the transmission of photons or photonic entanglement between
communicating parties. However, in this process, photon transmission loss inevitably occurs due to
environmental noise. Photon transmission loss significantly reduces the efficiency of quantum communication
and even threatens its security, so that it becomes a major obstacle for practical long-distance quantum
communication. Quantum noiseless linear amplification (NLA) is a promising method for mitigating photon
transmission loss. Through local operations and post-selection, NLA can effectively increase the fidelity of the
target state or the average photon number in the output state while perfectly preserving the encoded
information of the target state. As a result, employing NLA technology can effectively overcome photon
transmission loss and extend the secure communication distance.

In this paper, the existing NLA protocols are categorized into two types, i.e. the NLA protocols in DV
quantum systems and CV quantum systems. A detailed introduction is given to the quantum scissor (QS)-based
NLA protocols for single photons, single-photon polarization qubits, and single-photon spatial entanglement in
the DV quantum systems. The QS-based NLA can effectively increase the fidelity of the target states while
perfectly preserving its encodings. In recent years, researchers have made efforts to study various improvements
to the QS-based NLA protocols. In the CV quantum systems, researchers have adopted parallel multiple QS
structure and generalized QS to increase the average photon numbers of the Fock states, coherent states and
two-mode squeezed vacuum states. In addition to theoretical advancements, significant progress has also been
made in the experimental implementations of NLA. The representative experimental demonstrations of QS-
based NLA protocols are summarized.

Finally, the future development directions for NLA to facilitate its practical applications are presented.

This review can provide theoretical support for practically developing NLA in the future.

Keywords: quantum communication, quantum noise-free linear amplification, continuous variables, discrete

variables
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