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Fig. 1. Quantum entanglement swapping in ideal

channel.
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Fig. 3. Type and parameters of the quantum relay protocol messages.

4.2 PEEM

BB TGN RO TR A AT IR AR S
R, e LA 3 5 2 I R A1 A% 1R i (Hello)
HE. WEP ARG 5 PRIk T 5IZKIET

A EPRMYE ) R R — AU 5. &
SE T RCE] Hello T 8., 70 3 o i 24 98 5 20 5
REMAAAET B CRMERESIR S, i RAEAE, M
WAZ T R RO T i TT LA A [ A 2 s 2
(11 EPR ZUZEXF, W) = R AHAR T 585 S IASHAE.

240304-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 24 (2015) 240304

4.3 ETHBZEESHNE

T R R P 2 A I E A AR Y Bl AE
T RUANEEAT. AR AR AU LT AL JE K RELE
T IR A KA BRI, B bk R — T K
B B I B 1S K (quantum link measurement
request, QLMR) ¥ /2., J& 3 — % 8] (f) & 1 55 #%
N FE ZEON S AR UE QLMR VH B sl R
() 5 AT B M P 2 BB e, DU g o o 408 J
MRS BRI E N (quantum link measure-
ment acknowledgement, QLMA) 4 5. =T 5%
W& () 07 ¥ 32 B Rl B 15 TE R A T I T
RIS 28 T A A7 BH JE 15 i . IRIEPH e 5 18
&, ARYH ORI 7 RSl 5%, d@id
FHRBENRMAE TS RENEE T b E T,
A AR B S5 5 R 529,

4.4 ETHBRTEEMGE

FE AR QST p AT B 4 2R e S 250N & 5,
ik R R BL Rk iz k0 7 e A R A R
BOIRZS 1 2 (quantum link status advertisement,
QLSA) 5 2., AT LE 4 W o ) 25 AN 715 53R B B
HOEER RS X, BRI S B
PRS0 R 717 Rk, B 28 e S SR E A R
R M 7 A T8RS R AT A S AR AV P JE R B i g i BHL 2
REEE. FORT R RE ST A — B TR T
QLSA WS, FFaBm 1. 4n S (a] =7 sl 3 B &
B 57 5 B/ QLSA, WAk K. A4
AR T — € BIWIE, B2t —ASrh (8] SO I
D1, AEAEIAON 0 (1) QLSA ANg 4k 825% AT FR
R, RAER MRS E R, BT
IR A2 Pk FE AR RS 30 min B2 5 il Il 38— K.

4.5 BREDHERITE

283 — Bt [ ) QLSA Y B iz vk, BN
REW IR A M TR I TER S 2 HE B R

PRI AR IS, 710 e DA /M 21 2 24 i 4 25 A0
FERBOSHEN, THE B ORI Al &R R
RAEMGEAT P gk R AR, S G B TR S
3R, fE4 i Dijkstra 5LVE R SR F, A SCHEAT 1k
i, B s,

e SRR LA R (BT mOo
A):

k(i,7), BTIEET ] 5 KA S, B
5 AR, Wk (i, 7) 5% T i 55 j 2 ) 5B RK Y e A
R2E, B k(i ) = oo

e(v), MIRTT i A ZI H BT 5o (24 2852
AR ) 2RI B/ N SRR R AR

Q(v), MUY =i A B H K75 v (K21 e/ S5
RO S R gk g A B RET 1 R

N, AR AkERAR O E KT A

HPIE BRI
DI AN = {A), e(V) = k(A V), V
NAEF N AR A

2) I EFAAE T N R, Sk
MU, Bl e(U) = min{e(j)}, JFH U PN
4 N;

3) i XA ST A UMSBEANET N
TRV, B LLT RS e(V) 14:

e(V) = min{e(V), f(e(U),k(U,V))}.

RH, f(x,y) Ron 9 4R BR AR SR R0 5 R EOH5E
A3 X AR R AR 8 T LA I (18) 2UiH 52, X
TR JE A5 8 w] LA I (23) 2UiH5

TEIRAT LB 2) F13), HBIATAE T RITEN
h, BUEADR, HERHETS AL A QLB BIE A
IR B B e v AR AR IR D AR B R AR 51
x.

T T LU 2 00, H A SRR A
M tErh dkg e it SRR, T, 2 5RiEH, A
RAG T BIEPTA H W SN iR B AR S AR SR AL
ELVAGVEES 8

F1 PUBETEDIIRG]
Table 1. An example of relay path algorithm.

N e(B),Q(B)  e(c),Q(c) e(D),Q(D) e(E),QE) el),QF)
WitHi A 0.05, A — — — — 0.06, A —
1AB 0.164, B — — 0.06, A 0.24, B
2 A B,E 0.164, B — — 0.0882, E
3 A,B,E,F 0.1338, F 0.1611, F
4 A B,E,F,C 0.1611, F

5 A,B,E,F,C,D
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Fig. 4. Procedure of a successful entanglement resource reservation.
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Fig. 5. (color online) Equivalent damping factor of 2-hop
channel: (a) Phase damping; (b) amplitude damping.
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Abstract

The optimal relay path calculation and selection are important factors to affect the performance of quantum
communication network. Current researches seldom consider the quantum path selection in real noisy environments.
One of the difficult problems is how to analyze the influence of the noise on the quantum communication in multi-
hop channels. This paper aims to solve the path selection problem of the quantum teleportation network in noisy
environments. The process of entanglement swapping in the phase damping channel is first studied with an example of
two-hop quantum channel, whose damping factors are p; and p2. The entanglement states |®)}, and |#)F, are distributed
separately in each hop. After the entanglement swapping, the density matrix of the entanglement state of photon 1 and
photon 4 is obtained by performing a partial trace over the environment. Then, the Bures fidelity of this entanglement is
calculated. After that, we define the path equivalent damping factor to describe the characteristic of the two-hop noisy
quantum relay path. With an equivalent calculation method, the results above can be generalized to multi-hop channel.
The path equivalent damping factor of the multi-hop amplitude damping channel is also obtained. According to these
results, we propose an optimal relay protocol for the quantum teleportation network with the criterion of path equivalent
damping factor, which means that a relay path with the minimum path equivalent damping factor can obtain the highest
teleportation fidelity. The types and parameters of the messages used in the protocol are given. The processes of the
relay protocol are described specifically, including neighbor finding, quantum link noise measurement, and quantum link
status transmission. An improved Dijkstra algorithm is used in the optimal path calculation. Furthermore, because the
entanglement resources maintained in the quantum nodes are limited and may be exhausted in superior quantum links,
we propose a resource reservation method to avoid the failure of the relay path setup. Theoretical analysis and simulation
show that our method can obtain a lower average equivalent damping factor and higher teleportation fidelity. It can also
be seen that increasing the number of the entanglement resources will raise the performance of the quantum network,
however, it brings higher cost and complexity. Therefore, the entanglement resources maintained in the quantum nodes

must be configured reasonably according to the network scale, the cost, the time delay and the need of the users.

Keywords: quantum network, entanglement swapping, quantum noise, path selection

PACS: 03.67.Hk, 03.65.Yz DOI: 10.7498/aps.64.240304

* Project supported by the National Natural Science Foundation of China (Grant Nos. 61172071, 61201194) and the In-
ternational Scientific and Technological Cooperation and Exchange Program of Shaanxi Province, China (Grant Nos.
2015KW-013, 2014KW02-02).

1 Corresponding author. E-mail: sharon.yg@163.com

240304-11


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.64.240304

	1引 言
	2量子纠缠交换原理
	Fig 1

	3噪声背景下的量子纠缠交换
	3.1 量子噪声信道模型
	3.2 相位阻尼信道上的多跳量子纠缠交换
	3.3 振幅阻尼信道上的多跳量子纠缠交换

	4量子多跳纠缠最佳中继协议
	4.1 最佳中继协议设计思路
	Fig 2
	Fig 3

	4.2 邻居发现
	4.3 量子链路噪声参数测量
	4.4 量子链路状态信息传递
	4.5 最佳中继路径计算
	Table 1

	4.6 量子中继路径的资源预留
	Fig 4


	5性能分析与仿真
	5.1 多跳纠缠信道上的等效阻尼系数
	5.2 等效阻尼系数对隐形传态保真度的影响
	Fig 5
	Fig 6

	5.3 中继协议的性能
	5.3.1 纠缠资源不受限时的等效阻尼系数
	Fig 7
	5.3.2 纠缠资源受限时的协议性能
	Fig 8
	Fig 9


	6结 论
	References
	Abstract

