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Fig. 1. Schematic diagram of using superconducting

180 degree hybrid ring to generate path-entangled mi-

crowave signals.
3 PAE WA K M WAL Ag g

TE i) 26 AR A I BLS IR IE T 45 3
FR) T B 15 T A 1 ] S o — AN R B ) R
KR IRE R AR A BRI AT R 2 R )
b, PR 44 0 21 98 0 TIE D) R 43 A B OE
(positive partial transpose, PPT) #| 4 (221,

2 9 DL AE 2 — AT DAAE P B E U S IR ) A
ZEARIN 77 =X, 21 9 WAUESAF W 2 AR =A% A
1) BDH —ANTRAEH; 2) XA 28 B A HH
HAGI LY, 3) Te(W) = 1. BUWET A pan
KA, WA e BAAEGTFEME Tr[Wpap] = 0;
BT A p NGRS, HAT g w RN, 13 2
Tr[W,OAB] < 0.

PPT ¥4 i Asher Peres T 1996 i H, X T
—MIERN T RANET RS pap, A HP—
N RGN e B S BRI AR B AR 2 — N5
FEHRE, BRI AR, WX E TN SE,
M AMgEAs, M HAp—A 7 REME D E RS
B RE AR IEE B, A A NEE.

TR AR 9 PP R 4R, Z 0l xFH AL P
2 @ 22 4 AT A 28 DLAIE S AF A s, IR B
ATTREIRE R 21 208 DL UE 57 T 5K

3.1 |¢) = A|01) + B|10) FeeldE WIEE
g I
TS 454 PPT 4R M 2 0 2 T4
90 DR SRLAT, HE LRI PR ERAS St A . — M
LT EER A S 9
p=1¥) (¥, (8)
Hr|y) = A|01) + B|10), A, B AE ZEIH =R
&, B |A]2+|B)* =1.
e AR HEETECH, &A%
A, R R B ) e B p T A S ARAIE
B, IF HE IR R IH— A AIES N e ), B
pt e ) = Ale-). 9)
)i
P o) (e—| = Ale-) (e, (10)
Tr [Je-) (e |"*" o]
= Tr [p"®" |e_) (e_[] = Tr[A|e—) (e_]] < 0.
(11)
FH 20 28 JLAIE 357 ) 2 S, 4R e ) (e | " AT
LIEZS p = |0) (] A2 248 WLAIE, 20 4 JLAIE 575 W
N

W =le_) (e_|"®". (12)
1E BRI R, JRATTAT LA 3.
0 0 0 BAY
ST _ 0 AA* 0 0 )

0 0 BB* 0
AB* 0 0 0

H1 A3 B AR AN B AAE RS
1

—AB*
'”‘ﬁ0w+wmm»

040301-3


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

Y118 Z R  Acta Phys. Sin.

Vol. 67, No. 4 (2018) 040301

WAE Lidaguzsrh, R8A, BRI ZE N o, Kk
W HER T

1 0 0 0
_elp

— 0 0 | el? 0 | (14
0—e i 0 0
0 0 0 1
BRATEW, £ ERMAIZ e = nif, BVE$A,B
SR, 298 AR ST Wt &80T — AN e KA i
(SWAP) HFFV, HEKIRWT:

VX)) =11 (15)

He|z), |y) A ARFHADETE.

3.2 |¢) = A|00) + B|11) FeLldE WIEE

A
X 5 — P WL LR S A
p =) (v, (16)

Hr|¢) = A]00) + B|11), H|A]? + |B|?> = 1. 8

S BHRE pTOT SRR N

(44 0 0 0 |

STl _ 0 0 BA* 0 -
0 AB* 0 0

0 0 0 BB~
A LA B A AEAE X B B ALES Ny
1 —AB*

=— (o) + 10 ),

=)= 75 (o0 + iz ho)

FIFER) EIR A s, R A BRI E ¢ =1
I, PRt 28 WAE W B a0 T

W = (18)

= o O

0 0 1
0 1 0
0 0 0
1 0 0 O

g5 b, PR AN R 2 2 2 2 2 LR 5 T A2 AT BT
ZESEI, R 2 T — R, S — P A
98 25 1) 2 98 WAIE W AT DA — > 52 #5 SWAP [ 129
KSLHL, 1E %24 SWAP [T Z BT BHHI— AN =71
IT® X, 51 X T2 SWAP [T B %
ST W AR R b 2 S R £k s, LA
Jo A SR B A gL LR R — R Al i K, 2R

Jii FH 52 4% SWAP ]Sk s gil 2 g 8, e 28 % 1
K 2 Firs.

|0)

1
LH] !

%) w
x|

P 2 58 R 2GR A0 D0 58 — P 2 98 ) B 1 2k
Fig. 2. A quantum circuits to convert the second type
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Abstract

In recent years, the great progress of studying the quantum entanglement has been made. In the field of optics, the
great success has been achieved in quantum entanglement theory and technology. Then researchers concentrate on the
microwave frequency band whose frequency is lower than that of optical frequency band. The signal in the microwave
frequency band has a longer wavelength, and it has the diffraction capability that the optical signal does not possess.
Furthermore, it can spread further in complex environments. Now it is possible to experimentally produce squeezed state
of microwave signals and spatially separated path-entangled microwave signals. It is an important issue to judge whether
the microwave signals received through dual paths are in entanglement state. In this paper, we firstly introduce the
method of using squeezed state of microwave and microwave beam splitter to prepare path-entangled microwave signals.
Then we use entanglement witness method to detect entanglement. Through constructing the entanglement witness
operator in path-entangled microwave signals, the entanglement of path-entangled microwave signals can be effectively
detected. We decompose the expression of the continuous variables path-entangled microwave signals into a large number
of 2® 2 entangled superposition states, deduce an entangled witness operator of path-entangled microwave signals based
on the principle of partial transpose criterion and entanglement witnessing, and prove that the entangled witness can
be used to detect the path-entangled microwave signals. Finally, we propose a physical verification of path-entangled
microwave signal entanglement. The verification can be realized as follows: firstly, we reverse the phase of a received
quantum-state microwave signal by utilizing continuous variable controlled phase gate in a range of 0—m, then we send
two microwave signals into the two input ports of the microwave beam splitter, and we operate coincidence counting of
microwave photons on the two output ports after entanglement microwave signals have passed through the microwave
splitter. By analyzing the results of the whole process, we have the following conclusions: if the coincidence rate of two
input signals is higher than that of non-entangled microwave signals under the same power, signals can be counted as
entanglement. The proposed method can detect the entangled microwave signals more efficiently than the conventional
methods, such as quantum state reconstruction, and thus reduce the detection and computational complexity. The
entanglement of the two microwave quantum state signals can be observed directly by using this method. This paper

provides a new idea for detecting the path-entangled microwave signals.

Keywords: path-entangled microwave signals, entanglement witness, detection of path-entangled

microwave signals
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