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1 Ú ó

g BB84 �Æ!EPR �Æ!B92 �ÆJÑ±
5, þf�èÚå
<��pÝ­À, ÙÃ^�
S�5Úd3ûÅ�Úå
�?!��!è�
ÚISxN�'5Ú|±. þf��©� (quan-
tum key distribution, QKD) �)lÑCþþf�
� © � (discrete-variable quantum key distribution,
DVQKD) ÚëYCþþf��©� (continuous -
variable quantum key distribution, CVQKD), ÙS�
5dþfØ���½nÚ Heisenberg Ø(½5�
n�þfÔná5�y. DVQKD õ±ü1f!�
f-1óÀ�&E1N, �´8cü1f
J±�
�, üþf&ÿ�Ç�$, N´É�Z6, ±ü1
f��&E1N, 4�/��
��DÑ�Ç, �
�¢^5Ør. CVQKD Ì�±Ø �!�Z�!
V�Å���ëYþf&Ò5Dx��, ù
þ
f&Ò�±ÏL�51Æ�ì��), N´ö�,
� DVQKD �', CVQKD äk�p�&�Nþ, ·

Ü�ålDÑ, �±éÐ÷v=�Ï&��¦, Ï
d CVQKD �5�õ�É�<��'5.

1999 c, Ralph JÑòõ1f�ëYþf&Ò
��&E1N5?1��©u [1], ¿y²
�Y
�S�5 [2]. 2001 c, Cerf �<æ^pdCþ5
N�ü�Ø ��ü���©þ, ¢y
���
S�©u, ÙS�5dþf Heisenberg Ø(½5
�n�y, �fö��¼�3Ù¥����©þ
þ�&E, 7,¬Úå,	����©þþD(
�O\ [3]. 2002 c, Grosshans JÑ�«�|^�
Z�=�¢y��©u��Y, ØI��6uæ
ÑâD(�Ø A5, �´T�Yæ^�´��
�N, I�&�DÑ�Çpu 50%(=&��Ñ�
u 3 dB) âU?1S��©u�� [4]. Óc, Sil-
berhorn �æ^��ÀJ�N�Y, �»
���
N 3 dB ���, ¦ CVQKD ��Cu¢^z [5].
2003 c, Grosshans ��Ñ 3dB ���JÑ|^_
��N��{©u��, Ø+&�DÑ�Ç�õ
�, þ�¼�S���, �&�Ã�ý�, ��D
Ñ�Ç�� 1.7 Mbit/s, �&��Ñ� 3.1 dB �, �
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�DÑ�Ç�� 75 kbit/s[6]. 2004 c, Weedbrook J
Ñ|^ 50/50 ©1ºÿþ��{, Ó�ÿþ1
�
�ÌÚ� , ÃIC�ÿþÄ, Jp
��DÑ�
Ç, �þf��©��ø
#�ïÄ�{ [7]. ê
°r�JÑ|^ü� �©åì�þf��©u
XÚ, k�/)û
� N�ì� ��65¯
K [8]. 2006 c, Namiki ò�Z��� ?1lÑN
�, ��
�p�DÑ�Ç, Ù¥3 4 ��Æ¥D
Ñ�Ç� 100%[9]. QBuJÑ
�«Äu EPR Å
�A5�\��{, Ù¥Å�1åd�{¿1Æë
ê��ì (NOPA) �), S�5d EPR 'éA55
�y [10]. 2007 c, Lodewycy �<�¤
 25 km �
1n�Z�ëYCþþf��©u�¢�, (JL
²: 3�NôÂe��DÑ�Ç� 2.7kbit/s, 8Nô
Âe��DÑ�Ç� 2.2 kbit/s[11]. 2009 c, Patron
æ^Ø �1
Ú	�&ÿ{, JÑ
�«p�
� QKD �Y, T�Yäk�r�|Z6Uå [12].
QBu�¢y
 CVQKD �Å�Ú�û, Jp
�
Æ��Ç [13]. 2010 c, �7À�é� ?èþf�
�©uXÚ� ¤£�¢S¯K, JÑ
�« “Ê
:{” ¯�� ¤£ëê�×£�{. T�{U

é� ¤£?1¢�Ö� [14], T�K| 2011 c
JÑ
�«Äu(½5þf��©uØè�â�
� N�ì�Å>Ø�°(ÿ½�{, �±^u
¢Sþf��©uXÚ¥¢�¼�ØÓ^�e�
1Å� N�ì��Å>Ø±��§Ý/~�X
ÚØèÇ [15]. Lo �ÏL3>&Å�þæ^�8
Å©E^EâïÄ
3Ó�1n¥?1þf��
©u�²;Ï&��15¯K, �Ñp¢� BB84
QKD �ÆØ�1, 
pdN��Z� QKD �Æ�
15�Ð [16]. 2011 c, Namekata �|^�$D(
�u���È�1>�4+, æ^ü1f&ÿì,
3 100 km �1n¥�¤
S�� QKD, &�DÑ
�Ý�� 24 kbit/s, �U^�©£��&ÿ�{�,
DÑål�±�� 160 km[17]. Leverrier �OÑ�
pdN�� QKD �Æ, ¦�3���û�ã��
Ç��Jp, ¿y²§3�5þf&�¥´ýéS
��, T�Æ�3��DÑL§¥\\
p¢�,
�±-�?¿�8NôÂ [18].

±þ���©��YÑU3Ü{Ï&^r�
m�)�|S���Å��, ���Æ(å�c,
vk< (�)uxöÚ�Âö) ���ª���. 

3y¢)¹¥, <�²~I�Dx��ýk(½�
��. ~X, ���A½�����¢�½ö»�

�, �
)mù���, uxöI�Dx����
c�Ó�����½��Âö. �
¢yT8I,
<�Ï~´éT��?1\�,�DxÙ�©. ¯
¤±�, \���I�S����ÚS��\��
{, ùÒÚåü�¯K: XÛS�/����ÚX
Û�OS�p��\)��{. cö�±d QKD
�Æ5¢y, ,
�öØ
þf\��{ [19] Ú�
��Ñþ���g��B\±	, éJkýéS�
�\��{. ©z [20] éÄulÑCþþf��Ï
&� Ping-Pong �Æ�
U?, JÑ�«#�ëY
Cþþfé{�Æ. daþfS���Ï&¥, “u
y�f=ª�üÑ” ¦�3uy�fö�c�U®
²�³�Ü©&E, ÏdØU��^5Dx(½5
�� (�^u©��Å��), ©��(½5��Ø
äkÃ^�S�5. ¦+|^lÑþf&Ò��±
�)(½5�� [21−23], �´lÑCþþf(½5
��©u�Æ��Ç!�Ç�5UØp, ��¢^
5Ør. þf�§Ï& (quantum teleportation) �±
ò��þf�l��/�=£�,��/�, 
Ø
I�£Äþf��1N, �±^uþf��©�.
©z [24] /ÏuV�Ø Å��, y²
?¿�
ü�ÚV�þf�Ñ�±?1�§DÑ. ©z [25]
�Ñ��Å�Ý'�p, Ò�±¤õ/¢y�Z
���§DÑ. �éþãþf��©��Æ�Ø
v, �©Äuþf�§Ï&��n, JÑëYCþ
þf(½5��©� (continuous-variable quantum
deterministic key distribution, CVQDKD) �Æ, §�
Ì�8�´²dú�&�£��ýk(½���
��Âö, Ù¥��éuxö
ó´(½�. ��
é��+n�kÃÖ¿, CVQDKD òäkØ�O
��­�/ Ú�^.

2 Ä:�£Ú�½�â

3þf1Æ¥, ��1å�ü��K©þ�
Ì X Ú�  P �±^�)�Î a† Ú�v�Î a

L«� [26]

X = a† + a, (1)

P = i(a† − a), (2)

Ù ¥ [a†, a] = 1, [X,P ] = 2i, K X Ú P ÷
v Heisenberg Ø(½5'X: ∆X · ∆P > 1.

V�Ø ý���±dü�ý��ÏL�{
¿1Æëþ�� (NOPA) L§5��. ü�ý�
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� ain1, ain2 ²LV�Ø C� S(r) ±�, ÑÑ�

aout1 = S†(r)ain1S(r),

= ain1 cosh(r) + a†
in2 sinh(r), (3)

aout2 = S†(r)ain2S(r)

= ain2 cosh(r) + a†
in1 sinh(r), (4)

@o aout1, aout2 ��ÌÚ� �±©OL«�

Xout1 = Xin1 cosh(r) + Xin2 sinh(r),

Pout1 = Pin1 cosh(r) − Pin2 sinh(r),

Xout2 = Xin2 cosh(r) + Xin1 sinh(r),

Pout2 = Pin2 cosh(r) − Pin1 sinh(r).

(5)

O�ü�ÑÑ����ÌÚ� �'é��, k

〈[∆(Xout1 − Xout2)]2〉

=〈[∆(Pout1 + Pout2)]2〉 = 2 e−2r, (6)

〈[∆(Xout1 + Xout2)]2〉

=〈[∆(Pout1 − Pout2)]2〉 = 2 e2r, (7)

�Ø ëê r → +∞ �, ÑÑ� aout1, aout2 äk
ér�'é5:

lim
r→+∞

Xout1 = Xout2,

lim
r→+∞

Pout1 = −Pout2, (8)

d� aout1, aout2 ��Ì�'é, � K'é; �Ø
 ëê r → −∞ �, ÑÑ� aout1, aout2 �äké
r�'é5, d��ÌK'é, � �'é.

©z [19] JÑ^ëê F L«V�Ø ��
Å�Ý:

F =〈[∆(Xout1 − k1Xout2)]2〉min

× 〈[∆(Pout1 + k2Pout2)]2〉min. (9)

� k1 =
〈xout1 · xout2〉

〈x2
out2〉

, k2 = −〈pout1 · pout2〉
〈p2

out2〉
�, ��

F =
4σ4

e2r + e−2r
, (10)

Ù ¥ 〈x2
in1〉 = 〈x2

in2〉 = 〈p2
in1〉 = 〈p2

in2〉 = σ2.
� r → ∞, F → 0; eÅ��»�, K r C�, ¬
Úå F ×�O�, = F £ã
V�Ø ��m�
Å�Ý, §¬�XÅ�Ý�O�
~�.

� Alice Ú Bob � � Å � � V � Ø   ý �
� aout1, aout2 �, Alice ���Z� |x + ip〉1, ¿
Ú aout1 ÏL 50/50 ©1º?1éÜ Bell Äÿþ,

��

xu =
1√
2
(x1 − xout1),

pu =
1√
2
(p1 + pout1), (11)

�Ä�&�OÃ, Bob �±kéÂ��&Ò?1O
ÃÖ�, Ø¬éÂ��&ÒE¤�	K�. P Bob
Â��&Ò�

xB = xout +
√

2xu −
√

2xu

= x1 − (xout1 − xout2) −
√

2xu, (12)

pB = pout +
√

2pu −
√

2pu

= p1 + (pout1 + pout2) −
√

2pu. (13)

Alice úÙÿþ(J�, Bob �1�A�N�C�,
��

x′
B = xB +

√
2xu = x1 − (xout1 − xout2), (14)

p′B = pB +
√

2pu = p1 + (pout1 + pout2), (15)

�Å�Ý r → +∞ �, x′
B = x1, p′B = p1,

= Alice Ú Bob �±��ü�pÝ�'�S�, �
±^5Dx��, e aout1, aout2 Å�Ý'�$K
Ã{���((J. � Alice �Dx(½5���,
- x1 = p1, d�ÃØ Bob ÀJ�Ì½� ?1ÿ
þ, þU��Ú Alice pÝ�'�S� x1, ¢y(
½5��©u.

3 ëYCþþf(½5��©��Æ

b� Alice I�ò(½5��D��½��Â
ö Bob, K�Y�Ú½Xe:

1) Alice ò V � Ø  � Î S(r) � ^u ý �
� |00〉23, �)Å��1Æ� a2, a3, Ù¥ S(r) =
exp[r(a†

2a
†
3 − a2a3)].

2) Alice �ÅÀJ�mmYO� a2, a3 �m�
Å�Ý F , ¿�P¹e�A��mmYÚ(J F ,
,�ò a3 ux� Bob.

3) P Bob Â � � 1 Æ � � a4(e Ã � f,
K a4 = a3). � Bob (@Â� a4 ±�, Alice ú
Ù�A��mmYÚO�(J, Bob ÀJ�A��
mmY�Å?1�Ì½� ÿþ, O�Å�Ý F ′.
e F ′ > F , K`²k�f�3, �ïdgÏ&, =
£Ú½ 1), e F ′ = F , KUYÚ½ 4).

4) Alice ò¤�ux�lÑ&EUì�½�
?è5K?1«my© (LDPCè½ Turboè). b
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� Alice r�I«m©� (−∞, x1), [x1, x2), · · · ,
[xn−1, xn), [xn,+∞), X J � u x � ' A S�
´ 01001, éA�«m� [xk−1, xk), K�)�Å
Cþ x, y, z, Ù¥¢ê x ∈ [xk−1, xk), y, z �?¿¢
ê. Alice ò ²£�Î D(α1 = (x + y) + i(x + y))
�^uý�� |0〉1, �)�Z� a1, Ó�À� ²
£�Î D(α′

1 = (x + z) + i(x + z)) �^uý�
� |0〉′1, �)�Z� a′

1(p¢�), ¿�ÅÀJ�m
mYò a′

1 �\ a1 ¥, �)·Ü�þf� a. ,�,
Alice ò a Ú a2 ÏL 50/50 ©1º?1éÜ Bell Ä
ÿþ, P¹e a � a2 ��ÌÚ Xu �� � Pu, ¿
òÿþ(JÏL²;&�w� Bob.

5) Bob �â Alice �ÿþ(Jé a4 ?1�A
�N�C� D(µ =

√
2(Xu + iPu)), ,��ÅÀJ

ÿþÄ (�Ì X ½�  P ) ?1ÿþ, =�¼��
�� Alice pÝ�'�S� ξ.

6) Alice úÙgC\\p¢� a′
1 ��mmY,

Bob úÙ�A�mmY�ÿþ(J, eV�(JØ
��, K�ïdgÏ&, ÄK Alice úÙÚ½ 4) ¥
� y, UYÚ½ 7).

7) Bob òS� ξ ¥�{�ÿþ(J©O~� y,
,�UìÚ Alice Ó��?è5K?1)è, U

�� x ∈ [xk−1, xk), =¼� Alice �ux�'AS
� 01001.

Ù¥ 1)—3) �8�´S�/��ëYCþþ
fÅ��, 4)—7) ���Dx!�ÂÚ)¤�ã,
�\p¢� a′

1 �8�´¦�(½5��éØux
ö±	�<5`´�Å5�, �Å²£ y �8�´
¦�(½5�(J�(½5���m¿Ø�d, �
k&�S�Ú�ÂöÏL
�°@y�2�Øp
¢�Ú�Å²£âU���ªI��(½5��.
ùü«�ÅzÃã¦��Âö���Â&Ò�E
ØU�äý¢�(½5��´�o, ùé(½5�
�©u�S�5w�c�­�.

ã 1 ëYCþþf(½5��©��Æ�.

4 S�5©Û

T�Y�S�5ÄuþfÅ�!�Å�\p
¢�Ú�Å²£, ¦����Ñ´&E©�. 

�\�p¢�Ú²£�Ì�´3)¤���ãu
��^, ��&�S�=�¼���, Ø¬K�V
��m���&Eþ. 3?1S�5©Û�, �I
�Ä3vk\\p¢��&��S�5, =��
y CVQDKD �Æ�S�5.

4.1 Alice ÚÚÚ Bob ���mmm���ppp&&&EEEþþþ

3�Æ¥ Bob À� x ½ö p ÿþ´�Å�, b

�ÙVÇ�� 1/2, k

∆I =
1
2
(∆Ix + ∆Ip), (16)

du x Ú p �é¡5, ∆Ix = ∆Ip, &EDÑ�Ç
�{��

∆I = ∆Ix. (17)

� æ ^ _ � � N �, ∆Ix = I(xB, xA) −
I(xB, xE), Ù¥ I(xB, xA) L« Bob Ú Alice �m
�p&Eþ, I(xB, xE) L« Bob Ú Eve �m�p
&Eþ, d�à&EØ��

I(xB, xA) =
1
2

log2

(
VB

VA|B

)
,

I(xB, xE) =
1
2

log2

(
VE

VE|B

)
, (18)
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∆I =
1
2

log2

(
VE|B

VA|B

)
, (19)

VA|B L« Alice 'u Bob �^���, P� VA|B =
mingA〈(xB−gAxA)2〉, Ón VE|B L« Eve 'u Bob
�^���, P� VE|B = mingE〈(xB − gExE)2〉,
VA|B Ú VE|B÷v'X [6,7]

V x
A|B · V p

E|B > 1, V p
A|B · V x

E|B > 1. (20)

Alice Ú Eve U
Ó�¼�'u Bob �&Eþ
´k�½���, §�÷v Heisenberg Ø(½5'
X. 3 V p

A|B ������, ·��±(½ Eve ¤U
¼����&Eþ�e� V x

E|B.

4.2 ÄÄÄuuu©©©111ºººôôôÂÂÂ���SSS���555©©©ÛÛÛ

3��Æ¥ Alice Ú Bob �3þf&�¥?
1
�gþf&Ò�DÑ, b½�fö Eve æ��
� – ­uüÑ. ¦��«�{´���Üd Alice
uÑ�&Ò, �Å�À� X ½ P ©þ?1ÿþ (½
öÓ�ÿþ X Ú P ), ,��âÿþ(J��þf
�ux� Bob, ,
ÃØ?1=«ÿþ, duþf
ÿØO�n��å, Eve Ñ¬Ø�;�/Ú\�	
D(, l
ÚåÅ�Ýu)Cz, �ª¬�Ü{�
Ï&V�3S�uÿ�L§¥uy. ,�«�U�
{K´��Ü©d Alice uÑ�&Ò?1�A�ö
�, �âþfØ���½n, �
Ø� Alice Ú Bob
uy�Ó�¼���&Eþ, Eve ¤Uæ���Ð
��{´�� Alice uÑ�1å, 4ÙÏL��ß
�Xê� η �©1º, Ù¥ η ��7L�&�D
Ñ�Ç��, gC��Ù¥ (1 − η) �Ü©, 4�e
� η Ü©ÏLÃ�&�Dx� Bob, ,�ÏL Alice
úm�&E?1�A�ö�. �©òÌ�©Ûd«
�¹e�Æ�S�5.

ã 2 ©1ºôÂ

Alice ����Z��±£ã�: a1 = α1 +
avac, �A�3 x ©þþ x1 = x + xvac, K V x

1 =
σ2 + Vvac, 
V�Ø ý���L�ª�d (5) ª
¦�, Xã¤«, Eve �� Alice uÑ�1å²L©
1º±�,

a4 =
√

ηa3 +
√

1 − ηaN , (21)

a′
Eve =

√
ηaN −

√
(1 − η)a3, (22)

Ù¥ aN �þf&�D(, Bob Ú Eve 3 Alice úÙ
&E��, ©O?1�A�ö�ÚN�C��:

a5 = a4 +
√

ηµ, (23)

aEve = a′
Eve −

√
(1 − η)µ. (24)

�â VA|B ½Â, I� gA =
〈xA · xB〉
〈x2

A〉
, 3��

Y¥, VA|B = 〈x5〉2 −
〈x · x5〉2

〈x2〉
, 
�â (22) ª��

�3 x ©þþ:

x5 = x4 +
√

η(x1 − x2)

=
√

ηx3 +
√

(1 − η)xN +
√

η(x1 − x2),

〈x · x5〉 =
√

ησ2

VA|B = 1 − η + 2η(cosh2(r) + sinh2(r))

− 4η cosh(r) sinh(r) + ηV1 − ηV

= 1 − η + ηVvac + 2η e−2r. (25)

du�Z�3ü�©þþ���´���, 

Ø ��±ò��©þØ �Ã��, ¤±ùpÀ
�Ø �5�� VA|B ����. � Alice ��� x1

´Ø ���ÿ, V1 = σ2 + Vsqz, 
dØ ��5

�, V p
sqz > 1

V x
1

, l
k

(V p
A|B)min = 1 − η +

η

V x
1

+ 2η e−2r, (26)

d (20) ª�

(V x
E|B) > 1

(V p
A|B)min

=
(

1 − η +
η

V x
1

+ 2η e−2r

)−1

, (27)

∆I > −1
2

log2(1 − η + η/V1 + 2η e−2r)

× (1 − η + ηVN + 2η e−2r). (28)

3 VN = 1, V1 = 100 �, (JXã 3 ¤«:
3 r = 0 �, duØ�3Å�, ∆I < 0, ØUD Ñ�
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ã 3 &Eþ (VN = 1, V1 = 100)

�, ù`²þf�§Ï&�6uþf�Å�A5,
e Alice Ú Bob �m���Å�éÅ�A5�»
�, KØUDx��� Bob. 
du Alice Ú Bob �
m���´Ø ��÷v (26) ª, ��3 r > 0.58
�¤á, d� ∆I ≈ 0. 3 r = 1 � ∆I > 0, L«
3 r = 1 �, ��&�DÑ�Ç η > 0, þU
D
xS���. �XÅ�Ý�O\, Alice Ú Bob �
m�p&EþÅÚO�. d&EØ��, ©z [23]
¥JÑ�lÑCþþf(½5��©u�Æ¥
z�þf��õ�UDx 1 bit ���, �©JÑ
� CVQDKD ¦^ëYCþþf�, 3 r = 10 ��
¹e, lã¥�±uy�&�DÑ�Ç η ≈ 0.75 �,

��DÑ�Ç� 1 bit/s, �&�DÑ�Ç η ≈ 0.95
�, ��DÑ�ÇA��� 2 bit/s, ´©z [23] ¥�
Æ��&EDÑ�Ç�ü�. �X&�DÑ�Ç�
Jp, CVQDKD ©u����Ý���O�, ²w
`ulÑþf��(½5��©u�Æ.

5 ( Ø

yk CVQKD �Æ¥ØUDx(½5��, �
©ÄuëYCþþf�§Ï&JÑ
��þf(
½5��©��Æ, ^uDxýk(½���, 3
�Æ(å�c, �k Alice Pk�ª���. 3;
. CVQKD �Y¥, �Æ�S�5Ì��6uÿþ
Ä��ÅÀJ, =ÿþÄ�Ó�S���3���
�, �Æ�Ç�k 50%, 
��Æ¥, S�5´dÅ
�Ýû½�, ÃØ Bob À�=�©þ?1ÿþ, þ
U��Ú Alice pÝ�'���S�, 3^p¢�
�y&�S�5��, Bob |^ Alice \\��Å
²£?1�A�)èö�, =�)¤(½5��S
�, vk�f��¹e, �Ç�±�� 100%. �©
l&EØ��Ýé�Æ�S�5?1
�[�©
Û, ©Û(JL²T�Æ�±S�Dxýk(½�
��. ��é��+n�kÃÖ¿, CVQDKD òä
kØ�O��­�/ Ú�^.
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Abstract

By exploiting quantum teleportation, we propose a continuous-variable quantum deterministic key distribution (CVQDKD) pro-

tocol using two-mode squeezed vacuum state and coherent state. The efficiency is 100% under the homodyne detection. The security

of CVQDKD is analyzed in detail from information theory, and the result shows that the proposed protocol can securely hand over

the pre-deterministic key. By contrast with the quantum random key distribution, the quantum deterministic key distribution plays an

irreplaceable role in the field of key management. Furthermore, the CVQDKD can obtain a higher rate and better efficiency than the

quantum deterministic key distribution protocols with discrete variables, and the quantum states used in the protocol are also easy to

produce and manipulate, which i suitable for long-distance transmission. Therefore, the CVQDKD protocol is more practical.
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