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11Ã�Eâ´)ûªà�°�Ã�Ï&���{, 1&Ò��Å/Î�Å&Ò�KÜ?nEâ31 - Ã�
�êâ�ª=�¥�'�. JÑ
�«Äu� N�&Ò15\ Fabry-Perot .��N-1ì¢y�ÅB1Å�
 N�&Ò�)��{. 1Æ5\��N-1ì�ÑÑ1|¬�)�±Ï (P1) ���A, P1 ���)�>�¢y

� N�&Ò1�N�©þ���, ����N�©þ�5\11Å3-1ìnSûª/¤�ÅB1Å. 5\1
� �Cz��#�)��ÅB1Å� Cz, ¢y
5\&Ò1� &E=z��ÅB1Å� &E. �XÚ�
¤ 1.3 Gb/s, 2.7 Gb/s, 2 Gb/s 1� N�&Ò��ÅB1Å� N�&Ò�=�, ¿ÿþ
�Å�ü>�� D(.

ÏL1>=�Ú>�·ªò��Ñ�1Ä�&Ò��&Ò?1Ü6é', y²
êâ&E=���(5.

'�c: 11Ã�, 5\£½, �±Ï��, B1Å� N�&Ò

PACS: 42.50.Md

1 Ú ó

�X^ré&E�°�I¦O\, U
«1�
Nþ!�ål�\�1nÏ&¼�
�c�uÐ.

Ã��\±Ù(¹!Ã?Ø3��ª¤�^rª
à�ädå��\�ª. 11Ã� (RoF) EâKÜ

1nÏ&ÚÃ��\�`:, ¤�¡��°�
Ã��\�ª��«¹äuÐcµ�Eâ��. �
 N��êâ�ª´Ã��\¥�«~^�N�
�ª, 1�ä¥Dx�Ï~´êâÄ�&Ò, ^u
Ã��\�I�òêâÄ�&ÒþCª��Å/Î
�Å� N�&Ò, �11Å�', Ï~òpª�
�ÅÚÎ�Å¡�B1Å&Ò. �©JÑ
�«Ä
u1� N�&Ò5\��N Fabry-Perot .-1

ì (FP-LD) ��)�ÅB1Å� N�&Ò��
{, �â1Æ5\� FP-LD �ÑÑ1|��±Ï�
��A, ¢y
1� &Ò — �ÅB1Å� N
�&Ò�=�, T¢��YïÄ
1� Cz=�
¤�Å� Cz��n, XÚ|^�� FP-LD Ú1
� N�&Òü�Ø%��¢y
·^uÃ��
\� RoF &Ò�), �1 - Ã�·Ü�\�ªJø
�«�ë��XÚ�{.

2 �n�nØ©Û

	Ü15\��N-1ì�XÚ�¤���
�5ÄåÆXÚ (NDS), �'�nØÚA^®�
^u1nÏ&½��Ï& [1−3]. -1ì�ÑÑ1
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|3ØÓ�5\ëêe¬¥ygd��!½£
½!�±Ï��!�±Ï��!õ±Ï��Ú·
b� [4]; û½ÑÑ1|?u=«G��ëêÌ�k

ü�: 8�z5\1rÝ η = kc

√
Pmaster

Pslave
Ú	-

1ì (Ì-1ì) ���N-1ì (l-1ì) �1
ªÇ��þ ∆f = fmaster − fslave

[5]; Ù¥, ÍÜX

ê kc =
1 − R√

R
, L«	5\1ÍÜ?-1ì��n

�k�õÇ', R �n¡��Ç, Pmaster, Pslave ©
O�5\1õÇÚ��N-1ìgd���õÇ,

fmaster, fslave ©O�Ì11ªÇÚl11ªÇ. �
X η Ú ∆f �ØÓ, 15\��N LD �¤� NDS

XÚ?uØÓ�ó��, �©Ì�ïÄ�±Ï��
���&Ò?nA^.

	15\��N-1ì�, ��N-1ì�Ñ
Ñ1ª f0 �Ì11ª fs £½, ÑÑ1| S(t) ±�
½ªÇ (GHz �A� GHz ��) ¥y��G�, 3
ª�Ny�Ñyþ>�Úe>�, d���N-1
ì?u�±Ï���. Xã 1 ¤«, FP-LD 3Ã	
15\e?ugd��� (¢�¤^ FP-LD �g
d1Ì« FSR = 166 GHz), 1OÃ«Ì�� LD

n�û½�p� f0 JøOÃ, Xã 1(a) ¤«; �

©Û�B, b�5\1� FP-LD ���p�ªÇ

��, ="��^�e, 5\�61Ì1 (f0 = fs),

N�5\rÝ¦�ÑÑ1|?u�±Ï��� (P1

�), P1 ��ªÇ� fr, éAª��1ª f0 ?þe
ü�>�Xã 1(b) ¤«; 	15\e, �Ü©1O
Ã�5\1¼�, �Ek�Ü©OÃ� LD n�û
½�p�JøOÃ, 16f3	15\eßÝ~�,

nk�ò�ÇC�, �-�OÃ«p�Å�u)ù
£, �� P1 ���e>����, þe>��Øé
¡5/¤11ü>� RoF &Ò [6], Xã 1(c) ¤«;

3êâN��&Ò15\e, P1 ��>���Ù
¥��f�N�©þ, /¤ RoF &Ò, Xã 1(d) ¤
«, P1 ����ªÇ fr =� RoF &Ò�B1Åª
Ç fRF.

P1 ����ªÇXúª (1) ¤« [7]:

Ω2
r = Ω2

fr + η2
0 + γsγth − γp(η0α sin θ0 −

γth

2
), (1)

ú ª (1) ¥ � Ωr L « P1 � � � � ª Ç, Ωfr

£ ã 
 LD g d ó � � � þ µ � � ª Ç, η0 =
c

2ngL
kc

√
Pmaster

Pslave
, L«ü �mS5\�nS�

rÝ', γs, γth, γp ©OL«guË�þµ���
Ç!OÃ«²£þ (ü  GHz)!��516fþ
µ���Ç, α ��°OrÏf, θ0 �Ì!l-1
ì��  � (�ªÇ��þk').

ã 1 15\ FP-LD �ÑÑ1|��±Ï���AÚ RoF &Ò��)�n (a) FP-LD gd��ó��1Ì; (b) �615\
��)�±Ï���A�1Ì; (c) OÃ«�)ü>�&Ò�1Ì; (d) � N�&Ò15\�)�ÅB1Å&Ò�1Ì

1� N�&Ò5\ FP-LD ��ÿ, N�5\
õÇÚ �� (FP-LD 1|é TE (î>|) �¯a,

é TM (î^|) �ªáÂ) ¦� LD ó�3 P1 ��

�, d�5\&Ò1���N�ªÇ©þ� P1 �
��þe>���, ����ªÇ©þ�11Åû
ª/¤B1Å, TªÇ©þ��11Å�Z, ¤±
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/¤�B1Å�ªÇ½Ý��uü���Z1
����û. ±eÏLü�1|��û`² RoF

&Òò��E�1� N�&Ò�&E.

�ü1�1|©O� E1 Ú E2,

E1 = A0 cos(ω1t+Φ1), E2 = A0 cos(ω2t+Φ2); (2)

ü1|U\�

E1 + E2 = A0 cos(ω1t + Φ1)

+ A0 cos(ω2t + Φ2)

= −2A0 sin
(

ω1 + ω2

2
+

Φ1 + Φ2

2

)
× sin

(
ω2 − ω1

2
+

Φ2 − Φ1

2

)
. (3)

1rÝ�1|²�, dd��:

(E1 + E2)2 = A0 cos(ω1t + Φ1)

+ A0 cos(ω2t + Φ2)

= 4A2
0 sin2

(
ω1 + ω2

2
+

Φ1 + Φ2

2

)
× sin2

(
ω2 − ω1

2
+

Φ2 − Φ1

2

)
= 2A2

0{1 − cos[(ω2 − ω1)t + (Φ2 − Φ1)]}

× sin2

(
ω1 + ω2

2
+

Φ1 + Φ2

2

)
; (4)

úª (4) ¥ sin2

(
ω1 + ω2

2
+

Φ1 + Φ2

2

)
�£ã1

ª Ç � ω1 + ω2 � | r C z, � � � é � � û
� {1 − cos[(ω2 − ω1)t + (Φ2 − Φ1)]} ¥, ω2 − ω1

��ûªÇ, £ãü1�p�^�úC�ä, �
  Φ2 − Φ1 £ã
�û�� , §dë��^�ü
1� û½.

31� N�&Ò5\��N FP-LD �,LD

?u P1 �, P1 ���>���Ù¥��êâN�
©þ, &Ò11Å�� P1 �����N�ÌªÇ
©þ��û/¤�ÅB1Å, �5\1� l ‘0’

aC� ‘π’ �, þã©Û��, B1Å�� Ó�
u)Cz, d�B1Å� � 0 − Φ1 Ú π − Φ1, d
�3�mI�*ÿ��Å/AT¬k��� Ø
ëY:, ù��k\1�1� þ�&Ò��E�
� RoF &Ò�B1Å� þ.

3 ¢�(JÚ©Û

ã 2 ¤«�¢�(�ã, �N-1ì (Agilent

81640A) ��Ì1, �61�� 31� N�
ìp�$�Ä�&ÒN�/¤1� N�&Ò,

&Ò 1 (Agilent 83732A) ��?§è.u)ì�
¬ (PPG) Jøë��¨,  ���ì 1 (PC1) N�
?\N�ì� ��¢y��N��Ç, 1� 
N�&Ò�����1n��ì���ÏL��
�N1P~ì^±��5\1�rÝ, &Ò1ÏL
1�/ìà� 1 ?\à� 2 Ú ���ì 2 (PC2)

5\ FP-LD, PC2 ^±��5\13 TE �ªþ�
õÇ, FP-LD �ÑÑ1²Là� 2 là� 3 ÑÑ,

50 GHz �°�1>&ÿìò��� RoF B1Å
� N�&Ò?11>=���&Ò 2 (Agilent

E8257D) uÑ����Å&Ò?1·ª, ���°
� 1 GHz �$ªÄ�>��ìÓ�^�ÈÅÚ�
�, ò��Úpª·ª©þÈØ, ò·ª?�Ä�
&Ò��©ÛªÌÚ��Å/.

ã 2 Äu1� N�&Ò5\ FP-LD � RoF &Ò�)¢�(�ã
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¢�¥æ^�õþf² FP-LD gd1Ì«
� 166 GHz, K�>6� 11 mA, æ^ Agilent 1Ì
¤ 86142B � GP-IB ���Ñêâ±�¤1Ìã,

ã 3 ¤«� 40 mA  �>6�, FP-LD gd���
1Ìã, ¸�Ñy3 1551.194 nm.

λ0=1551.194 nm

-60

-40

-20

0

1536 1546 1556 1566

/
d
B

m

/nm

ã 3 40 mA  �>6� FP-LD gd���1Ìã

¢ � ¥ 5 \ 1 Å � N � � 1551.209 nm, Å
���þ� 0.015 nm, PPG �¬ÑÑ� 1.3 Gb/s

�?èêâ “101001000”, éA1� N�&Ò
� �   � “π 0 π 0 0 π π 0 0 0”, N � 5 \ 1
õÇ� 6.5 dBm, d�, FP-LD �£½, >�³�
' (SMSR) �� 41 dB, Xã 4(a) ¤«; l1Ìþ
�±wÑ35\1Å�þÑy P1 ����þe
>�9Ùpg�Å>�, >�ªÇm� 14.3 GHz,

Xã 4(b) ¤«, þeü�>��� 10 dB. ¢�
� y 
 OSSB (1 ü > � & Ò) & Ò � ), 5 ¿
� 14.3 GHz ´è��Ç� 11 �ª, ù´Ï�3
�½
Å���þÚ5\1r�cJe, P1 ��
ªÇ�&Ò� 11 �ª©þÜ. ã 5 ¤«�B1
Å� N�&Ò���Å/ã, ã 5(a) ¤«� 5

�è�±Ï�mS�Å/ã, Å/ã��µ��
© 1.3 Gb/s 3 5 �è�±Ï�>&ÒÅ/ (‘1 0 1 0

0’), �±w��1� 3 ‘0’ Ú ‘π’ �p���ÿ
Å/�ØëY:, ÎÜ�Å� N�&Ò�A:;

ã 5(b) � 0.5 �è�I��S 14.3 GHz B1Å�
��Å/.

1550.164 1551.164 1552.164

-60

-40

-20

1536 1546 1556 1566

/nm /nm

/
d
B

m

(a) (b)

0

-60

-40

-20

/
d
B

m

0

41 dB

10 dB

14.3 GHz

ã 4 1.3 Gb/s �1� N�&Ò5\ FP-LD ���ÅB1Å&Ò1Ìã (a)FP-LD �ÑÑ (SPAN: 30 nm, RBW: 0.1 nm); (b)

�ÅB1Å&Ò (SPAN: 2 nm, RBW: 0.06 nm)

ã 5 14.3 GHz �ÅB1Å� N�&Ò���Å/ã (a) 5 �è�I�SÅ/; (b) 0.5 �è�I�S�B1ÅÅ/ã
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ã 6 14.3 GHz �ÅB1Å� N�&Ò�>�ªÌã (a) &Ò>Ì; (b)14.3 GHz B1Å; (c) �615\eØ½ûª;

(d) &ÒÑÑ 1.3 GHz Ú 14.3 GHz B1Å�ü>�� D(

ã 6 ¤«�ò RoF �ÅB1Å&ÒÏL1
>=��^ Agilent 8564EC >Ì¤©Û�ª�
ã. ã 6(a) ¤«�B1Å� N�&Ò, �±w
� 14.3 GHz �B1ÅªÇ9Ù±��êâN�ª
Ç©þ; ã 6(b) ¤«� 14.3GHz B1Å; ã 6(c) �
'ä PPG m'!5\�61� FP-LD ��B1Å
>Ìã, B1ÅªÇ3 GHz ��S¯�ËÄ. ù`
²�Ó5\õÇÚªÇ��þ^�e, �615
\� P1 ���)�B1ÅªÇ½ÝØ
, l�
nþ5`Ì�´Ï� P1 ��>�´ FP-LD é	
5\1����A5��, 1>���°Ú�Z
5�´d FP-LD û½, ù�>�Ú5\1�ûª
�^��´��Zü�1�ûª; &Ò5\�,

� P1 ��>����´�&Ò1���N�©
þ, §�&Ò1äk�Z5, ¤±B1ÅªÇ½
Ý�`u�65\�. ã 6(d) ¤«©O� 1.3 GHz

�&Ò (Agilent 83732A) ÑÑ�¨ü>�� D
( (SSB) �Ú¢�¥��� 14.3 GHz � SSB 
�, 1.3 GHz �¨3 10 kHz ª ?�� D(
� –104.2 dBc/Hz, 14.3 GHz B1Å3 10 kHz ª 

?� SSB D(� –86.7 dBc/Hz. XJlÄ�&Òþ
Cª��ÅãB1ÅN��Ý5`, � D( (ª
Ç½Ý) 3þCªL§¥��
 17.5 dB, Ì�´
����N�©þ� P1 ��>�Ø½, �´§
�´å����^, û½ªÇ½Ý�û½5Ï
��´�)B1Å�ü1äk�'5, ���B1
Å 10 kHz ª ?�D� –86.7 dBc/Hz.

UCè��Ç� 2.7 Gb/s, �±5\ªÇ�
�ÚõÇØC, ÏL PC �N TE �ªþõÇ�
� 13.5 GHz � RoF B1Å� N�&Ò, Xã 7(a)

¤«, ?è�1� N�êâ� � “π 0 π 0 0

π π 0 0 0”, 1� &Ò�aC?*ÿ�B1Å
�Å&Ò�� aC, 3 10 �è�±Ï�mI
�SE�Ñ
¤k&E. ã 7(b) ´ RoF �Å�
 N�&Ò²1>=���>Ìã, *ÿ�&Ò
�B1Å9ÙêâN�©þ. ã 7(c), (d) ©O�
UCêâ� 2.7 Gb/s �Ç, i�� 29-1 ���Å
è (PRBS) ������Å/Ú>Ìã. ã 7(e) �
ÿ� 13.5 GHz B1Å� SSB D(, �� 10 kHz ª
 ?D(� −97.7 dBc/Hz.
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ã 7 13.5 GHz �ÅB1Å� N�&Ò��Å/Ú>�ªÌã (a) 10 �è�±ÏSB1Å&ÒÅ/; (b) B1Å&Ò>
Ì; (c)PRBS è�B1Å&ÒÅ/; (d)PRBS êâ�>Ì; (e) 13.5 GHz B1Å� SSB � D(�

ã 8 15.12 GHz �B1Å� N�&Ò>Ìã (a) &Ò>Ì; (b) 15.12 GHz �B1Å9ÙÅ/

3¢�¥�±&Ò�Ç 2.7 Gb/s ØC. 5\
 ��ØC!Å���þØC! �>6ØC,

O\5\1õÇ� 8.5 dBm, �
&E�Ü6é

'�B, æ^±Ï?èêâ� “π 0 π 0 0 π π 0 0

0”, d��� 15.12 GHz �B1Å� N�&Ò,

ã 8(a) ¤«�&Ò>Ì, ã 8(b) ¤«� 15.12 GHz
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B1Å9Ù��Å/. æ^i�� 10 �è��
±Ï&Ò, ¤±3>ÌþlÑªÇ©þm��:

2.7/10 = 0.27 GHz= 270 MHz,  B 1 Å ª Ç
� 15.12 GHz, 15.12/0.27 = 56, � FP-LD � P1 �
�>����N�©þ´l"ªm©1 56 �lÑ
Ì©þ, �´ 15.12 GHz ¿Ø´ 2.7 GHz ��ê�,

�'u±þ¢�¼�B1ÅªÇTÐ´�Ç��
ê� (1.3 GHz � 11 �ª 14.3 GHz; 2.7 GHz � 5 �
ª 13.5 GHz), ù|¢�y²B1ÅªÇ��Ø=
=Û�uè��Ç��ê, B1ÅªÇ�Ø´��
ëYN�, N�5É�êâ�lÑÌ©þ��, n
Øþ��N�°ÝAT�ulÑÌ�m�.

ã 9 16 GHz �B1Å&ÒÅ/Ú>Ìã9Ù)N�Ä�&ÒÅ/ (a) ��Å/; (b) 16 GHz B1ÅÅ/; (c) RoF &Ò>
Ì; (d) )NÑ�Ä�&Ò

1549 1549.5 1550 1550.5
-80

-60

-40

-20

0

1545.5 1549.5 1553.5

/
d
B

m
 

-80

-60

-40

-20

0

/
d
B

m
 

(a) (b)

 /nm /nm

ã 10 16 GHz � RoF B1Å� N�&Ò1Ìã (a) SPAN 1.5 nm I�1Ì (RBW: 0.01 nm); (b) SPAN 10 nm I�1
Ì (RBW: 0.01 nm)

±þ¢��y
1� N�&Ò5\ FP-LD

�)
 RoF B1Å� N�&Ò. �ïÄ�ÏL
òd RoF &Ò²L1>=���|^>�·ª
��{)NÑÄ�&Ò. Xã 9 ¤«, 5\&ÒÅ
�� 1549.5863 nm, 5\p�� FP-LD ���p
�ªÇ��þ� +5 GHz, 5\õÇ� 5 dBm, 5

\è��Ç 2 Gb/s �i�� 7 �è��±Ï&
Ò ‘1000110’, �� 16 GHz B1Å&Ò. Xã 9(a)

¤«�B1Å&Ò���Å/, *ÿ�� ØëY
:; ã 9(b) ¤«� 16 GHz B1ÅÅ/; ã 9(c) ¤
«� 16 GHz B1Å&Ò1>=���>Ìã. ^
u·ª���&Ò&Ò 2 (Agilent 8257D) �&
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Ò 1 éÅÓÚ, ÏL&Ò 2 �S�£�ìN
����B1Å&Ò�� ��, ò��&Òª
ÇN�� 16 GHz, ÏL��·ªì (�ªó�ª
ã 2—16 GHz, ¥ª�°: 1 GHz) Ú$ªã�ª�
�ì (NB-RFA), ù�·ª��pª©þ�ÈØ, )
NÑÄ�&ÒXã 9(d) ¤«. ÏL�&Ò�)N
&Ò�Ü6é', ‘1000110’ &ÒÜ6����¡
E, `²1� &E3=zL§¥�ÜE���Å
� þ, �´du·ªì�¥ª�°�uÄ�&Ò
ªÌ, ��)NL§¥��&Ò�pªÜ©©þ,

Ä�&Ò�>÷ØX�&ÒÍ�. 2ö, ¢�¥"
yØèÿÁ�¬, Ã{é PRBS &Ò?1ØèÿÁ.

ã 10 ¤«� 16 GHz � RoF B1Å� N�&Ò
�1Ìã, lã 10(a) ¥�±*ÿ� P1 ���>�
9Ùpg>�, ��m�� 16 GHz. ã 10(b) �±
*ÿ� FP-LD >�³�'�� 42 dB.

4 )û�YµÛÚ[`z

�©JÑ�Äu15\ FP-LD |^ P1 ��
�)� RoF B1Å� N�&Ò��{3y�o
N!ó�ªãÚN��ªß²5��¡��3"
:. 3y�oN�¡, 1^rü� (ONU) à��
ÂÅ�1õÇ3���SÅÄ, �â (1) ª���
B1ÅªÇ½¬ÑyÅÄ, ù¬��M)3&Ò
þ��ÅNª (FM), ÏLc��?½öõ?ÑÑ

õÇð½��Ú1��ìk�U¦þ�Ø1õÇ
�åÏ�5�B1ÅªÇÅÄ. 3ó�ªã�¡,

Ó��â (1) ª, ÏL��16f¯�¡E���
Ná� (Xþf:) �-1ìO� LD �þµ��
�Ç�±Jpó�ªã; �´éu�\��AÏ
A^|Üó, 3A^ 60 GHz Î�Å�¿S�°
��\XÚ¥, ��Y�¦5\&Ò¹k 60 GHz

pª©þ, ù���Ñ
¢S�ä¥�ª��ì
��°4�, ¤±=¦��
þf:ì�, ù�¬
����{A^|Ü���. ,	, �©==�¤

 CW-BPSK &Ò1�5\, du¢�^����,

vkéX OFDM- mQAM, QPSK �&Ò1�5\
¢�, F"3±��ó�¥�õ.

5 ( Ø

�©JÑ
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[3] Lü Y X, Yang X, Sun S 2009 Acta Phys. Sin. 58 2467 (in Chinese)

[½��, (, �R 2009 ÔnÆ� 58 2467]

[4] Pochet M, Naderi N A, Terry N, Kovanis V, Lester L F 2009 Opt.

Express 17 20623

[5] Pochet M, Naderi N A, Kovanis1 V, Lester L F 2010 Conference

on Lasers and Electro-Optics, Optical Society of America, New

Mexico, 2010 CTuZ6

[6] Sung H K, Lau E K, Wu M C 2007 Photon. Technol. Lett. 19 1005

[7] Pochet M, Naderi N A, Li Y, Kovanis V, Lester L F 2010 Photon.

Technol. Lett. 22 763

054208-8



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 5 (2012) 054208

Generation of microwave subcarrier phase
modulation signal based on optical injection

into a semiconductor laser∗

Wu Bo1)† Yu Jin-Long1) Wang Wen-Rui1) Han Bing-Chen2) Guo Jing-Zhong1)

Luo Jun1) Wang Ju1) Zhang Xiao-Yuan1) Liu Yi1) Yang En-Ze1)

1) ( Optical Fiber Communication Laboratory, School of Electronic and Information Engineering, Tianjin University, Tianjin 300072, China )

2) ( School of Physics and Electronic Science, Shanxi Datong University, Datong 037009, China )

( Received 21 December 2010; revised manuscript received 9 June 2011 )

Abstract

Radio-over-fiber technology has become an important solution for ultra wide band wireless communication, and the convergence

of signal processing between optics and microwave/millimeter wave is more crucial. In this paper, microwave subcarrier phase modu-

lation signal generation based on optical injection into a semiconductor Fabry-Perot laser is proposed. According to the period-one(P1)

oscillation effect of laser output optical field, one modulation component of the optical phase modulation signal is amplified by side-

band of P1 oscillation. The amplified component beats with injection optical carrier to generate microwave subcarrier. The phase shifts

lead to the phase shift of subcarrier, thus the phase information is converted into phase information about microwave subcarrier. The

optical phase-shift-keying signals at 1.3 Gb/s, 2.7 Gb/s, 2 Gb/s are converted into microwave subcarrier phase modulation signal, and

the single sideband phase noise is measured. By logically comparing the demodulated signal with original signal, the feasibility of data

information conversion is proved experimentally.
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PACS: 42.50.Md

* Project supported by the Key Project of National Natural Science Foundation of China (Grant No. 60736035), National Natural Science Foun-

dation of China (Grant No. 60977053) and the National Basic Research Program of China (Grant No. 2010CB327603).

† E-mail: wubo314ww@126.com

054208-9


