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�©JÑ�«Äu �^=1�"e�	15\R�nL¡u�-1ì (VCSEL) �)p5UÎ�Å��Y,

¿|^£ã	Ü6Äe VCSEL Ä�A5�g^�=�. (SFM), é¤�)�Î�Å�A5?1
ê�ïÄ. ïÄ
(JL²: ��É�Ì VCSEL(M-VCSEL) 15\�B VCSEL(S-VCSEL) 3�½^�e�±�)ü±Ï (P1) ��,

=31ÅþN�
���Å&Ò. ÏLN!	15\rÝ ξi ±9 S-VCSEL � M-VCSEL �mªÇ�� ∆ν, �±¼
�ªÇ3 30—60 GHz ��SëY�N�Î�Å&Ò. 3	15\ VCSEL ¥Ú\ �^=1�", ÏLÀ�Ü·�
�"rÝ ξf ±9�"ò´�m τ , �)�Î�Å&Ò��°�±��²wÄz. éu15\ S-VCSEL ¤�)��
°� 5.509 MHz �Î�Å, 3Ú\ �^=1�"�, Î�Å�°�±ü$� 230.2 kHz. �©�ïÄép�11Ã
� (RoF) XÚ¥`�Î�Å&Ò�¼�äk�½�ë�¿Â.

'�c: 15\ VCSELs, Î�Å,  �^=1�", �°

PACS: 42.55.Px, 42.65.Sf

1 Ú ó

11Ã� (Radio-over-Fiber, RoF) Eâ3 1990
cd Cooper ÄkJÑ [1], §òk� (1n) Ï&Ú
Ã� (�Å) Ï&�(Ü, |^1Å5�1�Å/Î
�Å�Ã�>&Ò¿31nó´¥?1DÑ. du
§ò°�Ã�Ï&��£Ä5!:éõ:�\�
A:�1nÏ&��°�!p��5kÅ(Üå
5, ��Nþ!$¤��Ã�>&Òk�DÑÚ�
L 1 Gbit/s ��°�Ã��\Jø
n��)û�
Y, ®¤�1o�°�nÜÏ&XÚ�O¥�'�
Eâ, Cc5�É��I�pÝ'5 [2−6]. w,, p
5U�Å/Î�Å�¼�é RoF XÚ
ó�'­�,
Ù¥|^1Æ�ÃãÚ�{�)�Å/Î�Å (=
1)�Å/Î�ÅEâ) Cc5�É'5. 3L��
�Ac¥, <�JÑ
NõØÓ�1)Î�Å�{,

Ù¥�)��>6N�!góÄÚ£�-1ì!
1	�!1£��!V�-1ì±915\��
N-1ì�ü±Ï (P1) ��� [7−14]. Ù¥, Äu
15\��N-1ì�ü±Ï (P1) ���)Î�
Åduäk�
ÕA�`³
É��'Æö�'
5. Äk, æ^ù«�{�)��ÅªÇU
3µ
þ��ªÇ 3—4 �±þ���±SëY�N, Ù
�p��� 100 GHz [15]. Ùg, T�{�)��Å
ªÇN´ÏL5\£½! �£½��{?1­
½ [13,16]. d	, T�{�)�1Ì3�½^�eU

¥yÑü>� (SSB) �A�, ùkÏu)û RoF
XÚ¥du1nÚÑÚå��ÅõÇv [17].

8c|^15\��N-1ì P1 ��)Î
�Å�ïÄ�õÄu>u�-1ì (EEL)[18−20],

�éCc5%ÇuÐ�R�nL¡u�-1
ì (VCSEL), ù�¡�ïÄ��~"y. du VC-
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SEL äk$K�>6!�N��°!´�1nÍ
Ü!´8¤/¤-1
�!��¤�$í�`
³ [21−25], òk"�� EEL ¤��51Ï&Ú1
&Ò?n�'�ì�. ¿�� EEL �', |^15
\ VCSELs � P1 ��)Î�Å&ÒäkXe�

ÕA�`:: Äk, du VCSELs U
Ó�ÑÑü
��� (X �Ú Y � [22]) � �1 [26], Ïd�±
Ó��)ü�1)Î�Å&Ò, �^up�V&�
Ï&XÚ; Ùg, ÐÚ�ïÄL², ÃØ´ X ��
´ Y �, Ùü±Ï���1ÌÑ©ªäk SSB �
A� [27], 
Äu EEL ��{KI�·�/N!5
\ëêâU¦ÙÑÑ1Ì¥yÑ SSB �A�. Ï
d, |^15\ VCSEL �)Î�Å&Òò�äA
^cµ. �,©z [27] é15\ VCSEL �)Î�
Å�A5?1
ïÄ, �Ì�Xúu¤�)�Î�
Å&Ò�ªÇ�15\rÝ±9ÌB-1ì�ª
Ç���Cz5Æ, ¿��9¤�)�Î�Å��
°. �â·��ÐÚïÄuy, |^T�{�)�
Î�Å�°�é��, Ï~3 MHz ±þ, ùÃ{÷
v,
+��A^�¦. �,|^8c¤æ^��

�Å�°Äz��{, X15\£½ [10]!1£
�� [16]!1>�" [28] ��±é�Å�°?1�
½§Ý�Ø , �ù
�{Ï~ÑI���p�þ
�	Ü�Å
½öp�1>=�ì�, ùQO\

XÚ�E,§ÝqJp
XÚ¤�.

Äuþã�Ï, �©JÑ
�«Äu�1��
{¼�ªÇ�N�pª!Ä�°Î�Å&Ò��
Y. T�YÄu15\ VCSEL ¥y�ü±Ï��
�)ªÇ�N�pªÎ�Å, ÏLÚ\ �^=
1�"éÎ�Å�°?1Äz, l
¼�p5U
�Î�Å&Ò. duT�YÃI�	�![B�p
ª>f��, Ïd, k|u �XÚº�!ü$X
Ú¤�.

2 nØ�.

XÚ(�«¿ãXã 1 ¤«, Ì-1ì (M-
VCSEL) Ñ Ñ 1 Ï L 1 � l ì OI Ú � N P ~
ì NDF1 ü�5\�B-1ì (S-VCSEL) ¥, Ù
¥ OI �y1�ü�DÑ, NDF1 ^uN!15\r
Ý. S-VCSEL �ÑÑ²©åì BS1 ©¤üå, Ù¥
�åÏL�� λ/4 Å¡!��P~¡ NDF2, Ú�
�²¡º M2 �¤�� �^=1�"£´. 
,
�åKÏL BS2 Ú OI2 ���1Î�Å�ÑÑ. X

J���Î�ÅÑÑ, KI�N\��p��1>
&ÿì.

ã 1  �^=1�"e	15\ VCSEL �)Î�Å�XÚ
(�«¿ã (Ù¥ OI �1�lì, QWP �o©��Å¡, NDF
�P~¡, BS �©åì, M �²¡º)

Äug^�=�. (SFM)[29], £ãXÚ¥ M-
VCSEL Ú S-VCSEL �ÄåÆA5��Ç�§�

Ėm
x,y =κ(1 + iα)(NmEm

x,y ± inmEm
y,x − Em

x,y)

∓ (iγp + γa)Em
x,y + Fm

x,y, (1)

Ės
x,y =κ(1 + iα)(N sEs

x,y ± insEs
y,x − Es

x,y)

∓ (iγp + γa)Es
x,y + ξiE

m
x,y(t − τc)

× exp
[
− i2π(νmτc − ∆νt)

]
+ ξfE

s
y,x(t − τ)

× exp(−i2πνSτ) + F s
x,y, (2)

Ṅm,s = − γ
[
Nm,s(1 + |Em,s

x |2 + |Em,s
y |2)

− µ + inm,s(Em,s
y Em,s∗

x − Em,s
x Em,s∗

y )
]
,

(3)

ṅm,s = − γsn
m,s − γ

[
nm,s(|Em,s

x |2 + |Em,s
y |2)

+ iNm,s(Em,s
y Em,s∗

x − Em,s
x Em,s∗

y )
]
, (4)

Ù¥, þI m � s ©O�L M-VCSEL Ú S-VCSEL,
eI x � y ©OL« VCSELs � X Ú Y  ��.
E L«1|�úC�Ì, N L«��Úd��mo
�16f�Ý, n L«g^�þÚg^�eU?é
A�16f�Ý��, κ �1fP~Ç, α ��°
OrÏf, γ �o16f�P~�Ç, γs �g^�
=�Ç, γa ��5ÚÑ�A, γp �k
0�Vò�
�A, µ �8�z�5\>6, ν �-1ì��nª
Ç, ∆ν(= νm − νs, νm, νs ©O�Ì!B-1ìg
d$1��ªÇ) �ü�-1ì�m�ªÇ��.
τc L«l M-VCSEL � S-VCSEL �5\ò´�m,
τ � S-VCSEL ��"ò´�m, ξi Ú ξf ©OL«
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5\XêÚ�"Xê, F �K��D(
:

Fm,s
x =

√
βsp/2

(√
Nm,s + nm,sξm,s

1

+
√

Nm,s − nm,sξm,s
2

)
, (5)

Fm,s
y = − i

√
βsp/2

(√
Nm,s + nm,sξm,s

1

−
√

Nm,s − nm,sξm,s
2

)
, (6)

Ù¥, βsp ´guË��Ç, ξ1, ξ2 �pdxD(, Ù
²þ�� 0, ��� 1.

3 (J�?Ø

·�|^o�9�¥©{é�Ç�§ (1)—
(4) ?1ê�¦), �[¤^ëê��Xe: κ =
300 ns−1, α = 3.5, γ = 1 ns−1, γs = 50 ns−1,
γp = 6 ns−1, γa = 0.1 ns−1, τc = 3 ns, µ = 1.3,
βsp = 10−6 ns−1, ν = 193.5 THz(�éA-1¥%
Å�� 1550 nm).

3.1 111555\\\ VCSEL

·�Äk©Û�k	15\� VCSEL �, 5

\rÝÚªÇ��é1)Î�Å&ÒªÇ�K�.
ã 2 �Ñ
3�½ªÇ��� ∆ν = 30 GHz �,
ØÓ5\rÝe� S-VCSEL ÑÑ1Ìã. �!m
ü�©OL« X , Y  ��, ã¥�î�I��é
ugd$1 S-VCSEL �ªÇ �, p�I�é S-
VCSEL ­�ÑÑõÇ?18�z��õÇ. lã
¥�±wÑ, �5\rÝ��� (ξi = 205 ns−1),
XÚ?u5\£½G�, ÙÑÑ1Ì�£½3 M-
VCSEL �1Ì? (Xã 2(a), (b) ¤«). �X5\
rÝ ξi ~�� 150 ns−1 �, S-VCSEL �ÑÑ1Ì
Ñyü�¤©, ©O� M-VCSEL Ú S-VCSEL �
1Ì¤©, �Ù¥ S-VCSEL �n��ªÇduO
Ã�Ú�A��0�ò�ÇO\
u)ù£, d�
Ù?u P1 ���, 1)Î�Å�ªÇ=��öª
Ç�� ν0 = νi − νc = 30.63 GHz(Xã 2(c), (d) ¤
«). �5\rÝ ξi ?�Ú~�� 100 ns−1 �, ù
£�A~f, Ï
Ù1)Î�Å&Ò�ªÇ~�
� ν0 = 30.28 GHz(Xã 2(e), (f) ¤«). ïÄL²,
�5\rÝ?�Ú~f�, S-VCSEL �ÑÑòl�
­½5\£½� P1 �?\��5\£½�oÅ·
ª (FWM) G� [30,31], Ù1&ÒrÝCz�ªÇ�
ü�-1ìgd$1ªÇ��. lã¥�(J�±

ã 2 ∆ν = 30 GHz �ØÓ5\rÝe S-VCSEL �1Ì, (Ù¥�mü�©OL« X Ú Y  ��) (a) Ú (b): ξi = 205 ns−1;
(c) Ú (d): ξi = 150 ns−1; (e) Ú (f): ξi = 100 ns−1
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wÑ, 3�½�5\^�e, VCSEL U
�) P1
��, �ÙªÇ3�½��S�5\rÝëYC
z (5\rÝ��, P1 ��ªÇ�p). Ïd, ÏL
N!15\rÝ�±¼�ªÇ���SëY�N
�Î�Å&Ò. d	, ·���±wÑ15\ VC-
SELs � P1 ���, ÃØ´ X  ���´ Y  �
�, Ù1ÌÑU,/äk SSB A�, ùk|u�
Ø RoF XÚ¥du1nÚÑÚå�õÇv. 
é
u EEL � P1 �, KI�ÏL·�N!5\rÝ5
¼� SSB A5, Ïd	15\ VCSELs �"� RoF
XÚJø`��1)Î�Å&Ò
.

ã 3 �Ñ
5\rÝ ξi = 150 ns−1 �, ØÓ

ªÇ��e S-VCSEL ÑÑ�1Ìã, ã¥p�I
�é S-VCSEL ­�ÑÑõÇ?18�z��õÇ.
�±wÑ, �ªÇ��þ� 30 GHz �, P1 ���)
�1)Î�ÅªÇ� ν0 = νi − νc = 30.63 GHz (X
ã 3(a), (b) ¤«). �ªÇ��þO�� 40 GHz �,
1)Î�Å�ªÇO�� 40.255 GHz(Xã 3(c),
(d) ¤«). �ªÇ��?�ÚO�� 50 GHz �, 1
)Î�Å�ªÇ� 50.13 GHz(Xã 3(e), (f) ¤«).
Ïd315\ VCSELs XÚ¥, ·���±ÏLN
!ÌB-1ì�m�ªÇ��5¼�ªÇ���
ëY�N�1)Î�Å&Ò, � X , Y  ��äk
�q�5Æ.

ã 3 ξi = 150 ns−1 �ØÓªÇ��e S-VCSEL �1Ì (Ù¥�mü�©OL« X Ú Y  ��) (a) Ú (b): ∆ν = 30 GHz;
(c) Ú (d): ∆ν = 40 GHz; (e) Ú (f): ∆ν = 50 GHz

ã 4 �ØÓªÇ��e, S-VCSEL �)�1
)Î�ÅªÇ ν0 �5\rÝ ξi �'Xã. lã
¥�±wÑ, éu,�(½�ªÇ��, Î�Åª
Ç3�½��S¬�5\rÝ�O\
O\. ù
´Ï�315\rÝO\�OÃ�Ú�A�Or,
��Ú�A¦ò�ÇO�, ��n��ªÇù£
þO�, l
¦1)Î�ÅªÇO�. d	, 3ªÇ
��'���X ∆ν = 30, 40 GHz �, Î�ÅªÇ

É5\rÝK���²w, 
�XªÇ���O
�, X ∆ν = 50, 60 GHz �, ù«K�ÒÅì~�.
ù´du�XªÇ��O�, ��Ú�A~f, 5
\rÝéÎ�ÅªÇK��A~f. ,	, I��
Ñ�´: éu,�A½�ªÇ��, 5\þL�¬
¦ S-VCSEL ?\5\£½�, 
5\þL�ò?
\oÅ·ªG�, Ïdã¥z^­�Ñ�·^u5
\rÝ3�½��SCz��/.
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ã 4 Î�ÅªÇ ν0 �ªÇ�� ∆ν!5\rÝ ξi �Cz (a), (b) ©O�L X Ú Y  ��

3.2    ���^̂̂===111���"""eee���111555\\\ VCSEL

þãïÄL² VCSEL 3	15\e�¥y±
Ï (P1) �, �´dd¼��Î�Å&Ò�°Ï~
��
 MHz þ?, ùÃ{÷vNõA^+�éÎ
�Å&Ò�°��¦, ÏdI��Äé�°?1Ä
z?n. �©¥·�JÑÏLÚ\ �^=1�
"é1)Î�Å&Ò�°?1Ø , 
�°·�æ
^õÇ©Ù�IO �5I½ [28]. ÙO�úªX
e¤«:

〈νp〉 =

∫ ∞

−∞
νpP (ν)2dν∫ ∞

−∞
P (ν)dν

, (7)

∆f =
[
〈ν2〉 − 〈ν〉2

]1/2

, (8)

Ù¥, ∆f L«Î�Å��°, P (ν) L«-1ìÑ
Ñ�õÇ©Ù, ν L«ªÇ.

ã 5 �Ñ
� ξi = 150 ns−1, ∆ν = 30 GHz,
τ = 3.5 ns �, ØÓ�"rÝe1)Î�Å&Ò
�õÇÌã. �!mü�©O�L X , Y  ��,
ã¥�î�I��éu1)Î�ÅªÇ�ªÇ
 �, p�I�é S-VCSEL ­�ÑÑõÇ?1
8�z��õÇ. lã¥�±wÑ, 3vk1�
" (ξf = 0 ns−1) �, 15\ VCSEL �)�Î�Å
&Ò��° ∆f � 5.509 MHz(Xã 5(a), (b) ¤«).
��"rÝ� ξf = 0.09 ns−1 �, Î�Å&Ò�°

�Ø � 3.296 MHz(Xã 5(c), (d) ¤«). 
��"
rÝ?�ÚO�� ξf = 0.108 ns−1 �, Î�Å&Ò
�°�?�ÚØ � 293.2 kHz. dd��, é	1
5\e� S-VCSEL, 3Ú\ �^=1�"�, �
±¦�1)Î�Å&Ò��°3�½��S¼�
�²w�Ø .

�
�\�¡/
) �^=1�"�Ú\
é15\ S-VCSEL �)�Î�Å&Ò�° ∆f �
K�, ·�ò?�Ú�[©Û1)Î�Å�° ∆f

��"rÝ ξf 9�"ò´�m τ �Cz5Æ. ã 6
� ξi = 150 ns−1, ∆ν = 30 GHz, τ = 3.5 ns �, 1
)Î�Å�° ∆f ��"rÝ ξf Cz�'Xã,
ã¥ (a), (b) ©O�L X , Y  ��. �
�y S-
VCSEL ÑÑ©ª�± P1 ���, Ïd·�¤\�
�"rÝ7Lv
�, 3ùp�ïÄ�"rÝ ξf

l 0 ns−1 O�� 0.3 ns−1 ��/. lã¥�±wÑ,
��"rÝ3l 0 ns−1 O\� 0.05 ns−1 �L§¥,
1)Î�Å��°vk²w�Cz; �X�"rÝ
�?�ÚO�, 1)Î�Å�°��"rÝ�O\
¥y��, ����±Ï�5��, X Ú Y ü �
���¹���Ó. ��"rÝO�� 0.3 ns−1 ±
þ�, d� S-VCSEL �ÑÑG�Ø2� P1 ���.
c[*	Tã�±wÑ: 35\ëê ξi = 150 ns−1,
∆ν = 30 GHz, ±9�"ò´�m τ = 3.5 ns �
�¹e, ��"rÝ� ξf = 0.17 ns−1 ��±r
Î�Å&Ò�°lÃ�"�� 5.509 MHz Ø 
� 230.2 kHz.
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ã 5 ξi = 150 ns−1, ∆ν = 30 GHz, τ = 3.5 ns �, ØÓ�"rÝe S-VCSEL �õÇÌ (Ù¥�mü�©OL« X , Y  �
�) (a) Ú (b) ξf = 0 ns−1; (c) Ú (d) ξf = 0.09 ns−1; (e) Ú (f) ξf = 0.108 ns−1

ã 6 ξi = 150 ns−1, ∆ν = 30 GHz, τ = 3.5 ns �, 1)Î�
Å&Ò�° ∆f ��"rÝ ξf Cz­� (a) Ú (b) ©OL« X ,
Y  ��

ã 7 ξi = 150 ns−1, ξf = 0.17 ns−1, ∆ν = 30 GHz �, 1)
Î�Å&Ò�° ∆f ��"´ò�m τ Cz­� (a) Ú (b) ©
OL« X , Y  ��
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ã 7 �Ñ
3 ξi = 150 ns−1, ∆ν = 30 GHz,
ξf = 0.17 ns−1 �, 1)Î�Å�° ∆f ��"´ò
�m τ �Cz'X. lã¥�±w�Î�Å�°é
�"�m�Cz�~¯a, Ïd�"�mI�°[
��.

4 ( Ø

�©JÑ
�«Äu VCSELs æ^�1Ãã
¼�p5UÎ�Å��Y, ¿æ^£ã VCSELS 3
	Ü6Äe� SFM �., nØïÄ
¤�)�Î
�Å�5U. ïÄ(JL²; æ^ü��	Ü15

\, ÏLN!5\rÝ ξi ÚªÇ�� ∆ν, �¼�
ªÇ3 30—60 GHz S���ëY�N!äk SSB
A5�Î�Å&Ò. �	Ú\ �^=1�"�,
¤�)�Î�Å&Ò�°��"rÝ ξf �O\¥
y��±Ï�5�����, Ó�Î�Å�°é
�"ò´�m τ �Cz�~¯a. ÏLÀJÜ·
��"ëþ, �±¦�1)Î�Å&ÒlÃ�"
�� 5.509 MHz ØÄ� 230.2 kHz. du�©æ^
�Î�Å�)±9�°Ø þÄu�1Ãã, äk
(�{ü!;n, ¤�$í�`³, Ïd�"3p
� RoF XÚ¥¼�A^.
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Abstract

A scheme of optical generation of high-quality millimeter-wave based on the optically injected vertical-cavity- surface-emitting

laser (VCSEL) subject to polarization-rotated optical feedback is proposed in this paper. Based on the spin-flip model (SFM), wich ex-

ternal disturbances taken into account, the performances of the millimeter-wave generated by this scheme are numerically investigated.

The results show that under suitable operation conditions, a slave VCSEL (S-VCSEL) injected by a master VCSEL (M-VCSEL) will

operate in a period-one (P1) oscillation state and the output optical intensity of S-VCSEL looks like being modulated by a microwave

signal. By adjusting the injection strength ξi and the frequency detuning ∆ν between S-VCSEL and M-VCSEL, a millimeter-wave,

whose frequency can be continuously adjusted in a large range from 30 GHz to 60 GHz, is obtained. After introducing polarization-

rotated optical feedback, the linewidth of millimeter-wave can be obviously narrowed by adjusting the feedback strength ξi and the

feedback delay time τ . For a millimeter-wave with a linewidth of 5.509 MHz, generated by the optically injected VCSEL, its linewidth

can be reduced to 230.2 kHz under optimum feedback parameters. The results obtained in this paper are helpful for acquiring high-

quality millimeter-wave used in high speed Radio-over-Fiber (RoF) system.
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