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SECTION 1

I N T R O D U C T I O N  AND SI .J~~1ARY

The o b j e c t i v e s  of t h i s  p r ogram are to s tud y the  ph ys i c s  of microwave

and m i l l i m e t e r — w a v e  s e m i c o n d u c t o r  d e v i c e s  under  o p t i c a l  i l l u m i n a t i o n , to

s t u d y  t he t e c h n i ques  of m o d u l a t i n g  s e m i c o n d u c t or  lasers at  microwave

f r e q u e n c  ies , and to combine  the  above two a spec t s  La ach ieve  o p t i c a l

c on t r o l  of m i c r o w a v e  and m i l l i m e t e r — w a v e  s e m i c o n d u c t o r  d e v i c e s .  D u r i n g

t he second q u a r t  er , we c o m p l e t e d  ca l  i’tdat  ions on the  f e a s i b i l i t y  of

op t i c a l  i n j e c t i o n  l o c k i n g  of m i l l i m e t e r — w a v e  IM P A ’FT o s c i ll a t o r s , con-

t i n u e d  w i t h  the  op t  i c a l  i n j e c t  ion l o c k i n g  e x p e r i m e n t  of X—h and  Si IMPATT

osc l ila t ors , and car r i cii ou t  (‘a li-u l a t  ions on t h e  mode — i ock ing  charac-

t e r i s t i c s  of e x t e r n a l - c a v i t y  GaAIA s inj e c t i o n  lasers .

The f e a s i b i l i t y  of a c h i e v i n g  o p t i c a l  i n j e c t i o n  l o c k i n g  of m i l l i m e t e r —

wave IMP ATT o s c i l l a t o r s  was i n v e s t i g a t e d  by c a l c u l a t i n g  the e f f i c i e n c y

of subh armonic  o p t i c a l  in j ec t ion  locking of IM PA T T o s c i l l a t o r s .  The

calculations were carried out by adding a time—vary ing reverse satura-

tion current term , which was generated by the incident optical signal ,

to the IMPATT avalanche equation. Solving the equation yielded a diode

e x t e r n a l  c u r r e n t  component  r e l a t ed  to the  i n j e c t e d  si gna l .  This cu r r en t

was then t aken  as the  i n j e c t i o n  source  in t h e  o s c i l l a t o r  e q u i v a l e n t  c i r —

c u l t  to c a l c u l a t e  the  locking range . The r e s u l t s  i n d i c a t e d  t ha t  a

locking range on the order  of 100 MHz could be achieved fo r  X— band

IMP ATT o s c i l l a t o r s  if  modu la t ed  op t i c a l  s igna l  was conver ted  in to  rf

p h o t o c u r ren t  e f f i c i e n t l y .

The i n j e c t i o n — l o c k i n g  c h a r a c t e r i s t i c s  of X—band Si IMPATT oscil-

lators were further investigated by measuring the locking range as a

function of locking gain. Subharmonic locking was used with a frequency

r a t i o  rang ing f r o m  3:1 to 8:1. A locking range of several megahertz

was ach ievable  wi th  an oscillator at 8.11 Gl-lz . Even subbarmonic locking

was p r e f e r a b l e  to odd sublvirmonic locking fo r  our oscillators.

The t r ansmiss ion  c h a r a c t e r i s t i c s  of two d i f f e r e n t  Fabry—Perot

resona to rs  were s t ud i ed  to f i n d  an optimum external—cavity configuration

fo r  the  injection—laser mode—locking experiment. The first resonator

9
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comsisted of an injection laser of length and a mirror located at a

d i s t a n c e  I f rom the  laser .  The i n n e r  f a c e t  of the  laser  was coated
0

with an antirefl ection (AR) coating. Therefore, this combined resonator

acted as a simp le Fahry—I’erot resonator with modes t h at are regularly

spaced in frequency by Af = C / 2 ( V  + n Y
1
), where n is the index of

refraction of the laser medium . The second resonator also consisted of

an injection laser and a mirror ; the laser facet , however , was not

coated . En this case , we actually had three sets of Fabry—Perot

resonators with lengths , + I. , and V • T h e r e f o r e , the mode struc-
0 1 o 1

ture was more comp licated , consisting of three sets of modes with fre-

quency spacing c / 2 V , c/2(f + nf
1

) ,  and c/2n9-1, respectively. However ,

since 
~~~~~
, the first two sets of modes would have roughly the same

spacing and be located alongside one another. Since the second reson-

ator was found to have a higher Q factor than the first , it might be

easier to achieve mode—locking in this resonator.

10
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SEC ’I ’ I ON 2

CA LCULA’I’ I ONS ON OP ’FiCAl~ IN J E C T i O N  I .O CK I NG OF IMPATT
U SC ELLA ’I ’ORS

A. BASIC EQUATIONS

‘I’he e q u a t i o n  t h a t  de sc r ibe s  the  ava l anche  c u r r e nt  dens i t y  J of an

IM PATT diode is g iven by ’

T d J  .J~f I i d x _ l ] + J  ‘ 
(1)

where

T = ~ /v is the avalanche zone transit time
a a

i is the avalanche  zone l eng th
a

~i is the impact ionization coefficien t

J is the reverse saturation current density

v is the saturated carrier velocity.

The ionization coefficient ~ is a function of the electric field in the

avalanche region and can be approximated by the following expression :

/ E\m
I i  = 

~~ 
(m 6 for silicon)

Assume that the electric field distribution inside the IMPATT diode i~
as shown in Figure 1, where the field varies from its peak , E , down to

the drift region value , Ed ,  with dE/dx constant. Therefore , it follows

tha t

J 
I i  d x  = = ( E )

m+1 

- 
(E)

m+1 

(E)
~~~ 

( 2 )

11
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Figure 1. Electric field distribution inside an IMPATT diode.
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- fll+ I . - fl l+ 1 - 111+ I -where  I. has b c t i i  neg l e c t e d  s 1 nce F. ‘- F. , and F. is the  peakd d p
field at  b r e ak d o w n  unde r  dc ( end i t  ions ( i . e . , when i dx = 1) . Sub-

s t i t u t i n g  E q .  2 i n t o  Eq .  I y i e l d s

F.

2 
= ‘~ — l~~ + ~ . (3)

‘Ii i e peak elect r j c fi eld E can he writ t en  as
I )

P
t

F. ( t )  = E — F. + E sin.t — -~~ (T  - t + t ’) J (t ’)dt ’ , ( 4 )
P P° I) a t

d 
d

d

where F.
1 

is a c o n s t a n t , E sin .~t is the field from the applied rf voltage ,

T
d ~ 5 t h e drift zone transit time , and _ I/ ET

d £— T d 
(T

d 
— t + t ’)  J (t ’ ) d t ’

is a field resulting from the so—culled space—charge effect. As an

approximation , the effects of E
1 

and the space charge field can be

treated by assuming that the carrier generation rate is sinusoidal but

has a zero at ii — ~ instead of at ~r.
2 

Therefore Eq. 4 becomes

E (t) = E + E sin (at + ~
)po a

and E q .  3 can be reduced to

= 

~~~~~~~ 

1) 
~~~ s i n ( w t  + ~

) + -~--- J 
‘ 

(5)

wher e  o n ly  the f i r s t  te rm u f  the  expansion of (E /E )‘~‘~~~~1 was kept.- p po

H
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B. FUNDAMEN ’I ’AL O P TiC A l,  IN J E C T I ON L O C KiN G

Suppose t u e  IM PA l’T d i ode i s  i l l  u r n i  nu t  ed b y an opt  ica I S i  goal modu—

l a t e d  at t r ( ’ q ( I e I ~( v ; then .1 ca,,  he w r i t t e n  as

.1 = .1 + . ‘ s i n  (ai t -I I~ + ~) . ( 6 )
S 5( 1  sI

S u h st  il u t i n g  E q .  6 i n t o  E q .  5 y i e l d s

2 ( m + i ) E  - )di 
= s i n ( . t  + ~) + ~~

- -  + .1 s i n U ; t + I~ + ( 7 )
dt  I. r so si  ja ~~1I LI

Eq .  7 is of the f o r m

+ P ( t )  y = Q ( t )  , ( 8 )

whose s o l u t i o n  is

_fP(t)dt fP(t dt _fP(t)dt
y = e Q(t) e dt + C e , (9)

where  C is a c o n s ta n t .

C o m p a r i n g  Eqs .  7 and S g i ves

2 ( m  + 1) E
P ( t )  = — 

a sin (wt + ~
)

a po

Q ( t )  = 
~

— 
[j 

+ sin (wt + ~ + P)]

and

2 (m + 1) F
f P t d c  = 

~~~~~~~~~ O 

—~~ ~os (~~t + ~) xcos (ta t + ~S)

L 

14
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where

~ 
2 ( m + l )

— 

E
a

Therefor e , t h e  sol u t  ion f o r  .J is given by

I = 
_xcos(nt+~)f2 Ii + j  5;in (tat + 6 +

~ L ~~° si

+ .1 
—xcos  (wt-I-6 ) 

( 1 0)

Wit h th e help of the following relations

xcos (wt+ó) 
= 1 (x) + 2~~~~~ I (x) cos n (wt + 6)

e
05 t+t

~~ = 1 (x)  + 2~~~~~ (_fl
fl 

~~~~ 
cos n (wt + 6)

we can rewrite Eq. 10 as

J = J 
[

~ (x )+2~~~~~(_1)~~I (x)cosn(u)t+6)] +

J I (x)
I (x) + J I ( x ) s i nqj  ~ — 

sl ~ cos(wt+ó+~ )soo s i l  a

2J I (x )  J 
‘° I (x )

+ ~~~~~~~~~~~~~~~~ ~~~~ sin n( t+~~) — ~~~~~~~~~~~~~~ cos E(n÷1)(at+6)+~]

J I (x)
+ 

_s±~~~~~~ n 
~ cos [(n_l)(u>t÷~S) — . ( 11)

15 
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By expanding the summations in Eq. 10 and k eep ing t e r m s  i n v o lv i n g  m o d i f i e d

Besse l f u n c t i o n s  of o rder  0 , 1, and 2 only, J becomes:

1
1

(x )  1
2

( x )

~dc 
— 2 

~dc 
~~~~ 

cos( wt+6 ) + 2 
~dc ~~~~~ 

(‘0 5 2 ( t + ~~ )

2 
1 ( s )

+ — I (x) [J I (x) + J I (x) sin~ 1 t — -~~~~ -~~~~~~ -- - - - cos~~at + 1 +~ )
T o 50 0 si 1 (0
a

2 J I (x )  J 1 . ( x )  J I (x )
+ — 

so
w 

I 
sin (wt+S) + 

s o 2  
- - —  s in  2 ( ~~I t + ~~ ) — 

2w

.1 17(x) J 1
2

(x )
- cos [3(wt+6)+~ ] + cos (wt+6-~ )3w

4 1 (x) J 
~
1 (x )

— -——--
~
---- --- [J I (x)+J I ( x )s i n~~] t  cos(wt+ 6 )— S 

{cos E2(wt+6)+~ 1+cosq }so o sI 1 2w
a

J I (x) J 1 (x)
+ sin 2 ( ~~~t+~~ ) + - -

~~
-
~~

---
~~
— [sin 3(wt+6) + s i n( w t + 6 )j

J 
1
I~~(x)  ~

— 

4 ( c o s {3 ( a t + 6 ) + ~ }+cos(wt+ó+~ )j — ~ 
6~ 

- [co s {4 (wt+ 6 )+~~}

J 112 (x)
+ cos {2 (wt + à ) + ~ }] + “

2w 
[c o s {2 ( w t+ 6 ) - ~~} + cos~~1~

~ I (x) J I (x)
+ - -

~~~~~~~~
— (J I (x)+J I (x )s in~ )tcos2(wt+6)— 

si ~ [cos{3(wt+6)+~ }-r s o o  s l i  2~a

J 1 (x )  J I (x)
+ cos (  t+~ —~~) ] +  -- ---~-- - — - — [ s i n 3 ( w t + 6 ) — s i n ( a r - + - ~~) ]  + ~~~~~~~~ s in4(wt+ 6 )

.l I (x) J I (x)
- ~~~~-— [cos f4 (wt+ó ) +~ }+cos~~j —  s 1 2  [cos {5( t+~~ +~~ +co s (wt+ó+~ ) j

J I (x)
+ - 

s~~~2 [ m s  { 3 (‘,t+S )+~ } + cos (~~ t+~~+~~ ) I , (12)



-

where  .1 J I (x) is the dc current of the IMPATT diode. It is clear
dc o o

f rom Eq. 12 t h a t , a l t h o u gh  the  applied rf voltage across the IMPATT

diode i s  s i n u s o i d a l , t he  corresponding rf current is not sinusoidal.

However , we are interested in the fundamental component only. If we

denote  the  f u n d a m e n t a l  c o m p o n e n t  of ,i as ~ (1) ’  then

I ( x )  3 I (x)  [4 I (x)  — 6 I (x )
I s o l  o 2

~ (l) 
= —2 

dc f ( 
co.s ( . t  + ‘)  

+ 
- -—-— ---- ——-- -— - —--

~~~~~
—— - — - - sin (wt+6)

+ 
~~~ [_

~ 
l 2(x) + I

1
( x )  + ~ l 7~~~(x)]  cos (~~t + ~ + ~

)

1
1
(x) .1 [

0(x)[2
t
0
(x)_3 1

2(x)]
= — 2 .1 - ~cos ( - t+’) — ~~~~ 

- -- —
~~~~~~~~~~~~

—- — —  —— — sin (~~ t+~~ )
~I c I ( :~ ) .1

o dc’ a

2
4 1  , (x) — 61 (x) + 31 ( x )

+ 2 j  - ° ~~~~~~~~~~~ - -  - cos (~~t + 6 + 
~
) . (13)

si

Si n ce  .1 .1 , it ol Lows t h a t
d~’

J I (x)121 (x) — 31 (x)]
50 o o 2 

1.1 ~dc a

F.v can rewrite ‘
~(l) 

as

11( x )
= — 2  

~~d ~~~~ 
ens ( . t  + 6 )  + 2 K ( x )  cos ( u t  + 6 + ~

) , ( 14)

where

— l  
J 1 (x)  [2 1 (x)  — 312(x)I

c~ ~~ s1fl ~~~~~~~~~~~~~~~~~~~ 
- +~~~~

S Jdc a

2 2 241 , (x) + (x) — 61 (x)
K (x)  = — -

~~
- —

~~
—- ——

17



The e x t e rn a l  c i r c u i t  cu r  r~’ii t , wli I c l i  I -. u b t a  I ned by  p r o p a g a t in g  J
(1 )t h rough  the  d r i f t  reg ion , is g i v e n  by

I 
-

I d

~e (l )  = 
V 

J 
‘
~( l )  & ‘  dx

= - 

( I

~~~~~~~) 

~~iic J~~~~ 
‘

~~~~~~
{‘ (

~
- 
~

) + . ]

— ‘1sl K(x) cos [J ( t  
— -

~~) 
+ 

~ 

+ (15)

To estimate the locking range , a lumped circuit is used , as shown in
Figure 2. 

~I’ 
the admittance of the IMPATT diode , is equal to C

1 + jB1,
which can be found by dividing tile first term in Eq. 15 by the rf voltage
V = —jV

1 
e
jtat 

and adding the depletion susceptance

= —j ±~~~~T J~~~A I
1

(x) 
e~~
(
~~~ 

— 

~)+ jw( (16)

The load admittance is

= (R + j~~L) 1 = 
R
2 + w 2

L
2 

— _______

The in ection current ‘L is obtained by multipl ying the second term in

Eq. 15 by the area of the diode :

sin --
~~~~~ 

.i {w t_ T
d /2 +o

~~
}

= 2 —— —- K(x) 
~~~ 

A e , (17)

where A is the cross—sectional area of the diode.

18
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Fi gure 2. Equivalent circuit of an IMPATT oscillator used for
injection locking calculations.
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The circuit equation under  lock ing  i s

= (\‘
j  

+ 1
L~ ~ 

(18)

and the circuit equation under the free—running co nd i t i o n is

= + ?~~~(w~~~

] 

V . (19)

In the following analysis , we will assume that

IT •11
- -- + 6  ~~~~~

— 
~~2 s 2 s 2

in this case, Eq. 16 simplifies to

~ 
1
1

(x )  1
d ’= — 

C 
+ j(oC

d 
= C

1 
+ j B

1 
. (20)

The imaginary part of Eq. 19 gives

a C — °— 0 or R2 + w2
L2 =

o d 
R
2 

+ (OL o C
d

The imaginary part of Eq. 18 gives

I( I
~~
) = — 

2 2  2R + w L

(w + Aw )L
(w + A 4 ~~~~ C — ° _ _ _

o - d R
2 + (w 2 + 2~w La + Aw 2

)L 2

~~a + t t w)L  2Aw CI
(w + A u ) C

d 
- 

R
2 + w~L

2 
- 

R
2 
+

=2 Aw C
d 

(w 2 
C
d

L) 2Aw C
d 

(21)
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where it is assumed t h a t  the  series inductance resonates with the

IMPATT capacitance at the operating frequency (i.e., }L C
d 

I). From

Eq. 17 , it follows t h a t  1 ( 1 1
) is g iven by

l ( 1 ~~) = — K(x) ‘si sin~

‘[‘he r e f o r e ,

4 K( x )
2,’, u = — 

~~~~~~~~~ 
s in ~ . (22)

1 ‘d

The lock ing  range is defined as the maximum 2Au achievable , and , from

Eq.  22 , (2Aw ) is obtained by setting sin~ =

K ( x )  I
(2A~u) = — -

~~ 

__
~

__-_(5
_ _ _  

. (23)

Since, from Eq. 20,

~ 
I 1( x) ‘dc

C = — — —

1 IT 1 (x)  V
1

it follows that

K(x) I (x) wI 
1

~
2
~~~ max 

= [
~ 11(x)  ] 

~~~~ 
‘ 

(24 )

where

Q = (
~

)
~ 

= (wC~~R)~~~

Eq. 24 shows tha t the locking range is proportional to the optically

generated current and is inversely proportional to the circuit Q

and the bias dc c u r r e n t .  %4e wil l  use a few numer ica l  examples to

e s t i m a t e  (2Au ) max

21
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One set of t y p i c a l  values  is presented below :

I = 25 mA F. = 2 x 10~ V/rn I = 20 ‘Adc po

= 1 pm v = 1 x lO~ rn / sec  Q = 20

= 4 pm A = ~~
—8 

m m = 6

V = k + ~~~~= 5 pm V
1

= I O V  I IO GI{z .

Based oil t hese  va lues , i t  l o t  lows t h a t

‘a 
= v

a /v  = 10 11 
sec 

a 
= 0.63

E V 1/ f 2 x l O 6
V/m

2( m + l )  E
x =  — -—-

~~~~~~
= 2 . 2 2ta r  E

a po

1 (x) = 2.63  , 1
1(x) 1.91 , 12 (x) = 0.89

K ( x )  = —7.25

( 2 f f )  = 4 .0  MHz f o r  f = 10 GHz .max

If we take V
1 to be 15 V rather than 10 V , then

x = 3 . 3 3  , 1 (x) = 6.24 , T 1(x)  = 5.23 , 1
2

(x)  = 2 . 9 7 ,

K ( x )  = — 3 0 . 7 6

and

(2 I)  = 14 .7  MHz f o r  f = 10 GHz .max

22
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C. FIRST SUBHA RMONIC OPTICAL INJEC1’ION LOCKING
(w IHPATT :w j,ljectiofl = 2 : 1 )

Assume that the optically generated current is at the first sub—

harmonic and tha t the reverse saturation current is given by

3 = 
~so 

+ 

~sl/ 2  sin (ta t  + 6 + c~) . (25 )

Again we use Eq. 5 to solve for the avalanche current J:

J = JQ ~I~~(X) + 2~~~~~ (_ 1)
fl 1 (x )  cos n~~at + S ) ~ + ~~~ ~I(x)

+ 2E(_l)
~~
l (x) cos n(u t + 6) ~ ~J I ( x )t

23 1 ( x )
s l / 2  0 1

— 
_____________— cos 

2 (tat + 6 + 
~)

23 I (x) 23 I (x)
+ _—

~~
-
~~~~~~~~~~~~~ 

n
n — 

sin neat + 6)  — 
s l /2~~~~~ 

2n + 1cos

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ cos [(n 
- ~) ( wt + 6)  - !-]~

Expanding the summations up to n = 2 and c o l l e c t i n g  terms involving

cos i) t , sin at , cos 1/2 at , and sin 1/2 tat yields

23



I (x ) 4 3  , 
- -J = -2 

~dc ~~~~~~ cos ( a t  + 
~~) + 

sl/2 

I([~ 
1~~(x )  -- 

~~ l~~(x )  - 12(x)j

+ 2 I
1( x )  ~1 ( x ) — .~ 1

2(x)j &oa~
) 

cos ( n t  + 4 +

+ 2 s i n~ I 1 ( x ) [J (~~) — k 17(x)J sin (tat  + 6 +

1
~ 

(x)
= -2 

~dc ~~~~~~~~~ ens ( - i t  + ~ ) + 

~l/ 2

where

= A1 cos ~~ (wt + 4 + 1)  + A~ s i n  } ( . t  + 5 + ; )

~ 
~ ‘i/~ ~ 2 2 2 2A

1 
= I7 ( x )  - 

~~~ 11(x )  — I (x)  + 2 cos;  Il(x)1r (x) — 
~~ I~~(x)J

ç

“2 
= ~~~~~~l/ 2  

~ 2 sin; I
i (x) 11

(x) - 
3

and , therefore ,

2 2 1/2( A
1 1 A ) 1

= 
{A1 

+ A
2j 

~~~~~~~ +
2 

cos ( a t  + 4 + ~) sin~ (.t + 
1 

+ 
~~)

2 2 1/2 
1= 

[A1 + A
2] 

sin ( , t  + 4 + +

= J1/2 sin (ait + 6 + 
~~~ ) , 

( 2 6 )

whe re

= ~ + S , and tan -
~~

- =

24



It is clear t h a t  (I is a function of t. A plot of C versus ~ is shown in

Fi gure  3.

The avalanche current component at 1/2 a t  ( i . e . ,  J 1/2
) can mod i f y

the rf electric field in  the avalanche region through tile space—charge

effect. The modified electric field is E + AE with ‘F. given by:

A E ( t )  = — ~~~~~ — t + t ’)  J
1/ 2

( t )  d t ’

Since J1/2 (t ’) varies with a period of 4u/w , it can be approximated as a

constant during the integration time interval:

:~E ( t )  — -
~
--

~~
- J~~,,2 ( t )

- 2c 31/2 o 
sin (ta t + 6 + ~~

)

— Eb 
sin ( at  + 4 + ~~~) , (26)

where

I- J
E = 

d l/ 2o
b 2t

We can now solve for  the avalanche c u r r e n t  using the equat ion

= 

~~~~ ~~a

’ 

~~ 

sin (tat + - ~~~
-
~~

-- sin ~~
- (tat + 6 + ~ )]

whose solution is

—xcos(.t+4)+ycos4(wt+6+~)
J~~~ J e  , ( 2 7 )

25
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Figure 3. Plot of angle 0 versus angle ~~ .
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__

re

F. - 
‘01 F.

0 ~~0 a

From Eq. 27,

J = J ~ i (x) — 2I
1

(x )  cos (~ -t + 4)  + 2I~~(x) cos 2 (wt + 6)

— 2[
3
(x) cos 3 ~~ii t  + 4)  + . . .

~~

{I
(Y) + 2 1

1
(y )  cos (wt + iS + ~~~) + 2I 2 ( y )  cos ( i t  + 6 + ~~

)

+ 21
3

(y)  cos cos (tat + 6 + ~~~ )

+ 21
4

( y )  cos 2 (ta t  + 6 + ~~
) + ...

= j 
{I

(x) 1 (y) — 21
1(x) 1 (y) cos ~at + 6)

+ 2I (x) 1
1(y) cos ( n t  + 6 + 

~~~ ) + 2 1 (x) 1
2(y) cos (tat  + 6 + ~~~)

+ 4I2 (x)  I
2(y) cos 2 ( a i t  + 6)  cos (tat + 6 + ~~~ ) + ... }

I --  -~~~~~~~~~~~~



~~~~~~~—~~~~
- _

~~~~~~~~~~~
--_ -.- -_ . -—_-- -  

By r e t a in in g  t e m s  I nyu lv ing ~t 00 I v

= J
o 

l~,(~~) 
- 2 1

1
( x )  1 ( y )  cos ( n t  + ~)

+ 2 1  (x) [,,( v )  i o s  ( t + -~ 4-

+ 21
:
(x) 1 2(y) cos ( i t  + 4 — 

~~~~ 
+ ... }

I
1

( x )  1
2

( y )
= 3 1 ( x )  I 1 ( y )  1 — 2 

1 ( x )  
( 0 5  ( n t  + 5)  + 2 

~~~~~ 
cos ( - t + +

1 ., ( x )  I ,, ( y )
+ 2 - - ~-—— -——-~-— - cOs ( n t  + - . — ) + “ .

1 ( x)  1 ( v )  s

11( x ) I , ( y )
= J — 2  J -—--- - - - cos ( t  + 4 )  + 2 3 -

~~~~
-- ens  ( - t  + 1 + )dc dc I ( x )  ,ic I ( v )  s

0 0 -

17 ( x)
+ cos ( t  + ~ —

I~~( x ) 12 ( y )  12 (x)
= 

~dc 
2 

~dc T~~~~~5 
ens ( n i t  + a) + 2 ‘1dc 1 K ~~ 

1 + 2 ens 2

2 11/2I ( x )
+ —

~
---- ----- - I  cos ( - . t + 4 + -

~ 
— r )

r 2 (x ,] 
5

wile re
I ,,(x)

sin 2 -~I (x) s
0 

__________t an  = — — — —

1 ,, (x )
l + -  cos 2~~I (x) s

28



The e x t e r n a l  c i r c u i t  c u r r e n t  is  then  g i v e n  by

(it t

~ (II 

2 

~~~d ~~ 
(O s  ~~~~ + 6]

1 .) (Y )  I
— -

~~~ 
-— - I 1 + 2 —f--—— cos 2

dc 1 ( y)  [ I
0

(x )  s

2 1/2
I .) ( x)

+ -i——] cos 
[~ (~ — --

~
--
~ 

+ 5 + q — . (28)

The i n j e c t i o n  c u r r e n t  is  g i v e n  by

sin - --~
-— 1

2
(y) 

~ 
t
2
(x)

I 21 — - I 1 + 2
~~~~~~~~

052
~~L dc ( O L

d 
1 (y )  

L 
1 (x) s

2 1/2
I
2(x)1

+ 
2 

cos 
[a~ t — 

—i-) + 6 + q — q]

(0)

I f  we assume tha t —
~~~~

- + 6 and 6 <n ~~- , then ,

f rom Eq. 18, we can write :

2 ,1/2
_____ ~ 

I
2

( y )  I I
2

( x )  I 2
(x)

2 f w  = 
C
d ~~ 

~ 1 ( y )  + 2 1 (x )  ens 2 + 
I~~~x ]  

sin (~~ 
-

or

-‘ 2 1 2
I 1  (x) 1

2(y) 12
(x) 1

2
(x )

2 i a  = 
[I~~(x) 1 (y)] ~ 

1 + 2 
1 (x) cos 2 + 

1
2 (x) 

~in (
~ 

- 
~~)

( 2 9 )

29
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There fore , the  l o c k i n g  r ange  is  t lie max ilnum v a l u e  o I t he r 1 g li t s i d e  of

Eq. 29.  We w i l l  c a l c u l a t e  t h e  m a g n i t u d e  03 2A, - for a n u m b e r  ot  an g l e s .

‘ru e following numerical I)aramet(’rs are used:

I = 20 pA , I = 25 mA , V = l Vsl/2 (Ic I

Q = 20 , a 
= 1 pm 

~ ~d 
= 4 ni

= 11 , E = 2 x ~~~ V/rn  , A = t ü 8
C) p0

v = l0~ r n/ s e c  , f = 10 GHz

x = 3 . 3 3  , 1 ( x )  = 6 . 2 4  , I ( x )  = 5 . 2 3  , I ( x )  = 2 . 9 7
(1 1 2

A
1 

= -7.11 x IO
5 

+ 6 . 9 7  x IO~ COS

A2 = 6 .9 7 x lO 5 s i n ’ -

For

= 00 , 1 ) = 180° , = —180°, and = 0°

we have

sin (~ : — ~) = 0 and 21ia = 0

For

= 10° , H = — 2 2 . 9 7 °  
‘ 

= —12.97° , t~ = — 8 . 2 9 °

y = 0.06 , and sin (-
~-~~-ci ) = -8.16 x 10

2

we have

2 - f  = 0.03 MHz.

30
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Fo r

= 30 ° , H = — 3 4 . 1 °  , ;- = — 4 . 3 °  , p = — 2 . 2 °

y = 0.166, and ~in (~ — - ,) = 0. 04
5

we have

2 f = 0 . 1 2  M l i x .

For

= 60°  , (3 = — 6 1 . 9 7 ° 
, ~ = — 1 . 9 7 °  , ç = — 1 . 2 7 °

y = 0. 32 , and sin  ( - ~~
) = 1 . 2 7  x io

_2

we have

2 . 1  = 0 .124  MHz.

For

= 90° , = — 9 1 . 1 4 °  , = — 1 . 1 4 °  , 5- = — 0 . 7 4 °
S

V = 0 . 4 5  , a~ d sin ( — ) = 6.98 x l0~~
we have

2 3  = 0 . 12  M H z .

From the above numerical values , we conclude that the first subharmonic

optical injection lot-king is relativel y inefficient.

D. SECOND SUBHARIION1C OPTICAL INJECTION LOCKING
(n

IMPATT :ut inj e c t i on  — 3:1)

If we let J = J + J sin 1/3 ( - n t  + 6 + ~) and solve for  Js so si/3
in Eq. 5 , then

31
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-~~

= .1 1 (.x) + 2 ~~~~~ (—1 )
11

1
0(x) 

cos i i (  - t + + 2

a ~ 
( x )

11 I

+ 2 (—1 )°h (x) ens n ( -t +

0 = 1

3 .1 I (x)
3 I (x ) t — 

/ - C O S  (- . - t + 1- + ~- )
50 0 , - I

23 ~~~~~ I ( x )
50 II

+ - - - s in u ( - I + -~ )

n l

- 

:~; ~~~ cOs[(n + 

~
-)(. t + 4) +

+ ~~~~~~~~~~~ ~~~~~ ~~~~~~ [(,- - 

~
-)(

~ 
+ -

Terms involving cOs 1/3 ( . 1  + -‘- + ~i) are grouped to give

1” ‘ 3 2 2 1j
l/ 3  

= 
~~ ~~ ~~~~~ 

- 
~~ ~~(x) 

- 61
0(X)] 

c0s (tat  + 5 + ~~)

= 
~~l/ 3~~ 

~~~~~~ 
-
~ <~~~ + I + ~)

The electric field is m o d i f i e d  b y ‘ E , wh ich  is given by

3
AE = 

1 / 3°  d — E2a — bl/3

32
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-- --~~~~~~-
- - - - -~~~- -—  

‘I lie ret ore , t t it -  fl ew r I I j~ Id  i s

E = F. s in  ( i  + 4 )  — E
1 

ens ( i t  + 5 + 5 )

and I he new ova l ane  lie c u r r e n t  is

= J
o 

{

X o S  ( i L + 4
)] [~ ‘s I n~ ( n t + a +~~

)]

w i i c  re

2 (m + 1) F. 6 (m + 1)
= 

F. , y =

a p0 0 po

J = J ~~~ (x )  — 2 1
1 (x) ens (ta t + 6)  + 21

2
(x) cos 2 ( n t  + 6) +  ... 

}

~~1 ( y)  + 2 1
1

( y)  sin ~~. t  + 5 + 
~) 

— 2 12 ( y )  cos ( n t  + 6 + 
~)

- 2 I .3 ( y )  s i n  ( i t  + S + -
~
, )  + . . . 

}

= .1
0 

1
m
o~~~ 

1 ( y )  — 21 ( y )  I
1(x) cos ( - -t + 4)  + 21 (y) 1

2
(x) cos 2 (i at  + 6)

+ 21 (x) 1
1 ( v )  s i n  ( a t  + S + 

~
- )  — 2 1 ( x )  I

2
( y )  cos (ta t + S + 

~~)

— 21 (x) 1
3
(y) sin (ta t + 6 + 

~)

( x )  1
3
(y) ios 2 ( a t  + ~) sin (at + 5 + ~ ) + .. . 

}

33
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I I  we kee p on 1 Y t eru l s  i nyu lv i ug - I , I hen

3 = 3 ~ l ( x )  1 ( s )  — 2 1 (y )  I~ (x )  coo ( .  t + 4 )

— 2 1 ( x )  1 
3

( v )  s i n  ( . - t  + +

+ 2l 2 (x )  1
3
(v) sin (- - t + ‘- — 4 )  + .

I
i 

( x )  I -3 (y )  r l , ( x )
J — 2.3 — cos ( . t +~~~) — 2 . J  - - ~~- - j I — 2  - - cos 2 ; -dc tIc 1 ( x )  de 1 ( y )  I I ( x )

0 ~ L U

2 1/ 2
/ l~ ( x )\

+ ( - -

) 
coo ( i t  + I + — 5 )

\ I ( x )

wIie re
I~~(x)

1 — - -
~~~

------— cos 2 ;-I ( x )
C)

Ian ~ ) = —~~~~~~~~~~~~~~~
- —— -

1
2

( x)  
. -s t t i  2- ;

1 (x )

Therefore , t h e i n j e c t i o n  c u r r e n t  is

1
3
(y) sin ~~d_ l

2(x) /1
2(x)\

2 1/2
= 3

1/ 3
A = - 2I ~~ 

~~~~~~~ 
~~1 - 2 ~

—_
~

--

5~
cos 2-: +

( - O S  — + - , + — -
~~~~

and the locking range is

F1 (x)
_
I
3

(y)
~ ( I t  I T

2(~~) 1
~~(x)1~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ s i n ( — )
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Use t he  followin g numerical values:

1
1/3 

= 20 . A  , 1
dc 

= 25 ~~~ = 15 V

Q 2 0 , ~- 1 -rn ,
a d

= I I -  , F. 2 x ~~~ V/rn  , A = 10
8 

m
2

0

= 10~ fl t / S O C  , I = 10 (;Hz

From these , we g e t

x = 3 . 3 3  , 1 ( x )  = ( 1 . 2 4  , 1
1

( x )  = 5 . 2 3  , 1
2

( x )  = 2 . 9 7

-
_ 13

( y )  
33 l/3o 

-~~.62  x 10 ~~
, y = 0 .6  , 

~

- -

~~

- -

~ 

= 4 . 2 1  x 10

For

= O~ and - = 90 ° , we have 2~’.f = 1 . 32  M Hz.

For

= 15 ° and a = 68° , we have 2 , f  = 1 . 2 7  M H z .

For

= 30° and . - = 6 1 . 6° , we have 2 . f = 0 . 9 9  M H z .

For

= 60 0 and = 7 1 .Y , we have 2 1  = 0 .66 M Hz.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~
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F. . I) I S C U S S I O N

It i s  c l e a r  f r o m  t i e  above a l i -u I at i 1 0 0  1 h a t  , l o  i n -  rea si -  I lie l o c k  i iig

r ange , b o t h  x and y should h)e made as l i i  r ge  as ~ i b l  e , w lie

= 
2 (in + 1 )  I-:

- :1

y = 
d

a p()

= V / -a I

E is t lie r I e let’ t r it  I j e l d  i n  the diode . ‘there to Ce , i i i  0 s i l t )  r t di ode
a

F. is large r for a g ive n V 1 - (in the ot  h - t- r hand , t he ( 11) 1 i nttirn use i l l  i t  ion

I r e q i l en cy  of  a s h o r t e r  d i o d e  is h i ghe r . ‘l’hus , L i i i  o p t i m a l  s i  t t i a t i o i l

seems to be to opera te t he  d iode ill the lowe r p o r t  loll of i t  s I r e qu en e  V

band . Our l i m i t e d  e x p e r i m e n t a l  r e s i i l  t s  seem to  I nd I to  t i  t h a t  t l i i  s is

t ile case. I’he bes t  way to  i n c r e a se  y i s  t O  have  l ar g e  o p t  l i - t i l l  v gen-

e r a t e d  c u r r e n t .  Nurne r it - a l  v a l u e s  used in t h e  prey iotis (-0 1 i ’u l a t  i o n s  do

not represent the bes t  s i  tua t ion. A simple ca I i ’ t i l  a t  ion reveti I s  t h a t

1 nM of opt  ical  powe r a t  r f  f r e q u e n c y  carl g e n e r a te  up to  663) A o t  r f

phot ocurrent under ideal i-nod it iotis . T h i s  wou ld  mean a l o c k i ng  r ange  of

250 MH z (o r  t ile case of , : - a  . . - = 3 : 1 .  The r e f o r e , i t  is
(~~5C In j e c ti o n

i m p o r t a n t  to i n v e s t i g a t e  means  of g e n e r a t i n g  e f f i c i e n t , h i g h — f r e n u e n c  
~~~,

m o d u l a t e d  opt  I cal sources.

P r e l i mi n a r y  e x p e r i m e n t s  on su b h ar m o n i c  o p t it - a l  i nj e c t i o n  locking

of X — b a n d  Si LM1 ’ATT o s c il  l a t o r s  have shown a l o c k i n g  r a n g e  of c lose  to

7 MH z wi t h a 4 to 1 f r e q u e n c y  r a t i o .  The p h i o t o c u r r e n t  ( r f )  a m p l i t u d e  in

these experiments is estimated to be only about 5 pA. However , the

ac t u a l  n u m e r i c a l  p a r a m e t e r s  of the  d i o d e s  used are not available to

a l low compar i son  w i t h  a n a l y t i c a l  r e s u l t s.

Our anal ysis involves several approxim ations ,and t h e  r e s u l t  is

accurate only f o r  m o d e r a t e  rf voltage swings and photocurrents. Also ,

t ile e f f e c t  of circuit tuning is comp l e t e l y  neg l e c t e d .  We b e l i e v e  t h a t

i n  a rea l  o s c i l l a t o r  t i le  interactiop of the  devi ce and t h e  c i r c u i t  can 

~~ _ _±
~~~~~~~~~

._
~~~
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~~~ ~~~~~~~~~~~ - - --~~~~~~~~~~~~~~~~ 
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p l a y  a m a j o r  role in d e t e r m i n i n g  the i n j e c t i o n  l o c k i n g  e f f i c i e n c y .  A

more r i g o r o u s  a n a l y t i c a l  a p p r o a c h  is be ing  taken to obtain results that

are applicable under even large—signal operations.

it is interesting t h a t  in]ection locking with an input signal

p r o p o r t i o n a l  to s in  2 / 3  ott is also possible. J 2 / j  tOl l  g e n e r at e

- , —xcossi t y c o s 2 / 3 t .Eb 
-
~ sin 2/3 tt , and , 3 m m  E q .  27 , e e c o n t a i n s  a term

( [
1 ( x )  ens it ) ( l 3 (y )  ens  2i~- t )  t h a t  p roduces  a c u r r en t  component  at

cos . - t .  Th i s  c u r r e n t  component  then a c t s  as the d r i v i n g  i n j e c t i o n  sig-

nal .  S i m i l a r l y ,  any m u l t i p l e s  of tile suhh ar n -ionics  are  poss ible  i n j e c t i o n

locking si gnals as well.

To c o n c l u s i o n , we have  shown tha t subharmonic  o p t i c a l  i n j e c t i o n

locking of Si it-WATT o s c i l l a t o r s  can have a locking range of - - 100 MHz if

modula ted  o p t i c a l  s i gna l  can be e f f i c i e n t l y  conver ted  i n t o  rf  photo—

cu r r e nt .  i n  v i e w  of t i l e  e x p e r i m e n t a l  r e s u l t s  obtained so f a r  (more t han

5 1-1Hz of l o c k i n g  range w i t h  less than 5 pA of r f  o p t i c a l  c u r r e n t ) ,  we

fee l  tha t the  c a l c u l a t e d  r e s u l t s  u n d e r e s t i m a t e  the locking range ,

a l t h o u g h  the  e x p e r i m e n t a l  d e v i c e  pa ramete r s  are not  known well enough

to a l low c a re f u l  c o m p a r i s o n .  Never the less , we do not see any f u n d a —  i -

menta l  reason why t h i s  scheme w i l l  not  work at millimeter—wave

frequencies.
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S EC I’ I ON 3

RECEN t’ RES ULTS ON OP’I’ i CAL iNJECTION LOCK INC
OF S i IMPATT OSC ILLAT ORS

Las t  quarter we reported some initial results on tile successful

opti cal injection locking of X—hand Si IMPATT oscillators. We achieved

locking of an 8.754—CHz IMPA’l ’i’ oscillator by injecting an optical signal

m odulat ed a t  2.918 CUz. We also observed a reduc t ion of oscillator side-

band noise throug h optical—illuminat ion and injection—locking processes.

In  this quarter , we continued t h e experiment with particular emphasis on

o b t a i n i n g  the locking range versus locking gain relation for various

orders of subliarmonic in j ection signal.

‘I lie injection—locking characteristics of IMPATT oscillators were

found to depend hieavil y 00 tile cavity tuning conditions. If the cavity

was tuned such tha t th e T MPATT oscillated with a high Q factor (i.e.,

narrow spectral width and minimum side—band noise), the locking range

typically was very small (a few hundred kilohertz). However , if the

cavity was tuned for low—Q oscillation , then the locking process became

very efficient. This observation agreed well with our theoretical

calculations , given in Section 2. Another factor tha t affected the

injection locking process was the dc bias of the IMPATT diode. We found

tha t , depending on the bias condition of the diode , different amounts of

IMPATT o s c i l l a t i o n  f r e q u e n c y  s h i f t  could be observed f o r  a f i x e d  dc

optical i l l u m i n a t i o n .  Under certain conditions , the frequency shift was

positive; hut , for different combinations of 2ircuit tuning and dc bias ,

it could also be negative. In general , a large locking range was obtained

if the oscillator frequency shift due to optical illumination was large .

One of our IMPATT oscillators , when biased at 28 mA and tuned to

8.116 Clix , could be optically injection locked to several different orders

of subharmonics. Figure 4 shows t h e changes of oscillator spectrum at

five different injection si gnal power levels. From Figure 4 ( a )  to

Fi gu r e  4 ( d ) ,  t h e  i n j e c ti o n  si gnal  level was raised from —20 dBm to 10 dBm

in 10 dBm steps. As shown in Figure 4(a), the oscillator output was

initially at 8.111 GHz while the injection signal was at roughl y
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o i l e — s i x t i i  03 8 .1146 0Hz, oi - I .  I~ 24 (3hz. Ihow i-ver , - c -  shown in F i g u r e  4 ( e ) ,

when i n j e c t  ion  l o - k i n g  f i n a l I v  took p la t e , ( lie use i i  l ator frequency was

pu I led in and lot- ked t o  t lie six t ii h a  rn ion it  cc I~ Liii- i i i  ji-eted S I gna I

I r e q t i e i i t - v

F i g u r e  5 is a plot of [iii- locking h and ve r sus  h i s - k i n g  g a i n  of t u e

saint- IMPA ’I”l’ oSi ’ 11 a t  or  for si-vera 1 d i f f e r e n t  subbarmun i i-  o rde r s .  l’he

I Mh’ATT (1St i l l  at ion  I r e ( lu e n e v  was a t  8. 116 0Hz . A f req ueiH y rat io as

high as 8:1 was ti s i- t i  ( l . e . ,  the i n j e c t i o n  signal was running at 1.014 0Hz)

t o  ach  i i -v t -  i n j e c t  ion 1 ui-king. The 1 o c k i  Jig ga i n  was di- fined as the ratio

u t  I lie I 1-IPA ’l’T osc I I L i t  Or  O t i t l ) U t  I)oW1 r to t h e  m i c r o w a v e  power used to

m o d u lat e  the  inj i-e t ion  lo s e r .  l ’ i i e r e l o r i -  , the p l o t  of l ock i n g  band ve rs u s

l o c k i n g  go in  a c t u a l  l v  c - o n t a  i n s  L iii- i n f o r m a t ion on modulation response of

lie i n  j e t -  t ion l a se r  its we 11 . For i n s t a n c e , t lie modulation depth of the

loser at  2 . 0 3  01hz ( 4 :1  f r e c iu e n c v  r ot  io)  was not  as effi cient as a t

1 . 35 0Hz (6: 1 f req u e n c y  r a t i o ) ;  t I i i - r~- l  o re , tile injection locking effie iency

of the  6 : 1  s u bh i o r n i o n i e  was b e t te r  t h a n  that of the 4:1 subhiarmonic when

t ile l o c k i n g  ga it - i was greater than 8 dB. It is also interesting tha t in

our osu-illator tile even orde r of subliarmonies is preferred to the odd

order of subliarmonics with respect to t h e injection locking efficiency.

We believe that this is a result of the particular cavity tuning .

Further studies are needed to clarify this point.
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SE C’f I UN 4

t-iooi-: L OCK I NO OF I N.J  i-:c i- ION LASERS

in  t i -ic las t report , we ulisc us si -d t h e  gene ra l  u - I  t u-e t s of l a se r

me d i u m d [silt- r s io n  , lase r r u- I a xa t i on c c s t  i i  l o t  i ti ll , and t ue l a se r  s p e c t r a l

b r o a d e n i n g  mu- i- l i o n  i sm on l i i i -  succeSs of mode—locking OaAs inj c i t  ion

last ’  rs . I hu- first du-tnonst rat ion of inject i on 1 a sir mode locking at

N I  ‘l’~ was achieved lv us i n g  t i n  u - x t e r n t i  l — t -av i t y  c o n t  i gurtit ion and by va r~ - —

I rig t h it  i-u rrL- n I t h r o u g h t h u  loser diode at ;i rat  e di- term i ned by the

photon round—tri p transit time in t h e  cay it v . Ihil s section cXp~ nds on

tha t di octi ss ion wi th u-ntp lia s i s  OIl t ic et  l e e  t 5 of  d i f  ft r en t  e xt e  r na l

c a y  i L v  con i i  g t t r z I  t t i l l s .

One of Lh ie reasons b r  us ing  at-i cx t i -rn ;i  I cavity for inject ion l aser

mode l o c k i n g  is to r e t h u c e  t Ile r e q u i  red gain modula t 1011 frequency to a

f e w  g ig a h l er t z .  W i t l l o t l t  till e x t i -r n a l  c a v i t y ,  t h e  r e q u i r e d  f r e q u e n c y  f is

80 to 130 0Hz f o r  t y p  i t -a l  d i o d e  l e n g t h s  (300 to 500 t u ) ,  whe re

— C-
t = —

2n -

c is t h e  speed of l i g h t , n i s  t h e  i n d e x  of r e f r a c t i o n  of OaA s , and i~ is

t h e  diode length. Sin c - e  t i l e  m o d u l a t i o n  r e sponse  of the  laser  d e c r e a s e s

sh-iarpiv beyond a few gig alti- r t z , it would be extremely difficult in the

80— to 130—0Hz r ange . Theoretically, it is possible to achieve laser

mode—locking wit h infinitesima l perturbation if the  d r i v i n g  f r e q u e n cy  is

ex a-t lv equal to t i le  t r a n s i t  t i m e  f r e q u e n cy .  P r a c t i c a l ly , however ,

t h i e r e  are si-veral limitations. First , there will always be some detuning

caused by m e c h a n i c a l  v i b r a t i o n s  and temperature fluctuations. Second ,

the ph -iase noise in the signal source and in the laser output will also

effectivel y detune tile driving frequency. Thus , there is a minimum

perturbation ni-eded for mode locking. This sets a maximum frequency

usable for mode locking an inject [on laser. By u s i n g  an e x t e r n a l  c a v i ty ,

t h e  p r o b l e m s  ;lssoc i t i t e d  wi  L i i  v e r y  h i g h  frequency l a s e r  m o d u l a t i o n  can be

ci rcumven ted.

43



Anot h er reason l i c e  u s i n g  t h e  u - x t c - r i i : i I (~~ iV it y i -co i l igu l- tit h ul l  —~ I l i n t

t h e i-f fee Is of m a t e r  i a I di spe rs ion can be ru-di iced si gii I Ic - c u t  1 v . ‘ I i i  i s

is because  ol t i-ic Large tlispersion — free a i r  s p ; i c -e i i i  t h u 1 1 1 ) 1  I c ~~~I c _ ’ i t ’ . ,

wbii & -h renthu- i- s t h e  g a i n  lIeu him d i sp i - r s  ion jr-is igni I li lt. t -tl fl c ’ t- i t  - i n —

s t i t u u t e s  o n ly  about IA of ti -ic total cavity lu-ri gt ii . ‘lic e l o b -c j o b  t h i s—

pe rs i on i l  f e c -I  i s  i m p u r t a u  t i n  an in  j u t  L ion Iti S u l  wi t h icc ui t c x ’  c r  t i  I

c i v  it  V 51 ne t - , i i i  t cu I case , t lii- I ouig it tid iii a l mod i-s i c )  t ilt- I a Si- r .c ri-

Spai ’ i-tl u u n i - q u i t u  1 I ~ . h ioweve  r , undi- r mode— l o c k e d  eond it i c  ins , L i i i -  moth-

sp.uc ings ~ I thR- locked long itudinal modes are e q u a l  . That means

~c t t hit- go i l - i pt r L i i  r ba t  ion  sh ot i  I d  hIt St  rung  e n o u g h tc c pu I 1 t Ju t -  mod es t i c

t lie h r p l o p e r  I r u -qu i nt -v  I oca t ions in  ordt -  r to h ilt-k t i i i - iu  t ci gi - L i i i -  r . Ago in ,

his wi 11 set a I int l I on L it i - m i n i m u m  i 01) 0 L driving powi- r rt- j u i  ri-ti to

ohIo in a g i viol tuo t ie— I ou kid laser pul sewici L i i  ( w h i  ic - h i  i S illversi- I Y p r o p t )  r —

tun a  I ~o t he  n u m b e r  of  nuot les locked ) or on t h e  mi n imc lm pu l  sewi d l i i

obtain able for a g i v e n  i n p u t  d r i v i ng  p o w e r .

To i n d u c e  c o u p l i n g  be tween  l o n g i t u d i n a l  modes of  a l a se r  r e q u i r e s

a gain (or loss) modulation w ith -i spatial dependence. Thu- coupling coef—

ficient between two long i t u d i n a l  modes can be exp res sed

a ,b 
= 
fff.- g(x ,y,z) E ( x ,y, z) E~ (x,y.z) dxdydz

w h e r e  E and E
b 

are two normal modes of the laser cavit y , g is the gain

variation , and the i n t e g r a l  is over the cavity volume v . Since E
a 

and

E
b 

are orthogonal , i.e.,

fffv 
E E

b 
dxd ydz = 0

Ag should be a nonuniform perturbation if the coefficient of mode

coupling is to be nonzero. The use of an external cavity provides a

convenient solution for this problem.
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‘luc re are two external—cavity configurations tha t can be used for

the injection laser mode—locking experiment. We will examine their

transmission characteristics and determine which confi guration is more

suitable for our  purpose. The two confi gurations are shown in Figure 6.

In Figure 6(a), Ihe cavity is formed by one cleaved lacet (A) of the

s e m i c o n d u c t o r  l a se r  and an external mirror with high reflectivity

(r
3
= 0.98). An AR tooting is applied to the other fat-ct (B) of the

semiconductor laser. Figure 6(b) shows a more complicated external

cavity, which -i is u - s s e n t  ia ll y the  same as tile first cavity except that

there is no AR coat iig Oil f a c e t  B. ‘lhe transmission characteristics of

these resonators can be analyzed by regarding the composite resonators

as one simple Fabry—Perot resonator of length -i 
~~~~

. One of the ,mirrors of

this equivalent resonator is mirror C , the other is the semiconductor

laser. The semiconductor laser itself is a Fabry—Perot of length l
~~~

;

its equivalent transmission and reflection coefficient can be calculated

easily. Thus, the composite resonator transmission coefficient is

- 
- -

- 
. (30)

l u  I ( I  ~

where

T
1 

= t~

T
2 

= (t ’)
2

T
3 

= t
3

4iinP.
= 

A

4 I f
o = ___~ 2~0 A

0

n = index of r e f r a c t i o n  of GaAs

= laser wavelength  in vacuum.
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Fi gure 6. Two different external—cavit y arrangements for
semiconductor lasers.

46 

-- -—



- ~~~~~~~~ 
- - - -

~~~~ 
- - - - -

~~

E q .  10 gives t hi- t r a n s m i s s i o n  c h a r a c t e r i s t i c s  of the  c a v i t y  shown

in Figure 6(b). Ii we use pa rame  t er s  I Y~ lea I of the GaAs last- r and let

r 3 
= 0 . 9 8 , Eq .  30 coil  be p l o t  t i c i  t~~-t shown in Figu re 7. I i  e x h i b i t s  the

fine longitudinal modt -  s t r u t - t u r i -  of a c a v it y  w i t h  Iength i ~ + - 
I

and thu- Ileat jug i f le t L of the two cavil ies 01 len gth - i and ‘
~~~ 

+

The hi - a t  f r u - q u r i - n e y  is c/2ui~ 1 
T i  we se t  r~ = (I and ‘I’., = i i n  Eq. 30,

Wi call a l s o  p lo t  t h e  L r t i n s m i ss i o n  t:iia ra t -Li-ri slit’ of liii- c a v i t y  shown in

F i gui  ri- 6 (a) . Tb i s  i s disp I ;iyed in Fl gui ru 7. SI nec t hie -av It. y strut lure

is b a s i c a l ly  a s im p l e  F a h r v — P u - r o t , t h e  i t i m i  l i a r  e q u a l l y  spaced , equal

he i g h t  t ran t -t o 551011 p a t  ti- r i - i  i s  obtained , as shown in  l-’i gu r u -  8. How—

Cvi-  r , the cay its ’ Q is m u c h  lowu- r I ll  t i le  simple strim- L l i r e .  ‘this can be

seen b c o m p a r i n g  t ue hie ig l it at-id width - i of the transmi ssion peaks given

in Fi gures 9 and 10. We b e l i e v e  that the three—mirror t-avity is a

b e t t e r  c t c n f i g u r a L  loll  f o r  the m o d e — l o c k i n g  p rocess  beu-ause  of the hiigher

Q f a c t o r  and t h e  additional bet -it ing effect (which fort - i-s longitudinal

modes to  be locked in g r o u p s ) .  The re fo re , t i - ic  l ock ing  process would be

more s t ab le  in this case.

Experimental work is underway. An external cavity injection laser

has been set up. We have observed laser threshold current reduction due

to tile addition of ti-ic external mirror. More experimental results will

be presen ted in tile next quarterly report.
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Figure 7. Intensity transmission characteristics of t h e
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Figure 9. Resonance transmission peak of the
simple cavity shown in Figure 6(a).
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Figure 10. Resonance transmission peak of the three—mirror
cavity shown in Figure 6(b).
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S E C T I O N  5

PLANS FOR THE NEX t QUARTER

~n the next quarter , we will continue t ile injection laser mode—

locking experiment. Our initial results indicate tha t the external

cavity could l ower the laser threshold , althoug h the alignment would be

very critical. We will investi gate a slightly different arrangement.

Insteatl of using a hi giily refit- d ive external mirror , we will use a

semi—transparen t mirror su ch that the transmitted optical power is the

output of our resonator. Since this approach -i will eliminate the need

for specially mounted laser diodes, the experiment can be carried out

with lasers tha t have only one emitting facet accessible. Several

optical—microwave devices will be analyzed and fabricated . The fabri-

cation of waveguide—incorporated GaAs FETs is underway. The devices

will be tested for their improvement in optical response. Major efforts

will be focused on th e study of high—speed optical—detection techniques.

Our approach is to take advantage of the speed of microwave solid—state

dev ices and ti-ic bandwid th-i (and possibly ti-i c gain) derived from the

oscillator and amplifier circuits.
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