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The r e q u i r e m e n t s   o f   l a r g e   p u l l - i n   r a n g e  and s h o r t  
a c q u i s i t i o n   t i m e  i n  m ic rowave   and   m i l l ime te r  wave 
p h a s e   l o c k e d   o s c i l l a t o r s   a r e   o f   g r e a t   i m p o r t a n c e   s i n c e  
t h e   f r e e   r u n n i n g  VC0 f requency  may be some t e n s   o f  MHz 
o f f   t h e   r e f e r e n c e   f r e q u e n c y .  A subs tan t ia l   improvement  
c a n   b e   o b t a i n e d   b y   i n j e c t i o n - l o c k i n g   t h e  V.C.O. t o   t h e  
r e f e r e n c e   s i g n a l ;  as a r e s u l t ,   t h e  V.C.0 behav iour  
changes t o  a p h a s e   c o n t r o l l e d   f i x e d   f r e q u e n c y  
o s c i l l a t o r ,   g i v i n g  a r e d u c t i o n   b y  one i n  the   sys tem 
o rde r .  Then, f r e q u e n c y   a c q u i s i t i o n   i s   p e r f o r m e d   b y   t h e  
i n j e c t i o n - l o c k i n g   p r o c e s s ,  and  phase t r a c k i n g   i s  made 
by   t he  P.L.L.  system. We present   exper imenta l  
comparisons  between a microwave  P.L.L.  system 
o p e r a t i n g   a t  11 GHz, wi th an w i t h o u t   i n j e c t i o n - l o c k i n g  
synch ron iza t i on .  

INTRODUCTION 

The s y n t h e s i s   o f   m i c r o w a v e   s i g n a l s   o f t e n  
r e q u i r e s ,   i n   a d d i t i o n   t o   s p e c t r a l   p u r i t y  and  f requency 
s t a b i l i t y ,  a l a r g e   p u l l - i n   r a n g e   a n d   s h o r t   a c q u i s i t i o n  
t i m e .   T h i s   i s   d u e   t o   t h e   f a c t   t h a t   i n   t h e   m i c r o w a v e  
r a n g e ,   t h e   f r e e - r u n n i n g  V.C.O. f requency  can  be some 
t e n s   o f  MHz o f f   t h e   r e f e r e n c e   f r e q u e n c y ,   t h u s   m a k i n g  
a c q u i s i t i o n   b y   p u l l - i n   v e r y   l o n g ,  i f  p o s s i b l e   a t   a l l ;  
n o t e   t h a t   i n   s e c o n d   o r d e r   P . L . L . ' s   w i t h   a c t i v e   l o o p  
f i l t e r s ,   p r a c t i c a l   c o n s i d e r a t i o n s  may r e s u l t   i n  a 
r e d u c t i o n   o f   t h e  D.C. g a i n   o f   o p e r a t i o n a l   a m p l i f i e r s  
w e l l   b e l o w   t h e i r   n o m i n a l   v a l u e s   o f   a b o u t  100 dB, 
t h e r e f o r e   r e d u c i n g   t h e  P.L.L. p u l l - i n  range. 

Th is   paper   desc r ibes  how t o   i m p r o v e   t h e   p u l l - i n  
r a n g e   a n d   t h e   a c q u i s i t i o n   t i m e   b y   i n j e c t i o n   l o c k i n g  
t h e  V.C .O.  t o   t h e   r e f e r e n c e   s i g n a l .  

A l t e r n a t i v e l y   t h i s   s y s t e m   c a n   b e   v i e w e d   a s  an 
i n j e c t i o n - l o c k i n g   p r o c e s s  i n  wh ich  a phase   con t ro l  
between o s c i l l a t o r s   h a s   b e e n  added. T h i s   r e s u l t s   i n  
some i n t e r e s t i n g   p o s s i b i l i t i e s  such  as  power 
c o m b i n a t i o n   o f   o s c i l l a t o r s ,  and d e s i g n   o f   e l e c t r o n i c  
phase s h i f t e r s  and  phase  modulators. 

PLL BEHAVIOUR WITH INJECTION LOCKING 

The s t a n d a r d   s i m p l i f i e d   e q u i v a l e n t   c i r c u i t   f o r  a 
P.L.L.  system i s  s k e t c h e d   i n   t h e   F i g u r e  1. P a r t   ( a )  
shows t h e   p h y s i c a l   m o d e l ,   a n d   ( b )   t h e   l i n e a r i z e d   b l o c k  
diagram,  were Kd i s   t h e  phase   de tec to r   cons tan t  i n  
V/rad, F ( s )  i s   t h e   l o o p   f i l t e r   t r a n s f e r   f u n c t i o n ,  and 
K f   i s   t h e  V.C.O. c o n s t a n t   i n   r a d / s / V .  The p u l l - i n  
range i s   g i v e n   b y  /l/  : 
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F i g u r e  1.- Standard P. L. L. system. a )   P h y s i c a l  
model , b )  1 ine a r  ize d b l o c k  d iagram. 

and t h e   a p p r o x i m a t e d   a c q u i s i t i o n   t i m e   f o r  a second 
o r d e r  P.L.L. w i th  an i m p e r f e c t   i n t e g r a t o r   a s   l o o p  
f i l t e r   i s   g i v e n   b y  : 

i n  terms o f   t h e   l o o p   b a n d w i d t h  B, the  damping 
c o e f f i c i e n t  5 ,  t h e   l o o p   f i l t e r  dc  ga in  F(O),  and t h e  
i n i t i a l  open l o o p   o f f s e t   f r e q u e n c y  A f .  

The performance o f   t h i s  P.L.L.  can  be  improved  by 
fundamental o r  s u b h a r m o n i c   i n j e c t i o n   l o c k i n g   o f   t h e  
V.C.O. t o   t h e   r e f e r e n c e   s i g n a l .   F i g u r e  2a  shows 
s y n c h r o n i z a t i o n   a t   t h e   f u n d a m e n t a l ;   i n   t h i s   c a s e ,   u s e  
o f  a c i r c u l a t o r   i s   r e q u i r e d .  On t h e   o t h e r  hand, i f  t h e  
i n j e c t i o n   l o c k i n g   i s   s u b h a r m o n i c ,   t h e   c i r c u l a t o r   i s  
avo ided ,   bu t   t he   synch ron iza t i on   bandw id th   i s   reduced .  

The e q u i v a l e n t   f u n c t i o n a l  model i s   g i v e n  i n  
F igu re  2b, w h i c h   d i f f e r s   f r o m   F i g u r e   l b   i n   t h e  V.C.O.  
behav iour ,  now a p h a s e   c o n t r o l l e d   f i x e d   f r e q u e n c y  
o s c i l l a t o r ,   c h a r a c t e r i z e d   b y  a cons tan t  Kp i n  rad/V. 
As a consequence,  the  system  order i s  reduced  by  one. 

The s y n c h r o n i z a t i o n   b a n d w i d t h   i s  now f i x e d   b y   t h e  
i n j e c t i o n   l o c k i n g   p r o c e s s ,  and i t  i s   g i v e n  by /2/ : 

- 
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F i g u r e  2:- p..L.L. sys tem  w i th  a VC0 i n j e c t i o n   l o c k i n g  
s y n c h r o n i z a t i o n   a t   t t e   f u n d a m n t a l .   a )   P h y s i c a l  model. 
b )  L m e a r i z e d   b l o c k   d i a g r a m .  

i n  t e r m s   o f   t h e   o p e r a t i n g   f r e q u e n c y  W, t h e   e x t e r n a l  Q 
o f   t h e   c o n t r o l l e d   o s c i l l a t o r ,   t h e   i n j e c t e d  power l e v e l  
P i ,  t h e   o s c i l l a t o r   o u t p u t   p o w e r   l e v e l  Po, and t h e  
ang le  0 between  the   dev ice   l ine   and  the   impedance 
l o c u s   o f   t h e   c o n t r o l l e d   o s c i l l a t o r .  

The a c q u i s i t i o n   t i m e   i s   a l s o   r e d u c e d ,   s i n c e  i t  
now depends o n l y   o n   t h e   i n i t i a l   p h a s e   d i f f e r e n c e  
be tween  the   f requency   synchron ized  s igna ls .  I f  an 
i m p e r f e c t   i n t e g r a t o r   w i t h   t i m e   c o n s t a n t s  T ~ , T  2 ,  i s  
used  as l o o p   f i l t e r ,   t h e   a c q u i s i t i o n   t i m e   i s   o b t a i n e d  
f r o m   t h e   s t e p   r e s p o n s e   o f  a f i r s t   o r d e r  system: 

T = T 2  + 
Kd Kp 

EXPERIMENTAL  RESULTS 

A comparison  between a microwave  P.L.L.  system 
w i t h   a n d   w i t h o u t   i n j e c t i o n   l o c k i n g  was performed. The 
opera t i ng   f requency  was 11.43 GHz, t h e  V.C.O.  was a 
FET o s c i l l a t o r ,   i t s   f r e q u e n c y   c o n t r o l l e d   b y   t h e   g a t e -  
s o u r c e   b i a s   v o l t a g e   w i t h  a v a l u e   o f   K f =   4 . 0 8 E t 6  
rad/seg/V. As a phase   de tec to r  a balanced  microwave 
m i x e r   u s i n g  a m i c r o s t r i p   h y b r i d   r i n g  was used, 
y i e l d i n g  a v a l u e   o f  Kd= 0.381  V/rad. 

I n   t h e   P . L . L .   c i r c u i t ,  a l o o p   b a n d w i d t h   o f  10 
KHz, and a damping f a c t o r C = l  were  chosen.  For 
p r a c t i c a l s   r e a s o n s ,   t h e   l o o p   f i l t e r   d c   g a i n  was 
l i m i t e d   t o   6 8  dB, g i v i n g  a t h e o r e t i c a l   p u l l - i n   r a n g e  
o f  21.8 MHz. The a c q u i s i t i o n   t i m e   f o r  an i n i t i a l  
o f f s e t   o f  20 MHz was 60 S ( F i g u r e   3 a ) .  

PHASE ACOUlSlTlON TIME 
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( b )  
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F i g u r e  3 . -  Phase a c q u i s i t i o n  tirre. a )  Second o rde r  
P.L.L. b )  w i t h   t h e   i n j e c t i o n  l o c k i n g   s y n c h r o n i z a t i o n .  

I f  we i n c l u d e   t h e   i n j e c t i o n   l o c k i n g   p r o c e s s ,   w i t h  
P i =  3.5 dBm, Po= 14 dBm, Qext=  30, case= 1 t h e  
s y n c h r o n i z a t i o n   b a n d w i d t h   i s  227 MHz. F i g u r e  3b  shows 
t h e  measured  values o f   t h e   v o l t a g e   a p p l i e d   t o   t h e  
V.C.O. w i t h   i n j e c t i o n   l o c k i n g   f o r  an i n i t i a l   f r e q u e n c y  
o f f s e t   o f  20 MHz; the   measured   va lue   o f  Kp i s  20.7Et3 
rad/V,  and t h e   l o o p   f i l t e r   p a r a m e t e r s   w e r e  ~ 1 =  8.6E-3 
and ~ 2 =  1.5E-4. It i s  o b s e r v e d   t h a t   l o c k i n g   i s  
a c c o m p l i s h e d   a f t e r  10 S ,  i n  good  agreement   wi th   the 
t h e o r e t i c a l   t i m e   c o n s t a n t   o f  T = 1.08 S .  The 
improvement i s   t h e r e f o r e  a r e d u c t i o n   b y  a f a c t o r   6 .  

The same comparison was  made w i th   another   P .L .L .  
w i t h   l o o p   b a n d w i d t h   o f  52 KHz, damping c o e f f i c i e n t   o f  
1.15, VC0 cons tan t  71.5E+6  rad/s/V,  phase  detector 
cons tan t  0 .1 V/rad  and l o o p   f i l t e r   p a r a m e t e r s   r 1 =  
1 .2E-3   and  ~2=3E-5 .  The p u l l - i n   r a n g e   o b t a i n e d  was 2 
MHz u s i n g  a D.C. l o o p   f i l t e r   g a i n   o f   3 8  dB.  The 
a c q u i s i t i o n   t i m e   f o r  a 300 KHz i n i t i a l   o f f s e t  
f requency  was 2 S .  ( F i g u r e   4 a ) .  I f  we i n c l u d e   t h e  
i n j e c t i o n   l o c k i n g   p r o c e s s ,   w i t h   P i = - l 2  dBm, Po=t14 
dBm. Qext=14.5,  cos 0 = 1, t h e   s y n c h r o n i z a t i o n  
bandwidth  measured i s  78 MHz, w i t h  a Kp = 0.055  rad/V 
w h i l e   t h e   a c q u i s i t i o n   t i m e   i s   r e d u c e d   a r o u n d  0 . 5  S 
(F igu re   4b ) .  
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and the  acquisition  time in a second order  microwave - e 640 
A substantial improvement of the  pull-in  range - 

P.L.L. system  can be obtained by the use of injection 
locking synchronization of  the V . C . O .  As a  result  the 
V . C . O .  changes  its  behaviour, and becomes a  phase 
controlled fixed  frequency  oscillator,  thus  reducing 

o G O O  ~- the  system  order by one. 

580 
It is also  possible  to use this  technique in an 

phase difference between the  oscillators.  This  feature 
TIME [second.) is of special interest  for power combination of 

oscillators  (area in which  results will be soon 

0 l 2 3 4 5 Injection Locking Amplifier, in order  to keep a  given 
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reported) and also  for  the  design of a  class of t 90' 
electronic  phase  shifters  or  phase modulators. 
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Figure 4.- Phase acquisition time. a) Second order 
P.L.L. b )  with injection locking synchronization. 
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