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1. In t roduct ion  

The present  rf low l e v e l  of t h e  AGS c o n s i s t s  of a mul t ip l e  hetero-  

dyne system. The output  s i g n a l  p re sen t s  phase pe r tu rba t ions ,  when t h e  

swept frequency i s  equal t o  the  6 th  o r  t h e  7th harmonics of t h e  455Kc/s  

o s c i l l a t o r .  

and phase of t h e  output  s i g n a l  of t h e  f i r s t  mixer. That i s  why w e  have 

s tudied  t h e  performances and t h e  f e a s i b i l i t y  of a p a r t l y  d i g i t a l  phase- 

locked loop (PLL). 

W e  t r y  t o  avoid t h i s  f a c t  by t h e  con t ro l  of t h e  frequency 

2. Basic Operation 

We consider  only a p a r t  of  t he  rf l o w  level (Fig. 1); we keep the  

mixer and t h e  &5!5Kc/s o s c i l l a t o r ,  bu t  t h e  scheme i s  changed t o  g e t  a 

PLL by add i t ion  of two b u f f e r s  and l i m i t e r s ,  a phase de t ec to r ,  a loop 

f i l t e r  and a vo l t age  con t ro l l ed  o s c i l l a t o r  (VCO). The proposed block- 

diagram i s  on F5g. 2. 

The loop acts l i k e  a t r a n s l a t i o n  loop, i n  which t h e  o f f s e t  frequency 

i s  the  frequency F 

a t  t h e  frequency Po i n t o  d i g i t a l  s i g n a l s  compatible with t h e  used phase 

de t ec to r  (usua l ly  TTL o r  ECL). The loop f i l t e r  f i x e s  t h e  order  of t h e  

loop  with the  feedback chain and i s  very  important. 

designed t o  t r a c k  only t h e  sum of both frequencies ,  because the  loop can 

be  locked-in lakewirse- for: th'e difference? 0.f; V.old.fil frequenciese , 

The b u f f e r s  and l imiters transform t h e  :s&= waves 
0 

The VCO must be 

.I. a .  

V i s i t i n g  Phys ic i s t ,  permanent address:  CEN Saclay, G e r m a  Saturne II(144)  
BP No. 2 91190 GIF FRANCE. 
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3. Loop Fundamentals 

The b a s i c  t r a n s f e r  func t ions  of each element are s h m n  i n  Fig.  2. 

3.1 Mixer 1 and Phase Detector  and Offse t  O s c i l l a t o r  

It w a s  shown2 t h a t  t h e  t r a n s f e r  func t ion  of t h i s  whole i s :  

l/d = Km Kd s i n  (ei - eo) 

o r  

wi th  t h e  l i n e a r  approximation, because (9, - 9 ) remains s m a l l .  
0 

3.2 Loop F i l t e r  

F(s )  i s  t h e  func t ion ,  which allows t o  f i x  t h e  order  of t h e  loop. F ( s )  
w i l l  be  ascer ta ined  la te r .  

The t r a n s f e r  func t ion  of t he  VCO can be given, e i t h e r  versus  

the  frequency s h i f t :  Dno = K v 2 ,  o r  versus  t h e  phase sh i f t . :  
0 I-? 

K and K are t h e  ga in  cons tan ts  of Km' d 0 
1 i I n  thrisectranScEerBunction, 

t h e  mixer, t h e  phase d e t e c t o r  and t h e  VCO, whi le  s is  t h e  l ap lace  

comp 1 ex vart r'ab le. 

3.4 Closed-Loop Transfer  Function 

This t r a n s f e r  func t ion  w i l l  be: 

0 
F 

= 1 + -  F 
Foutput 

input  
P ( s )  = 

.- 

An o the r  expression of P ( s ) ,  according t o  the  phase ,wi l l  be: 
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:% 
3.5 Open-Loop Transfer  Function 

? -I 
This t r a n s f e r  func t ion ,  w r i t t e n  according t o  t h e  phase, 

w i l l  be: 

~~ 

4 .  Choice of t h e  Loop Order 

The order  of thellloop r e f e r s  t o  t h e  h ighes t  degree of t h e  pd$pnnmkal 

expression: 1 f Q ( s )  = 0. 

For some reasons nottsxpadddd here ,  which are bound t o  t h e  theory 

of t h e  servo systems, we w i l l  choose a second-order loop. 

f i l t e r  w i l l  be an a c t i v e  f i l t e r  (Fig. 3) with: 

The loop 

A ( 1  f SCR2) 1 4- SCR2 
f o r  l a r g e  A. F1(S) 1 - SCR 4- (1-A) BXR1 # BCR1 2 

To a d j u s t  t h e  ga in  of t h e  loop w e  w i l l  add i n  t h e  feedback chain 

an ampl i f i e r  wi th  a K ga in  and we  w i l l  ge t :  

5 .  Response of t h e  Loop f o r  a Linear ly  Changing Input Frequency 

We must consider  t h e  response of t h e  lopp. When t h e  input  frequency F 

changes; a t  i n j e c t i o n  and during t h e  f irst  70 mil l iseconds,  t h e  ra te  i s  

almost l i n e a r  and maximum; i t s  numerical va lue  is :  [&'l = 34 Mc/s 2 . 
This  ra te  decreases  then  and becomes almost n u l l  a t  t h e  end of t h e  

acce le ra t ion  (Fig. 4 ) .  

I f  we assume t h a t  t h e  frequency F changes as AF t ,  t h e  input  phase, 

which i s  t h e  i n t e g r a l  of t h e  frequency, changes as: e i ( t )  = 2 t 2  

and t h e  l a p l a c e  transform of Bi(t) is: 

We must now study t h r e e  kinds of behavior of t h e  phase-locked loop: 

t h e  t r ack ing ,  t h e  a c q u i s i t i o n  and t h e  hold- in  performance. 
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5.1 Tracking 

I f  we suppose t h a t  our second-order loop i s  locked-in, we know 

t h a t  w e  make two e r r o r s :  a s t eady- s t a t e  acce le ra t ion  e r r o r  8 and a 

v e l o c i t y  e r r o r  8 , t h a t  we can ces:t!&make: 
a 

V 

5.1.1 Accelerat ion Error  8 a 
1 It i s  shown t h a t  t h e  acce le ra t ion  e r r o r  0 is:  a 

where AF i s  t h e  rate of change of t he  input  frequency and F i s  t h e  n 
"naltural frequency" of t h e  loop. 

I f  we a a n t  to g e t  an e r r o r  smaller 

t h e  minimum n a t u r a l  frequency: 

1 Fn z 49.5 K c / s  I 

than 5O, we can determine 

F igure  5 p l o t s  t h e  v a r i a t i o n  of 8 a 

The o the r  parameter, which de f ines  
n- f a c t o r  5 ;  we choose t h e  va lue  5 = . 

versus  t i m e .  

t h e  loop, i s  t h e  damping 

F and 5 are connectcid with t h e  loop parameters KO, Km, Kd K n 

F ( s )  = 
9CR1 

by t h e  expressions:  

5.1.2 Veloci ty  e r r o r  0 
-v 

A t  t h e  acce le ra t ion  e r r o r  0 w e  must add t h e  v e l o c i t y  a' 
e r r o r  0 which inc reases  with t h e  t i m e  according to :  v t  
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dee ( t )  
V = l i m  s [s  ee(s)] 

9 
- = l i m  

t+= s+o 
d t  

3 
s Bib)  = l i m  a;, = l i m  
s + K K K KF(s) s30 + KoKvKdKF ( ') s+o o m d  

L e t  u s  c a l l  t he  product K0KmKdKF(o) t h e  v e l o c i t y  constant K . 
'L) 

I f  t h e  loop f i l t e r  i s  an ac t ive  f i l t e r ,  F(o) i s  very large.  

accumulated lphase e r r o r  af h e r  an ~ elapsed t i m e  t i s  : 

The 

. 
A& 2n AFt 8 = - -  - 

K 
K+J v 

I n  f a c t ,  0 i s  t h e  sum of elementary ve loc i ty  errorsZd0 , because 
"d v 

t he  rate of change of t h e  input frequency v a r i e s l & n t o > t h e  cycle 

W e  thus ge t  t h e  very simple r e s u l t ,  t h a t  t h e  ve loc i ty  e r r o r  i s  

independent on t h e  shape of v a r i a t i o n  of t h e  frequency, bu t  depends 

only on the  d i f fe rence  between the  frequency a t  i n j e c t i o n  and the  

maximum r f  frequency. 

be neglected, because it i s  much smaller than 8,. 

I n  p rac t i ce ,  we  w i l l  see la ter ,  t h a t  1 3 ~  can 

5.2 Switching From t h e  S ta r t ing  Osc i l l a to r  t o  the  P.U.E. Signal 

W e  want t o  ge t  a f a s t  acqu i s i t i on  of t he  PLL a t  start ,  when 

the  beam i s  in j ec t ed  and t h e  rate of change of t h e  frequency i s  the  

l a rges t .  I n  f a c t ,  t h e  PLL w i l l  be i n  lock on t h e  more slowly swept 
2 frequency of t h e  s t a r t i n g  o s c i l l a t o r  (&, 

t h e  switching between t h e  s igna l  from t h e  s t a r t i n g  o s c i l l a t o r  and the  

s igna l  from t h e  pick-up e lec t rode  i s  performed, both frequencies are 

not exac t ly  the  same and it  i s  obtaining a frequency jump (Fig. 6 ) ;  

t he  s t e p  amplitude i s  approximately from 14 t o  20 KHz. 

18.5 Mc/s ). But when 
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We can presume t h a t  t h e  PLL i s  locked-in by t h e  s t a r t i n g  

o s c i l l a t o r .  The s t eady- s t a t e  acce le ra t ion  e r r o r  0 i s  constant  

and equal t o  
S 

0 

- 0,0475 r d  = 2.72' . @S e s =  2l-r - -  2 P 

The v e l o c i t y  e r r o r  w i l l  be  very small and can be neglected.  

J u s t  as t h e  switching happens, t h e  phase e r r o r  eC i s  t h e  sum of 

t h r e e  phase e r ro r s :  

'The phase e r r o r  0, constant .  

'The t r a n s i e n t  phase e r r o r ,  r e l a t e d  t o  t h e  frequency 

s t ep ,  of which t h e  amplitude i s  l a r g e  enough, bu t  t h e  

length  i s  s m a l l  (90 ps) .  There i s  no s t eady- s t a t e  

e r r o r  r e s u l t i n g  from t h i s  frequency s tep .  

-The phase e r r o r  8 r e l a t e d  t o  t h e  rate of change of 
P' 

t h e  frequency a f t e r  t h e  switching. 

The shape of t he  g loba l  phase e r r o r  j u s t  a t  t h e  switching i s = p l o t t e d  

on Flg.  7. 

have been used. 

s h i f t e r .  

For t h i s  drawing t h e  normalized curves p l o t t e d  by Hoffman4 

The t r a n s i e n t  phase e r r o r  can be co r rec t ed  by a phase 

5.3 Acquis i t ion 

We must i n i t i a l l y  lock-in t h e  PLL on t h e  s t a r t i n g  o s c i l l a t o r  

and t h i s  a c q u i s i t i o n  may be achieved by sLme means: 
I 
I a) The loop w i l l  lock up without shipping cyc les ,  i f  t h e  frequency 

d i f f e r e n c e  between input  and VCO i s  less than t h e  lock-in 

frequency AFL: 

AFL w 2 5 Fn = Fn $z 

llF 'CI 70 KHz. L 

The lock-up t r a n s i e n t  t i m e  i s  on t h e  order  of  l/Fn: 

t, 20 ps. 
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b) The VCO frequency can slowly s l i d e  toward t h e  input  frequency 

i f  t h e  d i f f e rence  frequency i s  less than the  p u l l - i n  frequency 

AF?. A good formula f o r  loops with high ga in  i s  

The t i m e  requi red  f o r  a loop t o  p u l l  i n t o  lock f o r  an i n i t i a l  

frequency o f f s e t  aF i s  approximately 

I f  i t  i s  wanted t o  g e t  a p u l l - i n  t i m e  less than 1 m s ,  

t h e  maximum d i f f e r e n c e  bebween input  and VCO f requencies  

w i l l  be: 

aF = 414 KHz. 

e )  To acqui re  lock more f a s t l y ,  i t  i s  poss ib l e  t o  apply a 

sweep vo l t age  t o  t h e  VCO, i n  order  t h a t  t h e  VCO frequency 

5.4 :tH.oXd-in Performance 

This  no t ion  i s  important f o r  a PLL with a narrow bandwidkh, 
* 2  because t h e  dynamic e r r o r  ea 

D' L 

f o r  a phase de t ec to r  with a s inuso ida l  c h a r a c t e r i s t i c  and must thus 

remain less than  1, can be very  s m a l l .  

of change of t h e  input  frequency AF can become high; d e s p i t e  t h i s  f a c t ,  

t h e  loop w i l l  no t  f a l l  ou t  of lock. 

G / F 2  which becomes: s i n  ea = AF/F,, 

Here, F, i s  l a r g e  and t h e  rate - * 

6. P r a c t i c a l  Achievement of t h e  PLL 

Agreeably t o  Fig. 2, we  can de f ine  each p a r t  of t h e  PLL. 

6.1 Mixer 

It i s  t h e  same, t h a t  t h i s  used p resen t ly ,  o r  anyone equivalent  

(SPECTRAN s5 .EM 7 o r  MCL ZLW 1H/SB.& 1H). 

6.2 F F i l t e r  
-0 
The bandwidth of t h i s  f i l t e r  w i l l  be  l a r g e  enough t o  a l low the  

a c q u i s i t i o n  of t h e  frequency, bu t  narrow enough t o  e l imina te  a l l  p a r a s i t i c  

bands. It can be  an active o r  pass ive  bandpass f i l t e r .  
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6.3 455 K c / s  O s c i l l a t o r  

The present  o s c i l l a t o r  can be kept.  

6.4 Buffer  and L i m i t e r  

These c i r c u i t s  t ransform t h e  s inuso ida l  s i g n a l s  t o  d i g i t a l  MTTL 

W e  can use  a braadband ampl i f ie r  MC 1545, i npu t s  f o r  t h e  phase de t ec to r .  

followed by a f a s t  ampl i f i e r  MC 1020, with a shor t  r ise  t i m e .  

6.5 Phase Detector  

For t h i s  frequency range, it i s  poss ib l e  t o  u s e  a MTTL MC 4044 

phase de t ec to r ;  with two d i g i t a l  MTTL inputs ,  we ob ta in  an ,output dc 

vo l t age  of which fihe l e v e l  depends on t h e  phase d i f fe rence .  

6.6 Loop F i l t e r  

It can be achieved i n  two ways: e i t h e r  it i s  placed a f t e r  t he  

charge pump of t h e  MC 4044 and uses  t h e  output  ampl i f i e r  of t h e  MC 4044, 

o r  i t  i s  placed ou.tside the:NC 4044 and uses  a d i s t i n c t  ope ra t iona l  am- 

p l i f i e r  (SN 72709). 

6.7 

It i s  a MECL MC 1648 c i r c u i t  with a r e s i s t o r  added between t h e  

AGC c i r c u i t  and t h e  ground, t o  g e t  a sine-wave output.  

i s  used as input  f o r  t h e  Mixer 1 on t h e  one hand, f o r  t h e  Mixers 2 and 3 

on t h e  o the r  hand. 

The output s i g n a l  

A d e t a i l e d  p i c t u r e  of t h e  PLL i s  on Fig.  8. 

7. Numerical Calculus and Parameters f o r  t h e  PLL 

7.1 Phase Detector  Gain Constant Kd 

The value of Kd f o r  a phase-detector  MC 4044 i s  usua l ly :  K f d  - - 

0.111 v / r d .  

The va lue  6f Kd is: 

The ga in  of t h e  output  , ampl i f ie r  i s :  Ka = 2.2/0.72 # 3. 

- K = 0.34 V/rd. Kd - K f d  a 

7.2 VCO Gain Constant KO 

An evalua t ion  of KO f o r  a MC 1648 VCO used i n  t h e  frequency 

range 2.95 - 4.95 M C / s  is :  KO = 2 MHZ/V 

7 K = 1.26.20 rd /v / s .  
n 
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7 .3  Loop F i l t e r  Transfer  Function F(s)  

The t r a n s f e r  func t ion  of a second-order loop with an a c t i v e  

f i l t e r  (Fig. 3)  is: 

A(SCR2 + 1)  

'(') = S R 2  + 14- (1-A) SCRl 

I n  p r a c t i c e ,  A i s  l a r g e  bu t  no t  i n f i n i t e ;  when s comes t o  0, we g e t  

F(o) = A; when s increases  i n d e f i n i t e l y ,  we g e t  F(m) = R /R 

remains constant l tos- the high frequencies;  else, F(m) comes t o  0. 

i f  A 2 1' 

For a SN 72709 opera t iona l  ampl i f ie r ,  wi th t h e  appropr ia te  compensa 
3 t i o n ,  t h e  closed-loop vo l t age  ga in  i s  A =  10 

beyond. The v e l o c i t y  constant  o r  d-c loop gain: Kv = K K K F(o) i s ,  

assuming t o  K = 1 

down t o  400 KH.z and decreases 

m 

7 3 K = 1.26 X,~10 X 0 : 3 4  X 10 v 

9 K = 4.27 X 10 Bz. v 

a This va lue  of K allows t o  eva lua te  t h e  accumulated phase e r r o r  8 

prev ious ly  ind ica t ed  
77: 

Qv = 2.94 mrd = 0.17' . 
I n  t h e  u s e f u l  frequency range, i t  i s  poss ib l e  t o  write 

The loop i s  e n t i r e l y  def ined by 

6 The loop gain: % -b KoKdKm = 4.27 X 10 Hz. 

3 
- i t _  -- c , c 

The n a t u r a l  frequency F' n i ( q =  49.5 X 10 Hz. 
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The damping f a c t o r  5 = - CR2 vEg= J2 2 '  
2 

W e  a l s o  get :  C = 100 nF, R1 = 22 JLO,, R = 290 a; ~andi-thel~timell.constants 
- 2  

of t h e  loop are: 

T 

T = CR = 29 psec. 

= CR1 = 2.22 msec. 1 

2 2 

With t h e  VCO's tank c i r c u i t ,  inc luding  t h e  inductor  L and t h e  varac- 

t o r  MV 1401 o r  equiva len t ,  t h e  swept frequency range i s  t h e  wanted range, 

i f  t h e  input  vo l t age  of t h e  va rac to r  changes from 3 V t o  5.5 V ;  t he  varac- 

t o r  capaci tance decreases  from 230 pF; t o  80 pF. 

L e t  u s  n o t i c e  t h a t  an add i t iona l  i nve r t e r - ampl i f i e r  with a ga in  equal 

t o  1 may be  necessary between t h e  phase-detector  and t h e  VCO, t o  g e t  a 

c o r r e c t  phase- re la t ion  i n  t h e  loop. 

8. Conclusions 

It i s  t h e o r e t i c a l l y  poss ib l e  t o  use a PLL t o  lock-in and t r a c k  f a s t l y  

0 changing frequencies?; l i k e  at the  i n j e c t i o n  i n  a synchrotron. 

consequence i s  a broad bandwidth of t h e  loop and, of course,  a g r e a t  

no i se  s e n s i t i v i t y .  I f  t h e  s i g n a l  i s  enough out  of no ise ,  t h e  p r a c t i c a l  

agiplication of a PLL can be considered. 

But t h e  
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