
CHAPTER 6 

FREQUENCY STABILIZATION 

6 . 1  In t roduc t ion  

Local o s c i l l a t o r s  f o r  millimetre-wave r a d i o  astronomy rece ive r s  

designed f o r  molecular spectroscopy must provide a  s p e c t r a l l y  pure 

and s t a b l e  frequency s i g n a l .  Frequency accuracy and s t a b i l i t y  of t h e  

o r d e r  of a  few p a r t s  p e r  b i l l i o n  1% 1 0 ' ~ )  i s  r equ i r ed  f o r  i d e n t i f y i n g  

t h e  molecular l i n e s  and determining t h e i r  l i n e  p r o f i l e s .  In add i t i on ,  

t h e  frequency o f  t h e  l o c a l  o s c i l l a t o r  must be switchable a t  a  r ap id  

r a t e .  Frequency swi tch ing  o f  t h e  f i r s t  l o c a l  o s c i l l a t o r  i s  widely 

employed i n  r a d i o  astronomy r e c e i v e r s  f o r  minimizing t h e  e f f e c t  of 

r e c e i v e r  ga in  f l u c t u a t i o n s  (Meeks, 1976). I t  c o n s i s t s  of switching 

t h e  l o c a l  o s c i l l a t o r  frequency between an on- l ine  and an o f f - l i n e  

frequency and synchronously d e t e c t i n g  t h e  r e c e i v e r  ou tput .  Any changes 

i n  r e c e i v e r  ga in  which a r e  slower than t h e  swi tch ing  r a t e  a r e  can- 

c e l l e d  by us ing  t h i s  technique.  Switching r a t e  i s  chosen depending 

on ind iv idua l  r e c e i v e r  gain s t a b i l i t y  c h a r a c t e r i s t i c .  However, 

switching r a t e s  between 3 t o  400 Hz a r e  most commonly employed. These 

requirements of  t h e  l o c a l  o s c i l l a t o r  source cannot be met by a  f r e e -  

running millimetre-wave o s c i l l a t o r .  Therefore,  some method o f  f r e -  

quency s t a b i l i z a t i o n  i s  needed. 

Severa l  frequency s t a b i l i z a t i o n  techniques have been developed 

f o r  millimetre-wave o s c i l l a t o r s  (Baprawski e t  a l ,  1976). These 

inc lude  t h e  use  o f  a  high-Q t ransmiss ion  o r  r e a c t i o n  cav i ty ,  an 

in j ec t ion- lock ing  technique and phase- lock loops.  Use of high 



Q- cavi t ies  f o r  frequency s t a b i l i z a t i o n  of  millimetre-wave o s c i l l a t o r s  

i s  r a t h e r  l imi t ed  due t o  extremely t i g h t  dimensional c o n s t r a i n t s  a t  

t hese  wavelengths. Another disadvantage o f  t h i s  scheme i s  t h a t  t h e  

s t a b i l i z e d  o s c i l l a t o r  frequency cannot be tuned. 

The in j ec t ion- lock ing  technique involves  i n j e c t i n g  a small  

amount of a s t a b l e  re ference  s i g n a l  i n t o  t h e  o s c i l l a t o r  ou tput .  The 

o s c i l l a t o r  s i g n a l  i s  phase-locked t o  t h e  r e f e rence  when t h e  frequency 

of t h e  r e f e rence  is  c l o s e  t o  t h e  o s c i l l a t o r  output  frequency IAdler, 

1946). The locking bandwidth i s  d i r e c t l y  p ropor t iona l  t o  t he  power 

of t h e  i n j e c t e d  s i g n a l  and i n v e r s e l y  t o  t h e  o s c i l l a t o r  loaded q u a l i t y  

f a c t o r  (QL). These c h a r a c t e r i s t i c s  g ive  r i s e  t o  two main disadvan- 

t a g e s  of t h i s  technique f o r  frequency s t a b i l i z a t i o n  o f  millimetre-wave 

o s c i l l a t o r s .  F i r s t l y ,  a r e l a t i v e l y  s t a b l e  a u x i l i a r y  source of moderate 

power output  i s  r equ i r ed  a t  t h e  o s c i l l a t o r  ou tput  frequency, which i s  

d i f f i c u l t  and expensive t o  o b t a i n  a t  mi l l ime t r e  wavelengths. Secondly, 

t h e  requirement o f  lower o s c i l l a t o r  QL f o r  achieving reasonable locking 

bandwidth l eads  t o  t h e  worsening o f  o s c i l l a t o r  FM no i se  performance. 

The phase- lock loop method o f  frequency s t a b i l i z a t i o n  does no t  

s u f f e r  from t h e  disadvantages a s soc i a t ed  with t h e  o t h e r  techniques .  

In f a c t ,  it combines t h e  advantages o f  t h e  o t h e r  techniques because 

high Q o s c i l l a t o r s  with good FM no i se  performance can be phase-locked 

and y e t  provide l a r g e  locking bandwidths and frequency a g i l i t y .  

A v e r s a t i l e  phase-lock scheme f o r  t h e  frequency s t a b i l i z a t i o n  

of  millimetre-wave o s c i l l a t o r s  is descr ibed  i n  t h i s  chapter .  The 



scheme has  been employed s u c c e s s f u l l y  i n  phase- locking seve ra l  

millimetre-wave Gunn o s c i l l a t o r s  a s  wel l  a s  k lys t rons  t o  a h ighly  

s t a b l e  r e f e rence  s i g n a l  der ived  from a VHF frequency syn thes i ze r .  

The e f f e c t  o f  t h e  phase-lock loop on t h e  o s c i l l a t o r  no i se  charac-  

t e r i s t i c s  is  a l s o  d iscussed .  

6.2 P r i n c i p l e s  o f  ope ra t ion  of phase- lock loop (PLL) 

A phase- lock loop (PLL) b a s i c a l l y  c o n s i s t s  of t h r e e  components, 

a phase d e t e c t o r ,  a vo l t age  con t ro l l ed  o s c i l l a t o r  (VCO) and a loop 

f i l t e r .  The block diagram o f  an elementary PLL i s  shown i n  f i g u r e  6 .1 .  

The VCO s i g n a l  i s  compared wi th  a r e f e rence  s i g n a l  i n  t h e  phase 

d e t e c t o r  t o  produce an e r r o r  vo l t age  which i s  a func t ion  of  i n s t a n t a -  

neous phase d i f f e r e n c e  between t h e  r e f e rence  and t h e  VCO s i g n a l .  This  

e r r o r  vo l t age  i s  f e d  back t o  t h e  con t ro l  input  of t h e  VCO through a 

loop f i l t e r  t o  c l o s e  t h e  loop. The VCO frequency i s  thus  cont inuously 

co r r ec t ed  till 'phase-lockingt  t akes  p l ace .  When t h e  loop i s  locked, 

t h e  frequency o f  t h e  VCO i s  e x a c t l y  equal  t o  t h a t  of  t h e  re ference .  

Therefore,  a phase- lock loop provides  a p e r f e c t  frequency con t ro l  

wherein t h e  s t a b i l i t y  o f  t h e  r e f e rence  s i g n a l  is t r a n s f e r r e d  t o  t he  

VCO . 

The dynamic performance o f  t h e  phase- lock loop i s  expressed i n  

terms o f  a n a t u r a l  frequency I,I and a damping f a c t o r  5 which a r e  
n 

r e l a t e d  t o  t h e  c h a r a c t e r i s t i c s  of  va r ious  loop components by t h e  
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fol lowing r e l a t i o n s  (Gardner, 1979) : 

where K i s  t h e  VCO gain f a c t o r  expressed i n  rad/sec-V, Kd 
0 

is  t h e  phase d e t e c t o r  gain f a c t o r  expressed i n  v o l t s  pe r  rad ian  

and T~ and r a r e  t h e  t ime cons t an t s  o f  t h e  loop f i l t e r  shown i n  2 

f i g u r e  6 .2 .  A phase- lock loop employing a loop f i l t e r  o f  t h i s  type  

i s  c a l l e d  a second-order loop by analogy with servo con t ro l  systems. 

This i s  by f a r  t h e  most o f t en  used type  of  PLL due t o  i t s  exce l l en t  

performance. Another u se fu l  concept f o r  PLL,  again borrowed from 

servo terminology, i s  t h e  closed- loop t r a n s f e r  func t ion  H I s )  gene ra l ly  

expressed i n  Laplace Transform domain. The c losed  loop t r a n s f e r  

func t ion  of  t h e  second o rde r  phase-lock loop employing an a c t i v e  loop 

f i l t e r  o f  t h e  type shown i n  f i g u r e  6 .2  i s  given by (Gardner, 1979) : 

where w and 5 a r e  a s  def ined  i n  equat ions  6 . 1  and 6.2 r e spec t ive ly .  
n 

Equation 6 .5  shows t h a t  t h e  t r a n s f e r  func t ion  of  a second o rde r  

phase-lock loop i s  low-pass i n  na tu re .  Therefore,  t he  loop performs 
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a low-pass f i l t e r i n g  opera t ion  on the  re ference  frequency (phase) 

i n p u t .  

o and 5 a r e  optimized f o r  b e s t  loop performance. A l a r g e  va lue  
n 

of  w gives  l a r g e  loop - bandwidth, bu t  makes t h e  loop uns tab le .  
n 

For millimetre-wave k lys t ron  s t a b i l i z a t i o n ,  loop bandwidths around 

1 MHz have given good performance (Weinreb, 1970). A low value of 

5 (<  1) makes t h e  loop respond quick ly  while high values of 5 make 

t h e  loop response s luggish .  A 5 value  o f  0 .7  corresponds t o  a 

c r i t i c a l l y  coupled loop. However, 5 values  around 2.0 have been 

found t o  g ive  good loop response c o n s i s t e n t  with loop s t a b i l i t y  

(Weinreb , 1970) . 

The p r a c t i c a l  form of phase- lock loop c i r c u i t  f o r  frequency 

s t a b i l i z a t i o n  of  millimetre-wave o s c i l l a t o r s  gene ra l ly  conta ins  

many more components than  those  shown i n  t h e  elementary PLL of 

f i g u r e  6.1.  These a r e  necessary  f o r  convenience of implementation 

and do not  a l t e r  t h e  b a s i c  second-order PLL na tu re  o f  t h e  c i r c u i t .  

A phase- lock loop system developed f o r  frequency s t a b i l i z a t i o n  o f  

millimetre-wave o s c i l l a t o r s  i s  descr ibed  i n  t h e  next  s e c t i o n .  The 

system i s  s i m i l a r  t o  t h e  one developed by P.S. Henry (1976) f o r  

t h e  frequency s t a b i . l i z a t i o n  of  millimetre-wave r e f l e x  k l y s t r o n s .  

6 . 3  Phase-lock system f o r  frequency s t a b i l i z a t i o n  o f  mi l l imet re-  

wave o s c i l l a t o r s  

A block diagram of t h e  phase- lock system i s  shown i n  f i g u r e  

6.3. .  A sample of  t h e  millimetre-wave o s c i l l a t o r  s i g n a l  is  mixed 





with t h e  harmonic of  a h igh ly  s t a b l e  LO s i g n a l  around 5 GHz i n  a 

harmonic mixer t o  produce an in te rmedia te  frequency (IF) around 

400 MHz. The LO s i g n a l  i t s e l f  i s  obta ined  by mul t ip ly ing  t h e  out-  

put  of  a h igh ly  s t a b l e  VHF syn thes i ze r  (Fluke 6160B) i n  a frequency 

m u l t i p l i e r  (Miteq PLA 4853) which i s  a l s o  based on a phase- lock 

loop c i r c u i t .  The I F  s i g n a l  i s  very  weak due t o  t h e  l a r g e  conversion 

l o s s  (% 50dB f o r  20th harmonic of  LO) o f  t h e  harmonic mixer. The 

low- level I F  s i g n a l  i s  passed through a low pass  f i l t e r  ( L . P . F )  with 

cutoff  frequency o f  500 MHz t o  block t h e  leaking  LO s i g n a l  and then 

ampl i f ied  i n  a low-noise IF ampl i f i e r .  The ampl i f ied  IF s i g n a l  is  

then compared with a s t a b l e  400 MHz r e fe rence  source i n  a frequency 

d i sc r imina to r  and phase- detec tor  t o  produce an e r r o r  s i g n a l  which i s  

fed  back t o  t h e  frequency con t ro l  te rmina l  of  t h e  millimetre-wave 

o s c i l l a t o r  t o  c l o s e  t h e  loop. In t h e  case  o f  t h e  Gunn o s c i l l a t o r s ,  

t h e  e r r o r  s i g n a l  i s  app l i ed  through a d r i v e r  a m p l i f i e r  which a l s o  

provides  t h e  d .c .  b i a s  while  f o r  k lys t rons  t h e  e r r o r  s i g n a l  i s  

appl ied  t o  t h e  r e f l e c t o r  through a high-voltage t r a n s l a t o r  c i r c u i t .  

The loop locks when t h e  fol lowing cond i t i on  i s  s a t i s f i e d :  

where f i s  t h e  frequency o f  t h e  millimetre-wave o s c i l l a t o r ,  
0 

f~~ 

i s  t h e  frequency o f  t h e .  LO s i g n a l ,  f I F  i s  t h e  frequency o f  t h e  

I F  s i g n a l  and N i s  t h e  harmonic number o f  t h e  LO s i g n a l  which 

mixes wi th  t h e  millimetre-wave s i g n a l  t o  produce t h e  IF. A + ve 

s ign  is  used i n  equat ion 6.6 when mrn-wave o s c i l l a t o r  frequency i s  



higher  than  t h e  harmonic o f  t h e  LO and i s  c a l l e d  upper-sideband 

(USB) locking while  -ve s i g n  is used when mm-wave o s c i l l a t o r  f r e -  

quency is  lower than  t h e  harmonic of  LO and i s  c a l l e d  t h e  lower- 

sideband (LSB) lock. 

The frequency d i sc r imina to r  is  used a s  an a i d  f o r  a c q u i s i t i o n  

o f  lock and g ives  a d .c .  vo l tage  p ropor t iona l  t o  t h e  frequency 

d i f f e r e n c e  o f  t h e  IF  s i g n a l  from t h e  400 Wz  re fe rence .  The d .c .  

vo l tage  s h i f t s  t h e  frequency o f  t h e  millimetre-wave o s c i l l a t o r  s i g n a l  

i n  t h e  app ropr i a t e  d i r e c t i o n  f o r  phase- locking. When t h e  frequency 

d i f fe rence  between t h e  I F  and t h e  400 MHz re fe rence  i s  smal le r  than 

t h e  loop bandwidth, t h e  e r r o r  s i g n a l  from t h e  phase d e t e c t o r  t akes  

over  and t h e  loop i s  locked. When t h i s  happens, t h e  frequency d i s -  

cr imina tor  output  goes t o  zero.  

A v a r i a b l e  a t t e n u a t o r  i s  provided a t  t h e  output  of  t h e  phase 

d e t e c t o r .  This  i s  convenient f o r  opt imizing t h e  dynamic performance 

of t h e  loop. The a t t e n u a t o r  a f f e c t s  t h e  o v e r a l l  loop gain and hence 

t h e  locking bandwidth. The a t t e n u a t o r  i s  ad jus t ed  t o  ob ta in  t h e  

optimum locked o s c i l l a t o r  spectrum while  monitoring t h e  IF s i g n a l  

on a spectrum analyzer .  

A d e t a i l e d  d e s c r i p t i o n  o f  some o f  t h e  important components used 

i n  t h e  PLL scheme i s  given below. 

6 . 3 . 1  Harmonic mixer and t h e  t r i p l e x e r  

The harmonic mixer i s  a r e l a t i v e l y  simple device.  I t  con- 

sists of  a Schottky b a r r i e r  diode mounted i n  a waveguide. Most 



mixers a v a i l a b l e  a t  mi l l ime t r e  wavelengths use a s i n g l e  ended 

design wi th  only  one waveguide inpu t  p o r t .  The millimetre-wave 

o s c i l l a t o r  s i g n a l  i s  d i r e c t l y  f e d  through t h e  waveguide input  p o r t .  

Since t h e  harmonic mixer has  only one o t h e r  (co- axia l )  p o r t ,  a 

t r i p l e x e r  has been b u i l t  t o  feed t h e  LO power and dc-bias  and t o  

e x t r a c t  t h e  IF output  through t h i s  p o r t .  A c i r c u i t  diagram of t h e  

t r i p l e x e r  i s  shown i n  f i g u r e  6.4.  The t r i p l e x e r  i s  b u i l t  on 

low-loss copper c l a d  s u b s t r a t e  u t i l i z i n g  ch ip  capac i to r s  and a i r  

core i nduc to r s .  The i n s e r t i o n  l o s s  of  t h e  t r i p l e x e r  from the  LO 

input  p o r t  t o  t h e  harmonic mixer has  been measured t o  be l e s s  than 

1dB a t  5 GHz while t h e  i s o l a t i o n  between LO and IF p o r t  i s  found t o  

be a t  l e a s t  20dB a t  400 MHz. DC-bias p o r t  i s o l a t i o n  with r e spec t  

t o  LO and IF p o r t s  i s  g r e a t e r  than  30dB. 

6.3.2 Frequency d i sc r imina to r  and phase d e t e c t o r  

A block diagram o f  t h e  frequency d iscr imina tor /phase  d e t e c t o r  

c i r c u i t  i s  shown i n  f i g u r e  6.5.  I t  i s  based on t h e  DC Quadricorre- 

l a t o r  design used by D. Richman f o r  co lour  c a r r i e r  phase synchroni-  

za t ion  i n  N.T.S.C. t e l e v i s i o n  (Richman, 1954). The IF input  i s  s p l i t  

i n t o  two in-phase s i g n a l s  by a two-way power d i v i d e r  and fed t o  two 

balanced mixers which a l s o  se rve  a s  phase- detec tors .  The re ference  

s i g n a l  i s  fed t o  t h e s e  mixers a f t e r  being s p l i t  i n t o  two quadrature 

components. The output  of  t h e  quadra ture  mixer i s  d i f f e r e n t i a t e d  

and then mul t ip l i ed  with t h e  in-phase mixer output  t o  g ive  t h e  

frequency d i sc r imina to r  (FD) ou tput .  I t  can be e a s i l y  shown 

(Gardner, 1979) t h a t  t h e  output  of  t h e  m u l t i p l i e r  conta ins  a d . c .  
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component p ropor t iona l  t o  t h e  frequency d i f f e r e n c e  between t h e  I F  

and t h e  r e f e rence  s i g n a l s .  The in-phase mixer a l s o  serves  a s  t h e  

loop phase- detector  (PD) while  t h e  quadra ture  mixer output  is  u t i l i z e d  

f o r  lock i n d i c a t i o n .  When t h e  loop i s  locked, t h e  d . c .  output  of 

t he  in-phase mixer i s  n e a r l y  zero while  t h e  quadra ture  mixer output 

is  maximum. Frequency-voltage c h a r a c t e r i s t i c s  of t h e  d i sc r imina to r  

a r e  shown i n  f i g u r e  6.6 when t h e  IF input  i s  swept from 275 t o  

525 MHz. In t h e  phase-lock system t h e  d i sc r imina to r  i s  used between 

320 and 480 MHz, over  which range t h e  d i sc r imina to r  output  i s  f a i r l y  

l i n e a r .  The IF  input  l e v e l  i s  kept  a t  +3dBm and t h e  r e f e rence  l e v e l  

a t  +10dBm while  ob ta in ing  t h e  c h a r a c t e r i s t i c s  of  f i g u r e  6 .6 .  

6 . 3 . 3  E r ro r  s i g n a l  a m p l i f i e r  

An e r r o r  s i g n a l  a m p l i f i e r  i s  used f o r  process ing  of  t h e  e r r o r  

s i g n a l  before being app l i ed  t o  t h e  o s c i l l a t o r  frequency con t ro l  

i npu t .  A c i r c u i t  diagram of  t h e  e r r o r  s i g n a l  ampl i f i e r  i s  shown i n  

f i g u r e  6.7.  The frequency d i sc r imina to r  (FD) output  i s  ampl i f ied  i n  

a  d .c .  a m p l i f i e r  us ing  a  low d r i f t  op-amp AD517LH and added on t o  t h e  

phase d e t e c t o r  (PD) output  s i g n a l  i n  a  summing ampl i f i e r  us ing  a  

high frequency op-amp AD50J. Since t h e  d i sc r imina to r  output  vo l tage  

p o l a r i t y  depends on whether t h e  IF frequency i s  below o r  above t h e  

r e f e rence ,  a  p o l a r i t y  r e v e r s a l  switch (LSBIUSB s e l e c t o r )  i s  a l s o  

provided i n  t h e  d . c .  ampl i f i e r  t o  s e l e c t  t h e  c o r r e c t  p o l a r i t y  f o r  

nega t ive  feedback. The summed output  s i g n a l  (FD+PD) i s  processed 

through two p a r a l l e l  p a t h s .  A d . c .  pa th  which goes through a d r i v e r  

a m p l i f i e r  wherein t h e  d .c .  b i a s  vol tage  of  t h e  Gunn o s c i l l a t o r  is  a l s o  
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added on t o  t h e  e r r o r  s i g n a l ,  and a  h igh  frequency a . c .  pa th  where 

t h e  e r r o r  s i g n a l  i s  c a p a c i t i v e l y  coupled d i r e c t l y  t o  t h e  o s c i l l a t o r  

frequency con t ro l  i npu t .  A loop f i l t e r  of  t h e  type shown i n  f i g u r e  

6.2 i s  a l s o  included i n  t h i s  pa th  a s  shown i n  t h e  f i g u r e .  The two 

pa ths  t o g e t h e r  provide a  maximum loop bandwidth o f  about 5  MHz. The 

a c t u a l  loop bandwidth i s  optimized us ing  t h e  a t t e n u a t o r  a t  t h e  output  

of t h e  phase d e t e c t o r  and may be anywhere between 1 and 5  MHz. AD50J 

op-amps a r e  used f o r  t h e  summing a m p l i f i e r  a s  wel l  a s  t h e  loop f i l t e r  

due t o  t h e i r  extremely f a s t  response time (Slew-rate 5 0 0 V / ? ~ s e c ) .  

6 .3 .4  Driver  a m p l i f i e r  [ f o r  Gunn o s c i l l a t o r s )  

The d . c .  b i a s  requirement of  millimetre-wave Gunn o s c i l l a t o r s  

ranges from 3 t o  5  v o l t s  with a  maximum ope ra t ing  cu r r en t  o f  around 

2  amperes. This  r e l a t i v e l y  l a r g e  d.c .  d r i v e  must be provided by t h e  

loop a m p l i f i e r  f o r  bias- tuned o s c i l l a t o r s .  A d r i v e r  a m p l i f i e r  used f o r  

t h e  purpose is shown i n  f i g u r e  6 .8 .  The d.c .  b i a s  i s  added t o  t h e  

e r r o r  s i g n a l  us ing  a  high frequency op-amp (TP1321) summing c i r c u i t .  

The output  o f  t h e  op-amp i s  used t o  d r i v e  a  high frequency power 

t r a n s i s t o r  (Motorola type  2N5646) which provides  t h e  requi red  ope ra t ing  

cu r r en t  f o r  t h e  Gunn o s c i l l a t o r s .  An n-p-n t r a n s i s t o r  2N2222 i s  used 
e 

t o  i s o l a t e  t h e  op-amp output  from t h e  power t r a n s i s t o r  and t o  provide 

t h e  necessary  base-dr ive  f o r  t h e  power t r a n s i s t o r .  

6.3.5 High vo l t age  t r a n s l a t o r  ( f o r  k lys t rons )  

The frequency o f  millimetre-wave r e f l e x  k lys t rons  i s  e l e c t r o n i -  

c a l l y  tunable  by charging t h e  r e f l e c t o r  vo l t age .  The normal opera t ing  

vol tage  f o r  t h e  r e f l e c t o r  i s  of  t h e  o rde r  of  - 2 t o  -3KV with r e spec t  
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t o  ground. For phase- locking t h e s e  k l y s t r o n s  us ing  t h e  phase- lock 

scheme descr ibed  he re ,  t h e  e r r o r  s i g n a l  must be  t r a n s l a t e d  from nea r  

t h e  ground p o t e n t i a l  t o  t h e  very  high vo l t age  p re sen t  a t  t he  r e f l e c-  

t o r  t e rmina l .  In  add i t i on ,  t h e  e r r o r  s i g n a l  a m p l i f i e r  must be e l ec-  

t r i c a l l y  i s o l a t e d  from t h e  h igh  vo l t age  supply. A scheme used f o r  

high vo l t age  t r a n s l a t i o n  of  t h e  e r r o r  s i g n a l  is  shown i n  f i g u r e  6 .9 .  

Two p a r a l l e l  pa ths ,  a  d .c .  pa th  and a  high frequency a . c .  pa th  a r e  

used he re  a l s o  t o  couple t h e  e r r o r  s i g n a l  t o  t h e  k lys t ron  r e f l e c t o r  

i n p u t .  The d.c .  pa th  coupling i s  achieved us ing  a  high i s o l a t i o n  

vo l t age  o p t o- i s o l a t o r  (Optron OPI 120 with 15KV i s o l a t i o n ) .  The 

e r r o r  s i g n a l  i s  f e d  t o  t h e  input  l i g h t  emi t t i ng  diode o f  t h e  opto- 

coupler  while  i t s  output  p h o t o- t r a n s i s t o r  i s  opera ted  with d . c .  

r egu la t ed  supp l i e s  f l o a t i n g  on t h e  r e f l e c t o r  vo l t age .  The output  of 

t h e  p h o t o- t r a n s i s t o r  is  f u r t h e r  ampl i f ied  i n  a  high vol tage  ope ra t iona l  

ampl i f i e r  (AD171J) t o  achieve e r r o r - s i g n a l  vo l t age  l e v e l s  s u i t a b l e  

f o r  t h e  k l y s t r o n  r e f l e c t o r .  The high vo l t age  op-amp a l s o  ope ra t e s  on 

f l o a t i n g  d .c .  supp l i e s .  The f l o a t i n g  d.c .  r egu la t ed  power i s  obta ined  

by us ing  a  s p e c i a l  power- line t ransformer  wi th  5KV i s o l a t i o n  between 

primary and secondary windings a s  shown i n  f i g u r e  6.10. The secondary 

of t h e  t ransformer  f l o a t s  on t h e  k l y s t r o n  r e f l e c t o r  vo l t age .  A - + 10V 

regu la t ed  supply f o r  o p t o - i s o l a t o r  p h o t o- t r a n s i s t o r  is  obta ined  us ing  

s tandard  low vol tage  r e g u l a t o r s  while  + - 100V.required f o r  t h e  high 

vo l t age  op-amp i s  obta ined  us ing  Zener diodes.  

The a . c .  pa th  coupling is  provided d i r e c t l y  us ing  a  high break- 

down'voltage capac i to r  (2200 pF, 6KV). This  capac i to r  a long wi th  t h e  
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r e s i s t o r  a t  t h e  output  o f  t h e  high vol tage  op-amp determine t h e  

o v e r a l l  frequency response o f  t h e  c i r c u i t .  

6.4 Performance of t h e  phase-lock system 

The phase-lock system descr ibed  i n  t h e  foregoing s e c t i o n s  has 

been used t o  phase-lock a v a r i e t y  o f  millimetre-wave o s c i l l a t o r s  i n  

d i f f e r e n t  frequency bands. In  a l l  cases ,  t h e  loop succes s fu l ly  

phase-locked t h e  millimetre-wave o s c i l l a t o r  s i g n a l  t o  t h e  frequency 

s y n t h e s i z e r  ou tpu t .  S l i g h t  trimming o f  t h e  v a r i a b l e  n t t enua to r  a f t e r  

t h e  phase d e t e c t o r  ( r e f e r  f i g u r e  6.3) i s  t h e  only adjustment requi red  

when millimetre-wave o s c i l l a t o r s  a r e  changed. This  i s  t o  compensate 

f o r  t h e  d i f f e r e n t  vo l tage- tuning  s e n s i t i v i t i e s  o f  t h e  o s c i l l a t o r s .  

Spectrum analyzer  d i s p l a y s  of  a f ree- running and phase-locked 87  GHz 

millimetre-wave Gunn o s c i l l a t o r  ob ta ined  by monitoring the  I F  s i g n a l  

a r e  shown i n  f i g u r e  6.11. The s t a b i l i t y  improvement due t o  phase- 

locking i s  obvious from t h e  d i sp l ay .  The e f f e c t  of  an improper s e t t i n g  

of t h e  v a r i a b l e  a t t e n u a t o r  i s  i l l u s t r a t e d  i n  f i g u r e  6.12 which shows 

t h e  locked- osc i l l a to r  ou tput  s p e c t r a  f a r  too-high, optimum and too-low 

va lues  of  t h e  loop ga in .  Too-high a va lue  o f  loop ga in  makes t h e  loop 

uns t ab le  while  too-low a va lue  makes a c q u i s i t i o n  of  lock d i f f i c u l t .  

The optimum s e t t i n g  roughly corresponds t o  t h e  almost f l a t  no i se  s i d e -  

bands a s  seen i n  t h e  o s c i l l a t o r  ou tput  spectrum o f  f i g u r e  6 .12/b) .  

Several  millimetre-wave Gunn o s c i l l a t o r s  f o r  t he  33-50 GHz 

and 75-110 Gtiz frequency bands descr ibed i n  chapters  3 and 4 have been 

s u c c e s s f u l l y  phase-locked us ing  t h i s  phase-lock scheme. In a d d i t i o n ,  
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t h e  same system with minor v a r i a t i o n s  has  a l s o  been used f o r  phase- 

locking a  21 M z  Gunn o s c i l l a t o r  meant f o r  l o c a l  o s c i l l a t o r  appl ica-  

t i o n  i n  a  low-noise r a d i o  astronomy r e c e i v e r  designed f o r  water-  

vapour l i n e  (22.235 GHz) observa t ions  (Arora and Sarma, 1982). A 

110 GHz r e f l e x  k l y s t r o n  has  a l s o  been phase-locked us ing  t h e  same 

system along with t h e  h igh  vol tage  t r a n s l a t o r  descr ibed  i n  s ec t ion  

6.3.5. The frequency o f  t h e  locked o s c i l l a t o r s  can be switched 

by about + - 80 MHz by swi tch ing  t h e  VHF syn thes i ze r  frequency. The 

lock a c q u i s i t i o n  t ime has been measured t o  be about lmsec. This i s  

of  t h e  same o rde r  a s  t h e  switching time of  t h e  VHF syn thes i ze r  

[ % 0.8msec) i t s e l f .  

6.5 E f fec t  of phase- lock loop on o s c i l l a t o r  no i se  

The phase- lock loop does not  a f f e c t  t h e  AM no i se  spectrum of 

t h e  millimetre-wave o s c i l l a t o r  i n  any s i g n i f i c a n t  manner, bu t  

modif ies  i t s  FM no i se  spectrum a s  pe r  t h e  fol lowing r e l a t i o n  (Bap- 

rawski e t  a l ,  1976) : 

where S(w)o i s  t h e  FM no i se  spectrum of  t h e  locked mi l l imet re-  

wave o s c i l l a t o r ,  S ( W ) ~ ~ ~  i s  t h e  FM no i se  spectrum of  t h e  f r e e -  

running mm-wave o s c i l l a t o r ,  S(,)R i s  t h e  FM no i se  spectrum o f  t h e  

400 MHz re fe rence  o s c i l l a t o r ,  S ( O ) ~ ~  i s  t h e  no i se  spectrum of t he  

mul t ip l i ed  s y n t h e s i z e r  ou tput ,  H(s) i s  t h e  c losed  loop t r a n s f e r  funct ion 

of t h e  PLL, and N i s  t h e  harmonic number of  t h e  LO s i g n a l  which mixes 

c ~ i t h . t h e  millimetre-wave s i g n a l  t o  produce t h e  I F .  The a d d i t i v e  
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no i se  due t o  PLL c i r c u i t  components i s  no t  included i n  equat ion 6 . 7 .  

Since t h e  c losed  loop t r a n s f e r  func t ion  o f  a  PLL i s  low-pass 

i n  na tu re ,  t h e  FM no i se  o f  t h e  r e f e rence  o s c i l l a t o r  and t h e  synthe-  

s i z e r  s i g n a l  i s  low-pass f i l t e r e d  and added t o  t h e  millimetre-wave 

o s c i l l a t o r  ou tput .  The FM n o i s e  of t h e  free- running niillimetre-wave 

o s c i l l a t o r ,  on t h e  o t h e r  hand, undergoes a  high pas s  f i l t e r i n g  

opera t ion  by t h e  a c t i o n  o f  t h e  phase-lock loop. 

- 
The FM no i se  con t r ibu t ion  of t h e  LO s i g n a l  (der ived from t h e  

VHF frequency syn thes i ze r )  t o  t h e  millimetre-wave o s c i l l a t o r  output  

is enhanced by a  f a c t o r  o f  N' due t o  t h e  N t imes m u l t i p l i c a t i o n  o f  

t h i s  s i g n a l  i n  t h e  harmonic mixer. The enhancement of  FM no i se  i n  

m u l t i p l i c a t i o n  process  comes about a s  a  r e s u l t  of an inc rease  of t h e  

frequency dev ia t ion  o f  t h e  noise-modulated s i g n a l  by t h e  m u l t i p l i c a t i o n  

f a c t o r .  Since t h e  power i n  FM n o i s e  sidebands is  p ropor t iona l  t o  

2 t h e  square o f  frequency dev ia t ion ,  t h e  f a c t o r  o f  N i n  equat ion 6 .7  

is obta ined  when t h e  L . O .  s i g n a l  undergoes a  m u l t i p l i c a t i o n  by a 

f a c t o r  o f  N i n  t h e  harmonic mixer. This  p u t s  severe  c o n s t r a i n t s  on 

t h e  FM no i se  c h a r a c t e r i s t i c s  o f  t h e  VHF syn thes i ze r  f o r  app l i ca t ion  

i n  t h i s  type  of  phase-lock system. However, t h i s  i s  not  a  s e r i o u s  

l i m i t a t i o n ,  s i n c e  high q u a l i t y  frequency syn thes i ze r s  wi th  extremely 

low FM n o i s e  a r e  r e a d i l y  a v a i l a b l e  a t  VHF f requencies  (e .g .  Fluke 

6.6 Discussion 

The phase-lock system descr ibed  i n  t h i s  chapter  f o r  t h e  frequency 



s t a b i l i z a t i o n  o f  millimetre-wave o s c i l l a t o r s  i s  h igh ly  v e r s a t i l e .  

I t  can be  e a s i l y  adapted f o r  use wi th  o s c i l l a t o r s  o f  d i f f e r e n t  f r e -  

quency bands by simply changing t h e  harmonic mixer and t h e  d i r e c t i o n a l  

coupler ,  t h e  only  two waveguide components used i n  t h e  system. 400 MHz 

IF comparison frequency i s  chosen due t o  t h e  s p e c i f i c  system requ i r e-  

ments of  t he  millimetre-wave radioastronomy rece ive r .  However, IF 

comparison f requencies  anywhere between 30 MHz - 1000 MHz can be 

employed. The choice of  IF comparison frequency i s  a l s o  determined by 

t h e  a v a i l a b i l i t y  o f  high q u a l i t y  RF process ing  components. In  p r in-  

c i p l e ,  t h e  VHF s y n t h e s i z e r  ou tput  i t s e l f  can be used a s  t h e  IF re ference  

a l s o ,  bu t  a s epa ra t e  IF r e fe rence  source g ives  g r e a t e r  f l e x b i l i t y  of 

opera t ion ,  p a r t i c u l a r l y  i n  frequency switching a p p l i c a t i o n s .  The no i se  

requirement on t h i s  source i s  very moderate s i n c e  t h e  no i se  c o n t r i -  

bu t ion  o f  t h i s  source t o  t h e  o v e r a l l  no i se  can almost be neglec ted  a s  

compared t o  t h e  N* t imes enhanced no i se  o f  t h e  LO s i g n a l  ( r e f e r  eq. 6 . 7 ) .  

The same phase- lock system has  been u t i l i z e d  f o r  frequency s t a -  

b i l i z a t i o n  o f  millimetre-wave k l y s t r o n s  a s  wel l  a s  Gunn o s c i l l a t o r s  

with only  minor modi f ica t ions  i n  t h e  e r r o r  s i g n a l  process ing  c i r c u i t .  

The use o f  a frequency d i sc r imina to r  f o r  lock a c q u i s i t i o n  i n  p l ace  of 

a search vol tage  sweep commonly employed i n  conventional PLL c i r c u i t s  

g ives  cons iderably  improved performance p a r t i c u l a r l y  i n  frequency- 

a g i l e  a p p l i c a t i o n s .  



CHAPTER 7 

CONCLUSION 

The design and development o f  low-noise s o l i d - s t a t e  sources f o r  

l o c a l  o s c i l l a t o r  a p p l i c a t i o n  i n  millimetre-wave r a d i o  astronomy 

r e c e i v e r s  have been d iscussed  i n  t h i s  t h e s i s .  These sources have 

been developed us ing  commercially a v a i l a b l e  packaged GaAs Gunn diodes.  

Gunn o s c i l l a t o r s  f o r  t h e  33-50 GHz frequency band, an atmospheric 

t ransmiss ion  window s u i t a b l e  f o r  ground based r a d i o  astronomical  

observa t ions ,  have been r e a l i z e d  i n  s e v e r a l  waveguide c i r c u i t  conf i-  

gura t ions .  Post-coupled Gunn o s c i l l a t o r  i n  t h e  s tandard  r ec t angu la r  

waveguide c i r c u i t  g ives  50-100mW o f  CW power a t  any frequency between 

33-47 GHz us ing  a  Varian Gunn diode type  VSQ-9219S4 which i s  spec i-  

f i e d  f o r  75mW output  a t  43 GHz. The diameter  of t h e  b i a s- pos t  has  

a  s t r o n g  inf luence  on t h e  o s c i l l a t i o n  frequency and power output  o f  

t h i s  type  o f  o s c i l l a t o r  c i r c u i t .  A frequency s a t u r a t i o n  phenomenon 

i n  o s c i l l a t o r  backshort  tun ing  has  been observed which l i m i t s  t h e  

mechanical frequency tuning  ob ta inab le  t o  wi th in  5%.  A wiclebancl back- 

sho r t - tunab le  Gunn o s c i l l a t o r  has  been r e a l i z e d  us ing  a  reduced-height 

waveguide c i r c u i t .  This  c i r c u i t  g ives  40-801nw output  powers over t h e  

frequency range 38-44 GHz us ing  t h e  same Varian Gunn diode a s  descr ibed  

e a r l i e r .  More than  15% mechanical tun ing  has  been obtained by varying 

t h e  p o s i t i o n  of  t h e  backshort .  A post-coupled Gunn o s c i l l a t o r  i n  a  

novel c i r c u i t  conf igura t ion  us ing  c i r c u l a r  waveguide has a l s o  been 

developed. More than  80mw CW power over  t h e  frequency range 43-45 GHz 

has been obta ined  wi th  t h i s  c i r c u i t  us ing  a  Varian 45 GHz-100mW Gunn 



diode ( type VSQ-9219S5). The c i r c u l a r  waveguide c i r c u i t  i s  

comparatively simple i n  cons t ruc t ion  bu t  r e q u i r e s  a c i r c u l a r  t o  

r ec t angu la r  waveguide t r a n s i t i o n  f o r  use i n  t h e  s tandard  waveguide 

systems. This ,  however, i s  not  a s e r i o u s  disadvantage s i n c e  such 

t r a n s i t i o n s  a r e  commercially a v a i l a b l e  and q u i t e  inexpensive.  

Gunn o s c i l l a t o r s  f o r  t h e  75-110 GHz frequency band, another  

atmospheric t ransmiss ion  window region,  have been r e a l i z e d  i n  a 

resonant-cap c i r c u i t  s u i t a b l e  f o r  harmonic e x t r a c t i o n .  A new design 

us ing  a resonant-cap c i r c u i t  i n  a c i r c u l a r  waveguide has been deve- 

loped which i s  r e l a t i v e l y  s impler  t o  cons t ruc t  a t  mi l l ime t r e  wave- 

lengths  compared t o  t h e  s tandard  r ec t angu la r  waveguide c i r c u i t s .  

An experimental  i n v e s t i g a t i o n  of t h e  e f f e c t  o f  var ious  cap dimensions 

on t h e  o s c i l l a t i o n  frequency has  shown t h a t  t h e  o s c i l l a t o r  frequency 

i s  a we l l  behaved func t ion  o f  t h e  resonant- cap dimensions. An empir ica l  

r e l a t i o n  has  been obta ined  f o r  t he  determinat ion of  t h e  o s c i l l a t i o n  

frequency from t h e  resonant-cap dimensions. The performance of  t h e  

c i r c u l a r  waveguide Gunn o s c i l l a t o r  has been compared with t h a t  of a 

convent ional  resonant- cap c i r c u i t  r e a l i z e d  i n  a s tandard  r ec t angu la r  

waveguide. The output  powers and t h e  mechanical tun ing  range obtained 

with t h e  new c i r c u i t  a r e  comparable t o  t h a t  of  t h e  conventional design.  

10-20mW CW powers have been obta ined  over  t h e  frequency range 75-90 GHz 

us ing  a Varian Gunn diode type  VSB-9222S2 s p e c i f i e d  f o r  l O m W  output  a t  

87 GHz. Mechanical tun ing  range of  about 8 GHz wi th in  3dB v a r i a t i o n  

i n  output  power has  a l s o  been achieved by varying t h e  p o s i t i o n  of t h e  

resonant-cap Gunn diode assembly ac ros s  t h e  waveguide. The o s c i l l a t o r  



power is  seen t o  f a l l - o f f  r a t h e r  sha rp ly  above 95 GIlz, perhaps due 

t o  t h e  frequency l i m i t a t i o n  o f  t h e  GaAs Gunn diode i t s e l f .  

The output  powers obta ined  from t h e  Gunn o s c i l l a t o r s  a r e  more 

than  adequate f o r  l o c a l  o s c i l l a t o r  a p p l i c a t i o n  i n  r a d i o  astronomy 

r e c e i v e r s .  AM sideband no i se  a t  1 .4  GHz [ I . F .  o f  t h e  millimetre-wave 

r a d i o  astronomy r e c e i v e r s )  away from t h e  c a r r i e r  which i s  a  c r i t i c a l  

parameter f o r  l o c a l  o s c i l l a t o r s ,  has  been measured f o r  s eve ra l  Gunn 

o s c i l l a t o r s  i n  t h e  75-110 GHz band. No i se- to- ca r r i e r  r a t i o  o f  about 

-145dBc i n  1 KHz bandwidth obta ined  f o r  t h e  Gunn o s c i l l a t o r s  i s  

6-12dB lower than  t h a t  ob ta ined  wi th  some commercially a v a i l a b l e  

millimetre-wave r e f l e x  k l y s t r o n s .  

The frequency s t a b i l i z a t i o n  o f  Gunn o s c i l l a t o r s ;  an important 

l o c a l  o s c i l l a t o r  requirement f o r  r a d i o  astronomy r e c e i v e r s  designed 

f o r  molecular spectroscopy,  has  been achieved us ing  a  v e r s a t i l e  phase 

lock loop c i r c u i t .  The phase-lock c i r c u i t  t r a n s l a t e s  t h e  extremely 

high frequency s t a b i l i t y  o f  a  VHF frequency s y n t h e s i z e r  output  t o  t h e  

millimetre-wave Gunn o s c i l l a t o r .  The c i r c u i t  has s u c c e s s f u l l y  been 

used t o  phase- lock s e v e r a l  millimetre-wave Gunn o s c i l l a t o r s  a s  wel l  a s  

k l y s t r o n s  t o  t h e  frequency syn thes i ze r  ou tpu t .  

S o l i d - s t a t e  l o c a l  o s c i l l a t o r s  us ing  Gunn diodes have thus  been 

r e a l i z e d  f o r  provid ing  a r e l i a b l e  a l t e r n a t i v e  t o  t h e  h igh ly  expensive 

and s h o r t - l i v e d  k lys t rons  a t  l e a s t  up t o  95 GHz. Millimetre-wave 

frequency m u l t i p l i e r s  (Archer, 198.1; Erickson, 1982) may be requi red  

t o  provide s o l i d - s t a t e  l o c a l  o s c i l l a t o r  power beyond 95 GHz. These 



multipliers employ whisker contacted Schottky diode varactors in a 

crossed-waveguide mount and typically give conversion efficiencies of 

5-20% for output frequencies in the 100-300 GHz range. These multi- 

pliers can be driven with lower frequency Gunn oscillators for an 

all solid-state local oscillator realization (Archer, 1982). On the 

other hand, InP Gunn diodes have shown good promise for efficient 

operation and excellent noise characteristics beyond 100 GHz. These 

may provide the next generation of solid-state millimetre-wave local 

oscillator sources (Eddison and Davies, 1982). However, a number of 

problems in growing InP epitaxially remain to be solved before these 

devices become commercially available. Therefore, GaAs Gunn diodes 

along with the Schottky diode multipliers may continue to provide 

solid-state low-noise millimetre-wave power for local oscillator 

application for some more time. 

There is considerable scope for theoretical work on the analysis 

of millimetre-wave Gunn oscillators based on the large amount of 

experimental data provided here. A theoretical understanding of the 

oscillator behaviour should lead to further improvements in the osci- 

llator circuit design. Advances in semiconductor material growth 

technology as well as device packaging may also be required to com- 

plement the improvements in oscillator circuit design for the reali- 

zation of solid-state millimetre-wave sources of even better perfor- 

mance. 
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