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SUMMARY 

A Ku-band IMPATT oscillator with two distinct output power ports was 
lnjectlon-locked alternately at both ports. 
was nearly the same for elther port. The lower free running power port had a 
reflection locking bandwldth that was narrower than its transmission locking 

PY one. Just the opposite was found at the other port. A detailed analytical 
W model for two-port injectlon-locked oscillators is presented, and its results 
07 agree quite well wlth the experlments. A detailed critique of the existing 
W llterature on this toplc I s  included to clear up several misconceptions and 

errors that have appeared in several articles. It I s  concluded that two-port 
lnjectlon-locked oscillators may prove useful in certain communication systems. 

The transmission locklng bandwidth 

W 

I 

INTRODUCTION 

Thls report I s  concerned with the Injection locking properties of two-port 
osclllators. Thls type of oscillator differs from the more common one-port, 
in that power is simultaneously delivered to two separate loads. This configu- 
ration has several advantages over the conventional one-port, and these can be 
especlally useful In mllllmeter wave bands. These advantages can be vlsuallzed 
by considerlng the followlng two examples. The first example Involves a W-band 
millimeter-wave recelver wlth GaAs or InP GUNN dlode local oscillators (refs. 1 
and 2). These oscillators have two ports and are operated at a fundamental 
frequency of 80 GHz. Furthermore, these oscillators are injection locked by a 
subharmonic of the fundamental frequency, that I s ,  40 GHz. The subharmonic 
signal is coupled to the GUNN diode through a circulator at the second port of 
the oscillator. Thus with a two-port oscillator the circulator, which requires 
Considerable Innovation to design and fabricate, operates at a much lower fre- 
quency correspondlng to the subharmonic. This Is clearly an advantage over a 
slngle-port oscillator which requires the circulator to operate at the funda- 
mental frequency. The second example Involves reduction of noise and drift in 
two-port GUNN osclllators by self-locklng through a phase locked loop (PLL). 
In this case a small fractlon of the oscillator power is coupled via the second 
port to the PLL to stablllze the bias. Once again when compared wlth a single- 
port oscillator, with an external directional coupler, the above scheme offers 
considerable simpliflcatlon of the receiver design. Flgure 1 schematically 
Illustrates the above two examples. 

In references 3 to 7 injection locklng properties of GaAs metal semi- 
conductor fleld effect transistor (MESFET) two-port osclllators has been 
presented. 
misleading. For example they Infer that a circulator is not always necessary 
at the Injection port. 
tionable and not borne out by their experlments. 

Some of their results and lnterpretatlons are erroneous and 

We show in detall that such a condltlon is hfghly ques- 
Secondly, the enhancement of 



locking bandwidth from one port to the other is due strictly to the ratio of 
JS21/S12) and thus unilateral oscillators (nontranslstor) l.e., GUNN and IMPATT 
devices, do not show the increased locking bandwidth they find with the MESFET 
based oscillators. In reference 7 some experiments are misinterpreted and mls- 
takenly show such enhancement for GUNN oscillators. 

In this paper/report we wish to clear the above confusion by demonstrating 
analytically as well as experimentally the relationship between the locking 
bandwidth and the locking gain of a two-port injection-locked oscillator. A 
lumped element equivalent circuit model is used to represent the circulator, 
the two-ports of the oscillator. and the IMPATT diode for the purpose of cir- 
cuit analysls. 
diode oscillator. The silicon IMPATT diodes used in the experiments have a 
flat profile and are of the single drift type. 
ing bandwidth is the same, for identical locking gain, when locked from either 
channel. Further, the transmission locking bandwidth is larger than the 
reflection locking bandwidth when the lower free-running output channel is the 
side at which the injected signal is applied. Just the opposite case occurs 
when injected from the other port. 

The experiments are conducted on a Ku-band two-port IMPATT 

Our studies show that the lock- 

VARIOUS INJECTION LOCKING TECHNIQUES 

Figure 2 serves to deflne the concepts of reflection locklng (RL) and 
transmission locking (TL). A reflection locked oscillator (RLO), part (a), is 
basically the normal locking arrangement used for one-ports. The oscillator 
power delivered to the normal load is P02. The power delivered to the 
"other" load Is Pol. In a normal one-port, the "other" load is not present. 
The matching network, M, in the drain lead and the circulator are integral 
parts of the oscillator. Part (b) depicts the transmission locked oscillator 
(TLO). This technique injects the locking signal at the "other" (usually lower 
power) port. Tajlma and Mishlma (refs. 3 to 6) have studied these configura- 
tions using GaAs FET devices. Their baslc conclusion is that one may achieve 
a wider locking range for the same level of Injection power 
the TLO configuration rather than the one for RLO. 

Pin3 by using 

Many other useful properties of the TLO are expanded upon in appendix 8, 
where their work is thoroughly reviewed. A careful review of their work is 
necessary, as several misleading and confusing statements and conclusions were 
made. Some of this confusion lead to further experimentation by Rajput and 
Sarkar (ref. 7); wherein misleading conclusions concerning two-port injection 
locking were reported. Their work is critiqued in appendix C. 

ANALYTICAL EXPRESSIONS FOR LOCKING BANDWIDTHS 

Background material on injection locked oscillators may be found in the 
articles by Kurokawa (refs. 9 to 11). and Hayasaka et al. (ref. 13). Here we 
consider the locking of single drift IMPATT two-port oscillators. 
tive resistance device is locked, both the impedance and output power change 
slightly from their free-running values. As a result, the standing wave pat- 
terns in the microwave circuit change somewhat. The shift In impedance at all 
points in the network causes a change in the power delivered to the loads. 
model used to study this behavior Is given In figure 3. For simplicity the 
turns ratios are assumed constant throughout the locking bandwidth. Initially 

When a nega- 

The 
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we neg lec t  the v a r i a t i o n  o f  device reactance w i t h  rf vol tage, and assume t h e  
dev ice conductance may be approximated by ( r e f .  14)  

which i s  very reasonable f o r  IMPATTS. 
behavior e s s e n t i a l l y  l i n e a r i z e  the  device negat ive res i s tance  o r  conductance, 
so equat ion (1) i s  n o t  a p r o h i b i t i v e  r e l a t i o n s h i p .  
tance change w i l l  be incorporated l a t e r  i n  a s t r a i g h t f o r w a r d  manner. 

Near ly a l l  s tud ies  o f  o s c i l l a t o r  l o c k i n g  

The e f f e c t s  o f  dev ice reac- 

From the  r e s u l t s  o f  appendix A, t he  two-port c o n f i g u r a t i o n  may be modeled 
as shown i n  p a r t  (b )  o f  f i g u r e  3. By i nspec t i on  we o b t a i n  

(2 )  
2 ID = 2miL - m YoV 

(3 )  
2 iR = n ib  = n YoV 

dV + l J V d t  
L 

1 '  I: ID - iR = -gv + c 

o r  

(m2Yo + n 2 Yo - g)V + C dV + S I V d t  = 2miL 

( 4 )  

which i s  t h e  bas ic  d i f f e r e n t i a l  equat ion f o r  a two-port o s c i l l a t o r .  
same as equat lon (A23) w i t h  the  a d d i t i o n  o f  the term n2Yo. 
s low ly  va ry ing  assumptions (see appendix A) we o b t a i n  

It i s  the 
Using t h e  

2 2 dVo +- - . .  1 dVo - 2mIo cos Q 
2 d t  (m yo + n yo - g)vo + c dt 

W L  

where V ( t )  and i L ( t )  a r e  def ined i n  the  appendix. I n  steady-state,  
equat ion ( 7 )  y i e l d s  

2 
m I  L s i n  Q 

. o  
0 

(uo - 0 )  = w 
vO 

which i s  t h e  fundamental expression f o r  t he  l o c k i n g  bandwidth. I f  one were t o  
i n j e c t i o n  l ock  f rom p o r t  2, t h e  on ly  change would be the  replacement o f  m by 
n, t h e  tu rns  r a t i o  a t  p o r t  2. 

We s h a l l  d e f i n e  several  l o c k i n g  bandwidths depending upon t h e  p o r t  t he  
i n j e c t i o n  source i s  placed, and which load power l e v e l  we choose t o  use. With 
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re ference t o  Tajima and Mishima’s work (see appendix B) we w i l l  de f ine  r e f l e c -  
t i o n  l ock ing  as the  case wherein the  i n j e c t o r  i s  a t  p o r t  2. We use P02, the  
power i n t o  the  load a t  p o r t  2, t o  express V o ,  

( 9 )  

For Io we have 

Using equations ( 9 )  and (10) i n t o  equat ion (8 )  w i t h  m replaced by n s ince  
the  i n j e c t o r  I s  a t  p o r t  2, we have 

(ao - o)RL =: w 0 2 Ln 2 Yo #j s i n  cp 

o r  the  t o t a l  h a l f - l o c k i n g  range L R J  RL ! BW~:) as 

where the  2 i n  parentheses i n d i c a t e s  the  p o r t  a t  which the  i n j e c t i o n  source 
i s  appl ied.  Also t h e i r  d e f i n i t i o n  o f  t ransmiss ion l o c k i n g  would mean p l a c i n g  
the  i n j e c t o r  a t  p o r t  1 and s t i l l  us ing  Po2 t o  express V o .  Thus 
equations ( e ) ,  ( 9 ) ,  and (10)  g i v e  

where i n  bo th  cases, t he  same value f o r  P l n j  has been used. This  r e s t r a i n t  
i s  necessary i n  t h e i r  work (see appendix B) .  Thus 

\ 

s lnce 
2 2  Pol = m VoYo 

(15) 
2 2  Po2 = n VoYo 

Not ice  t h a t  equat ion (13) i s  exac t l y  t h e i r  r e s u l t ,  equat ion (8-24), f o r  a 
b i l a t e r a l  device, which app l ies  here f o r  t he  IMPATT.  

4 



For purposes o f  r e l a t i n g  the  above t o  exper imental  r e s u l t s  we s h a l l  d e f i n e  
t h e  f o l l o w i n g  l o c k i n g  bandwidths., For t h e  i n j e c t i o n  source a t  p o r t  1: 

when a t  p o r t  2: 

Theref o re  

and i f  the  l o c k i n g  gains are  equal, where the  

LG21 

we have 

ock ing gains a re  de f ined as, 

e t c  

The exper imental  r e s u l t s  o f  Rajput and Sarkar ( r e f .  7)  can now be discussed i n  
d e t a i l .  E s s e n t i a l l y  they performed r e f l e c t i o n  l ock lng  a t  p o r t  2, then t rans-  
miss ion  l o c k i n g  a t  p o r t  1. The r a t i o  o f  these l o c k i n g  ranges (bandwidths) i s  
t h a t  obta ined f rom equat ions (18) and (17) 
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B u t  they a c t u a l l y  changed t h e i r  c i r c u i t  between t h e  two experiments. 
RL they s e t  Po1 = 0 whereas d u r i n g  TL they used both Po1 and P02. 
Since Po1 was no t  given, we cannot check t h e i r  r e s u l t s .  Equation (22)  does 
give,  however, the r a t i o  o f  r e f l e c t i o n  t o  t ransmission l o c k i n g  ranges f o r  a 
r e c i p r o c a l  two-port o s c i l l a t o r .  
appendix C.  

Dur ing 

More comments on t h e i r  work appear i n  

The f i n a l  p o i n t  we address i s  t he  v a r i a t i o n  o f  power a t  t he  two output 
p o r t s  over the l o c k i n g  range. During lock,  t he  i n j e c t i n g  s igna l  causes the 
vo l tage Vo t o  change t o  Vo t AV. The corresponding change i n  the  device 
conductance i s  (see eq. ( 1 ) )  

GM 

vM 
Ag I - - 

From reference 11 we know A V  > 0 f o r  a s t a b l e  lock.  Thus we have from 
equation ( 6 )  

uhlch y i e l d s  

-GMVo t )I(GHV)' t 8GMVMmIo cos cp 

2GM 
A v  = 

d u r i n g  l ock  by us ing phasor ana lys i s .  and Pout2 we now f i n d  Pout 
1 

2 2 - 2  Pout2 = 1K1 = n ~ , l v l  

b u t  1Vl2 = V 2  

so 

we f i n d  
2 where Po2 = n Y V 2  i s  t he  f ree-running power. For Poutl 

0 0  
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= Pinj + Pol (1 + g - 2m1,~, (1 + t)cos cp 

where 

2 2  Po, = n YoVo 

which we rewrite as 

Kurokawa has shown a stable locking situation requires 

where A,, AA are the stable free-running current and current increase after 
lock. This applies for a single load as shown in figure A-1, where the device 
has been modeled as a negative impedance - Z ( A ) .  We assume this condition 
holds for our case. The modifications for equation (27) are: AV/Vo replaces 
AA/A,, and Po is replaced by the total power absorbed in both loads. Thus 
we assume 

cos q 
S 

in r A V  
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Manipulat ing equat ion (26) 

Pol + 2PO1 5 A v  - 2PO1 dF cos Q 

01 

which reduces t o  Kurokawa's r e s u l t  ( r e f s .  9 and 11) when the  second p o r t  i s  
eliminated (Po2 + 0). Working on Poutp  gives 

Pout2 = Po2 6 +. 2 f + (cy) 
Po2 + 2PO2 

F i  n a l  1 y 

(31 1 

These v a r i a t i o n s  i n  output  power AP1, AP2  a re  known t o  be e l l i p t i c a l  t o  f i r s t  
order ( r e f .  11). 
o r  concave down i f  
e l l i p s e s  w i l l  be f l i p p e d  w i t h  respect  t o  one another.  The q u a n t i t y  S i s  t he  
o r i g i n a l  sa tu ra t i on  parameter in t roduced by Edson. 

For our case these 
Sv- < 2. 

I n  Kurokawals n o t a t i o n  

8 



which f o r  our case becomes 

We may Inco rpo ra te  dev ice reactance v a r i a t i o n  w i t h  vo l tage  jE(V) i n  t h e  
f o l l o w i n g  manner. I f  f o r  example i n  equat ion (18) we d e f i n e  

2 - -  1 - oOLn Yo 
Qex2 

(35 )  

then the equat ion appears as t h e  standard form used i n  i n j e c t i o n  l o c k i n g  work. 

Kurokawa has shown ( r e f .  9 )  t h a t  reactance e f f e c t s  may be incorporated by 

m u l t i p l y i n g  Q 

s a t u r a t i o n  f a c t o r .  I n  Kurokawa's n o t a t i o n  t h i s  i s  

-1 /2 
by the  f a c t o r  [l + (r/S)2] where r i s  t h e  reactance 

ex2 

which f o r  our case becomes 

EXPERIMENTAL SET-UP AND OSCILLATOR PERFORMANCE 

The o b j e c t i v e  o f  t he  experiments was t o  measure and compare the  l o c k i n g  
bandwidths obta inable when t h e  o s c i l l a t o r  was r e f l e c t i o n  locked versus t rans -  
miss ion locked. 
t h e  bas ic  idea of t he  l o c k i n g  processes. 
arrangement, he re in  r e f e r r e d  t o  as r e f l e c t i o n  l o c k i n g  (RL). 

See f i gu res  4 and 5 f o r  schematics o f  t h e  measuring setup, and 
F lgure 5(a) dep ic t s  a normal l o c k i n g  

I n  p a r t  (b )  t h e  

9 



o s c i l l a t o r  has t w o  separate output  p o r t s  and may be locked from e i t h e r  one. 
The o s c i l l a t i n g  diode was a f l a t - p r o f i l e  S i  s i n g l e  d r i f t  IMPATT. 

The procedure here i s  t o  f i r s t  e s t a b l i s h  the  r e l a t i v e  output  l e v e l s  t o  be 
near l y  equal o r  up t o  about a 10 dB d i f f e r e n c e .  
channels A and B i n  t u r n .  If the  i n j e c t i o n  s i g n a l  o r i g i n a t e s  i n  channel A, 

- 'in3 then the r e f l e c t i o n  l o c k i n g  g a i n  (RL) i s  Pout, 

We then i n j e c t i o n  l ock  f rom 

(bo th  i n  dBm) and the  
I - 

- ' ln j .  Pout t ransmtsslon l o c k i n g  ga in  (TL) i s  
2 

The IMPATT diode was used I n  t h e  Kurokawa-type con f igu ra t i on .  The outputs 
were formed by v a r i a b l e  i r i s e s  on t h e  c a v i t y  s idewa l l s  (see f i g .  6) .  A copper 
tun ing  screw on the w a l l  opposi te  t h e  coax ia l  l i n e  enabled s m a l l  adjustments i n  
power and frequency t o  be made. 
waveguide. Three separate experiments were performed. The f i rst  had unequal 
power d i s t r i b u t i o n ;  P0ut-A = t7 .4 dBm and P,,t-B = t2 .0 dBm. 
were 0.147 and 0.120 I n .  r e s p e c t i v e l y .  
t o  10. We observe t h a t  TL g ives a l a r g e r  l o c k i n g  range than RL when locked 
f r o m  channel 8. The s i t u a t i o n  I s  reversed when locked from channel A (see 
f t g .  7) .  N e x t ,  each i r i s  was replaced i n  t u r n  w i t h  a shor t ;  t he  cha rac te r i s -  
t i c s  a re  given i n  f i g u r e  8. Here the  e f f e c t i v e  Qex stays p r a c t i c a l l y  con- 
s t a n t  s ince the  curves a re  l i n e a r ,  even though t h e  l o c k i n g  i s  n o t  i n  t h e  small  
s igna l  reglrne. F igure  9 combines t h e  r e s u l t s  o f  t h e  two previous ones. Note  
t h a t  t he  l o c k i n g  bandwidth f o r  t ransmiss ion l o c k i n g  i s  l a r g e r  than t h a t  f o r  
r e f l e c t i o n  on ly  f o r  channel 8. This i s  s i m i l a r  t o  t h e  r e s u l t  found i n  
reference 7. The s i t u a t i o n  I s  reversed f o r  channel A, which i s  a r e s u l t  no t  
p rev ious l y  publ ished. 
5.4 dB. 

The c a v i t y  dimensions were those f o r  WR-42 

The i r i s e s  
The r e s u l t s  a r e  presented i n  f i g u r e s  7 

The power r a t i o  between the  p o r t s  when f r e e  running was 

The second experiment used a r a t i o  o f  13.2 dB between output  power l e v e l s  
The r e s u l t s  a r e  q u a l i t a t i v e l y  s i m i l a r  t o  those o f  t he  pre- when f r e e  runnlng. 

v ious case as seen from f i g u r e  10. Also shown i n  t h i s  f i g u r e  a re  curves when 
l o c k i n g  from channel B was n o t  poss ib le .  A s l i g h t  adjustment o f  t he  tun ing  
screw reduced the  output  o f  channel B such t h a t  s u f f i c i e n t  l o c k i n g  power was 
n o t  a v a i l a b l e  from the  sweeper. The r e s u l t s  o f  t he  f i n a l  experiment a re  d i s -  
p layed i n  f i g u r e  11. Here both i r i s e s  a re  n e a r l y  equal -0.146 i n . ,  and the 
outputs d i f f e r  by on l y  0.5 dB when f r e e  running. The r e f l e c t i o n  and t rans -  
miss ion l o c k i n g  bandwidths a r e  n e a r l y  equal and p r a c t i c a l l y  t h e  same f o r  
i n j e c t e d  power from e i t h e r  channel. 

A t y p i c a l  p a i r  o f  l o c k i n g  e l l i p s e s  I s  shown i n  f i g u r e  12. The photos show 
the  f l i p p i n g  o f  t he  e l l i p s e s  as t h e  i n j e c t i o n  s igna l  i s  moved from one p o r t  t o  
the  other .  
photo means 

The f a c t  t h a t  t he  e l l i p s e s  a r e  o f  opposi te  cu rva tu re  i n  a given 

f o r  our tun ing  cond i t i on .  

10 



RESULTS AND DISCUSSION 

The transmission locking bandwidth is the same, for the same locking gain, 
when locked from either channel. This experimental result agrees with 
equation (21) which helps justify the model used. This result holds regard- 
less of the relative output power levels when the device is free running. The 
TL bandwidth is larger than the one for RL when the lower free running output 
channel is the side at which the injected signal is applied. Just the opposite 
case occurs when injected from the other port. 

The locking ellipses (ref. 1 1 )  were monitored and the results are inter- 
esting. For a given tuning condition suppose the ellipse on channel A was con- 
cave up, then that on channel B would be concave down. If now the injected 
signal is switched to the other channel, the ellipses switch, i.e., concave up 
goes to concave down and vice-versa. 

Unlike the FET oscillators discussed In reference 3, the oscillator Is 
reciprocal between its output ports, and there is no great advantage to trans- 
mission locking in this case. 

1 1  



APPENDIX A - R E V I E W  OF INJECTION LOCKED OSCILLATORS 

I n  most cases, o s c i l l a t o r s  a re  i n j e c t i o n  locked by i n t roduc ing  the  l ock ing  
s igna l  v i a  a c i r c u l a t o r  as-shown i n  f i g u r e  A-1.  The c i r c u l a t o r  p lays a key 
r o l e  i n  t h a t  i t  separates the  ou tpu t  power from the  i n j e c t i n g  source, as w e l l  
as p rov id ing  matched loads f o r  both the  i n j e c t i o n  source and the  locked, o r  
f ree-running, o s c i l l a t o r .  A s imple lumped equ iva len t  c i r c u i t  i s  a l s o  shown I n  
the  f i g u r e ,  and our i n i t i a l  task  i s  t o  show that '  t h e  lower one i s  indeed cor-  
r e c t .  We designate a l l  t r a v e l i n g  waves as i n c i d e n t  i f  they enter  t he  c i r c u l a -  

t o r .  
as a r e f l e c t e d  wave on the  te rm ina t ion  arm o f  t h e  c i r c u l a t o r .  A l l  l i n e s  a re  o f  
c h a r a c t e r i s t i c  impedance Ro and are  matched t o  t h e  c i r c u l a t o r .  

Thus V; i s  t he  wave from the  l o c k i n g  source, whereas V i  i s  t r ea ted  

A simple argument can be g iven t o  j u s t i f y  t he  lumped equiva lent .  Since 
the  l ock ing  source sees a matched load 

e v; = 2 

Then i f  plane a - a '  
s ince the  i d e a l  c i r c u l a t o r  s imply t ransmi ts  the  wave from arm 1 t o  arm 2. But 
r = t 1  f o r  an open, so the  open c i r c u i t  vo l tage Voc i s  

i s  open c i r c u i t e d  the  vo l tage developed i s  V i  t r V i  

voc = 2 ~ ;  = e 

I f  we apply  a generator w i t h  i n t e r n a l  impedance a t  p lane a - a '  i t  sees a 
match so the  i n p u t  impedance i s  Ro. Thus t h e  Thevenin equ iva len t  i s  c o r r e c t .  

From t ransmiss ion l i n e  theory and w i t h  the  reference d i r e c t i o n  f o r  I and 
I' we have 

V - I R  v; = 0 

2R0 

V '  - I ' R o  
v i  = 

2R0 

t 
But the  c i r c u l a t o r  causes V i  = V2, so 

V - I R o  = V '  - I ' R  
0 

We observe V '  = - I ' R o  so the  above i s  

V - I R o  = -21 'Ro 

We may apply the  vo l tage law about the  contour t o  f i n d  



Using equations ( A l )  and (A4) reduces the  above t o  

V = e - I R  
0 

which again v e r i f i e s  the  s imple lumped equiva lent .  

expressed i n  another form by n o t i c i n g  I1 = e/2R0 and us ing  equat ions ( A l )  
and (Ad). These s u b s t l t u t l o n s  g i v e  

Equation ( A S )  may be 
t 

(A71 
t 
I1 t I' = I 

which i s  a node- l i ke  equat ion.  This r e l a t i o n s h i p  between cu r ren ts  i s  v a l i d  
on ly  f o r  t he  designated reference d i r e c t i o n s  used i n  t h e  f i g u r e .  By i nspec t i on  
the power l eav ing  the  generator i s  t he  a v a i l a b l e  va lue ( s ince  the  generator I s  
matched), 

d 
'AVAIL = 6Ro 

I t  i s  use fu l  t o  model t he  a c t i v e  dev ice as a negat ive  conductance i n  par-  
a l l e l  w i t h  a resonant c i r c u i t  as depic ted i n  f i g u r e  A-2. The resonator  and 
a c t i v e  element a re  coupled t o  t h e  c i r c u l a t o r  v i a  the  i d e a l  t ransformer.  
t u rns  r a t i o  m depends on both phys ica l  dimensions o f  t he  microwave c a v i t y  as 
w e l l  as the  frequency o f  t he  l o c k i n g  s igna l .  We, however, w i l l  assume i t  i s  a 
constant  t o  f i r s t  order.  

The 

For any p a r t i c u l a r  arm o f  t h e  c i r c u l a t o r  we have 

vi = vi t t v; 

1 - -  
Ii = (v; - v;)Yo yo - Ro 

f rom basic  t ransmiss ion l i n e  theory.  We d e f i n e  

a, = 

b, = Vi,& 

then 

ai bi =-y, 

Now the  t ransformer g ives 

= i2 - I D  - 
m 
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and 

I 2  = ( a  - b ) f i  

where I 2  i s  t he  phasor representa t ion  f o r  12. Using the  node proper ty  
(eq. (A7))  we have 

IL + I' = -I2 (A171 

By i nspec t i on  we f i n d  

bu t  bg = a2. We a l s o  n o t i c e  

a2 + b2 
=3T v2 4 mV 

and 

= v i &  = v;fi = IL fi = IL 
b2 0 0 

Using these i n  equat ion (A17) y i e l d s  the  des i red  r e l a t i o n s h i p  between I 2  and 
I L  9 

21,- = -I2 + mVYo (A181 

With the  above r e l a t i o n s  we can now r e l a t e  IL and whlch w i l l  y i e l d  a 
use fu l  equ iva len t  c i r c u i t .  From equations (A16) and (A15) 

I D  2 i L  = + - + mVYo m 

o r  

2 m i L  = +ID + m 2 VYo 

which i s  the  node equat ion f o r  t he  equ iva len t  c i r c u i t  i n  f i g u r e  A-2. 

The ana lys is  o f  the  i n j e c t i o n  l o c k i n g  process proceeds as fo l l ows .  Def ine 

I 
OO = iE 

iL = Io cos ut 

v = vo cos (ut + (0) 
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where the l o c k i n g  c u r r e n t  i s  t h e  reference phasor. We a l s o  know 

ID = i / V d t  t C dV - gV 

which when combined w i t h  equat ion (A19) gives 
” 

(m2Yo - g)V t C 2 + i / V d t  = 2miL 

which i s  t he  fundamental equat ion r e l a t i n g  the  device vo l tage t o  l o c k i n g  
cu r ren t .  No t i ce  V and i~ a r e  def ined a t  d i f f e r e n t  p o i n t s  i n  t h e  a c t u a l  
c i r c u i t ,  b u t  equat ion (A23) i s  t he  c i r c u i t  equat ion f o r  t h e  lumped equ iva len t  
c i r c u i t .  Using the  s low ly  va ry ing  assumption f o r  V o ( t )  and cp(t) we f i n d  
( r e f .  9) 

cos (ut t cp) (A251 s i n  (Ut + cp) t - 2 - d t  V 1 dVO 
/Vdt =(> - 

O 
2 d t  

O 

M u l t i p l y i n g  these by s i n  ut and cos Ut i n  t u r n  and i n t e g r a t i n g  over t h e  rf 
pe r iod  T = 2a/0 we f l n d  

= 2mIo cos tp dVO t - -  
2 d t  O L  

-cvo (. t 2)t -+ (do - vo h)= dt 2m1, s i n  cp 
O L  

where V, = V,(t) i s  s lowly  va ry ing  and assumed near l y  constant over t h e  I n t e r -  
v a l  ( 0 , T ) .  For steady-state cond l t l ons  

vO -CV,O t OL - = 2m10 cos cp 

2m10 
s i n  cp -0c t - = - 1 

OL vo 

and a f t e r  us ing (w0 t 0 )  = 20, we f i n d  

0 1  
bo - 0 )  O 0  slncp 

- QextmYoVo 

4 1  
2 o Lm Yo Qext  - 

0 
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I t  I s  customary t o  express t h e  I t i n j e c t i o n  vector1@ 
running outpower Pou t  and the  i n j e c t e d  s i g n a l  power P i n j .  The output  power 
i s  

I o / V o  i n  t e r m s  o f  f ree -  

where 
a2 + b2 

mVo = fi 
and we have neglected b2 i n  equat ion (A30); t h i s  means the  I n j e c t e d  l e v e l  
i s  much less  than Pout .  The i n j e c t e d  l e v e l  i s  

2 
IO 

' i n j  yo 
- -  - 

so 

2 
& =  2 2 2  Io 
'out m V,Y, 

o r  

IO 

vO 
- = mYo 

Then we f i n a l l y  o b t a i n  

w - 0 y -  00 {G s i n  cp 
0 Qex t Pout 

which i s  a bas ic  r e l a t i o n  i n  i n j e c t i o n  l ock lng ,  and i s  sometlmes r e f e r r e d  t o  
as A d l e r l s  l o c k i n g  equation. A t  one extreme o f  t he  l o c k i n g  range when 
s i n  Q = 1 we have 

and the t o t a l  l o c k i n g  range (LR) i s  thus ~ A o .  The above s i t u a t i o n  may be 
simply understood by r e f e r r i n g  t o  f i g u r e  A-3. 
IMPATT terminals .  The microwave c i r c u i t  and i n j e c t i o n  s i g n a l  a re  modeled i n  
the  Norton fo rm.  
t i o n  c o n d i t i o n  w i t h  the  i n j e c t i o n  source removed. The load admittance d i v l -  
sions correspond t o  equal increments o f  frequency O .  The lodevice l i n e "  Y(V) 
represents the e f f e c t i v e  I M P A T T  admittance as a f u n c t i o n  o f  I t s  t e rm ina l  v o l t -  
age V. 
f ree-running cond i t i ons .  

The equ iva len t  c i r c u i t  i s  a t  the 

The upper admittance p l o t  dep ic t s  the  steady-state o s c i l l a -  

The i n t e r s e c t i o n  o f  t he  l o c i  a t  (ao, V,) determines the  steady 
The lower f i g u r e  shows the  c o n d i t i o n  du r ing  l ock .  
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The magnitude and angle of the "injection vector" are shown. 
vector determine both the instantaneous amplitude and frequency during a locked 
condition. The various orientations the vector may assume under stable small 
injection locking condltlons are explained in (ref. 11). 

The tips of this 
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APPENDIX B - REVIEW OF TAJIMA AND M I S H I M A  

Tajima and Mishima ( r e f s .  3 t o  6)  embedded an FET o s c i l l a t o r  between 50 Q 
i n p u t  and output  loads. 
most of the o s c i l l a t o r  power i n t o  the  load   PO^). 
d i r e c t l y  t o  50 Q wherein Po1 was d iss ipa ted .  The d i r e c t  t e rm ina t ion  a t  the  
gate s t a b i l i z e d  the  o s c i l l a t i o n  as w e l l  as e l im ina ted  hys teres is  du r ing  tun ing .  
General ly Po1 was 1 /7  t o  1/9 o f  P02. The schematic i s  shown i n  
f i g u r e  8 - l ( a ) .  The matching was performed w i t h  a quar te r  wave 90 R l i n e  i n  
ser ies  w i t h  a shor t  sec t i on  o f  50 Q l i n e .  The LC network from d r a i n  t o  ga te  
provided the  necessary feedback f o r  o s c i l l a t i o n .  
equ iva len t  c i r c u i t .  The exper imental  schematic i s  shown i n  f i g u r e  8-2, note 
the  FET o s c i l l a t o r  i s  between planes 1 and 2 which a re  a l so  g iven i n  
f i g u r e  B-1. The p r e c i s i o n  v a r i a b l e  a t tenuators  serve t o  prov ide both the  50 R 
terminat ions as w e l l  as s e t t i n g  the  i n j e c t i o n  l e v e l s .  When the  i n j e c t i o n  s ig -  
n a l  i s  app l ied  t o  the  d r a i n  p o r t ,  a t tenuator  2 i s  reduced from i t s  maximum set-  
t i n g  t o  permi t  a small i n j e c t i o n  s igna l  t o  pass. At tenuator  1 i s  se t  t o  i t s  
maximum t o  p rov ide  the  l a r g e s t  r e t u r n  loss  on the  gate p o r t .  Jus t  the  reverse 
cond i t ions  apply when l o c k i n g  f rom the  gate.  The a t tenuators  serve t h e  same 
purpose as does a c i r c u l a t o r ,  namely t o  separate o s c i l l a t o r  power from the  
i n j e c t i o n  source. Care, however, 1 s  necessary w i t h  the  a t tenuator  method. One 
cannot a r b i t r a r i l y  open an a t tenuator ,  f o r  then t h e  i n j e c t i o n  source i s  l ook ing  
i n t o  the  o s c i l l a t o r  d i r e c t l y  and w i l l  see a negat ive  r e a l  p a r t  i n  the  imped- 
ance. E x a c t l y  what would occur  I n  such a cond I t Ion  I s  ImpossIble t o  p r e d i c t ,  
s ince  the  FET o s c i l l a t o r  may o r  may n o t  cont inue t o  o s c i l l a t e .  
i n g  o f  the  i n j e c t i o n  source i s  no t  e a s i l y  p red ic ted .  
c a l  s i t u a t i o n ,  t he  o s c i l l a t o r  and i n j e c t i n g  source are  i s o l a t e d  by e i t h e r  
a t tenuators ,  i s o l a t o r s ,  o r  c i r c u l a t o r s .  

A m i c r o s t r i p  matching network i n  the  d r a i n  coupled 
The gate was connected 

Par t  ( b )  g ives the  s i m p l i f i e d  

A l s o  t he  pull- 
Therefore i n  any p r a c t i -  

The s implest  bas ic  o s c i l l a t o r  equ iva len t  c i r c u i t  w i t h  i n j e c t i o n  source i s  
depic ted i n  f i g u r e  8-3. The a c t i v e  dev ice i s  modeled as Ya(A), where A 
i s  t he  ampl i tude o f  V2. For t h i s  case V2 w i l l  represent  the  vo l tage a t  
t he  d r a i n  plane. The i r  pr imary r e s u l t  I s  depic ted I n  f i g u r e  8-4. I n  p a r t  (a) 
t he  i n j e c t i o n  source I i s  app l ied  a t  t he  d r a i n  and the  s i m p l i f i e d  network i s  
shown below. I n  p a r t  ( b )  t he  same i n j e c t i o n  source i s  now app l ied  t o  the  gate.  
Some ana lys is  shows t h a t  t h i s  case can be reduced t o  the  s i m p l i f i e d  c i r c u i t  
shown a t  t he  bottom. Not ice  the  s i t u a t i o n  i s  s i m i l a r  t o  t h a t  i n  p a r t  (a ) ,  w i t h  
the  change being t h a t  I i s  mod i f ied  t o  Ieq,  where I e q  = I[-Y21/(Y11 + VI)]. 
I t  w i l l  be shown t h a t  t h e  l o c k i n g  range (LR) i s  d i r e c t l y  p ropor t i ona l  t o  the  
magnltude o f  t he  equ iva len t  i n j e c t i o n  c u r r e n t  source when t h a t  source i s  
app l ied  a t  t he  d ra in .  Thus TL should p rov ide  a l a r g e r  LR than RL by t h e  f a c t o r  
I-Y21/(Y11 + Y1) l .  
o f  2.5 o f  TL over RL. 

I n  t h e i r  experiments they were ab le  t o  achieve an increase 

We s t a r t  t he  d e t a i l e d  ana lys is  w i t h  re ference t o  f i g u r e  8-3. 
t i o n  y i e l d s  

A node equa- 

where 

V2( t )  = A C O S  (at + (9) 

i ( t )  = I cos (at)  = Re{IeJwt) 
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The f ree-running c o n d i t i o n  (I = 0, V2 z 0) i s  

Our ana lys i s  then b o i l s  down t o  s tudy lng t h e  equ iva len t  c i r c u i t  i n  f i g u r e  8-3. 
When RL I s  used, I = I; and when TL occurs, I 
p a r t  (a )  o f  f i g u r e  6-4 we f i n d  

i s  replaced by Ieq. I n  

5 I 2  = Ya(A) = Y22 - y1 2y21 
yll + y1 

I n  p a r t  (b) o f  the  f i g u r e  (upper network) we f i n d  

y21 
- + + y1 (k) y1 2y21 5 I 2  = y22 Yll + Y1  y11 

= Ya(A) + 

b u t  12 /V2  = -Y2, S O  

-Y2 = Ya(A) + 

rea r  range 

wh i h i  the  j u s t i f i c a t i o n  f o r  t he  equ iva len t  c i r c u i t  1.. p a r t  (b ) .  I n  summary, 
f o r  ide. .L lcal  c u r r e n t  sources app l l ed  a t  output  and input  p o r t s  respec t l ve l y ,  
t he  l lequivalent"  i n j e c t i o n  source t o  be used i n  f i g u r e  8-3 I s  mod i f i ed  I n  t h e  
l a t t e r  case, (TLO), by t he  f a c t o r  [-Y21/(Y11 + VI)]. W r i t i n g  equat ion (82) as 

where the  r i g h t  s i d e  i s  i n t e r p r e t e d  as the  admittance vector  due t o  t h e  i n j e c -  
t i o n  source I. From Kurokawa ( r e f s .  9 t o  11) t h e  magnitude o f  t h i s  t l i n j e c t l o n  
vec to r "  i s  g iven by; 

see f l g u r e  B-5(a), where p u r e l y  geometr ical  arguments have been used. 
l o c k i n g  range LR i s  2Ao, and we w r i t e  

The 
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Now equat ion (87) I s  t he  fundamental r e l a t i o n s h i p  r e l a t i n g  l o c k i n g  range 
t o  the  i n j e c t i o n  source. Normally t h e  magnitude.of t he  i n j e c t i o n  vec tor  i s  
expressed i n  terms of output  power o f  t he  o s c i l l a t o r  and the  i n j e c t e d  power. 
These are more meaningful q u a n t i t i e s  a t  microwave frequencies,  and d i r e c t l y  
measurable. The output  power ( t h a t  absorbed i n  Y ~ ( o ) )  i s  

(88) 
1 2 

'02 = T GL IV21 

where GL = Re{Y2(~ )1 .  It i s  assumed t h a t  equat ion (88) i s  v a l i d  w i t h  o r  w i th -  
out  the  a p p l i c a t i o n  of t h e  i n j e c t i o n  source. The smal l  change I n  V2 f rom the  
f ree-running case t o  the  locked case i s  genera l l y  ignored i n  t h i s  p a r t  o f  t h e  
ana lys is .  With reference t o  f i g u r e  8-1 the  power i n j e c t e d  P i  f o r  t he  RL 
case i s  r e l a t e d  t o  the  equ iva len t  generator 12 by 2' 

Jx212 
'Ip = 'AVAIL 8GL 

The j u s t i f i c a t i o n  o f  equat ion (89 )  i s  considered elsewhere i n  the  repo r t .  
Using equations (88)  and ( 8 9 )  and s e t t i n g  I 2  = I y i e l d s  

Here GL = Re{Y2(w)} = 20 mS. Therefore the  h a l f - l o c k i n g  range i s  

where RL reminds us t h a t  r e f l e c t i o n  l ock ing  occurs. I f  we assume the  same 
power i s  i n j e c t e d  i n  the  TL mode, then we immediately augment the  above as 

We now manipulate the  above I n t o  the  form Tajlma and Mishima developed. 
f o r  the  bas ic  two-por t  w i thou t  the  I n j e c t i o n  source 

1 2 = Y  v t Y  v z - y v  21 1 22 2 2 2  

o r  
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o r  

y21 v2 = - Y22 + Y 2  v1 

a 
L 

1'212 = I Y 2 2  y21 + Y2(1y1  I' 
but  

1 2 - Y  v = 2 11 11 

where Pol i s  t he  power absorbed a t  p o r t  1 (ga te) .  Then 

M u l t i p l y  by (1/2)GL 

The o s c i l l a t i o n  c o n d i t i o n  (eq. (82) )  i s  

+ Y 2 = 0  - y1 2y21 
y22 Yll + Y1 

o r  

(Yl + Y11)(Y2 + y22) = y12y21 

so equat ion (B15) may be w r i t t e n  as 

2 
y1 + yll 

p02 = (  ?) I Y12 I 
o r  
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Using t h i s  i n  equat ion (812) y i e l d s  

where 

and 

GL = Y1 

The c o n d i t i o n  GL = Y 1  
w e l l  as the  assumed equ iva len t  c i r c u i t s .  I f  we de f i ne  ( r e f .  12)  (assume 
aGL/ao = o so a ~ 2 / a w  = a ~ ~ / a a ,  ~2 5 GL t j 6 2 )  

i s  a necessary c o n d i t i o n  imposed by the  experiments as 

we f i n a l l y  have 

1 - - -  
s i n  E - Aw - 

w 
TL 

whlch i s  equat ion ( 7 )  i n  re ference 4. 
y i e l d s  

Comparing equations (611) and (823) 

which i s  t h e i r  bas ic  r e s u l t .  

We may summarize t h e i r  exper imental  r e s u l t s  as fo l l ows .  I n  one experlment 
a t  9.2 GHz,  they obtained 
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p02 = t10 dBm 

D 

‘02 7 - = = 2.65 
1 P  

Gs(meas.) = lk( = = 3.34 
y1 2 s1 2 

= 1.26 (calc.) - L R ~ ~  A 
L R ~ ~  = n~~ 

= 1.21 (meas.) 

14 dB < $ < 34 d B  
i 

It is not clear, nor was it specified, how the small-signal 
First of a11 small signal Gs will not be appropriate during oscillation 
wherein large signal conditions prevail. 
rent just enough to quench the oscillation and then measured S12 and S21. 
Note that these include the external LC feedback network. 
at 8.1 GHz they found 

6, was measured. 

Apparently they reduced the drain cur- 

In another experiment 

Po2 = 18.3 mW 

Pol = 4.5 mw ($ = +) 
‘ITR = 1.5 (meas.) 

Qexl = 10.5 

Qex2 = 15.3 
These are discussed later. 

20 dB < < 55 dB 
pi 

2 MHz < LR < 100 MHz 

The last case reported had 

Po2 = 30 mW 

30 Pol = 9 mw 
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p02 = -  
qTR = 1.8 (meas .) when - 

Q = 16 
exl 

Qex2 = 9  

= p o l / p i l  was 
The FM noise was lower f o r  TL when the  c o n d i t i o n  Po2/Pi2 

imposed. Also they claimed lower FH no ise  w i t h  TL w i t h  the  same i n j e c t e d  - 
l e v e l ;  1.e.. P i l  - p i 2 *  

Some o f  the  b e n e f i t s  they mentioned f o r  a two-port  o s c i l l a t o r  inc luded 
us ing  i t  as a s e l f - o s c i l l a t i n g  mixer when t h e  l o c k i n g  s igna l  was t o o  f a r  away 
i n  frequency t o  ob ta in  synchronizat ion.  This  p roper ty  could be use fu l  i n  a 
doppler de tec tor .  The l a r g e s t  ~ T R  observed was 2.5. 

With t h e i r  bas ic  r e s u l t s  now w e l l  understood we proceed t o  c r i t i c i z e  some 
o f  t h e i r  mis leading statements. S t a r t i n g  w i t h  re ference 6 one must n o t i c e  t h e  
equ iva len t  c i r c u i t  presented t h e r e  i s  d i f f e r e n t  f rom t h a t  i n  the  o ther  papers. 
The c i r c u i t  schematic i s  g iven i n  f i g u r e  8-6. 
reveals  V2 i s  now t h a t  across p lane 2 r a t h e r  than the  dra in .  Thus Ys and 
YL a re  assumed pure r e a l  (and here both a re  20 mS). The admittance YT(o,A) 
I s  t h a t  l ook ing  i n t o  t h e  gate f rom the  plane o f  t he  50 R gate load (p lane 1). 
The ampl i tude o f  V 1  i s  now A. The term Yu(0,B) i s  t h a t  l ook ing  i n t o  t h e  
d r a i n  p o r t  (p lane 2) which inc ludes  the  d r a i n  matching network. Here B i s  
the  ampl i tude o f  V2. 

Comparison w i th  f i g u r e  6- l (b )  

Using t h e  general  approach o f  Kurokawa they develop 

They c l a i m  ( w i t h o u t  p roo f ,  a l though they a l l u d e  t o  how the  proo f  was 
developed i n  t h e i r  appendix), 

Qext2 G, - - -  - 
Qextl GP 

which y i e l d s  
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, which i s  necessary f o r  t h e i r  ana lys i s  t o  ho ld  

5 = -  Gs 
L R ~ ~  Gp 

which i s  j u s t  equat ion (824). 

a re  t o  be measured ( o r  ca l cu la ted  Now exac t l y  how Qext and Qext2 1 
t h a t  mat ter  i s  no t  spec i f i ed .  For example 

f o r  

829 

and Q a1 1 uded which i s  no t  amenable t o  measurement. The values f o r  Q 
eX1 ex2 

t o  e a r l i e r  a re  apparent ly  t h e  Qext and Qext2 presented here. Therefore 
1 

t h e  r e s u l t s  i n  re ference 6 a re  exac t l y  those i n  the  others.  However 
equat ion (828) i s  mis leading s ince  P i 1  = P i 2  always, i f  t h e  ana lys i s  i s  t o  
hold.  

The next,  and most mis leading concept they present,  i s  t h e  n o t i o n  t h a t  a 
c i r c u l a t o r  o r  i s o l a t o r  may no t  be necessary t o  i s o l a t e  t h e  i n j e c t i o n  source 
f rom the  o s c i l l a t o r .  The f o l l o w i n g  quote IIa b i g  advantage o f  t h i s  i n j e c t i o n -  
l o c k i n g  technique i s  t h a t  i t  does no t  r e q u i r e  the  use o f  a c i r c u l a t o r  t o  i s o -  
l a t e  t h e  i n p u t  and ou tpu t  p o r t s  and y e t  s t i l l  r e t a i n s  h igh  ga in  (P2/Pi) w i t h i n  
a l ock ing  range which i s  wider than t h a t  o f  r e f l e c t i o n - t y p e  1LOs.l' may be found 
i n  both re ference 3 page 304, f i r s t  paragraph and reference 4, l a s t  paragraph 
o f  sec t i on  111. The l a s t  sentence o f  sec t i on  V i n  re ference 6 says "But, 
because the re  i s  a minimal power loss  a t  t he  s igna l  i n p u t  p o r t ,  an i s o l a t o r  
might  be necessary between the  i n j e c t i o n  p o r t  and s igna l  source.11 which seems 
t o  imply  an i s o l a t o r  i s  not necessary. However, they recant  somewhat on t h i s  
n o t i o n  i n  the  l a s t  l i n e  o f  sec t i on  I1 I n  re ference 6. "It w i l l  be necessary 
f o r  most o f  t he  system a p p l i c a t i o n s  t o  use an i s o l a t o r  i n  order  t o  i s o l a t e  t h e  
s igna l  source and o s c i l l a t o r . 1 '  As we have shown, i f  t h e  i n j e c t e d  power and 
equ iva len t  cu r ren t  source a re  r e l a t e d  by equat ion ( B 9 ) ,  which i s  necessary f o r  
t h e i r  ana lys i s  as w e l l  as exper imental  setup, then a c i r c u l a t o r  o r  i s o l a t o r  
must be used. 

Throughout a l l  o f  t h e i r  papers they t r e a t  Y 1  and GL as genera l l y  
unequal q u a n t i t i e s .  However, they are  always equal, and t h e i r  va lue i s  20 mS. 
Fur ther  d iscuss ion  o f  t h i s  p o i n t  t o  he lp  c l a r i f y  our p o s i t i o n  i s  developed by 
r e f e r r i n g  t o  f i g u r e  8-2. 
reaching the  gate o r  d r a i n  p o r t ,  t he  ac tua l  power l eav ing  the  i n j e c t i o n  source 
may be d i f f e r e n t ,  depending on the  r e l a t i v e  s e t t i n g s  o f  t he  a t tenuators .  
Exper imenta l ly  i t  does no t  seem poss ib le  t o  reduce the  a t tenua t ion  t o  zero on 
the  l o c k i n g  side, f o r  then the  i n j e c t i o n  source and t h e  o s c i l l a t o r  bo th  are 
l ook ing  i n t o  negat ive  impedances. 
t o  two c u r r e n t  sources w i t h  d i f f e r e n t  values connected I n  ser ies;  a d i f f i c u l t  
s i t u a t i o n .  
t i o n  behavior o f  t he  FET, which i s  no t  r e a l l y  addressed here. 

Whi le they may have the  same l e v e l  o f  i n j e c t i o n  power 

I n  o the r  words the  connect ion i s  equ iva len t  

Exac t l y  what would occur i n  such a s i t u a t i o n  depends on t h e  satura-  

I 
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The l a s t  c r i t i c i s m  concerns the  admit tance p l o t s  I n  references 3 and 4. 
The matching c i r c u i t  shown i n  f i g u r e  B- l (a )  g ives Z in  a t  the  d r a i n  p lane 
o f  1 . 4 1 4 . 4 1 ,  o r  I f  t h i s  i s  assumed t o  be a conjugate 

match a t  t h i s  plane, then $ = 0.355 - j .35.  This  po in t ,  Vi does appear 
on the "resonant load l i n e "  i n  f i g u r e  4 o f  reference 4. But t he re  i s  some con- 
fus ion  here. F i r s t  of a l l ,  t h e  o s c i l l a t i o n  c o n d i t i o n  I s  (eq. 82)) 

Yin = 0.355+j.35. 

Y2(0) = -Ya(A) 
- 

Thus Re{Ya(A)} must be a negat ive  number. Therefore -Ya(A) can be 
p l o t t e d  on a normal Smith char t ,  as can Y,(O). 
-Ya(A) as w e l l  as Y2(0). They i n d i c a t e  the  i n t e r s e c t i o n  o f  -Ya(A) and 

Y 2 ( 0 )  occurs a t  0.29-j.17 which i s  no t  t he  p o i n t  corresponding t o  Ti("). The 

p o i n t  T;(U) does, however, l i e  on the  "resonant load l i n e "  g iven i n  t h e i r  
f i g u r e .  

It appears they have p l o t t e d  -* -* &* 
-* 

I t  i s  no t  t o o  f a r  f rom t h e i r  i n t e r s e c t i o n  po in t .  

I n  summary, t h e i r  ser ies  o f  papers are somewhat misleading, even though 
the  bas ic  idea i s  borne ou t  exper imenta l ly .  For the  same i n j e c t i o n  l e v e l ,  TL 
can prov ide  a l a r g e r  l o c k i n g  range than can RL. 
by equat ion (624). 
urement o f  
d i f f i c u l t  if n o t  impossib le  t o  perform. 
s igna l  values w i l l  y i e l d  adequate r e s u l t s .  

Th is  Increase may be est imated 
A major problem w i t h  t h i s  expression I s  t h e  accurate meas- 

This must be a l a r g e  s lgna l  measurement which would be IY21/Y121. 
Apparent ly one should assume smal l  
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APPENDIX C - REVIEW OF RAJPUT AND SARKAR 

The sho r t  note by Rajput and Sarkar ( r e f .  7 )  repor ted r e s u l t s  o f  i n j e c t i o n  
l o c k i n g  a GUNN device I n  both RLO and TLO con f igu ra t i ons .  F igu re  C - 1  gives the 
measurement schematics. The RLO case was sa id t o  use a c i r c u l a t o r  and s h o r t i n g  
plunger as shown. The TLO case was n o t  c l e a r l y  s p e c i f i e d  except f o r  t he  f a c t  
t h a t  a coupl ing i r i s  replaced the plunger. The LR versus l o c k i n g  ga in  curve 
i n d i c a t e d  nTR of as much as 7. They sa id t h i s  was even g rea te r  than t h e  
l a r g e s t  n = 2.5 obtained by Tajima and Mishima. Quo t ing  t h e  l a s t  l i n e  "It 
i s  thus coX@luded t h a t  l i k e  the  GaAs FETs, an o s c i l l a t i n g  GUNN diode gives 
b e t t e r  l o c k i n g  ga in  and l o c k i n g  range when used i n  t ransmiss ion type i n j e c t i o n -  
locked con f igu ra t i on . "  

We do not agree w i t h  t h e i r  conclusions f o r  t he  f o l l o w i n g  reasons. F i r s t  
of a l l ,  the RL and TL measurements were made w i t h  the  completely d i f f e r e n t  c i r -  
c u i t  con f i gu ra t i ons ;  i .e. ,  p lunger versus i r is .  I n  the RL case on ly  one load 
p o r t  ex is ted,  w h i l e  the  TL case had two p o r t s  t h a t  each absorbed some power. 
With t h i s  much change i t  i s  no t  s u r p r i s i n g  d i f f e r e n t  l o c k i n g  ranges were 
obtained. The expression f o r  a s i n g l e  p o r t  LR i s  

and d i f f e r e n t  con f igu ra t i ons  can change both E and l a Y 2 / a w l  such t h a t  t he  
product l a Y 2 / a w l  s i n  E may change by a f a c t o r  o f  7.  We f e e l  t he  l a t t e r  
changes were I n  p a r t  the cause o f  t h e i r  r e s u l t s .  The n o t i o n  t h a t  a c i r c u l a t o r  
could be e l im ina ted  may have been used i n  the  TLO case. I f  t h a t  were the  case 
then the r e s u l t s  a re  no t  p r e d i c t a b l e  f r o m  an a n a l y t i c  model. I t  i s  apparent 
t h e  authors were n o t  aware t h a t  the improvement i n  LR I n  the  TL case i s  due 
b a s i c a l l y  t o  t he  IY21/Y121 r a t i o  being l a r g e  i n  the  FET c o n f i g u r a t i o n .  That 
t h i s  r a t i o  i s  u n i t y  i n  a GUNN device was no t  addressed. Thus t h e i r  confus lon 
concerning TL versus RL i s  e a s i l y  recognized. 
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TWO-PORT 
OSCILLATOR 

f = 40 GHz 

f = 88 GHz 
f = 88 GHz 

= 21 nw 
TWO-PORT 
OSCILLATOR 

(B) A SELF-STABLIZED CONFIGURATION THAT REDUCES BOTH NOISE AND 
DRIFT. 

FIGURE 1. - E W L E S  OF USES OF TWO-PORT OSCILLATORS. 

f = 80 GHz 

P = 2 n w  
- 

02 

01 
P 

(A)  THE CONFIGURATION NARED REFLECTION LOCKING FOR A TWO-PORT 
OSCILLATOR, GENERALLY P >>Po . WHEN Po - 0  T H I S  REDUCES 

TO A NORMAL INJECTION LOCKED OSCILLATOR. 
02 1 1 

n 

2iL 

(B) THE TRANSMISSION LOCKING CONFIGURATION IS GIVEN. 

FIGURE 2.- THE DEFINITIONS FOR REFLECTION AND TRANSMISSION 
LOCKING. 

-+a  

n ... 
PORT 1 ( I N )  PORT 2 (OUT) 

1 : n  
PORT 2 (OUT) 

FIGURE 3. - THE SCHERATIC OF A TWO-PORT INJECTION-LOCKED OSCILLATOR 
ALONG WITH A LURPED EQUIVALENT CIRCUIT. 
NOTED AS a AND b ON THE VARIOUS TRANSRISSION LINES. 

TRAVELING WAVES ARE DE- 
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FIGURE 4. - THE TWO-PORT IMPATT OSCILLATOR IS BETWEEN PLANES @ AND @ . THE ARMS A AND B ARE CONNECTED TO THE MANUAL SWITCH TO PERMIT 
LOCKING FROM BOTH PORTS SEQUENTIALLY. 
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t 
'OUT 0 'OUT @ 
CHANNEL B CHANNEL A 

(B) TRANSMISSION LOCKING (TL): PIN, NON-ZERO AT ONE PORT 
ONLY. 

FIGURE 5. - A S I M P L I F I E D  VIEW OF REFLECTION AND TRANSMISSION 
LOCKING EXPERIMNTS FOR AN W A T T  DIODE. 

0.525 

e 

T 
0.170 

FIGURE 6.  - SCHEMATIC OF KUROKAWA-TYPE MICROWAVE CIRCUIT 
OUTPUT COUPLING I R I S E S .  

WITH VARIABLE 
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f, = 18 .500405  GHz 
ID = 130 MA 

Po,,-, = + 7.4 dBn 
POUT-, = + 2.0 dBn 

20 

16 

: 12 
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'1 CHANNEL A 
0 

"1 CHANNEL B 0 

28 

rPINJ FROM CHANNEL A 
, , 

1 /' 

b' 
20 

N 

16 
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4 

-2 2 6 10 14 18 
LOCKING GAIN. dB 

FIGURE 7. - MEASURED LOCKING BANDWIDTH VERSUS LOCKING GAIN 
FOR THE TWO-PORT IHPATT DIODE OSCILLATOR. 

REFLECTION LOCK WITH ONE I R I S  CLOSED ID = 130 nA 

CHANNEL A 

f, = 18.4284 GHz 
I R I S  = 0.147 

,- CHANNEL B 
1 Po,, = -0.15 dBn 

f o  = 18 .482001  GHz 

IRIS = 0.120 - 

20 

16 

14 \' 
2 12 c 

6C \ 

LOCKING GAIN, dB 

FIGURE 9. - DATA THAT DEHONSTRATES THE EQUIVALENCE OF TRANS- 
MISSION LOCKING BANDWIDTHS. 
LOCKING BANDWIDTHS WHEN THE INJECTION SIGNAL IS ALTERNATELY 
APPLIED AT PORTS A AND 9. 

ALSO SHOWN ARE THE REFLECTION 
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1, = 18.535 GHz POUT-, = +5.9 dBn I R I S  = 0.126 

ID = 130 nA Po,,,-, = -7.3 dBn I R I S  = 0.088 

E\ CHANNEL A 

"1 CHANNEL B 0 
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- 9  
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0 TL CHANNEL A 
0 RL CHANNEL A 

WHEN LOCKING AT 
CHANNEL B NOT 
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LOCKING GAIN, dB 

FIGURE 10. - M E  DATA TO DEMONSTRATE THE NEAR EQUIVALENCE 
OF TRANSYISSION LOCKING BANDWIDTHS. 
LEVELS DIFFER BY 13.2 dB WHEN FREE-RUNNING. 

HERE THE OUTPUT POWER 
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: 12 
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1 ,  = 18.2239 GHz 
Po,,,-, = + 6.9 dBt! 
P,,-, = + 7.4 dBn 

E !k 1 CHANNELA 

0 
6 a 10 12 14 16 18 20 

LOCKING GAIN. d B  

FIGURE 11. - THE CASE WHEN THE FREE-RUNNING OUTPUT LEVELS 
ARE REASONABLY CLOSE (0.5 dB DIFFERENCE). 
LOCKING BANDWIDTHS ARE PRACTICALLY THE SAME FOR THE S A M  
LOCKING GAIN. 

ALL OF THE 

33 



~ 

(A)  THE LOCKING ELLIPSES ON PORTS A AND B. 

(B) THE ELLIPSES WHEN THE INJECTION SIGNAL IS APPLIED TO THE OPPOSITE 
PORT. 

FIGURE 12. - A DEMONSTRATION OF THE FLIPPING OF THE LOCKING ELLIPSES AS 
THE INJECTION SIGNAL IS APPLIED TO ALTERNATE PORTS. 
DUE TO THE LARGE INJECTED SIGNAL LEVEL TO OBTAIN ADEQUATELY LARGE LOCK- 
ING RANGES FOR GOOD MEASUREMENT ACCURACY. 

THE DISTORTIONS ARE 
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FIGURE A-1. - BASIC SCHEMTIC AND L U R E D  EQUIVALENT CIRCUIT FOR INJECTION 
LOCKING STUDIES. 

2i 

rn 

FIGURE A-2. - THE CASE WHEN THE ACTIVE M V l C E  IS ROOMLED AS A NEGATIVE 
CONDUCTANCE. THE L W E D  EQUIVALENT APPEARS BELOW THE SCHEMATIC. 
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STEADY OPERATING +- POINT to,. V,) 
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.#Y'O' 

INSTANTANEOUS 
FREQUENCY 0 

- III  

I 

-1 NSTANTANEOUS .J AMPLITUDE (V, + AV)  I 
I G 

FIGURE A-3. - EQUIVALENT CIRCUIT OF INJECTION-LOCKED OSCILLATOR 
ALONG WITH ADNITTANCE PLANE CONSTRUCTIONS USEFUL I N  UNDERSTANDING 
THE LOCKING PROCESS. 

DRAIN d 2 I OSCILLATOR 

GATE P 

& 
INJECTION 

ATTEN. 1 

2 P L  
METER 1 

1 y2 

(B) 

FIGURE B-1. - THE SCHEMATIC AND EQUIVALENT CIRCUIT USED TO STUDY 
LOCKING BEHAVIOR OF A TWO-PORT FET OSCILLATOR. 

FIGURE B-2. - THE SIMPLIED SCHEMATIC OF THE EXPERIMENTAL SETUP USED FIGURE 8-3. - BASIC ADMITTANCE MODEL FOR INJECTION LOCKING. 
TO BOTH REFLECTION AND TRANSMISSION LOCK THE FET OSCILLATOR. 
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Y1 

- 12 0 TL 

( B )  

FIGURE B-4. - VARIOUS EQUIVALENT CIRCUITS NEEDED TO ANALYZE 
TWO-PORT LOCKING PHENORNA. 

I 

[ YT(O,A) Yu(O*B) ' I t--- I 

FIGURE 8-6. - ALTERNATE Y-PARAMETER REPRESENTATION FOR THE FET 
OSCILLATOR. 
USED I N  PREVIOUS FIGURES. 

THE REFERENCE PLANES ARE DIFFERENT FROM THOSE 

) G  
(A) 

-0.06 Xg +.25 hg- ~~~~:~ 50 R 

Z,,, = 1 . 4 1  - j l . 4 1  ( Z I N  = 7 0 . 5  - j 7 0 . 5  0) 

(B) 
FIGURE 8-5. - (A) THE ADMITTANCE PLANE DEPJCTION OF -Ya(A). 

Y2(O) AND THE INJECTION VECTOR IIN2(. (B)  THE MATCHING 
NETWORK USED I N  THE DRAIN CIRCUIT.  

SHORTENING 

RLO. HERE Po Z 0 
1 

P i  
02 

'\P 

1 4 0 A  

-20 7 g 
24 32 02 

LOCKING GAIN. d B  
FIGURE C-1. - EXPERINENTAL SETUPS FOR REFLECTION AND TRANSHISSION 

LOCKING OF A POST-IN-WAVEGU[M MOUNTED GUNN DIODE. THE MEASURED 
LOCKING BANDWIDTHS ARE SHOWN I N  THE LOWER PORTION. 
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