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I .  INTRODUCTION

Since the discovery of the TRAPATT mode of operation many

investigators have attempted to develop broad—band TRAPATT amplifiers.

Gibbons and Grace1 constructed an X—band ampLifi er having a oriturat , i l

power output of 19 W , 7 dB gain and 29 j”r’ent et’f’icieutcy at 8.6 i I I z .

The device was tested in an X—b and r e f l ect i o n  y ; ~~’ a m p l i f i er  c i rcu i t

operating at a duty factor of less than 1 I c r ’  iC. arid u biar; pulse

width of 0.2 ps. Cox et al.2 developed :i TRA }’A ’i”l ’ ampl i fier  opera t ing

between 8 and 8.5 GHz w i t h  peak powe r ‘ r n ’ 1 . .C ac i gli ao 31s W and 12

to 16 percent e f f i c i e n c y .  Fong and Y i r i g  ~:~~‘ I L ,th  r i—type  m i  p—type

TRAPATT diodes in a coaxial air—line c i r e ,i i t , empl~~y ing an impedance

transformer close to the diode and two tuning ci riec . For the n—type

TRAPATT operating at 5 0Hz the peak power was typically 18 to  25 W .

the gain 5 to 7 dB , the dc—RF e f f i c i e n c y  . “ te  ‘~~ t e ’ ’ ~~nt  and the

3—rIB bandwidth was ~ to 5 percent . The m i a c i l i r ’  r’ eo ij t s  C r  lie

p—type TRAPATT amplifier operating at 8.7~ Silo w a : , C t  14 W , 14 t o  0

rIB gain , .18.5 percent efficiency and 2 t 7 per il , b an d w i d t h .

Additional work by Fong et al.~ using a f i x — t u n e d  MIC amplifier c i ’—

cul t r e - i l  ted in apprcxi .mately 90 W , 5 Itt ~‘a in , 20 pe rcen t  et ’f i  c i  t ’n- ’y

LII I a 3— dR bandwidth  1’ 17 percent . I t  ch il i he emp tiiniz ed that

these re :;iit. .; were obta ined without t h e  “n ” C  t c f  any t u n i n g .

However • cot : I der ab le  work was devoted to’ c h a : ’ i ’ t  o ’r i  : 1  ng the  c ir c r i i

u s i n g  a n etw rk rinal yce r , and to clr o ’  m - ~ic’ 1 ‘i~’ w i t h  t .he aid of

a cemputer .  it . wuir ev i d e n t ,  from the~5~ ~ou1t s 5 to  w’l I as fr om t h e

w’’rk of other’s, th at. the circuit is t h e I r ’ : i n i ~ I r ug t i ’ ’  o’r in ‘rRAFATT

(~pet’rtt. i i i  wh e t  he” it ic ’ to  an ascii I i i  i or ’ a: iii ain~’ i fier.
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Curtice et al.5 utilized the second—harmonic—ext :actiori approach

t i  i e v ’ i p an X—band TRAPATT amplifier . They desi gned the device  such

that the HF input and output signals were twice the TRAPATT furida—

ment al t’r~~~u er icy .  Typical results for thei r amplifier were 10 to 12

r. dB t y i in , 10 percent efficiency and a 200 MTh: bandwidth at

approx imately 8 0Hz.

There  have been numerous other recent  in vest i~ ations on TRAPATT

urir l it ’ i e r O  but  in every case one of the major obstacles hnc been the

1 nab 1 11 ty t. o ci” tt c -a broad—band ampi if  r .  ! t  ~ 
ron:: lii ~ b’c .-’ri r:i ’ l i o ’

b u t .  the I r ’ n h l  ont o are t’ar from being rese t ved . i n ’  l Li r r ’se of t h i

r t~r”u n w: . P’ determine theore t ica l ly an - i  expo ’ r i rn en ta l  l y t h e  ci t ’ C ’ U i  t

c i ’t u ’ a c t e r i s t i c i ;  needed to achieve broadband ampl i f ic a t  i n  w i t h  TRAI’ATT

Ii t’c s . The i.nv’’c P1 Cation was divi di ,i it o  L1u ’e~’ m a i n  Ote l . o

1 . i ’t i eore t .  ical - let ’ r i m a t  ion us i n~ ‘ nt~ ii t ’ r  s i mu i t  ion  of t h e

r”tui red real arid imaginary parts as a f u n c t i o n  of f requency for t h e

a mp l i f i e r  c i r c u i t .

2 . Synth es i s  of amp l i f i e r  ci rcu it s , j i ’ r i ]  I zable , whi ch would

match t n ’  r equ i red  c i r c u i t  c haracter is t ic’: : .
S

1. Construct I r  a n i  t e s t ing  of the ‘i  rc’ui ton i n’~unc oltai n c I in 2.

I I .  DETERMINATION OF CIRCUIT CHA RA CTl ~:H1 GTICS

To model the TRAPATT device , a r o r n t u t . e n ’ ’.r i mulat  i n  i rograirn

leve l ope l by I a:LL R auhahr u of the  Elec ~ , r n  Fitys I ‘1: , i l  ‘n’a t .-ry was used

Tie ’ r u i i r i ’ ’t ’ i c a i  un tie ’ I is r ’x p I icit. in I l i e  i i  ‘‘t. ‘ni t cut ‘ i i i ha l  I’ ir: 1 L i c i l

in th e ii t’ u . , ion current . The method beg i n :: l i n s t  ming that n m r i l  p

(‘ i i .’ctt’oni ‘ui 10 i.e lens it i f ’ : ;  ) , JN an d C I ( d e c t . i -  i in tl ho] e curren t

anti E ( - t ’ t  n ’ i c  i’ie iul ) are known thi ’  u~j  1 t he  d io d e  at n o ~fl1’i I—

c ’uI  ar t i me . ~~ so ~~~ t e r m i n a l  vol. La fe  , V ,1. , w h u  I c  h ex~ ts ac t . )S s t i e

-— —— “. ~~~~~~~~~. -~~~~., . - ‘~~~~~~~~~ — ‘. . ‘~~ -
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diode at the next time step is specified . Given this information , the

simulation calculates the diode current :Lt the next time step. The

actual sequence of steps implemented by t,he program i ii as follow:::

1. . p antI it are calculated at t h ic .’ n e x t  t ime step i c i n g  t . I i t ’?

equations

= _ i ‘~~ -~~~+ G  (1)at q ax

and

= ~~~
‘ ‘~~~~~+ G  ( 2 )at q ax

where 0 is the generation due to avalanche multi plicat ion.

2. The elect r ic  field E is calculated at tO” nex t ,  t ime step from

Poisson ’s equation (once n and p are determined )

= ~~~( p - n + N - F  . ( 3 )

The electric field must also satisfy the equati . to

w
J E d x  = V

T ‘

w it  ore [I ant i P represent  the doping dens i t i e s  N~ tril NA . respectively ,

and W the length of’ the diode .

3. The curr ent, s JN and JP at the nex t  t ime step ‘i . i’e ca lcula ted

t’rerri the ‘
~~ 
uat. i c n n:

= qp nE + ~1 t ~ ~~ ( s )

arid

JP = qi~~pE — i l l . ( ‘ )

_ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -.
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~~~. F t c  terminal current (not including the displacement component)

is calculated t’rom

~T = 

~~ 

(JN + ~~~) dx . (~~)

At this point the cycle is repeated , the terminal voltage i t ’ th e

next time step (two steps ahead of the starting time ) is spen i fie l , Lii i

the current for this time step is again calculated .

The above simulation is a voltage—driven scheme ; i.e., the diode

terminal voltage is specif’ied as a function of t i n e  arid the resulting

di ode current  is calculated as a funct ion of t i m ’. ’. However, the orograrn

can also U:- used with a current drive . In th i s  rice JDRTVE(t’ ) is t , j j ~

driving current at a particular time t, while JT(t) is the terminal

current less the displacement component as calculated in 14. The iifferer:ec

in these quantities yields the displacement. curren t so that the v itage

V
T 
at the next time step becomes

V
T
(t + At) V ,(t) +~~~~

-
~~ [JDRIvE (t) — JT(t)] , (8)

‘I C
d

w11 ’ n’e L d is the diode capacitance e/W 
plus any n i i j j t . 1 l i ’ t  I c : t l : ’ i t a n c o ’

whi ch m i.~~h it ., be in parallel with the diode.

Whether  a current  drive or a voltage dr i v e  is use~i for the

T RAFATT cyn’ le , two major problems arise , tI n t of  convergen ce  and t h i : t ~

I ’ r e a l in a h i l i t .y . For example , if a per io  t~ c c u r r e n t . d r i ve  is :i t elied

p . ‘ . i 1ev ce , t h e  r e su lt ing  voltage wavc t ’orn ::hi :nld also I : ’ p e r io r  i i ’

In fac t .  t h e  s t o i l , ’ ’ 01 ’ the diode at t in :  t . should be i d e r : t . i c a l  i n  all

r ’ ’ - . ; l ’ ..’c t,,s ,‘~ I , h j t  :: t.’: te ot ’  the diode at I. ISi s P + ii i’ , who :‘e T in  t li

‘ ‘ n t  ~
j j , : all y in teger .  I h i c ’  l b  ‘ - i n n  o f ’  ‘ ‘ io’e n ’C~- ni ’e i s  i

_ _ _  ~~-,. ~~~-~~~~~~~~ -
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di fficult one for TRAPATT operation becaito ’- avalanche multiplication

is a random process which tends to work ut ’:tinst any peri odic i ty  o f ’  t h e

solut ion.

Eve n after convergence has been obtained , the so l u t i o n  may n t

be realizable , i.e. , a Fourier analysis of the r’ ’nultinig voltage ant

current waveforms may not yield a negative m ’ e s i c t . t,nce i t ,  all harmonic

frequencies considered . This is the case for tho’ idealized step current

waveforms that have been used in some previnn .ts TRAPATT anai.yses.
7’8

A number of different techniques have been I’ormuiated to bring

about convergence in the TRAPATT cycle. Fliese t Oni- ices use either a

current—driven or a voltage—driven scheme. The general current drive

waveform used in the s:i.mulations described in thin report is shown in Fig. 1.

The amplitudes of the various sections , Al , A2 arid A3, and the angles of t h e

se~~nents connecting the constant amplitude se c t i n m i c , 01 , 
0 2 and 0~~, are al l .

variable parameters . n t r t c e  these parameter s have been set , the t in ’s

t 1 — t 5 are determined during a prel iminary s m m n u i ’ i t ,ioru t o  g n i : n n ’ a n t e t ’  I -hat

the voltage recovers at t5 approximately to its io t, iaj value at t = 0.

A3 is low ( “100 A/cm 2 )  so t b ’ .it the voltage does not change sig n i f i c a n t l y

between t5 and T.

An example of a converged solution usinc.- this type of current

drive is shown in  Fig. 2. The voltage and ‘u r’n’ enit:. waveforms were

Fourier analyzed to obtain the diode im p o i :nni ’e n i t  power gen -i’ated at

the fi rot l ive harmonics; the results are gi yen in Tab Ii ’ 1, where F is

t’ n’ ’- h iirn fl i ’y in tHin , PHI1’ is power generated .1 ii W/crn ’ , FF1’ is the e f t ’i ‘ I ency

iii p - n ’c’ ru t , C l nu r n B ii’ ’ t h e  real and imag i nary parts f’ I - l i e ‘n tm i t t :tmi c’ e

l i t  l i i i i ’ ’ S /c ’ ? I i  , ‘O tt H ‘~ri~ X -‘t n’ - the corl’i ’ npt i i ~, l I I r - i l ’ i : i m : ’c comp onen t a

V’i’AM I ’ , V ’ l A H ;, j I ,\~~ r i m :  J I A H ~ describe the  sui t i t  es :~n l  pl n : i : : ’.’s of ’ the I’’ u r i ’ ’r

~ 

~~~ —. - --- - -
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(Si , 500°K, f = 3.1 0Hz)
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Table 1

Fourier Analysis of Fig. 2 .

JDC= C . 6 7 2 E + .} -14 V D C = 0 . 5 J 2 ~~~Q 2 P i , C =  O . 3 I 8 E 4 ~~b

I~ 1 F 3 . 1 3  P P? =  9 . 1 f 4 5 7 L + O L 4  F~i”~~ 2 6 . 3 9
g= — L 4 . 8 6 2 I ~~ + O? 8= — 2 . 5 2 2 6 E ~~32 E — ~ — 1 . ~~2O ~~E — C 3  X - 8 . 1-1050F,-C14

V T A M P =  1 9 . 7 1  vrAN t ; =  1 6 1 4 . 3 9  J I A ~1 P = 1 1 0 6 h 3 . 5 3 5 2  ..1I~~M ( ; = 2 0 . 5 3

1= 2 F= 6 . 2 7  P !W= 1 . 8 1 5 2 R + 0 U  E F ~’= 5 . 0 7
G= — 1 . 4 5 2 3 E + 0 2  B= — 3 . 6 U 3 2 E f O 2 9= —~~~~. 2 6 5 0 E — O L ~ X -  2.  3149 7 E — 0 3
V T A t i P =  1 5 . 8 1  V T A N G =  5 8 . 1 ’~ J I Mw ~ 9 3 6 2 . 3 2 8 1  Ji~~N,; = -146.00

1= 3 F= 9 .40  p :~F = — 9 . 7 5 5 5 g . 0 3  EFF= — 2 . 7 3
G= 2 . 0 1 6 1 E + C 2  3= - 3 . 9 2 2 6 E 1 0 2  11 1 . 0 3 ( ’ I E — 0 3  X ’~ 2 . O 1 € ~6 E — 0 .~

h~. ’t ’4 ; ‘ F A N ; =  — 2 3 . 8 4  J I A M P =  7 17 1 4 . 4 i l L ~ I ,J j l t N g =  — ‘97 .79

14 F 1.! .~~O t’:~P= — 3 .  d 3 2 6 h + 0 J  Hr ’F= — 1 . 0 7
c., 2 . ’Yi92 ;~ + U 2  13= — 7 . 9 o ~ - 1 E + O 2  r=  , 3 . 7 7 4 3 f — ~~Ls X =  1 , 1 3 ~~2 R — C 3
v r -~~~i’ = - . ~1 V ’ r A N ; =  -0)14. i i  j i .~iip = ~ r ) 3 q . 4 0 O ~’ J I A N ~~= — 1 4 1 . 7 2

1= 5 F- 1 5 . 6 7  P R F =  3 . 2 3 6 C 1 ~+ O 2  E F F =
d — 1 . 8 6 7 3 E . 0 1  13= — i ~. d t r 9 t $ E + 0 2  ~~= — u e . O 2 L h 1 L — 0 5  ) C = 1 . U t ~7S~~— O 3
VT IUI P =  5. 8~ 1t ’r~ :i ;= — 1 2  3 .2 6  J I A N P =  7 C 0 5 .  2 5 C C  JIM ’i G~ 1 6 5 . 8 5
EXEC U -i’ tO N T~~R~:l N A T ’~D

BEST AVARABtECOPI

- - .- ‘- .~~~~~~~~ - -  ~~~~~ - 5- -‘ — - -_ _ _ _ _ _ _ _ _ _
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components of terminal voltage arid c u r rent  (less ‘-lie displac ement

component ) according to the equations

v’r(i) VTAtv~~(I) sin [ut + v T A N P ( l ) ]

and

J T ( I )  = J 1AIVIP( i) sin [Ut + j IAM’P ( I ) ]

where the unit of current  is A/ cm 2 .

Althou€ h t h i s  is a converged soluti nn , it does r iot  r epresent  a

realistic case because the diode does not exhibit negative resistance

at the th i rd  and fourth har mn~nics. A technique I’ur circumventing this

di f f iculty  will be described later in t he repor t.

Table 2 lists the results of a Fourier analysis of the voltage

and current during the f i r s t cyc le of s imulation after the t imes  t 1—t 5 
we:’e

determined so that  the voltage recovered n t ,  the end of the c~o.’1e approxi-

mately to the starting value . It is seen that tie impedances agree to

within approximately 10 percent up to the third r , - :: ’ mu n i c . E’-,’idencc :  i’i’OIni

several such compari :- ns has indicated th.’ t ,  the - . le can be well char—

acterizec up to the third harmonic by a s.IiigJ ~ c:.:ie simn ulat i - to , ‘ i t o h  tha t

it is unriecessar’y to go through the t i m e  am id exp’-nse require I to obtain

a converged solutic-n , at least a .; f: n’ no t he diode imp ’ l ance : - are c o n c e r r n - ’d .

For part iculai’Ly spit -born case:, it was n i - ’’:3ar~c to use a

voltage— n riven scheme to obtain ‘onv”rg”nee . Tb approach I s moi’e

ef’f’t rtivr bec :ini,:e the :1 ic-h is much nnno r ’ ’ “not t i e  to ‘-cciii ‘ n ’ nn g .-o in

driving voltage than to chr nges in un’i ’.’ iT’ i t ’ ~‘ i t r m ’ -:  t ., an the - ‘om ;v en’~;ence

process n ’  n n i  st s  of V i  r ’ yi n t ’ some pa n ’rune ’~en’ , ‘inch ‘in P t :  Ic’ v i  ‘ a g -  level

cycle a f t ’r cyc .:e . l u c y ’ : - , t h in  ai - r e - t e l -  i n t , r - - :  i ce s  -‘u di “ t i cs I t i e s ,

some of w it l b  o:” ’  il t o t r - ’r ’ ’d in  F lj ’ . I~. jO ’ - Si’ ih at. i ‘u her’ was 

~~~~~~~~~~~~~~ , - -
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Table 2

Fourier Analysis of One—Cycle Simulation

Using Current Drive of F ig .  2.

JDC= 0. 6 8 8 E f 0 4  VDC= 0 .  530 ¶~+ 02 ipu c= U • 3614E 1 )6

1= 1 F~ 3 . 1 3  PR ?  9 . 7 8 2 7 E 4 ” ) 4 r~FF 26 . d ’4
~~= — 4 . 5 . ) 9 3 E f C 2  u= — 2 . 7 9 3 2 : + 3 2  r; —

~~~ .~~~ 2 7 E — ~, 3  x -  9 . ’) 277E - ~ 4
VT~~NP= 2 0 . 8 3  V T . k N l J =  1 6 1 . 8 6  J I A M P = 1 2 3 1 2 . 9 2 9 7  J I A N G =  2 2 . 1 1 4

- 1= 2 F= 6 . 2 7  P R F =  1 . 8 1 4 1 1 E + - ~L1 EFF= 5.P5
G — 1 . 3 4 5 9 E + 0 2  3= — 3 . 4 5 2 5 E + 0 2  8= — 9 . ~~’)15E—t) 4 X= 2 . 5 1 4 i ~~—~~3
VT It I I2  1 6 . 5 1 4  VT~~N ’J = 63 . 8 2  • J I A N P =  9 3 8 1 . 9 1 8 2  J i \ N G =  — 3 9 . 9 0

1= 3 F= 9. -Is O D R F =  — i . 9 0 ’ 4 5 E + 0 3 LFF — 2 . 4 4
Gz 2 . 0 2 2 7 E + 0 2  3= — ‘ 4 . 1 1 5 5 8 4 0 2  i~= ‘ 9 . 6 I f 3 9 I ~— 2 1 4  X =  1. 95 7 1 E - 3
vTA ~1P= 9 . 38  V T A N ; =  — 1 2 . 30 J I A M P - =  7 0 1 9 . 0 4 6 9  J r ~~N ’ = — 8 6 . h l

1= 14 ? 1 2 . 5 ’ s  ?P .F  — 1 . 6 ’ ~Y ’ ) E#~,J F !iT = — ) L4 14

G 1 .0~351L’+O2 13= —14 . 3079E+02 14= 1. 5 B I ~— 2 4  X = 1. 1835E— 0J
V T A I I P =  5~~155 V~~,~NG= — ‘ 4 1 . 7 8  , j I ;~ij ~= 6 7 9 0 . 9 4 9 2  J J . \ N ~~= — 1 2 6 . 7 9

1= 5 F= 1T,.67 p; F= 1 .2&12E +03 FFF=
G~ — 6 . 6 4 2 2 E + 0 1  ~= — 6 . 5 3 2 7 5 f 02  II = —1 .54 .’5~~—O 14 X~ 1 .5151~~— 2 3
V T A M P  6.16 A i ~~= ‘-84. 16 JI1~h~P= 7 2 ) 7 . 1 7 5 0  J i A ~~G — 1 7 7 . 4 2  
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Resulting Current

- Using Voltage Drive

~~2x I04 - r --
0 /
I.-

— 

Initial Current
I x 104 

— \._cDrive

10 20 30 40 50 60 70 80 90 100
TIME (2.855 x l0~

2sec)

FIG. 3 DISTORTION OF TERMINAL CURRENT WAVEFORM PRODUCED BY A VOLTAGE—

DRIVEN SCHEME .
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started using a current—driven scheme , where the initial curreft ri ’.’e

is the step waveform (with finite rise and fall tim es) shown in tIe

f igure . The voltage waveform resulting from t h i s  cur ren t  d r ive  w i : ’

stored am: I used in successive iterations as the voltape driv’ - . The

current resulting from this voltage drive for t i m - converged , n Lut . i.eic is

also shown in the figure and is seen to di f f e r  1 ’ ; ’ : ci the  i n i t i a l  c n i r ’:’ent

drive. This is because the- stored voltage waveform is as ap~ rox .ic:ut ton

of’ the actual voltage , i.e. , it is comp osed of l ine  segment s c un n - . c t f t ih

the array oto r ’an ~e po in ts .  Because the lic ie is so sensi t ive  to v m ~. t ag~

variations (eccecially  changes in slope that  a~’~’~-n t  ca lcula t ion  of the

displacement current), the error inti’Ou ice’ i toy t h i s  r e p r e s e nt a t i ’. ;  in

Su i l l ’ . ’  ieuit to distor~ the corren ’. wa~ et’ )rr’ . The current spire at the

end of the cycle is tue to the dis cc ’to t -i: ist :~,’ between t I e  m m  ial “ .5:1

final va,lues cm ’ the -:el.tago irive. If ~h’. volt:: 
- ‘ - drive is modifi -..‘d

so that the d i s - ’on t i r . ui ty  i s  made more gi’;-u:, ’ i , I ‘~n the resul t inC ~o t ai

current will differ from the original c’.ito:”~nt- dr i ve over a c r:’es;--n nd—

ingly la”ger  por t ion  of t he- cycle .

Table 3 : :h :w s  a Fourier  analysis  ol ’ ti te l’i : n ’ ii c- :nv e l ’ C’ ’:~ so lu t ion

t’~~i’ this case. Tabl~ 14 shows tim ’ .: Fo nr i or “ .n :ul’,e: ,: of the f .i r ’~~t c,’cI e

ci  c i m u j : t : ’ ) m  :‘ : . ,r w : :i c h  the si ’ . - ;  p r- -i cno’r’’ ‘ ,t . 1 r 1 , ’e wco used . Agn i m - ,

good agreement is oh:’erv€’-i up t -~ the t h u s :  : i : i r m - ’ : i - ’; however ,

these wave t erm: :  are unreal otjr at the Phi rd han” sic ‘-L’auc ’: ‘tie

real part. of t h e- i rnip - - .l ar i ce  at the t h i l  r I  hi - ru:- ‘ iii’ in p ‘ - i i  iv

On the basis - - t ’ the above j n l ’ rr ‘.t I Oi it ,oi: dc ‘ l i e - i  -u 0- 1 gn

the ampli f ier  U . : ing uii ,L y t in e  fi m’ :t t r ’- -~ 1 ‘ i n ’ I n o n i  ‘o . Tie re: uj~ S 1 :  1 1 —

cated that good charac te r  I cat ion of t h e  di-  ci - c’ - d l  b~’ obtal n:” I to :1

a one cycle s imu at I n at biese ’ ‘ i’eq c m i  ‘li ,; . TIC - nod s Ion we : Sii

- . - - - --— - -5 --5 ‘- - ‘~~ - -
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Table 3

Fourier Analysis of Converged Solution of Fi g.  3.

~~~~~~~~~~~~~~~~~~~~~~~~~ voç*~~41E.oZ~
~~~~ ‘°1. *‘9o’~’~P = ‘ “L~’t~~~~ ’o !ff’ ‘tFE= -‘ 2 rumtt. ~~~

‘

G~ —S.6048E +02 B= —2.4247E+02 R= —1. 5029E—03 X= 6.5018E—04
• vTA MP~ 20.12 VTAN G= 162.29 JTA MP = 1337 4 .7 8 13  J IANG= 14.82

~~~~~~~~~~~~~~~~~~~~~~~~ 
. -  T,-

~~~
’ ’ - , ’-

~~~~ ~~~~ 
- 

~~~~~~~~~~~~
*fr~tZ ~~ 1.00 PRF- t.’?$8E.04 EFF= 4.34
I’GP ‘t .2~ L3~.02 ft= -e.514V.c2 R= -1.5466E -03 ~. 3J37b*~S ‘

~~-v1 p~rn. -3~ VTAPIG= ~4 J1A~~~= ~~~~~~~~~ j1’A f~~—~~ .~~

1= 3 F= IC.51 PRF= — 9 .3372E ’sO3 FFF = —2.25
6~ (, ).O’1~~~~~’C2 ~~ —3. p~ 4w~?eL 1= 1.3o5e€-” 0 3 ~~w L~~D5U.~t~~V.i -~V’T 4$P~’ 7.86 v ’T*NG= —5.27 J IAMP= 6033.7266 JIANG a —72.O~

I~ 4 ~ 1l~..OI ~ RF=~~~t.3fl5~ i~O2 t’F F
G= 5.6?73r+cO B= —6 .4078E+C2 P= 1 .37C ’sE—O 5 X= t .S6C5E—O ~VT A M P= ~.8R VTANG = —?4 .51 J 1A M P ~ 75 7 f l .8 1 5 0  J I A P ~G= — 114 .24

!~~- -‘5 F= 17.51 PRFi —8 .9t2OE+02 E F F ’ ‘-C.22
6= 3.7491E4O1 8= •-5.1804E+0Z R= 1.38’~~E—O 4 X= 1.920ZE—03
VTAM P~ ~~~~~~~~~~~ vrTANG~ ~~~~~~ JTA MP -’75-3~~.~~T -r TT’AM,~ -i1~j .~~~

BEST AVAILE4gj~ COPY
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Table 14

Fourier Analysis of One—Cycle Simulat ion Using

Initial Current Drive of Fig. 3.

- 

~cc~~
- fl.4*7f~O4 ~~~~ .* 5~~~~’u+~

; #‘U~w p .43rbtyo6 . , - ~~~~- ‘

Em I F* 3.SC PRF= j .•~7~4~~~5 EFF* 2~6.95 . 
‘ .

C— — 5;tt 6~~~+O2 ‘-
~~~~~ 

_2.467~ Pi’.0t P-- -~~ 1 . 1 O’~--~1 
‘
~~ ~ .1~~22F 4~~VT A~~P 20.10 VTAN G =  162.44 JJAM P=1 377 0.0 3 52 J IA N G =  14.32

- I— Z ~ - - T,00 - P4I~’- L !3~~~U r0 4 ~f~’-
6 —1.3229E+02 8~ -2.73O~~4O* *~ ‘-1.4374E— 03 X Z.~664E—o3
VTA $P~. - 17.25 VT*~6= 58.~~ JfAMP ~ 8972.6563 J1A~ Gm 

- 
—45~75

1 3 F 10.51 PRF — 9 . 3 6 1 ? t + 0 3 F F~’= — 2 . 1 5
G= 3 . 0 2 3 5 E + C 2  4= — 3 . 8 9 4 9 F 4 02  P 1.24 3~’ [ — O 3  X= I . 602 1. E— 01

-
~~ A 4P.. - t.~~~ VT f’~G~ -4~~~ 

- J 1AMP= ~ oZ4’~ .3000 ,Jt hl.G—. —rs~. ze
4 ~ s t4.CL P?IFm 5.9~~ 7~ 402 EF F= 0.14

G~ —2 .* M6W.C1 ~~= -~~.T7 YTt4~~? ~~= -5.4U~ flF- 1~5 ~~~ 
—

VT APP = o.9) I IANG= —?4.~ 4 J~~ •’~ - 7’452. -~’L 33 J !aN G ‘‘1Ib .1 ~

~- -1-’ 5 f w  1T.~~1 P*F 5.~Ø%~~’~i1 ~
P?. - -  

~~~~
,, - , ,“- 

- -

*~~-—2.34 ’Y1E.O0 B. -~.44Ite+cz ‘
*‘ — 7.9224E -ø~ ~

p 1.Ø364~~O3
~~~~~~~~~~~~~ VTANG*_~~~~~~l .I**$P 7176.923$ ~~~ PI~~~~-1~~~~I3 ~~

BEST AVAftA24.E COPY
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motivated by the fact that RCA has succes ’.’.f . ’ .l ly  - ie s igr :e- i  e- TkAPAT’t

oscillator using a three harmonic design approae:i .’~

However , before useful design criteria c’t mi be determiue-d, the

diode must be characterized over the entire design frequency band of

the amplifier , ranging from the low end o f ’  t he  f undamental b’ui i t- - the

high end of the third harmonic band . To obtain th is characterization ,

the diode must be driven in such a way that negative i”~::istance 1’.:

exhibited at least for the f irst  three harmonics .

One current drive which does give nega t ive  resis tance is shown

in Fig. 14, along with the resulting volta~’c. The d r i v i n g  current  is

triangular shaped and reaches its peak wO’ n the -zoltage is low. A

Fourier analysis of this one cycle simulation is given in Table 5. It ‘ 1
is seen that negative resistance is exhibited 1 - n ’ the fi rs t  f ive

harmonics. By making the initial rise of the current drive steeper ,

higher fundamental efficiency can be ohta m ie - 1 ; Ic e maximum efficiency

thus obtained was about 30 percent . This Jriv in ir~ ‘~ r:’ent. is s imi l a r

to that experimentally observed by Snapp 10 as ill’. “at el in ~‘ig. 5.

A series of’ such recults were ct-tn ‘ nt~ i I” ‘ - i i f f i’er’.t frequencies

and for different values of capacitance dire:’tll; -in paral lel  wi th  the

diode. Knowing the diode impedance characteristics over a frequency

band and the required gain , the ex te rn al  r i n ’ ’ui r equ i rements  coul d be

determined. The t~ p ’  of circui t use ! is ill~~: t n t d  i n  Fig. .

The power gain of such a r’-flect ion - ‘.mi Li m~ 1: g ive n , by

P y ; * .
out 

= 
P N

P. Y + Y  ‘in D ~

where is the h o d : adj in i I -tance (ole :11 n e :  I ron eLly: :- ‘n ii I’, ‘ ‘ l i e one
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Freq uency =3.988GHz
100 - - 40

90 - 11 A ~~ — Current - 36

80 - / t / \~.) Drive 
- 32~~

70-
/ / \ -2 8~~

~ 50 — I Vo lto ge — 20

~~~4O- /
> 3 0_ /

— 20_/ - 8

10
7
1

0 10 20 30 40 50 60 70 80 90 100
TlME(2.507 x l0~~ sec )

FIG. 14 CURRENT DRIVE AND RESULTING VOLTAGE FOR A ONE—CYCLE 1~IMULATION

THAT EXHIBITS NEGATIVE RESISTANCE AT FIVI’l HARMONICS .
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Table 5

Fourier Analysis of One—Cycle Simulation

of Fig. 14 .

4).I ~~~~~~~~~~~~~~~ 
--  4,5 2 3F+O-~ - P1)-C = G • S ~ 2 E+ 4’~.

~= I F= 3.99 PRF = l.0467F.05 EFf~ 1Y .69
C’- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ 7~ 49e~$~~_ 94 X
VT A M P =  15.29 V F A N G =  ~4g .43  J 1 A ~’P-= I ! 9 4 3 . S 5 3 1  J l A ~~~= 9.66

- - -~~~~~ -----1 .-94 - - -P4~~-=-- - . 4~2?4 ~-+~ 4 F 1.95 -

6 — 4 . 1~~4 6 F+ O 2 8= — 4.qS6nE+02 P — 9 . 9 4 6 0 F — 0 4  x= 1 .1780E— 03
VT 4MP~ 14.21 V TA N G ’~ 55.71 J TA ~AP L22c)5.I445 J 1~~NG — 63.21

1= 3 F~ ii. c~ PR F= 5 . 2~~f l5~~.O 3  E U F =
G= — L .2 1 4 t F + 02 R= — 3 . 8 U , nl J F+ 02 ~~= —7 .35 c 6F.— c4 X= 2.3495F—0 3

— A M _-q-.24----~~~ N ------—14.4S- -~--J 4 AM P - 73O~~.81-5lJ J4A ~~~~ —4 -t~2-,- 2

lz  4 F= 1 5 .5 5  PRF= 5.0835E+02 EFF - = O . I C —

~~~~~ — 2 . 2 1  24€#01 R- —5.  2S25f+ 1 - - --R - .l.,445~~€—4S---- X=- - --- 4-. 9005C 03—
V T~ MP 6.7R VTAN C ,- —54.42 J !A~~P= 7111.4336 J f A t ~G= —145.63

1— 5 F— 19..94 PRF=- 4.45 Fo.oa—---fT4 ------- ~~~~~~~~~~
-- — —  - —  -— — ----—

~Gs — 1. 9 8 5 3 E + 0 1  5= —5.9704E.0z R= — 5 .5 6 3 2 F — 0 5  X= 1 .6fllE—03
VTAMP = 6.70 VT *NC = —109.77 J .UMP= R3~~2 . 2 . 6 1  J I A P ’~G 159.32

REST 4V~L ~~;: COP Y

-

~

---

~ 

~~~~~~~~~~~~~~~~~~-- -  ~~~~~~ -.
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FIG. 5 TRAPPED—PLASMA MODE WAVEFORMS FOR DIODE B OSCILLATING AT
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shown in Fig .  f u )  and Y~ is the admittance of the In s s t e s c  e n ~~Ung

n e t wo rk  t e r m i n a ted  in the load res i s t ance . b’ :~ - a d e s i  r e - f  gain, , i f’ Y1

is k a wa ~c u’ a part icular  frequency, t h e n  a su it a  Lie Y can h .: ’  - j e t ’ - ’—

mined by solving the above equation. This specifies the cin’ :’uit i n: Inc

f’undamental frequency band where ampl i fica t ion ccnn’r . In the  se~~-n

arid third harmonic bands , the oscillation conditi ons must  be s a t i .  

i . e . ,  = -- 

~D 
every-where .

An example of t he  required c i rcui t  impe u :nn c e Z ,. t hus oL — ~ aiu i e  I IS

given io1 ~ ig . 7. The fundamental band (so t Ic) extends t O m  ii to - ‘ 5 C i l f r ,

the r e ce nt ha rn::’ — ni Ic band (dotted) from 8 to 1. 3 LIH-’,, and the third bitu me n ic

band (solid) from 12 to 19.5 GHz. The area of the ‘li -dc is arsurced t,o be

icr~ -:m 2 . The added capacitance in parallel w i t h  the d i d -’ is 0.38 pF.

For each simulation throughout the C n - . - -~~c n r y  ba nd , I n. F o u r ier

analysis of the r e su l t ing  voltage and c u r n ’ n - n : t ,  Wa : : p e r t t n m e n b , I ike

the analysis shown in Table 5. The t’uni i:tr:nen:ta.l l ower’ gino, ’ -  1 I” .

the diode is given in Wat ts/ cm 2 by PRI” , wh e r e  Pill’ = ( — i / ~ )(v ’rAMF ’ )

(JiAI~~ ) cos ( VTANG — J I A N G ) .  To find the :v’t- :rl power iternen’n te , PRF

is mul t ip l i ed  by the diode area. The t’uni-h :imeni : :1. ~ ni t uL j’ower vn : .

fr -ce :i en: ’ ,’ calculated  in this manner for the r an ’  - iuier j,’: 111 1: t ‘ : t ..e I

+ +
in F~ig .  8. The diode is a p nn structure with a ‘ — c m i n ~i ‘ny - - n ’ , with

n = 8 x 10 15 (~m
3. The maximum power ge m - ‘c i i ’ : - at S ~:ft ‘ unn . m in n 15 iL.

The rnax i mum I’ - i n -  t im’ -~: r i  ii f t ’iciency 01 ’ 28. ic n’ m t .  ocean’ :; at, ii . ~~ diii ’,.

Fii ’i ure 0 :hiew:: the impedance V :- . 1’ t ’ r’ ’f i ’ n: a hi : i n ’ ,’ n n .e’ :’ [ : n i c:; ‘or

the ‘ , ‘tnxi ntl o,-. ’il talo n ’ c i r c u i t  :rsm-b by d r- I ‘i,’1:~~~”t”  r e i n  wj t~ j i  “ 1g .  7

points c m .  -some i mp ’ r i - n t  qua 1it a t i -~u ’ I i t ’ t ’i ’ t ’ t ’  fl u - , : t ’e ’,wer’n e:a’i l i m i e r  . -

c n n — n .  T }n ’ w i n e  v ’ r i n I  j o i n , : i n n in’ _ ; - ~- I n n : ’ -  ~~; ‘ ‘ - g .

- I in’ , I, Ol i n :  be tune - n • o ‘ ‘ ‘nor t.}~ -’ ‘nec ’ ‘- i  v i :  ‘a t ’

-~~~~~~~~~~~~~~~~ -
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(THREE 10.2 GHz TUNING SLEEVES --- Z = Z = Z = 11.3 ~2 ,
SI s~ s~

X 1 = 5.10 cm , = 0.5 143 cm , X 3 = 0.6 142 cm )10
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impedance at a set of fixed frequencies f — f~~; however , Wfn ”C s i m u~~oan—
1

eous operat~ oru over the ent ire  frequency bau d in envis ioned , i t  in ‘~en

that these wide var ia t ions  tend to prohib i t  wi-f -Lan-i - . - p ’ :n ’a h i c - n n . ‘i’l”-

ci n ’ c : i i  t c h a r a c t e r i s t i c s  in Fig. 7 indicate to i l . ‘ inc I ” -::  1 ar m i:niag l non

p an ts shouj i not vary “on s i  derably over t I c  l ’u n n : n .n : n ’ - r : L : .I - n u t  , ‘ e c o m n ’ i

harmonic bands ; I t. is oily at the high em i t ci’ I t i n ’  ‘.I n i r n : i :  i : ’r’I. r u n  t a n - :

L iiat  resonant behavior is exhib i ted .  As y ’ - t , n m , ’ :r~p c t 11;, ’ 0 of’  ‘ L i --

shanc 0 ’ H :jn i X in the t h i rd  harmonic b, ’n~ I s  n ow k u o w n , b u t

r ’i’ai” :b ly i t - n e  important than the f ir n ’ Lw - t a n n i n ;  tn - i’ : :  use tl ~ , “u : ’: l.

is ~y ’ n i er ’ o . ’ - i  at  ‘h e  t h ir d  harmonic.

The next step in the inventigatiomu wan I - level -p a r i - n i t  w luic:

m e a n zes criai’ai’~~or ’i  :;t ics s imilar  to those ,.,f k i g .  ‘(. This is l i s c u . - :; e :n

in  the l ’ul.I ow i ng sect i - ru .

I I I .  ~l YIl’1 I1ki~IS OF CIRCUIT CIIARACT WilI “ 1  (di

The o bj e c t i v e  of t h i s  phase of ’ the inves t  i gn3 t, i c r :  was t o ’  de I . ,,~ r mn i me -

the type of lossiess network which woul d lead to a ci : ’ : : ,  -

of the i. n i ; - ’-’ - ’ i : u : : ’ r -  O h : ’: r ”~~’ t e rj r t i c s  of f i g .  7 .  I I  w e  rile ’ 1:011 , ’ den ’ - - n it ’—

si rat  1 e ‘. ‘ i n ’ ’ I U- t i ’  no me ~ r~~’•’i s ions  b e  r I_ u n  i mg in I- he c ‘c ui - to ’s i O’li ,

t ’ ”~ - ~~~
‘ , ‘- ‘n- Wd , O f ’  ~ m 1 , ., w i n I 1 r how C1n)~~’~ iV I I - ’ n ’ e - n - n i  ‘ -11: - n : ’ :: 01’ : n : :

: L , ’ i . : ; ’  I l i i i , -  w - u~~t j  r a t - l i  the specificn .ut i n u: : m i n i  ‘ - : I e , I  i n  F I g .  7.

I . ‘ a m  t n ’ , : L : t  I. e I thai, a c ir c u i  I. o ’ n c ,, c I I i n a - - i i t ,  I- i n’: .

.1 ’ : . w h o - r e  a I ‘ .c:I ’’r:: - : . w -  ‘k is piacr- in ; : n e n ’ i - ’:: W ;  ‘ 
~~~~~~ I c - n - i - ’ ’ -  - i n —

tance , w i l  1 n i t - v a’ ::yni ’::;istr the re i n ,  ‘‘e n in : :p - - n -  - , ‘e~ o ’m~ Li ~ 1 ~‘ l  ‘ - ‘ m i

‘ h e  i m n n ’ t g i i ’ n . n ’ ,y pmi r t  c t  I n -  i n ’nnpedance 1: ;  I n - i  1 . n i t -  l - - p ~ d ’n ’ - - ‘ ‘ ‘ ‘ i t  I - : ‘ni i ’ ’ n : -~

- ‘k , i i  j n  I , :  w ’ -  I known from ho: ; ’ i - ” ’ - - ‘a e n , ’ , ’  ‘ h i ’,’: :: t I n t  -

~~ A - - - - -  ‘ - ‘ --- -~~~~~~~~~~~~~ ‘ ‘~~~~~~~ ‘- - - .- - ‘-- . , -- -- - - a_.
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for a 1oss~ ess n,etw ,;- n - K .  However , i t  is ma ’ :~ m~ l y -  -m t - m u n ’ ’ m u t  f’ r ’ :: . ic. T

~ x , ’ l , - < 0 t’-: r rn no ,-: . of ‘die frequency range tfnu- n vie at ‘. m, ; --~ Fr  c i - ’ - ’ ’ s

n’,’:::: l ance t:r ’:

A o l  n ’ c :n i  I. w i d r i m  reasonably a p p n ’ o x m m n a t t ’ s  I I  ‘ n ’ - -  m l  p a n ’L  of ’ ‘1 - ’ . 7

in: a ‘ t n t  - - n i n n i - c i a r a m e l, r’:tnmn ; t ’ormer whose m c c l  I - m n 1 - -r ig lJ~ “e’~ u ’ l u e s  P m : ]

- - - r g t n n  w t n - - I ’ e  the real part of Fig. 7 n ’e mt ’ ’ f : ” ,- i i s n - n : : x i n n i ; i ” : . ‘f l u-

f~ran:’ t ’ - , - r ’ n : ; ’  :‘ we nih be matched to about 10 0 tta ’  ‘i eli -U t , 1 1 j ’ ’ l i i : , - ‘In ; -  - n il -

::eoc , -ni h n i a r n m i u n i i c  bands , and the r e : ;  :‘a ’ ’t .. w, ’ : n l  I in : ’ m ’ i - ”is c ’ Li ’ t i n ’ -

value of the load res is tance at the ha l f—w: , - ’e i . - :..‘t.hi t ’ n ’ t - p le f ln ’ y .  !u~~ ’” uigb ;

:-r t : i m u ’ i a r d  t r a n s f o r m e r  designs were i n v e s t ig at -e f , H wa s  i ’-.: - - -- nid n ~~~ I ne

behavior of the imaginary part of the impedanc e fe- c t iu e  t r a . n , , : t o  “ n : ’ - : ’  we .:

not m u  good approximation to that of FL” . 7. In ‘ m l , in m a e  v iri: ,i~~y

of tLe Pa 1’ wavelength frequency the imaginer ‘:~ 1’:,. rt ; ‘e ’ :cr ; es  mi pc -s i ‘ lye

maximum r athe r  than the required minimum I mo p : ’ i a n : - , ’ . 1 n i ~ tl u - - t n- -‘ re , “- ‘err

F’or-tcn’’s reactance theorem it is seen t h : n l , t i n t - - n ”  - m ien nu n ’ c x i  :mt a

1. o: :s iess network wh ich can be placed b e t w e e n ;  t I n t -  t n ’ ;n . n n i ’- - : ’ m t - r ’  ar id  the

‘ i i  i t :  t - .’ g ive  the  c ‘)r r e ct  imag inary ~
‘i:’I

f . . ,mrn p : u t e r~~aided  - m e s i g r u  techni ques v, - : ’  : n :”h  I . ‘ : : y n I  ‘ -he si :‘e ‘- l ie

reqUi roe imnipedance. The circuit consi :: t o - I  of a n a -ppr .’ . t  I i  n: n t ’ d

sec t ion :;  as i l lustrated in Fig. 11. Phi’ ‘b ,i” :’ ’ .n’ ; n W e  I.: - l e t m u l e -  t n t

r h a rm t c t, t ’ n ’  i s t i m  impedances and sect ion 1 en o ’t . m n : ’ , , . . . , - -

~~

. ) cii i

( i~~ . . . , i ,~) so’ Lf u: il . - ‘ ( i a n ) wo’u, 1 anpn ’- -X j n’;’ ; ’ - - t ae I n ’ . ’ - ‘ n t - , ” ’  C’ ” “‘ 0.

nun , m ! - n :t ’ ,v in pose iL ~~’ . If  the fo i l ow i r i i — ‘ m m , : ‘‘ ina’ t-~~~’:, is :‘. ‘rn . -’ - : ,

NFREQ z ( ~~ ) — - -  ( ‘ ,. )
11 = 

1 N ‘ 

~~~~~~~~~ 
‘ (ii)

L~ ~~~~~~~~~ ~~~~~~~ -
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wher’e Z (ji,:) is  the  impedance of Fig.  7 up t ’ - ’ i Ci oh nut Ii ,.: ‘n’ c’t’.’ l ’re pm:- ni -ni en

,an 2 ~an NFR E Q ) , an I where p is a positive in’ - ‘gd ’ , then  t h e  p t ’ b .l. em

of synthe sicm i ng v ( j ~~) becomes equivalent to f i n d h n g  (z , . . . , I H)  aru i

(l
~ 

lN ) such that  El in  minimized .

The :d,- ”’-rithun used to generate the : -  l o t  ion  ‘ton ’- ‘s e n t  : 1  lu- n’ ’ -  i :m ‘ r u e -

ci ’ the Fletche n ’ —u aw~.-i  1 min imiza t ion  schemes . TIn - in i n n  i n n i o a t  I - ‘ i n  ~ i’~~g n ’m nn

was written by Prof . C::i.ahan of The U n i v e rs i t y  of - i i ’n l ’i , ” o n .  ‘J ’ tu j S n r t ’ t , h c - ’ I

reqad ; ‘,a: c - i  I cm:; .ation of’ the partial :ie ’ ’i va’ .ives  ‘-1 ’ Ii w i t h  m’ u ’nI’ ec’t to the

. ‘p t Oei I sing p:-in ’:U - - t e  n’ ::, which are easily ol t a i n t I re -rn on ;’  m l  - 1 w ,rk

- . :mliceiation em : i n n : ’ t he  nc ’:t i ; ’n dc ;  described by Baxu~ Len’ . 11 ~~j : m’ .:gi’’uni w.’ ,.,

(“na r i l to be very e f f ’ en ’’. ive , especial  iy in m -mn- b .t’. - n ;n, a w t a - n  t I n n - 1 ruiti 1

v :-i I  nies of t,nie opt ’u m n  -n inn ’ :  earameters a re  f’ n i ;  ‘ 1’;’ :- . - t ue v:uI nec’  t n . the - r r ’ 0

t ” .u r uc . ‘ion mi nimum .

Fin’ ; t , :t ‘ ‘ - n ’ i.e’s a” minjmizat i o-ru : t”,mr’ -t fm ” c- - v - n i n e :  II ‘c - -’ -

ca r r i e d  — ‘ c i ’ L - ‘,l m’t ,er’mirie the c i r c u i t  — . ‘ - ‘ n n n - l e x i  ‘ . ‘,
- n’ u I  n’ n ’ ’ i . 1 w’ - , ‘ n , ’ - - , ; m ’ n ,

so t,}~.’;t, :: , , ( j w ) wa’- :‘,-:,, ‘ -. -m ,, ’n.b i v close t - I~~, ( , i - ) ,  - n I ‘ I :  i n n- f : ’ v ’ ”. ’ - m i ’

-- r: ’.aimne d t - ,- us ing an (t + 1) section :“ i ’ e ’ m i t  i n n - I - ‘ u - n  01 ‘ m u  ~~~~~~~

e j r ’ ’;i j t  wa n - n’ n i n : -  - r . It. w i , ’, 1’- .in i tha ’ ~] = , : t~~~~~ r;e 1 . 1  ‘1 l I e n i  1

r’ ncmni t : n i t . n , mi t , I - “ in ’ . ” . ‘in tm ; - C i ndam t . ’ m n m . : u ,  ‘ n: -r se~~- ’ n , ,1 h . : t n ’ n :  ‘ri ~~~m :“.- -nut - mncy

bird: ; . I t . W a , ;  h i r e l  t : i m t t , :; m ice l i t’  Ic -w n’ is f - n i - - : ’’ ‘ - - ‘ . ‘ ‘ Hn ’ ’

i - i  ram; i n ,  1: , ‘_he m i ;r:: ”n l oft n - - -t ,we’-m , 1 , ( ,~n,. ) ~~~~~~ ( , ‘ ,, ) i t ’ I ,I’ .i ic,n I ‘~ H n ‘, - ‘

I I n n ” : r’ I - l u ’ . ’ “ r n ; - ;  iuier’ n ” - r’t ’- ,r’n,’t r;ce . F ig  i n ”  - 1 7 e l i  , n H i -  - m m  t .  ‘
.

- t b t , mH ue n i ‘-- r ’ ’ . umn t’-~ sei’n , i -ru s ’ - -~~pe:l line . i’r,(.L ’ ) m ’ ‘ a - I i  - i n ’ w i  in a

‘ — pm - .  I ‘cc n - n ’  n i,i m u m ’ , -mu u I ’ f x LC ~~ cr ’  I a n ,  ,. I , .  ‘~ . ‘. ~l -  ‘ . o n ’ I n i ’

n’ - - n - c  n - : I ’ .’, ~u I t ’  -t- ‘ n  I i n  the 3 t n  P III ,‘. n~’: cc n ’ ‘~~
‘ I I : 1 — - m u  : , m n l

I a ’’ 1’’ ,’ p c’t . . ;

inn tt , i m ’ ‘ H i  : n  in: i ‘ ‘ n t  I - - il t- m ’o’,.m n ’ U’ ., : ‘ - , : ‘ e n : ’ ” ’  L ,’, - n - , t : m : ’  i f ’  L u ’ I inn  L t

o i r - ’ n it p n t : : u m n o ’ • - : ‘ : ‘  i t  t h e  ~-m r u r  fun d f o i l  m m ;  u r n  i nn  a - i  1_I ; I n n  ‘ ‘ 1  to te-

L4 - - -- - ---- -~~~~~~~- ----~~~~~~~~~~~~~~. -- —— 
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unrea l i ’ .mab.l ’ : . For example , one or more 01 ’ tue - ‘ S or L ’s at , I n n ’ - ’ solo’ i -nm:

point coul d t .i r ’n cat  to be negative . For t he  ci r’ vu i t  of F ig .  t2 tee

pararrieterc’ were all positive , but the values t ’ - r ’,h e  t ’ i n ’ : : t . cm e ” . i n . ,

Z. = O .O7~~ 0 and 9.~ = 1~.l2 x lO~~ m , mine ” P -L b  1, - v  snai l I , i - is’ r e m : !  i s o - i

in ,  a prac t. I ;‘ -m nfu stt ’ppiia i coaxial line . f l o w :  - ‘, m e , : - l ie I ’ ‘ n , - I , m n iH ,  t m ’: I c r , -m L f i  - 
-

is so small suggests  t l : m : t -  the f i r s t  s - n n t , i ’ n n  can 1”  n ’~”nc i~~o,[ :~~~
-. ‘,,

element . The ABCD m a t r i x  for  a single s e c t ion  ot ’ lon ’~~1e ’ : ’s 1 , i n c ’  0 1 ’

length 2, cxi i character ’ is t ic  impedance Z is g iven by

rA Bi r cos (p9.) ,I Z : ‘i n  ( f u ’ ) 1

L~ Dj 
= L~ 

(~ i) ccc (
~~~ ) ] ( i ; )

where ~ = 2it/A . If 9. is very small comparc n t -  ne w’:’,’°J.onup’Ii : A ,  .l~’-n

sin (~~~~) ~~~ , and cos (~~, ) 1. With t !uc ’:  ‘ ‘ i i a a g ’ . - ’: tb: 13 t e r ’ n - ’  n i c e ’  : 5

jZ(~~9.), and since’ Z and ~2. are very mc m l I , I , f u i ~ m 1 , - t m rn- ,’ P m - t u e - el ,- ‘ 1 , ’ , j~

Using thes e a p p r o x i m a t ions , the matrix b€’:’,’:mes

n-r;, ’tre V i n ;  t i n ’ -’ velocity -o f’ light . H’.’-w’,:’, ’ - ’ ’ , n-on, . I ‘- i s  ,~- m st  i , I i c  ,‘, i - - ; ’ ;

matr ix Of a s h u n t  c :u ~ i m n . ’ it  n - n ’  with a can- :t, ’i ‘ ‘ i n . ’ ’’ - I ’ ‘ P 1 ’ .v  ‘an’:~~’ , : . H , i .

-: p , : : t , f n : t ,t, t i n ’ - amnpi ii’ icr  c ire ii t sh~ - m l  on n - n o :  - n ; ’ mu , m h n  i t , ’ , ‘ - t ~~~” , ; .’ j I , n r ’ n : .’P

at t l u t  n I l o d . ’ t n ’ n ’ m m  ironIs - 1  a~
- proximately 1. ;i ’ . A so, m ;; t n : ’ - H ~~- . n ’ ’

t ’ n m r l f - n n ’ or  n — i  r n c ’ i  b a L i  ‘a i t  we . :- :u:’ -sumed t i n  m u m , ‘ n m  m n - n  -‘ nt - a -  H ‘ n u t”  : “ - n - I ’

I r u t  ‘ h i -  ~L f  p I c r  ‘‘, : :j i t n i l ~~ . Thu s I n :  i ’ m ’ ’ ’ , ’. , I i i , _ ’ i i i . i m r ‘.‘j dt ’ ‘n ‘ : n I

ad n~~~l “ i f - m n  - i t ’ n m m n ” of ’ approx imate ly  2 . 3  f : m - .

- --~~~~ - ..~~~~~~~~~~~ ---~~~~~~ - ~ -- -- --~~~ .. . . .~~~~~ .-~~~~~~~~~~ - .-. -~~~~~~ i
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Figure 13 shows the resulting ci;’ -,u i i t ;  ‘ t u L l e  6 presents tie -

characteristic impedances and lengths of tine sections and also the

final error funct ion gradients at the error function minimum point .

Ihe meaning of these gradients can be understood referring to Eq. 11

for E ( Z 1, . . ., Z 8 and 9.~~, . .  ., 9.~~) .  For th is  p a r ti cu l a r  m i n i m i za t ion p

was set to 2 , and

GRAD(Z
1
) =

GRAD (9. . )  = ‘s.’— . ( h i )

Therefore the gradients are a measui’e 01 ’ k n e w  much the  e r” . ; ’

function E will change if a single parameter is v m t n’ i~ ’I . It is seen

from Table 6 that variation of or Z1, or eqnmivaient1 ,’~’, vnnr’i atiro i o1~

the shunt capacitance at the c i rcu i t  inI ;. n L , w i l l  ~‘i r o d n mc’e  a Oi ; : : I : t , ’ :e in El

much larger than a corresponding v a r i a t ion ;  in  a n ’ , n i l ’ t i n e  other’ parameter::

woul d produce. This suggests that t un i n g  ot ’ Lii’ ’ amplifier circui t can

best be accomplished by vary ing the shunt  ‘oJ”lt:it muic: ’.

F ’igum .’e 114 shows the e f fec t  on i’,
1~( J w )  of , t ’ ’ : ’n ’ i ’ : : : : ing the  :.ml i um nt ,

capacitance from 1.83 to 0.69 pF. Compan’i:;on wi t in Fig. 12 ,du-cw :: H i n d .

decn’eas long the capacitance tends to make n -- I ! ;  I n O real mu n n , i  i m n m n ’ : i m n a n ’ y

parts  01’ Z N ( i w )  snore pos i t i ve . Figure 15 , :H ’w: ‘- i n ”  e f fe c t  o n ’ in c l ’e : ; m H i n g

the shunt  c a p a - m i  tance from 1.83 to 2 .5  p 1- . fomnn f- .’:n’isn ’n: ,;;ue~’, : in :, ). the

el ’i ’ - :’ t . i n ; mostly to l ower the real I - ’: n ’ l  01’ . ‘ . , (j . ~- )  i n  ‘ m. - - :me, .’n~r u , I  and

thi r I hmi rmnu ’ni ’ bands .

___________________________ _ _ _ _ _ _ _ _ _ _  _ _
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FIG. 13 AMPLIFIER CIRCUIT USING A LUMPED CAPACITOR TO REALIZE THE

FIRST SECTION .



—33—

Table 6

C i r c uit  I’arameters and Gradients  at t h u ’  H ; ’ : ’ :’ ~
- i n u c t i o m i  M i n i m u m .

GRAD ( Z . )  L , , ( m )  GRA D( 9 , , )
~~ __,i — 

1 1 1

1 7.49x 10”2 — 0.542 4. 12 x 1O”~ 988

2 7.35 3.36 x io ’~ 1.38 x 1O” ’ 8 .49

3 12.8 — 1.50 x io’~~ 1. 06 x 1O~~” - 0.411

4 20 .3  — 1.86 x io ’
~ 1.20 x 1 0 ’  — 2 . 18

5 25.8 — 5.67 x io”~ 1.43 x 10” — 1.38

6 28.8 3~~99 x iO~~ 1. 42 x 10” — 3. 65

7 33.9 9 .34 X 1O~~ 1.16 x ~~~~ - 2 .07

8 42.1  7 .20  x 1O~~ 1.26 x 10 ’ — 5 .92 

- - . - ~~~
,.“ - - ‘-“--- .“~~~~~~.‘ -- - - - - -  ‘-~~~- ‘ - --~~~~~ --- - -
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i )ktf:i’ ~ = 0 .5  p 1”) 
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iV.  CONSTRUCTION AND TESTING OF TIlE CIRCUIT

The circui t describeul in Fig. 13 and Table ‘ -  was fabricated an;

a ‘‘ -- axial stepped line . The shunt lurn J ’.’: i— ; : le n : : e n n l  ;m: trei- ’i :,‘- , t n : m ’ n  we m e —

vided by a ceramic disk :.;urrounding the di C: 1” pa m l ~’ae e , mi , ;  i ll;;strn;l,’n-I

in Fig. 16. By varying the diameter of t i n ’ -  nnn ’ .’L::[iized layer in. c’um n tma ’L

with the top of the pa;’km -ugu , the  shunt t m U f ” e ’ i Lam ;- ’~ m c cl,] H: cmi  m’ .i e - i

:n evera.h ceramic disks with different metall i s-at io n i i am - u~- - ’ . ’ - - n ’ . e ‘n u b—

rica !. ’’ ; ‘ . - - provide the t uning capability 111w;! ;‘m:.t,~- -! 1 m m  fig :; . i~: a n n - i  15.

To provide more flexibility, the reinmaini rn ’, :;e’jen m c :;It i o n ; :  we;”  - I ’:i b-n’ n ’a ted

separately , so that all seven sections n’ou i I :11- i ’ -g e L1 :er tin forn:, the

stepped l ine . I n i t i m u l .cy three d i f fe ren t  i - i cem ,’s ; - ; ‘ ;an’ ,’ i nn , ;  lenn :~Ll:n w~.-n’e

made for each step , with the middle—sim s-al pieces c:.-rH ’,. ’ rr’ lug to the

values gi’zoru in Table 5. Thus the c i r c u it . cm i i - -  1 ’ rt h , ’ ‘ n ’ u m : ” - ;  by

changing the lengths of the 7 sect ions  sepai’:i t ,c i~~’ .

Diodes of , ‘ — fj rmi epitaxial width were bond : - - I i n ,  smm ; a , I ]  i ” - . ’k ’ : .genn

d e ;ign e d  to operate up to 30 GHz , so that the r~’ n. n ’mu , ’ i t ic  , - m k , t  i n  i - u , ’I  ‘ ; m : , ’e

was reduced ‘ m l  the parasi t ic  capacitance I n c r ’ e n u s e - I .  H x ’ : n m n i n a t  I - -n “1’

~~~ 12 shows t~u a t , Imn{Z
N
( ,;w) } is already muo n’ ’ - p . n ; v ’  t n - n ;  l mmm {Z

8
( j-’ ) j,

so n,nio t i i ’ ’  I ntroductiorn of a parasitic ,l n -1 , conc;- -~ n n u - n u L  ‘ e Irn{ ‘N 
,i- ~:) }

will m o i s t -  ‘ -h e  n i  r c u i t  impedance to fur tht ’: ’ - Im-V l : iI - ~ ‘ - ‘ - -n’: n u t -  desin”- I

u’hmu ,rm t ; ’ Ler im t , ic’nm

Tine , ,e~’~
;en1 line and shunt capac i t o ’  ,i - u , -;t, - m e s crj  b:.’- ! xi ci ’ I ceo

in the “j;’n m: m I,es;n n , - ’ t , w - ; ; ’ ; - m ” box of the r ’ - t ’ l n ’ I , i o m n  - : : r ; 1 - l i  t ’!, - m ’  c i  “ ‘u i  t i mu

S i m ’ ’c in t in e  i’’si gn of thin : n i t - L w  i r k  a )O — , , t c t ’ m ; n ’u r ; ’ H  i o n  v : :,

‘n ,n mn imni ’ ’ I , it , i s iimiport~ntnt. that, the ci r- ’ ’m I ri!. - 0’ ‘ n f  - - ‘ ‘ i ; ’:: .’:s ‘,,,i ~ at, , . n ’t

l: r ’ ’ i ; ” n c : u t  l , he I n ” ’ - ~n 1 ’ - n i c ,  brim ]. Ifnf s- r ’. ’mm i ; u ’ t ’ iy ,  “ 1  n ’ , - ’ i l ’ u l . u ’ ” : m  ‘ n ” - - l t ’ n ’. I “ 1’d

1 ’’ ‘ nn ’~ t , ;:}s’ . n n , v ’ . ’ n ’  a -o n~’ -  O e L ’ .u ’.’C banclwi :.m ’.,h, n .  I I n :  . ‘ ‘ - n  i~ ’

-~~~~ - ‘-‘ -~~~ - -~~~~ -‘
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MET ALLIZED PAC K AGE
LAYER

\ _ _ _ _VI Il/Il 
, I/Ill/Il L_—CERA MIC

DISK

HEAT SINK

FIG.  i6 REALIZATION OF TilE GHUN’l’ CA 1 ’A ( l l ’ n ’ : - ; - - I P ‘I’liE (‘uA~~LAL I, Ltd .
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i i ’ t he  c i r c u l a t o r  is matched ‘ n , r - j ; ; n ’ m . o .~L 1o~~’ ‘n ,: . - c - , ‘ ; , ‘, :;~ U - u : . ,

I n n ’ -  a it is n o n , ~oss ib le  to obtain a mat -h i  n u t  - - n ’ - nc~ a :.- ,“ m m , i  S

!n: : ! ’ r : , - : r u ! C  en”.c’ .-p L  at cer t a i n  isolated Crc ; . ~~ - - - ‘ Its : - i n ! h ’ L ’ . r ,  I . ’

t i n : ’  cl:’;:r, - m i t e r impedance happens tn I’a li i c-: , ;‘ L i - ’ ’  - l ’ ’ n  ~em ’ o n ’ t h e  , ‘-m ’ . ;. . i

c h a rt , .

1 ” j g ; ; r ’ ,n ,I ’T m m i u , - w . : the input imped .m u n ;u ml , - - ‘ tj 1 - n ’ ‘ n

c i ‘ ‘ ‘ Je t , - - ; ’  I’n ’omrn 2 to 14 GIIz , wi th  50— li t i ’ n i : i  n m ; ’ I , m i~~ - I n n ’ : . : ’ - m m I

‘Pin e n -c -~~j , r rn ;i tch h e r  t iu c  furuciamental ,,,‘Ou r : ‘ i L  . - Cu C I . . A m ’  ;‘ i g.  i - ,

s O W : : , i t :  70 i n m t p ; ’ e m l s  t h a t  at twice  LhIm ~ u - a n - ’ , , , ‘ 1’ Jb! - Cli m- ’, ,  ‘. :- ‘ I ’ ’—

cuj .at ,or in :  a i r : ’  - wel l nat .clncd . ‘LI: en’ - t ’- ’- r ’’ -we : . . ‘ t u ’ - ‘ i n ’ 1 -  ;a - - n .  ‘ - -

‘ j ’ n ru cy  i n :  :‘ . L ’ :n ; e  1, - ;  3. ‘C; Cliz , the mm ‘ - . I, v I - n - i  - n-n - u - : 1 1 ,

L n n ’  - I ’ in i - l - ’ : n ’ -. : m n l ’ t I ‘ u r n  I ; -  - u m e r u n i  luarrnori i c mu t . I ; - ’ :  ;g i n  ; i~ - a I . n ~ 
- I I  i n  

-

tn - n i n s i ,  ed’ ,’ i . ’ -  q m l . ’ , n n n a . l . I

‘Un ; - ‘ullts’ ,’ i’ ; ’,e this matchino, problem , ~ ne i - - ‘ ‘ n i t  - n ’ ‘ 1 g .  ‘ -

hi ’ ;:: oi l f ’ i ’ - - - i  i n ;  . ‘ : ; - - w n n  i n  ‘“1 c . 19. ‘ [ ‘ i n n ’ - - n i g ’ : -  - i t ,  f l , - ‘n m m n - I m , r ’ , o n I  ‘ -1  ‘ ‘ n : ;  I , ‘u ’

hi  .- ‘ f ; n i a m n s  n~i I t s  - ‘ iS - ‘ i i i , - - ‘ I ’ :: 0,1 II J I ; t s i L ; ’r ;  1 i i-: ’ - an - ‘p i  mn - ‘ i i ’, ’ ; ;  i t , ;  ; n ; - - ’ - ‘ n

I C -  ‘u n : , I ’ c : - ’ m n ) , :n t ’ n’ ’ - n n , - n i u ’ v ;:’’:’s the n u , o~ I , ’ ‘ c ’— ; , , - m ; n , i ; L  I n n - ~ ’ - n : : ’ i , ’u ’ :, t - n ’ ;

2 : 1 ’ l i i - - -, ‘ i m ’ - , ’ n u j ’ i t u r ’  t .; ; ’ ougo  the lowpass ‘ 1 1 1 : ; ’ . : - ‘ n ” ’ . m : . ’ ’ m - . ,’ i u - , : ‘ i t ( Inc

ni ‘ n i l  a n ,  I n d ;  1 r ’ I t e n  - n i -  hands an’ :.-- h i  ; n : k ’  ‘ - I  I n n i ;  - I v’ m - ’s-u m ‘ i i ’  u - n ’

v ; , , ’ n u  I , : ‘ ‘ i t - l i ’ ‘ u r n :  : : m - l - t -’ n i m ’ ; ;  as :u m u ~‘ f - ’ a.n C L S L ’ ’ ; i  . t n ’ - . ’ - 1 : 1 ; : :

- 
- ar  - n - n ’: ’ ‘ n -  - n t , , ’  50 ~ 1 , 10’ i n e i ~i u t . i I~ - I ’  I gi - i n  - 

- S - - . 1 :

- . ‘ -  - m i x  I — n  I - - t - ~’t- l .1 1 t ie w’ : ; i - : ’ ‘ I - ,, - i n - ” I i n ’  , ‘ ‘ i n : ’ ;“ “ , -

~ :- ‘~ , - i . r . I .1~ - - u ‘ t 0:. : inc n t  ‘ m u , ’ ’ ’ , I f l : ,  I , ‘ ‘ i ~~~ ‘ . n f - ’O I I - i. ,u ~~ 
- - : ,. , ,, -

- 
-

- ‘ i ”  u 1 . -  - - I  I -~~ I . ’ , ’  i ’ ‘ n ’ n n I I o { I” I , ‘ . i~~ . ‘- ‘ - , ;\ n ‘ ‘ n - u ’  a ‘ - - -~- ~~~ I - ‘ m - -

~~~
] ‘  a ‘c 1 : 1 - a- , ’ I l u - e n -  n ,‘ u ’ m - -  - m n ; I c  I i : :  K n i t , ’  , m , - r a t  t. ‘- -  - n I ‘ n C - ‘ ‘ f ’  — ‘ - - -

‘ - ‘~~~ ‘ - -1

1- ’ : - n i t  ‘ ‘ i n n - ’ I l ’i~ ’ m u ( , i o m m  ; ; ,  - ; ‘  — S m ’ 1]  I a t  I c :  w i n :  - I n m e t ” , ‘ - n f~~” r n  , , .

- i n  - ‘r - ‘ ‘ c- - t n t  I n - , mu m -

~

-- —~~ 
- .
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FIG. 17 CIRCULATOR IMPEDANCE AT PORT 2 FROM 2 TO 14 GHz WITH PORTS

1 AND ‘, TERMINATED IN 50 ~~~.
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CIRCULATOR
GENERATOR

rout

2 R L

LOWPASS 
-

F I LT ER

HIGHPASS
FILTER

LOSS LESS
NETWORK

[ DIODE j ~
‘D

FIG. 19 MODIFIED REFLECTION AMPLII’ I EH CIRCUIT .



To ‘ . - ‘iat uate  t iu l  problem , it was deci-’ie . 1 c - n in’:’: ,, ;cu-e tOe i mp e d a n c e

v s .  t ’re-~ ~cncy ,‘ m ;- mu’ a c ’us ~’j s i tcs  of the stepped I i m , c , as u e ’ t ; - r:’, i r . c - n  by

l’S’Skumug bask j u t -n  the circuit from the diode chip. This measdu’ein;er,t

is difficult to make directly since the diode is rn-s-sated at the ;;r’i of

the coaxial stepped line without any external c’-n n ;ec t ions; contact w1thn

tHi circuit. is made on the opposite side of the stepped sections v’h- - ru

the  dio,I , :  bias I-else is introduced. Therel ’or ’n i t  warn d o c i le !  L i  s ue

an I m- .I i  r’ t - c t  rn el , i n -  -d known as the d e—enr ,b e -o -m OH t. - - -c i i i  -
~~

-:‘ - to ; :u a : ’ : n- ~ ‘t he

c i - m mx Lal l i ne  n ! n ’no’acl u ’r ls t ics

Tb’; -ie—tsnnnbcd -Jing measurement l r ~~c’,- - n ~~ ro n::-  be o n n - ,.neu’sto ’ .s-i by

r e f e r r i n g  to F L H .  20. Port 1 corresponds t- ’ t t ’  s i n ’-. !, wines-, - the -linac

bias pu,L;-E ’ is applied and where measurern, .- n u t r :  s t  m ’e f to -n t i o i ;  - ‘ en - f i l e  i -not

can be made , in th is  case using a H cw ,L e t :  — t a ck ’ ; - ’ ’. N - : - t -,u n r ’k Ar ; ; - : ly z e r .

The Incident v- I tage wave is a and the n’oi’is;ct, - -! wa-i ts at p-srt  1 is

b .  Port 2 corresponds to the diode chip t e i ’ m m ; i r , a i nm i : n n i i d e  the pa ckage- ;

a 1 is t h e  voltage wave incident and b 1 the wa’~’,: i’e!’Ie mted al . por t 2.

The ; ;nk m ;-  -wn i network comprises the stepped m -:a : : . i n u t  S C n ’t ions a s-is tl ;e

package arid m o un t i n g  parameters ; i . e . ,  e’:m .’ry t i n i m . , ;  i - n t w e e - r n  t i ne ’  b l u i m

i , , 1-’ .mt at 1 and the  diode ch i p  at 2. The -i ‘ed I ye 1; ’ to d t - ’. - : ‘n : , i m m e  t r i o

impeda nim ’u’ seen by t in e  diode ch ip ,  I.;c n~in ; n  i m .  mit I --ot’t , w i n ’- : ;  Is - u

in te rven ing  network is terminated at port 1 wI’ . !; 50 12 ( t h i n :  ‘ ‘rm m ’ i n a—

tion asnmusnes that the circulator’ shown i n n  i C r .  10) 0 : :  l i ke -  50 12 a!,

i nput t )  . h owever, it is possible oni,,’,’ n -n : n m ; e u ; : u n ’ c’ t i n ’ ’  ref .I ’  ‘c t i n - f l

‘s- - I ’ l l  d ent looking in at port 1 a r - ;  0 , - i  at 1-e m t  2. - - he ct ’ — - .- rnb ’n ’ - !dn  ng

ter ’hu ique  requires that three means v ’ m t , ’ be r m , s - I r -  a ’ t o r t  I :  
~~~~

P , and r . For each of these mc’-ims-in” :,en t  in ‘ t i  t I n - : ” , n t  H ’ ;wn ‘
m2 m3

m.inating irnpe dm :n ,me 
~

“ T 
is a t tached ~ n - -n rc  2’, i .‘ - . • inn meas irem ’, ’: , ’.
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01

00’ oi’ )i I F
~~I TI UNKNOWN NETWORK I

I I ZTII, ZT2I,ZT3
__  

4 —
p -. I

@
0 I

®

Tmi , Tmz,Tm3 
TTIt T12,T13

FIG. 20 ILLUSTRATION OF T1~~ DE-E~~ EDDING ~~ ASU 1’iT-t “INT TECHINQUE ;

S—PARAME’TER METHOD . 
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- is tek nsn w :th the  termination Z . attached . -- ‘rn n: Y i e . 20 , it inn
mmi i ‘li

; :€“ :I tb - n t

b a i- ,,~, — ii
I.- J, - ,: /

a ‘ “Ti b = 
Z . + Z 

1 = ~~ . 15,.
1 Ti o

The unkn own  n e tw’ - rk is characterized by t h i t -’ - ‘ p - t i -  r :n

b = S a + S a
0 0 0  0 1 1

b = S a + S  a . (16 )
1 0 1 0  1 1 1

An al ternative approach to d c — e n d - o i L  a~ i~ i i  : . -i: ’ ’ . ret ed in FH~.

21, where the unknown network is re pr ’ - ’; -:e l ;’t ;- ’ n a ,  . I— p a ; ’a mic t e c : . T h i s

was the f’irst method used in this invest~ gmw tiorm ccc it was r ’ - .-und t o

be inferior to the S—parameter method. A .! t o - n - u g h ;  the ’ l ut e - I r e , ; ’ es ( C . )

are used in the de— embedding equations at t ‘-“ t 1. , ‘r n -  m t c H ; e . ; , ’ n r e m i , ; c ,r ’, - ,-

the F .’s as before , hence requiri ng the m a t s- ’-- I ’ , . ’: ,j O f l  o f’ t 1i - ’ t ’ - n i ]  w I ,~ .n

t ransformation :

1 + F
= 

ml 
. ( t o

mi o l — F

It is seen t}’n. ’tt if F . approaches 1, in m ’ n , at i ” n ’ - n n . n o  n:c -l ’n l- ica i  m m ” ”

may be in t r o d u c e d  by thin ;  t r ans fo rma t ion .

Fr’ cm nu F ig .  20 , it is apparent ch a t

s2 i’
1’ = s — 

01 Ti 
= ( . .~~)

00 S F . — i
11 Ti,

i i i  I fro m : : - i H .  n I l  ,

z2
12 . ,

= Z11~~~~ ~~~~~~~ 
, 1 1 , . , ’- . H- t1

22 h

L~4 ~~ .
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I I

Z11 1 Z,2,Z22

UNKNOWN NETWORK I

I I PT1 zT2~
z T3

4 4

I _ _ _ _ _ _ _ _ _  
I

ZmI,Zm2,Zm3
FROM Tmi , Tm2, Tm3

FIG. 21 THE DE—EMBEDDING MEASUREMENT TECHNIQUE; Z-PARAMETER METHOD .
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Iii E’is . 18 and 19, the F . ’ s ( and Imi en c e t h i e  Z ,. ‘ s)  ;~e’ --  I s -n -  ‘~ m .

I’ m - m n :  mea : : i ;n ’emen t  and the F . !~~~ and Z . ‘ s - ‘11 -n m ; : ; . ’ -~~,~’: n , : r ; - -w n , tn ne:’e’~~cre
Ti Ti

th~ n, ri ’~, m : ’ v n ;u ;  are -nbc three S—parameters in Eq. ih an -i  tue ‘tn ’; - ’ eou

C — i ’ :  r arm u ’ : tomnn inn Eq. 19. Solving for these n n w m n  -wns  I: j el l s

— 
r ( I T — 

i” T3) + 
~~~2~~~ T3 — 

[‘T1~~ 
+ m

nm l 3
U’

Ti — 
i TS,)

S
11 

— 
~ ~ ( ,~ — I ’  ) + ~~~ r (~ ‘ . .p  ) + i ’  p (p  , r
Ti ml T2 T3 T2 in2 T3 Ti ‘13 m m ?  ‘[‘1 ‘I’? -

( . u )

S r r (r  — r  ) + r  c .- r’ r ,
i i  Ti T2 ml mn2 m2 Ti ml t2

0
00 

— (r Tl — 1
T2~

arid

( 1 — s  r j (r . — s
s2 = 

ii [~i mi 00 
i = I -D

01 F .  
,

1

for Eq. 18 an-I

= ~~m1 ( ( z  
Z
rn2
Z
T2
) 

_ 
~

‘ ni  m ; 1
~~~~~

m 1
~~

T 1
~~ 

‘ mn3 d )

m i m3 Ti T2 mn i mm : :’ ‘1’ ! ‘l’ s

z — z z + z (z — -rr2 ‘F2 ml Ti ~ i T i n Z  -
2 ’  

= z — 
, ~~I i )

m i rn,

a nn — I

z~2 = (z ,~ — C
t
J (i ) 2  

+ z ,1) , i =

for i!;1 . I L

T t h i i m r  w y  t f n ’ -  I ”- - i n ’  parnir ;. H-n’, -I ’ Ii , - ’ ;-’ 1 W -n i: int.n’rn -~ n i ns-

I : - t m w ’ n i ~n ; t i n e  me:tc urn ’ m : n ’ - m n t  p- rt  and t ,~ , - n i  - n ; ’- . ’H~ ,a n’ ’ - ‘ s- sn . t o  -n c -n o r

t n  - - b t , a i r i  the  three  k n i n w o  t e r m i n n a ’ rig i n n  r - d : u r ’ - - ’ ‘ , ‘,,., , a 1i~, JsF - ‘n I T  ‘ 11 -  -1€’

v’ : .  em : ’:- ; w h i c h  was n a - v e r n e - I  biased i - e l -  -~~~ ‘- ‘a :, I - w m , ,  so ‘ n u t  i t  U n a v e — i

I.L ~~ãL . -.- ~~~ -- “~~ - ‘~~~~~‘
‘_ ‘_ ‘_  _‘. —‘-~~-.— . . . ,,
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as a varactor .  Three different  bias voltages were used , for each of’

which the diode capacitance was known from previous C-V measurements ,
.

and the diode series resistance was estimated based on the doping pro—

file. Once the ZTi 5 (and r~ 1 ’ s)  were known, the measurement of

r mj (and Z~~~) at each bias voltage yielded s u f fi c i e n t  in form at ion  to

solve for the S parameters according to Eq. ‘10, -Sr the Z—parwneters

according to Eq. 21. The resulting network contains all elements

between the measurement port and the diode chip; i . e . ,  the bias T ,

the stepped coaxial sections , the ceramic dj sk nmurround. ; i , ’I the package ,

the package parasit ics and any other elern -nts which might be included

in the c i rcu i t .

After the S (or Z) parameters were nbtained , the impedance which

the chi p would see if port 1 were termi” : 5ee xi 50 t~2 (a = U )  was

obtained from

l + S
7 = zo l _ S ~~

or
z2

z = z
22  

— Z
~~

’

~ 
50 

(22)

Figur e 22 shows the f irst  de—embedding results for the  c an e  where

ink stepped coaxial sections and the ceramic j i m m y ,  have been removed ;

also a larger (il_i4) package was used . The only (‘lement in the  coaxial

l ine be~nides the bias T, necessary to se t the v - t n ’ m~ c t c r bias , was a

small dielectr i .’ support to properly position t i n e center ce-mud -ac t-i -n ’ .

The impedance plotted is the impedance which wosid be presented to the

chi p i f’ toe empty cavity were terminated in 50 ii. C and .‘I were

separate measurements performed on different d m i ,v ;  to test repeatability .

- ‘ —rn~~~~~~~~~
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The Z—pax’ameter algorithm corresponding to F’ig. 21 wa rm ~ Se(i r ’or these

measuremen ts . ZTHEOR is the impedance one would expect to see fe- n the

empty cavity assuming the bias T is well matcheii; the circuit used to

cal culate Z
THEQR is shown in Fig. 23.

There is evidently considerable dl sc r ’ep an - ’y between m m-a ;n u,r i ,’-i arid

theoretical results in Fig. 22. In addi l . ion , the peak—to—peak vam’ia—

tion in measured data is much greater than would be expect ed for such

a simple circuit. At this point in the investt~ :ition , two reasons for

this discrepancy were proposed. The first warm n’elated to the trans-

formation of Eq. iT. The r .’s are for a nearly lossless c ircui t,

since the only loss is the diode resistance and the loss in the empty

coaxial line , and it is precisely when I r 11~I approach es uni ty that one

is likely to have difficulty with this transformation . The second

reason was the error introduced by the network muialy se-:’ system .

To remedy the first source of error , it w :u ,: decided to convert

to the S—pmtra r m r - - t e r  a igo r i thm so that the transi ’e ’m: nao Lon in k j .  ll’~ was

avoided . As t’-jr the second difficulty, a netw, - -n nalyzer  error

corre cti ,,mn uru : ” Iu r ’:’ was formulated. Thin ; m u  m ’n ” -c t io n  procedure uses

the -l e—e nm ;bedding technique illustrated in Fig.  - - u ;  the S—parameters

of the unknown n i ” t w u m ’k  now represent the errors introduced by the

network n u n u t y r r r - : ’ , anul it is assumed t i n m e t  thes o n ’ n ’ o r m m  are adequaH ’iy

represented by a l i m e a m ’ , reciprocal two por t .  Port 2 of Fit I . 20 is

now the phys ic :  p o i n t  where an unknown is ceren ’ ‘ted for network

an a l -izer re f lec t ion  u ’cn e f f i c i e n t  mean ;urement .  Thon ’e f - . :’e t he  F . ‘ nm are
Ti

the actua,I, reflection coeft’icients ~ P Lb n - i ‘ r ’  kn r w n i , S t :nn dard  t ens i m a —

t i - - i n n  , i-n . . , a short , open , and matched 50 ~ ~. o ’i - 1 . T h e  m’e t ’ l o n ’  ¶ i o mu

coo ‘ I ’icienits r .  at p - m ’t 1 are the “cad I ngs -ii mn ~ ’i ayed  by t~~n i -~ nc- I Wi n ’k
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analyzer . In general F .  will not be exactly e-~ uu a l to r T .~ 
because

the network analyzer introduces systematic errors in the measurement

system . The error correction proce dure consis ts of obtaining three

measurements , the r .’s, correspondi ng to the three known terminat ions,

the FTi ’ S
~ 

Then Eq. 20 is used ts obtain an C-parameter character—

ization for the measurement errors . If the 3—parameters are denoted

by 3e
, 

~~~~ 
and Se

, then for any fu t-cl’L- mom-~sw’ernent f’cr an unknown

termination, F , a corrected estimate for the netual refle’tionmu

coeff ic ien t  of the unknown can be obtained by wr~ tir i~

F _ 5 e
mu oo (

.)3)
rTu ‘ 

(S
e 
)
2 + 5e ~~ —01 11 r n n . u  C, iS

Depending on the accuracy to which the standards are known ,

and the precision with which the F . can be read from the network
mi

analyzer , Eq. 23 should be capable of elimimiatirug all linear errors

in the measurement system .

The measurement of the empty cavity wi t, I I dielectric support

was repeated , incorporating the S—parameter al~I- - n’ithnn and ti u~’ error

correction procedure; the results are given in Fig. 2n . It is seen

that as a result of the error correction the measured curves are much

smoother than those of Fig. 22. The agreement between measured and

theoretical results is reasonable for the imaginary part , although a

better circuit model is needed to obtain good agreement .

Figur e 25 shows the measured and theore t i ca l  impedance ( w it h

error c o r r e c t i o n )  for the amplifier c i r cu i t , w i L l ;  the seven stepped

coaxial sect ions and the metallized cerann ic d isk  surroundin g the

package . In t h i s  f igure , 
~THEOR is the impe . I n m n i - - - :  o f he eight sections
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giv en i n n  Table 5, terminated in 50 k .  ~~~ rn - n j  an ’  u n : o - : n u t  tLn t

model neglects is the bias T. It should be a- ~~~~~~~ t }icmt tile m ’ n a g i m a n ”~

part of the  impedance is inductive , whereas i t  c m ’ d e n : i g n u ’n - i  t o t n -

small and -capacitive in this frequency r aCe.

An effort was next made to determine wnat  ‘i t  n’ . weSe i - / u n : - : ’-

looked jim the des ign and fabrication of the -‘J:g - m  i I ’ic n ’ - ‘ f ” m’ L L ’. r h ;  a- .

caused th e imaginary part to ‘be much more i n - ~nu - -t v- n’ th a n  Iti l - mn n e c .

It was thought the explanation migh t be t i n e  e f l ’- - ”  s .m -nn crit- ’ - m

by Ei senlnar t .~~
2 He proposes that the r ’e-~’ i o n u n m  u i  n?m ~~: . c ’Ci~ ’ I n - C  n . m - I c

package in the coaxial line store electr iC a m n . ~ :- :jc m u e f j c  e m - -~~o- am . n

that these regions can be accounted for b~ a l~~ - ed C— - f :m-: ’ ’~~ -- , ’k .  i’- .-n

the geometry of the amplifier circuit , this netnuncu :’K e~:-oent f a. 1 n ,  ‘CS

to a series inductance.  This L—C network Wa s i n c o r p n - m - ’ n,ted in t u e  c i r -

cui t model . Also, the ‘bias T was separatu .’1 7 c n m :mr- ,c tenC :ed , m i m i - i  t : : en C e

measurements were i ncluded , leading to a i u y L  n’ i. c - mi del , i . e .. - i n c  w n ’u c i u

Includes both ideali zed theoretical mode m . .’ o n ’ c i nc t -a.j c n u n - m m t : ; m & n , .n

measured data. The 7—section amplifier irnp ed rmm . - ..n Wa, - : meassn’~’ u , in

this case with an S—14 package and without the u ’i’rmLm ’ uii~~y,. i’ig-:re

2C shows the result s- of these measurements. Tin- ‘in’ : t m n t~- L s :a . ’-d

in computing ZTHEOR in Fig. 26 Is shown in Hg. ; ’
~. i ’i -’ ,r ’ ., ‘ o h .  w 5

much better agreement , especial ly in the i mnu : n ’ i ; n ’ u r y  p m u n ” 01’ I :nre1 ’ m n ? e ,

supporting the conclusion that the Eiser ,i-am ’?. e : ’~ ’i- - ‘ i n  w’ . ti. o~~cnt i 1’jn ’a m n t

element which was not included in the pr u ’ .’i .,,n - ’ i r e n s i l  mo-nm .-ln’ .

In Fig. 28, the measured impedance of .~ u ‘ - n p t m . c- -mci  ~~~,‘ m ti ru - .’t iv

plotted in Fig . 21~ in ; repeated . H m ~~ u C m - n . i’ , n l ’ n t - l  
wan - e’nC c u u u ’ u ’ u - I  i - ’ m m ,

a circuit. rnc ude .1 Whi ctu , in addit ion to thu e’lenu - i n nm r m m n  W I n  1 ?  - - ~
‘ . ‘3,

L n e i n i d e n :  I k e  E i ’-nu ’ rthit :’’ mounting pa :’ - . : :  c’s mu ’ . n - ;‘ - - . n ;ma - - t
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c’m ac’uoter’i zatjon of the bias T. A substantial ion r u m ’ , n - n : n e n t  irn acn’- - —

merit of the resist ive parts should be not e-ni n~:,’ - p a c i a r tb-- ‘~~c

f i gu re s .

Thus it appears that even with the pac tm u~ag lea-i i r~n 1u - ’~~- m r i c o

minimi zed , the series inductance due to energy , m t o r a g - -  in regi- -ru e

near the package, as explained by Elsenhart , w i ,l l  m aku ’  i t  vr~ry nil ‘;‘i—

cul t to - btain the broad—band capacitive inn p eci n . u : . c ?  ci u ’ i ? ” t- : tc t’ i  st i c n :

Fig.  12 using a stepped coaxial line . It n h - m i l d  be n ’ u- ’aLlec th at ,

even without this series inductance , the n ’oaxiaj d r  ‘ n i t  o~ t imnniz m , —

tion program was not able to synthesize the ~‘ n ’~ ‘cd u .? ’ n p :m e I t i

Im~Z} outside the fundamental band .

For the above reasons it was decide t n i a l , - - . ij :
’ i u - - o ~~rut  kin -n -j i ’

circuit from the stepped coaxial line already ii , :c n o n : - - ~ h i u - - n  - ii U t -

fabricated for optimum amplifier performance.  r- ’m f’ore m ing  tois , ~~i.

was decided to experimentally confirm the theo ’ -t,ical a m m m p i i t ’ i e r  i r nn ~ -c- i-

ance requirements of Fig. 12 by operating an uxistnng osciliator cir—

cuit as an ampl i f ie r  and measuring the c i r c u i t  i rn l c-da m n-: e at l ine !‘l’ m- ~n l e m n - C ,m

of amplification .

An oscillator circuit with four tu nu i mi g sl ag :  wan ; t um- - .i so that ,

no output from the diode was detected unless, m u m- . i nput signal at

approximately 2.2 GHz and 0.6 Watts was j~reserit. Wi th this t-unim i~ slug

configuration it was found that , although the - l i o d e  would not n’pn’rate

without an external input signa.~., it was p~ sn ’i b Ic for the generated

fundamental diode signal to be at a u i if fn- n ’~’m mt. t ’ n - ~’ -~u r m , , ’~c t h a n :  the

input  signal even with  the input signal pres en t . If  t i ne  f : l ; e r n :, of

the input was varied from 2 GHz to well lb -ave  I ; , ’ ’  mi n i b m i n n i  I i I mini - m~1

2.2 GHz wi th ‘the amplifier output m u r n i t . : ’ u n l - m~ mn n~~ued t n u n  m - n u ’na.,vze”,

I- 

- - ‘ ~~~~~~~~~ -—~~~~~~~ - - - -  - - - -— - - - ---~~~~~~~~~~~



- - -‘—--‘—~~~—“-‘~~~~~~~~~~ “~~ ‘--‘-—-‘.‘ —--  —~-~~-—~~~~-——-~~ —- —~~------ -~ -~-~--.-~~~~~~---- —~~-—---~ - ~~~~~~~~~~ , —.

- ‘ 
- 

~~~ -- - - — — - -

• — 5 9 —

in k’ 1’oi owl r ig n ;eque nn ’e of ’  events was u b ~n - n ’i -  ‘-1 . 41 th the i n~

f’requency below the mldband frequency by m o r e  t t : u m u  ap~nroxirnatt ’Ly

50 MHz, there was no signal generated by the diode except wi-leban ui

noise well below the input level . As the frequency u , f  the inp ut

signal was brought wi thin 50 MHz of the midb and  f ’requt’m icy , :t r i - u t  ic~~abl~-

dioule signal began to appear at the midband poi n t , i.e., at, a t ’ b’ i - t i emnc; ;

different from the input l’requency . Thin-: nn ’pm n i ” l e  dI n - l u  cm i g n , ’ m n ’n nt im u u nt ’

to build up unti l  the input frequency came to w C t n i n  2 MHz el midband .

At this point, the diode signal shifted over aru l locke-i with the

input s ignal . The two signals remained locked together for approximately

3 MHz. If the input frequency was further increased , the diode si gnal

returned to ito midiaand frequency value and i tn n  ampl i tude  t. - c re an ;n-1

until the input frequency was approximately 50 “bC- n t b c -v e  m i u i t m m n d , at-

wh ich point only low level noise was detect,ab.le rroni the diode . At

any frequency wi thin the 100 MHz range , J r  the input signal was removed ,

the diode signal also disappeared. The m i u i h : u n - n  g :nimu observed for this

circuit configuration was 8.6 dB.

The circui t is being optimized to improve the amplifier charac— —

t e r i s t ics, and equipment is being set up to mnean;ure the impedance vs.

frequency characteristics up to the th i rd  harmonic , using the dc—embedding

method . Also , a lumped element TRAPATT oscillator circuit operating

in the 800 MJ’Iz range Is being used as an amplit’ir r , and s imi la r

impi1ndance vs. rrequency measurements are being mniade . This data will, be

compared w i t h  the  previously obtained theoret-  u ” i l  a m pl i f ier  impedance ,

an~1 the two sets of impedance data will be n i n m u ’u l  ~n des igning fu tu re

amplifier c i r c u i t s .
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V. CONCLUSION

A description has been given of the devic” simulation computer

program which  is the basis of the theoretical results obtaimied .

Different methods for obtaining solutions using this prograrnn with

current drive and voi tage drive have been niis cus:mu ’u i , anul a pmtrticular

current drive yielding negative resist,ancn ’ at least up to the  th i rd,

P- ‘ rnionic has been presented. It was demomistrateui that a one eye I. e

simulation is suf f ic ien t  to characterize t h e  di n - i - ’ impedance , than;

avoiding the time and expense of obtaining conve rged nmolutiomis . I rom

a series of diode simulations at different fr e q uen c ies , the requl red

impedance vs. frequency characteris t ics  for a broadband ampli f ier was

presented. An optimization procedure was discussed whereby the param-

eters of’ a stepped coaxial line are adjusted so that the input

impedance approximates the required theoretical t mnpe da,nce an ; closely

as possible. The fabrication of the resulti ng u ’ I ; ’ ’Uit was outlined .

Impedance vs.  frequency measurements of the rabi’icated circidt were

presented and reasons given for discrepancies b & l ween the measured

circuit impedances and the expected impedance bused on the original

circuit  model . Finally, experimental resu ltn ;  fu r’ an amplif ie r c i rcu i t

were given as well an suggestions for future nne’in;urements amid

ci rcui t  fabr ica t ion  modif icat ions.
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