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PREFACE

Th is is the  f i f t h bi annua l  progress repor t  on resea rch
conducted at the School of Electrical Engineering, Corne l l
Un iversity, under Contrac t F30602-74-C—000l , Job Order Number
55730383. The research is under the overall direction of

G. C .  Dalman , L. F. Eastman , C. A. Lee , J. Frey and IV . K u .
The results of research for the I,eriod 1 November 1975 to

30 A pril 1976 are discussed. 
- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ H
The RADC Project r~ngineer is H. H. Chilton (OCTE).

The n1ajor objoctive of this contract is l_ o perform r e s e a r c h

arid development in advanced techniques of m i c r o w a ve  power genera-

l ion and control in solids . It is intended that t h e  d e v i c es  re-

sulting f rom this effort w i l l  be competitive w i t h  or rep l a ce
m i c r o w a v e  tubes at low and m e d i u m  power levels. The new a r

of application whose feasibility could not be e v a l u a t e d  in a d v a nc e
were also studied. It is expected that these solid state -~ourves

will he widel y used in future microwave systems .

This report pre~;epts progress in t h e  r e s e a r c h  a n d  develop-

m e n t  o f  m i c r o w a v e  s o l i d  s t a t e  d e v i c e s  and ( i r c u it  s . The d e v i c es
i n c l u d e  a v a l a n c h e  devices , t r a ns f e r r e d  e l e c t  i-on d e v i c e s , a n d

f i e l d  e f f e c t  t r a n s i s t o r s .
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INTRODUCTION

This program is concerned with research and development

of solid st.tte microwave signal generators and amplifiers.

The emphasis of the investigation is centered on studies

of active microwave effects in avalanche diodes , t r an s f e r r ed
electron diodes , microwave field—effect transistors , and
on related microwave circuit , mater ials growth , and phys ical
electron ic techn iques . The program is being under taken to
further the understand ing of the physical mechanisms and

processes which are involved. The ma in object ive is to
obta in informat ion of use in the des ign of improved sol id
state microwave devices and is directed toward the eventual

inclusion of these devices in advanced microwave systems such

as are requ ired for  commun icat ions , detect ion , and o ther
related applicat ions .

The work accomplished during the fifth biannual period

of the program is discussed in this report . Included are :

GaAs Read Diodes; Small and Large—Signal Effects on IMPATT

Diodes ; Measurement of Read and IMPATT Diode Amp l ifi er
Parameters ; Computer Simulation of TRAPATT Device—Circuit

Interact ions; High Power , High Efficiency CW TEO ’s ; Au t omated
Network Analyzer; Microwave FET Fabrication Studies; Investigation

of Ion-Implanted Silicon Read IMPATT Diodes ; Broadband GaAs

FET Amp lifier Study ; Optimum Design of Broadband IMPATT

Reflect ion Amplifiers ; The Growth and Evaluation of Thin GaAs

Layers for Use in Microwave FET ’s; Experimental and Theoretica1

Stud ies of Ion—Implanted Silicon Read IMPATT Diode .

ix
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GaAs READ DIODES

J. Berenz , G. C. Dalman ,* C. A. Lee*

Introduction

Several fac tors wh ich a f f e c t the pe r f o rmance of GaAs
Read diodes are explored in greater detail. The relatively

lar ge reverse sat ura ti on cu rrent prev iousl y reported is
shown to originate mainly from the narrow band—gap

platinum arsenide (PtAs
2
) wh ich forms the Schottky-barrier

junction . A comparison between reached—through and not-

reached—through diode types is presented to illustrate the

effect this parameter has on diode performance. For

exam p le , a not—reached— through diode , wh ich performs as

high—power , h i g h — e f f i c i e n c y  o s c i l l a t o r, s u f f e rs f r om a
grea ter  degree of phase d is tor t ion t h a n  a comp ara b le
reached-through diode when emp loyed as a r e f l e c ti on

ampl i f ier . The reached-through diode on the other hand ,

exhibits a lower dc—to—rf conversion efficienc y . The

f u n d a m e n t a l  d i f f e r e n c e s  be tween these two d iode ty pes
are exp lored us ing dc , microwave small—signal admittance ,

and low—frequency noise measurements. The results are

inte rpre ted  in terms of the  “Quas i—static ” theory .

*project Supervisor

1
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The resul  ts o1 m e a s u r e m e n t  s of the I mpechtnce presen  t e d

to t h e  diode by t he c ire u i t a t  low i re (I  uef l c  los a l l  pr~ e-e n l I d

to illu st t~(te t h e  d i t f e r e i i c e s  be tween  b i a s  c i  r e a l  I dLsicIo- ~
The of f e e t  of  t ) I  i s  i l i ) I o ’da f l ce  01) 1 he st  abi  i i i  y ut t h e  di ode a t

low f r e q u e nc i e s  is  i l l u s t r a t e d  by l o w — f r e q u e n c y  foist ’ m e a s u r e —

men t r e s u l ts  - Since the  reac  t ancc  o I t h t  d iod a t  1 1 w  f r e —

quenc  I es can be oil tier e a p ac  i t  ive  or i n d u c t  I ye , depend i rig upon

t h e  bias current and f r e q uen c y  . p r o p e r  d e s i gn  ( F  F I he 1)1 as

c i r c u i t  impedance is shown to he an lm p o r t  a n t  cons  id er a  I i o n .

F i n a l ly , t h i s  r e p o r t  conc ludes  w i t h  p l a n s  For  f u r t h e r

s t u d y .

O r i g i n s  of I-

Previously we r e p o r t  ed t h a t  t he sma I i — s  i g i la  I p rope  r t  i es

of GaAs Read diodes were g o v e r n e d  b y low ~a. lues  of  m u l  t 1 p1 i ca—

ion , and , therefore , li v a r e l a t i v el y  l a rg e  r ev, r s l -  sat ura t 1I~~I)

c u r r e n t  , I - The large si gnal p r o p e r t i es  of t h e se  d i o d es  m a y

a lso  he expi ained in t e rms  of  a I a rge  I~ . Thus  , it i s i m p o r t  a n t

o understand the or ig ins of I in orde r  t o  be al 1 e t o  con t  ro I

t h i s  parameter in a reproducible m a n n e r  . Two sources  ( F t  I

are described in this report .

I - The Scho I t k y — B a r r  i c r  (‘on t a c t

~U 1 of I he  GaAs ci iodes  em p l o y e d  I n  t h i s  s tu d y  h a v e  p i n  I i fl~~~l1l

(Pt) Schottky—b arrier contacts. It is  ~ve l  I k n o w n  t h a t  p l a t i  nu m
reacts with GaAs a t  re la  t i vel v low t e m p e r a  t t ir e s  I (I f o r m  a

v ar  i et y of Pt—Ga and Pt—As compounds  . Se vera  1 au t h o r s  h a v e
r~’pc) r ted a l a yer e d  Gal’ t — P t  As 9 —Ga As I n t e r  I i i t  ‘ \% ( 1 e 1 ‘c 1 i ’d

to study the compos it ion  of  t h e  Sc h ot  t k — b n  r r  i t ’r  con t a c t

e m p l o y e d  on Ga As  Read d i odes wh i (h h av e  per  to ruied as h I gli

e F F i ci enc osc I I Ia to rs

ir I
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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I

The fol lowing analysis was per f o r m e d  using a Ha\theon

GaAs Read diode . The GaAs mesa was removed f rom its I)lat I f l t i f l i

co n t a c t .  b y etching in sulfuric—peroxide solution. F i g u r e  1

p r e se n t s  a p h o t o g r a p h  of  the  Pt s u r f a ce a f t er t h e  GaAs mesa
has  been removed .  As can be seen , the Pt served t o  i t p l  I cat e

the original GaAs crystal surface. The circular outline of

t h e  removed GaAs mesa is clea rly ev ident  in the p h o t o g r a p h  -

Th is circular area is higher than the surrounding Pt as

indicated b y a “Talystep ” measurement. Th is height is pro-

por tiona l to the amount of intermetallic compounds formed

during processing and ope ra t i on  of the diode . Cha ractt’risti ca l l y

more alloying occurs around the outer peri p h e r y  of t h e  mesa ,
w h e r e  the hea t  f l u x  is greater  due to the  tempera tu re and
current distribution across the solid—c ircular area of the

- 3diode  -

In  order to s tudy the compos it ion of th e allo yed regio n ,

S e con d a ry  Ion Mass Spectrometry (SIMS) was employed to obtain

an in—depth profile of the constituent elements present in t h e  alloyed

ar e a . 1 In the SIMS techn ique a pr imary ion beam of o xy g e n  is

used to erode the sample surface over a 250 square micron area

by sputtering.
5 The resu l t ing secondary  ion s w h i c h  a r e

p rodu ced as a result  of  th is in t e r a ct ion ai~~mass~~a n a l y , ’a ’d and
detected. Thus , it is possible to obtain a profile of t h e
relative concentration of an element with depth into the sample.

This process is schematically depicted in Figure 2. The
resulting in—dept h profiles are presented in Fi gures 3(a)

and (b).

The Profiles show that the relative concen t r a l  ions of
both Pt and As (arsenic) rapidly increase from low lev el s at

t he  su r f a ce to th ei r ’maximum values and then decrease  a g a i n
with increasing depth to very low levels (effect I ~‘elv zero

bey ond  the titanium (Ti) layer). The depletion c~f Pt and

3
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As at  t h e  s u r f a c e  is due to t h e  et c ha nt  p r e f e i ~en t  ial l~- re-

mov ing PtAs
2

, leav ing a gallium (Ga) rich surface . The
Ga concent rat ion is maximum at the surface and  decreases
(but not to zero) with increasing depth. This imp l ifs that

the titanium is not effective in preven t i ng Ga out—d i 11 f u s io n
f rom the inter -face. Notice that the Ga sign a l  I~~t 1oa i n s  n e a r

its maximum e v e n  after the  Pt and As si gnals h a v e  decreased .
This behavior supports the contention that PtAs9 n u c  l e a  l o s

at the interface as a result of Ga dissolut ion in the P t  (an d
Ti). Thus , PtAs2 forms t h e  electrical junction w i t h  t l i e  (~a A - ~ -

and - we bel ieve , it is responsible for t h e  1’(  I in t l y~ I y I argo
reverse  s a t u r a t i o n  c u r r e n t .

Pt A s 2 is a semiconductor with an intrinsic b a n d_ la p  o f

about 05  eV , and it is d e g e n e r a t e ly  doped p — t y p e  by the

gallium .
6 

This band—gap energy closely corresponds t o  the

act ivation energy of the reverse saturation current w i t h

t e m p e r a tu re as previously reported for GaAs Read diodes. ThUS .

i t  a p p ear s  t h a t  the  c o n d u c t i o n  m e c h a n i s m  in this c o n t a c t  I s
v e i v  s i m i l a r  to c o n d u c t i o n  in  a p — n  Ge—GaAs het ero junct ion ’.
Tb i s  c o n t e n t  ion is further supported b t h e  obse rved  ~•a 1 a t  ion
i n  r eve r s e  cu r r e n t  w i t h  r e v e r s e  v o lt a g e , V R - f o r  t h e s e
d i o de s  - The reverse  c u r r e n t  v a i - i e s  a c c o r d i n g  t o :  I R AV R e x P ( U V R )

where  A and B are cons t an t s  which  may be de te rmined  e m p i r i c a l l y .

The d o m i n a n t  conduc t ion  mechan i sm appears  to be f i e l d

emiss ion .

2. The Effect of R e a c h — T h r o u g h

A l t h o u g h  a mo t’e d e t a i l e d  c-omp n ri son 0 F r ea( h e d l_  1 h r o u g h

and  n o t — r e a c h e d — I  h r o u g h  d i o d e s  i s  g i v ( - n  i n  the ta xi sec’ t ion ,

it i s  ge ’r m atu e  t o  d i s cu ss t h e  e f f e c t  i - t a t - h — t h r o u g h  has on I
in this se ct i o n . Once t h e  e l e c t  rh’ f i e l d  rt-a chvs t h r o u g h  t o

I he h i g h e r  c o n d u c t i v i t y  b u f f e r  layers ‘uii v hit’t h e r  i n c re a s e  i n

H
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v o l t a g e  across the diode will result in an increase in the li e l d

st r e n g t h  at  t h i s  i n t e r f a c e . E x p e r i m e n t a l l y ,  ‘R i s  observed  t o

increase  f a s t e r  t h a n  t he  h e t e r oj u n c t i o n  expression ~v l) efl  r e a c h —

t h r o u g h  occu r s .  This  is  i i  lu st r a t e d  by the  d at  a p r e s e n t e d  in

Fi gure  4 fo r  a Read diode w h i c h  r e a c h e s - t h r o u g h  be fore  break-

down . One poss ib le  source of t h i s  “excess ’ c u r r e n t  is t r a p p i n g

c e n t e r s  due to m i s f i t  d i s l o c a t i o n s  at the  b u f f e r — a c t i v e  l ay e r

i n t e r f a c e .  A n o t h e r  pos s ib l e  e x p l a n a t i o n  i s  Once  rea~ -h t h r o u g h

occurs  t h e  f i e l d  a t  the  S c h o t t k y — bar r i e r  j u n c t i o n  i n (-reases

more r a p i d ly  t h a n  when t he  diode is not—reached —t hrough , and
t h i s  in t u r n  increases  ‘R~ 

W I t h o ut  p e r f o r m i n g  a d d i  t i o na l
e x p e r i m e n t s  i t  is not  p o s s i b l e  to more  c l ose l y  i de n t i f y  t h e
source of t h i s  “ excess ” c u r r e n t .

R e a c h — T h r o u g h  Versus  Not - R e a c h - T h r o u g h

1 . D iode Descri p t i o n

The ava i l a b i  e s ing le mesa L—H—L GaAs Read di odes hav e been

s u r v e y e d  u s i n g  C—V p r o f i l i n g  to i d e n t  i f y t he r e a c h — t  hr o u gh  and
n o t — r e a c h - t h r o u g h  t y p e s .  O n l y  one d i o d e , 637A_211Q . was f ound
t o  c 1ea r ly  r e a c h — t h r o u g h b e f o r e  b r e a k d o w n . T h i s  d iode , a n d

a n o t — r e a c h — t h r o u g h  diode , 647A—ll J , were s el e c t e d  f o r  f u r t h e r

s t u d y .

The measured dop ing  p ro f  i I es of  t h e s e  d iodes  i i  p r e s e n te d

in Fi gure 5 in o rder  to show the  magn i t  ude a n d  p o s i t  i on of  t h e

donor spike in  the m a t e r i a l  - The d i s t a n c e  - x , o f  t h e  donor

sp ike  f rom the  j u n c t i o n  e s s i ’n t i a l l  d e t e r m i n e s  the width o f

t he  a v a l a n c h e  zone , a n d  t o g e t h e r  w i t h  t h e  i n t t ’ g r : i t e d  c h a 1 ~ c , 1

i n  the  sp ike , d e t e r m i n e s  the  w i d t h  o f  t he  dep l e t  I on I-eg 10!) 111

t he  lower doped mat  or i a I - The t o t  a I w I d t h o f  t he I F  - r dopt  ‘d
m a t e r i a l  t h e n  d e t e r m i n e s  w h et  her  or n o t  a d i o d e  r e a t - h t s I
b e f o r e  breakdown .

9
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For 637A—24Q x~~ 0 .47  m i c r o n s  and the  t o t a l  la ye r t h i c k n e s s

is about 5 .3  m i c r o n s .  This  diode reaches th rough  a t  60 v o l ts ,

and it breaks down at 76 vo l t s .  For 647A- 1IJ , x 0 .32  m i c r o n s ,

and the  i n t eg ra t ed  charge in  the  spike is l a r g e r .  The t o t a l

layer  th ickness  is about 7 . 5  mic rons . This  diode l)reaks down at

60 vo l t s  w i t h o u t  r e a c h i n g  t h r o u g h .

Con t ra ry  to our p revious  report , the  diodes 676-10 ~ 2 and

676— 10 #20 are both n o t — r e a c h e d — t h r o u g h . The dop ing  p r o f i l e

fo r  676—l0#2 0 is inc luded  in F igure  5. x , in  t h i s  case , is

0 .27  mic rons , and t he  i n t e g r a t e d  charge  is aga in  l a rger  than
the other diodes. The total layer thickness is greater than

8 microns. This diode breaks down at about 70 volts without

reaching t h r o u g h .  The diode 676— lO #2  is  ve ry  s i m i l a r , ex c e p t

that the donor spike is even closer to the junction.

2. Osc illator Performance

I t is useful to compare the reported oscillator per-

t o r m a n c e  of these diodes a g a i n s t  t he  measured  d o p i ng  p r o f i l e s . 8

The r e a c h - t h r o u g h  diode 637A—24Q has the  lowest  d c - to - r f
convers ion  ef ficien- :y, l3. 5~~, w i t h  1.7 5 W  power o u t p u t  a t  I =

140 m A .  t 3 - 1 7 A — l l J  a c hi e v e d  2W w i t h  l8’~ ; 676—10#20 : 2 . 5 W  w i t h
2I~~ ; and  67 6—l 0#2 : 3W w i t h  26~ e f f i c i e n c y . C l e a r l y ,  t h e
d o p i n g  p r o f i l e  has a p ronounced  effect on t h e  o s c il l a t o r
p e r f o r m a nc e  o the  d iodes .  ~1oving  the donor sp i k e  c lose r td )

the  j u n c t i o n  appears t o  r e su lt  in improved c o n v e r s i o n  o f  f i —
c i en c y . T h i s  i s  p r o b a b l y  due t o  a c o m b i n a t i o n  of Pt -nt - fi n al

of  feet S : a nar rower  a v al a n c h e  zone and  e n h a n c e d  dep 10 t i o n

w i d t h  m o d u l a t i o n .

‘[‘he re i s  an addi I ion a. I r e p o r t  t i l  d i  t I ere ricc b e t ’ t t - e n  I he
o s c i l l a t o r  p e r f o r m a n c e  o f  r e a c h — t  h i ’ t u g h  a n d  n e t _ r ( a c i i ( d_

t h r o u g h  G a A s  Read d io d es . N : i m ’ l v  , l’ea - h t ’ t l — t h r ll ~:lu ( l i t S i t ’ S  a1’~~’

more  prone  t o  t u n i n g  in d u c e d  l a l  l u re s  t h a n  t i e  r io t  — r e a c h —
I h i - < u g h .  ‘I’h ’st- u i n i n c  t a l  l i i  r ’ ~— a!’ - i i s t i , u I I v  :i sso t - i a t  o(j  \~I i t h  

- —~--~-— - -- -- --- -— ~~~~~ I~~~ -- --
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l o w — f r e q u e n c y  bias c i r c u i t  o s c i l l a t i o n s. One f a c t o r  w h i c h
i n f l u e n c e s  the  t h r e s h o l d  of these o s c i l l a t i o n s  is t h e  space—
charge resistance of the diode . F i g u r e  6 p r e s e n t s  t he  measured
sp~t~-e charge  r e s i s t ance  of  the r e a c h — t h r o u g h  and n o t - r e a c h e d -
t h r o u g h  d iodes . C l e a r l y ,  t h e  not-reach-through diode has a
m u c h  l a r g e r  space cha rge  r e s i s t ance. We bel I eve t h i s  l a r g e r
space cha rge  r e s i st a nce  ac ts  as b u i l t — i n  p r o t e c t i o n  aga i n s t
t u n i n g  induced f a ilu r e s . 9

3. A m p l i f i e r  P e r f o r m a n c e

Un fortunately the enhanced depletion width modulation of

the not—reached—through diodes is not beneficial to refle ction

amplifier performance , since it introduces an additional

component  of e l e c t r o n i c  susceptance  w h i c h  c o n t r i b u t e s  to phase
d i s t o r t i o n . In  order to i l l u s t r a t e  t h i s  p o i n t , t h e  m i c r o w a v e

small-signal admittance of r e a c h - t h r o u g h  and n o t — r e a c h - t h r o u g h
diod es was measured under comparable experimental conditions.

Measurements were performed using the automatic network

analyzer (ANA ) technique described in the previous report.

The resul ts are presented in Figures 7 and 8. The d i f f e r e n c e s .
particularly at the highest current density, are most dramatic.

At comparable current density, the not-reach-throug h

d iode ’s negative conductance is more compressed with respect

t o  its total susceptance than the reach—through diode . This

would explain the previously reported difficulty i n  f i t t i n g  t h e
“ Q u a s i — s t a t i c ” impedance e q u a t i o n  to the  e x p e r i m e n t a l  G — B
data for diode 676—l0#2 . The “Quasi—static ” t h e o ry  em p l oy s  a

simple transport factor to describe the dri ft reg i on  o f  t h e

diode . It does not take into ac c o u n t  I lie of foci o f  n o n —

s a t u r a t e d  d r i  f t  v e l o c i t y  , and i n p a r t i c u l a r, t he  t ’f f o c i  F I t

negative differential mobi l ity in GaAs .

The other interest ing tea ture of the not — r o a c h — f  h r o ug h

I 1
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di ode ‘ s G—B characteristic is the appa I’en l
i- I 5) ‘n a n c e ” a t  ~ . 5

GHz . The electronic susceptarit -t ’ o f  t i l t  diode is  a p p a r e n t  l v
l a r ge enough  t o  a f f e c t  a decrease  in I l i t -  t o t a l  susct p t an t I of

diode at t his f I- equency . The second peak I n nega t conduct afl’-

is a s s oc iat  t ’d w i t h  a 3 TI t i - a n s i  t a n g l e .

Tht’s:’ r e s u l t s  c l e a r ly  show t h e  d i f f e r e n c e s  b e t w e e n  r ca h—
h rough and  no t  — r e a c h — t h r o u g h d iode  t y p e s  - I’h I 5 imple 1 11 ( 1 ) F ~

is n o t  c a p a b le  ol describing the ri o t — r’ eac1i—i hr u~~ii r I l s u l  t s .

Therefore , in an  a t  t emp t  to  separate the e f f e c t s  of reach—

t h r o u g h f rom t hose of not — reach—through , model ii r ig of t i r e

reach—t h r o u g h G—B c har : ic i  € ‘r i s t  I cs has been pursu( ’d  -

In  o rder  t o  o b t a i n  t h e  d iode  (- 1) i j ) c o n d u c t a n c e  a r i d  s t i s c e p —
I a nc e  - it is nec ‘ssa r y  Lo  t r a n s  f o r m  t he A N A  d at  a t h r  ~ugli :1

m o u n t  a n d  p a c k a g e  e q u i v a l e n t  c i r c u i t  The l u m p e d  equ  i \I :t le n t

c i r ( ’u i t  used t o  m a k e  t h i s  t r a n - s t o r m a t i o n  has been m o di  f l e d  t o

i n c l u d e  1 ossv el omen t .s - us s h u w n  i n  Figure 9 . Tvp i c a  I t ’ J t  mt a I

\I~~( 1 ues oP t  a I nod by  m o d e l l i n g  of an A — 9 2  I p a c k a g e  s h o r t  t ’d by :1

~o ld  r i b b o n  are g ive n b e lo w :

CF = 0 . 0 7  pF
RC = 0 . 19  ohm
LC = 0 . 4 8  nil
RP = 997 .  ohm
CP = 0 .29 pF
RS = 0 . 0 9  01)111
LS = 0 2 5  nil

F i gu r’ - 10 p rt ’ sofl t s t he  r e su l t s  of  numericall y f i t  t I n c~ iii ’

“ Q u a s i  — s t a t  I c ” i m p e d a nce  e q u a t  ion to t he t r a n s  tor’mv d b — U  dat :1

for  6 : 17 A —2 - I Q  at  80 mA . The d lode Pa t ’ : i T f l t ’ t  t ’ i - s  wh j e l l  a r I ’  1 ) 1  a I n ed
f rom t he t I i t ’o r v  a r c ii ~- it ed i n ‘lab It’ I . As c a l l  1)0 s t - t n - I lie
heo re t  i c a l  f i t s  a r I -  v er y  ci osc ’  I F )  I he e x pc -r  i m en t a 1 du t a -

It i S  u seful I c )  c o m p ar e  the e xp c ’ l ’ i n l e n t  ~il aid I heort’t i c - al

v a r i a t i o n s  in the electronic qual itv f a c t o r . Q ,  f o r  t h i s  d u d  

~~~~~~~~~~~~~~~~ _ _ ~~~ __1~~~~~~~~~~~~~ _ ____ _ _ _
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TABLE I

GaAs 637A_2 11Q

1=80 mA

SINGLE DIODE MODEL

F\V A 0 . 1 1 1
WD 5 .06  E—- l cm

4 2 . 75 E- -1 cm2

\~5 1 1 . 9 7  E+6 c m/ s oc

FA 3.99 E+9 liz

MTA t~ 3.00 F -b  Sec

ES 0 . 50 ohm
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

TWo I ) IODE S I N P A R A I , L E L

0 . 2 5 3
5 . 0 7  1:- I c -ni

A l  1 . 1 5  1 : _ I l  cu~~

3.75 1- 4-b cm /st-c

1”Al -1 .50 1-4- 9 liv.
M T AI . 1 1 .92  11 — 10  sec

_______________ 1. 30 ohm

FWA 2 U - bUG

it 1)2 5 .00 1 — - I cm

1 - 50 F — - i  cm~
VN2 5 . 2G 1 -~ 4-b ciii - 5~

~u; ~~~~~ L i z

M’l’At 2 3.55 11 , _ i  0 ~ -c

- t i  c lil! t

2 1)

~~~~~7 ~~~—-_  
-

~~~ - _ _ - _ 
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:is a I u n e t  i i i  of I r e - q i r e ’ n c v  i n  o r d e r  t o  : r s se ~~~s 1>oss ihle ~~r r o r -~ i n

t h e  t r a n s fo r m e d  G—B data -and to assess t h e goodn -ss ol t ‘ie-

t h e o r e ’t  ical f i t  - F i g u re  11 r ep r e - s er i t s  the Q v a n  a t  I o n  deduced  I re-rn

1131 d a t a . A l s o  p l o t  t e d  a r t ’  s e \ e i ’ a l  e - x p e - r i m c n t . J  y a l t a - s  - a i : t i a c d
by  t h e  I e - \ c e - r  p t - r t u r b a i  i on  t e - e lni  quo  ~~~~ Tli t -se - x p e t i m e - n ~ a!

v a l u e ’ s  pt - e d i c t  a v t - c — c r o s s i n g  o f  Q a t  6 .65 6117 i - i  ‘13 
= -10 ri>1 ,

wh ich is i n  : i g t c - e - m t - n  t wi th t h e  131 d a t a .  The ’  q u e s t  i o n

re t :I:iins . A~liat ( I F S  t h e  t he-cry I ’ l l - d i e t  on t h e -  b a s i s  of  t he -

n a m e  r i  c a l  V i t ‘.~ T hit - t he-oret I > u  1 v a t - i it t I i i  o f  ~ It i t  11 1 re  - p i e -  n cv
P 

-

15 1) 1’ t s e I n t d I > l  in F i ~~ i i i t - 12 , for 1
~ 

= ~ i )  m A .  Ti ‘ l i - F !  t r c a l

\ i F  I’ i a t  ion us I ii~~ t he - ‘  i ( i t  a !  — l i e  a d ”  a pp r ’ x i  f l u  t i ( ( I i  j (  x
1 / W ) t C I  ~~~~

n t ’ g l e t t c d )  a l s o  t ’ - d i c - t s  :i T > ’ r — c r o s s i n g  c i  
~~~~~~~ - ‘1’h u~~. t i l e

the- oret ic - a l f i t  u I1pears I >  l w  a ge - o c t  : l p p r - c i ! i i > t i t d n  l e t  I ’ l l  i t v .

despi t e - a s1i ~~ht skewin) of the fit at t h e  hi~~L c-r t r e - q i - r i - i - - s .

I-u r t I i  I c  c -ha  i -ac  t i i  za t I 011 0 1 t he i c  - a >  l i l t  ‘d — I h i’ t wgh c i i  od e  - h a s

P t - c - n  u c c - m p l  i sh e d  u s i ng l w — f  i l d l u e n e y  n o Is e  m e I a ~~~~~ , i  r e - : : ’ -  I l l s  -

F i i i i ’  a 1 3 ( a ) a r i d  ( h )  ~~i’ t 5 1 1  I I l ie  t - i’ I -n I ii I l i )  \I11/ l i d  ~ - e -

- Li I a I t >  I’ I l i i  5 (lie d d e -  . a s ’ ,ce 1 1 :i 5 : c Ii ‘ ) c  I I c a 1 i t . ‘I ii -

mu 1 t ip I i e ’ at  i o n  a I t h e -  no i~~t -  p e ak  i s  m u c h  1 a r ,- . - I ’  I c I h i s  t i r e d

than t > i ’  t h t -  i i c - t — i - : i c h e - d — i h r u~di h i > c te (~ 7 e i — 1 O ~~2 . ( I i :  p ’ > s s i h l e

c’x~
) la naI ion f r ’  t h i s  is t h e -  c c i  dot ’  av :i 1 : t n h i e ’  / ‘~~~ e- - Ili e i c - c t  r~~ c

f ie ld i s  l i k e l y  t o  b e -  h i p h e r dir e I c  t in’ l’ t - :Icll — Illro t i hl ctancl i t  i o n .

T hu s , t ilt - I’ - i s  I i k e - b y  to be m o r e  mu 1 t i j > l  i c a t  I oh . T i e -  h i t  i’ i t l s i  c

i’ e s p > n ) ~i e .  I irne  w h i c h  l~S o b t a i t i e d i r e - in  t h e -  I I )  M l i v  n o i s e -  i i

i s  a b o u t  ~ ~~~i ( O 5 ( ’ ( 5  T h i s  is  a l s o  c o n s i s t e n t  w i t h  a W 1 0 1 r

a v a l a n c h e -  zon e  -

U e c :I I I that in t h e  p i e - I  h e - u s  r e p c ’r ’ l  i I w a s  ; > > ‘ s s  i l i l e  t

es t a b  l i .si) a ( ( 1’ r e ’  I a t  ion i t t ’  t cc e ’ e  -a t he- mime r I cal Vi t i > )  in Ic in ‘ a t  y e  I

sma l  I — -si g n a l  a d m i t t a nc ’ t ’  a n d  I l i e -  3u ~> I1l, ’ nois e ’ d a t a .  T h i s  ce-crc’—

L e t  ion h a s  a l so  b e e - t i  c - s t a h l  i s he c 1 f o r ’  t h i s  (hIod ( . It i s

i i e - e e ~~~~~l sa ry  , l i e - w e - v t - i ’ . t e i  ( S e ’  a b e t  t e ’ r  n a I l or t h e -  ( 110( 11 ’

o l e - r a t  ~n v  a t  hi gh dc (ll ssip at ion . ‘l’hi s 1110(101 i s  c - > n s i - c t -l i t

- -  - - - I -~~~~ 
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with the temperature and current distribution across the

solid—circular diode , which is illustrated in the previous

sec t ion  on the  o r i g i n s  of The d iode is b e h a v i n g  v e r y

much  l ike two t h e o r e t i c a l  d iodes hav i ng d i f f er ent ph~ sical

parameters  opera ti ng in elec tr ical pa r a l l el . A numer ical fit

to the G—B data is presented in Figure 10 using the two diode

model. Using the diode parameters obtained from this fit

w h i c h  a re  p re sen ted  in  T a b l e  I , t h e  v a l u e  of 30 MI-hz noise -’

p l o t t e d  i n  F i g u r e  13 (b )  is obtained . Unlike t h e  noise

value -omputed from the single- diode f i t  w h i c h  f a l l s  on an
e x t e n s i o n  of t he  s t r a i g h t  l i n e  s lope-  of <i

2
> versus (1/I),

t he  two d i o d e  n o i s e  v a l u e  f a l l s  on a c u r v e d  l i n e  p a s s i n g
t h rough  t h e  o r i g i n,  W e ’ l ie l ieve  t h i s  mod e l -xp la  i n s  t h e
‘‘ anomalous ’’ h i g h  c u r r e n t  no i se  b e h a v i o t -  o f  t h i s di - de . It

t o w et ’  c u r r e n t  d e n s i ty  , the two the-o ret i c - al diode s cc mi>i ne

to give’ a l a r ger  n o i se  o u t p u t  t h a n  e i t h e r ’  o n e  a l o n e . T h u s,

a n extension o f  the straight lint -  slope ’ ol < i ~~~ v e r s us ( 1 / I )
w i l l  n o t  i n t e - r s e w - t the ot-igin

B i a s  (ircu it Related Instabilit ies

In a ~~ i’ t I~~~ 1 o ti s  s e - c t  i o n  i t was  p o i n t e d  o u t  th~ I. t i l e  sp ae -e
- h a t ’ g e -  1’ - s i S t  t a c o  o f  Ga Is R e ach d i sh e s  w i l l  i n f l u o n c - e I  t i l e

t h i - > -she-i th of I ccv — frequency hi as ci cc a i t ~sc l i ii t i o ns  . T h e -

c o n d i t i o n  f o r  i a v — f r e - q u e n e v  b i a s  e 1 i ’ t U i  s t a b i  I i t v  h a s  b e e - t i
I 11 - - - - -

~ 1 v e - n by i r ’ a c k e I t t . fhe o t h e ’ i ’  f a c t e r  IV hl )t -h m l l U e ’ F O - t - s  t i n s

t h i l c I 5 h 1 c > l d l  i s  t h e ’  i m p e - d a n t - e -  c - I  the b ias c f rc ui  I -

In order fo  compare the i m p e d a n c e’s  p t a ’s en t e d  t o  t i l e -  c l i che-
by d i  I f e - r e n t  1) i a s — c i r c u i t  d c - s i g n s , an  e h I e I e t l i e _ f i e - t d  p i ’ o 1 e 1

s i m i l a r  to  E i s e - n h a r t 12 h a s  b e e - t i  emp l oy e d  i n  t h i s  s t u dy .  ‘ l ’ h i e-
e - x p c - t - i r n e n t a  s e t u p  i s  i l l u s t r at e d i n  l - i g ’ , i r e -  1- h , a l o n g  w i t h

t h e  e l e c t r i c a l  e q u i v a l e n t  c i r c u i t  w h i t ’ h i s  u sed  i >  i n t e h r ~ p i 1 t t

t h e  ex p e - t - i n i en t a l  d a t a . I m p e d an c e -  m e - a su - e - m e - l i I s h a v e -  i e - e - n  I : e k e ’ n

- - --I 
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on the automatic netcc-ork analyze-i’ below the c U t  of 1 fi’ e - c l ue~- n c - \ ’

of the w a v e g u id e . The i n t e r p r e t e d  i - c - s u i t s  -a r e -  p I’ e l s e t i t e-d i n

F i g u r e  lu fo r t \c-o d i f f e r e n t  b ias  c i r c u i t  d e s i g n s.  The- C c c r n -’i l
des igned  b i a s  c i r c u i t  is s i m i l a r  to B ra c ke t t  ‘ s and h a s  h e - e n

p r e v i o u s ly  d escr i b e d .’3 The Raytheon b i a s  c i r c u i t  i s  a l o l d c - U —

choke  d e s i g n .  The r e s u l t s  c l e a r ly  show t h a t  t h e  r eal p a r t  of

t he  c i r c u i t  i m p e d a n c e  is at l e a s t  an order  of m a g n i t u d e  l a r ger

for t h e  C e - t ’ ne l  .1 d c - s i g n e d  c i i - cu i  t t h a n  fur tile Raytheon (below

1.5 G H Z ) .  ~\ l t h o ug hl t h e  Corne l l  des igned c i r c u i t  is no t
un c-ondit n ’nall s t a b l e - , t h e r e  is l i t t l e  t e n d e n c y  f o r  b i a s

c i r c u it  U s c  i l i n t ions to occur in comparison t o  t h e  Ray theon
c i r c u i t

Iii ct-d c --i’ t o  i n s u r e  uncondi tional stabil ity , it appears

l i e - c e - S  s a r v  I I )  l c r e - - - t e - n I  a l a r g e - , p u r ’ e - I v  i-cal i m p e d a n ce  to  t h e

d i c - d e -  a t  l o c c — f  i e - I ( i e - f l c  I t s . r h i s  c o n t e n t i o n  i s  su p p o r t e d  by our-

e - \ I - e - r l t - t r c - e- ci th i ne- a s u i , -lci e n I. of a v : i l U l l c ilo n o i s e ’  a t  f i ’ c ’q u e ’ n c i e - s

a h v t ’  30 M l l t .  T h e-  m e a s u re - i l l  - n t  se t u p  i s  i l l u s t ra t e d  i n  1- i g u r e

16. I t  i s  m e t  1 e c s s i l T h -  l e t  r i c e ’ a s u r ’ t ’  t h e  a v a l a n c h e -  n o i s e  el
e ; 3 7 \ — 2  k,,  c e - x : e n i p I~ - , a b o v e -  a b i as  c u r l - c - n i  o l  25 m d  u s i nc

t h e -  0 . 2 ohm l e ~~~ l c c i  I h o u t  e x p e r i e n c i n g  ( d d h i d l l ’ e c f l t  o s c i l l a t i o n s .

L~~t ’n  w i r e - t i  t h i s  0.2 ohm load is r - p l a c c ’d  by a 20 d13 , 50 ohm

pad , t h e - r e -  is an e n h a n c e m e n t  i n  the- n o i  so m e asu r e d  at 220 Mliv

r e l a t i v e -  to  t h e t  n o i s e -  at  140 MH z and -120 M H z .  T h i s  is

i l l u s t r a t e d  by  t i l e -  e x p e r i m e n t a l  d a t a  p r e s e n t e d i n  F i g u r e -  17 .

T h e -  i n i p e - d a n c - - p r e s e n t e d  to  t h e ’  d i o d e  i t t  22 (1  M Hz h a s  b c -e n

m easure d and  i s  f o u n d  t o  h e -  s I  i g h t l v  t’ c ’ a c l  i v e -  ~ i ne - e Ih ,

diod e- ’.s i - c - a t - L a n c e-  m ay  be e - ith e- r c a p a c i t i v e -  or i n d u c t  i c e -  a t
this t i ’ equen -v , d c - p c - r i d i n g  upon t h e -  b i a s  c u t r e - h i i , i t  is  P e --~5 1~ ) l e -

c c i ’  t h e  - d iode to i- es> cnn t e  - ( i i  1 5 c I m c U  i I r e  i c  I a f lc~ - a u t h  t 0 p i d i l l  C -

an c-nba ne t - m e n  t. iii no i sc ’ . 11 I - h e ’  t’ e -a 1 ~c : ,  i - I  e - I I l ie-  e I I ( I i I

i rnpe-da n - e~- i s  :i 1 so sma I I , th e- u I P i s t i c  1 - l I m a y  Pu i I d u p  t o

~‘ohe ~~-p f l t  OS( ’ i 1 l i t _ i ( C l i ,, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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P 1 ails t o t ’  Pu r the c St uch v

l i l t i n g  t h e  r e m a i n i n g  n i o n t h ,s of  t h i i s p r ’ - e i ’ : cm t h e -  ( - I r : p : c r i s c I i r
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the nic’asured characterist i cs  of sing le—tuned circuits . The

t heo r ’ e t  i cal  r e - s t i l t s  i c r  a ( h i A s  Read st r u c - t u r e . - m d i  c a t e ’  t h a t

t h i s  d iode  i-an be exp e-ec ted to be used in th e  rep I ~i c e - l l i e ’ l i  t e~ I l ” ~ 1

aitip h i l l  ( 1 5  if l  m a n y  comtnun  1 c a t  i o u  s s  t ems -
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lock  ~lt ege ’ther  - An optiniuni c-; e ’t . t l ug  of the  sweep st a b i  i i  t v
-
~~ e-on t r o l  hac-~- L t t W  avc-c bt ’c ’n l ound t h a t  w i l l  avo id  b o t h  phase  loc ’k i ng

p r o bl e m s , but on I y over moderate ranges of f r e q u e n c y . The
o p t  imum s e t t i n g  depends  on t h e -  f r e - q u e n e - y ,  SO it is best to

o p e r a t e  o n l y  over  a I 6Hz f r e - q u e n c y  band at a t i m e

A second soui-ce of ’ u n rep e a t  a b i l i t y  i n  t h e  n e t w o r k
a n a l y z e r  is d r i f t .  This  d r i f t  is assumed to be due to t e m p e r a —
t i c  c c -’ c hanges  i n  the  ne twork  ana l~ ze- r , bec ause ’  t h e  p r o b l e m  l i - c
si g n i  f i c a n t  ly smaller after a f t - c ’ ,- hours  of  o p e ra t i o n  - A lso -

i t  was f o u n d  that measurements made using the S
11 functioui

on the ’ S — p a r a m e t e r  t es t  set d r i  f t  t he  same amount  as n r e a su r e m c - nt  cc
made using t h e  S22 f u n c t i o n . T h i s  fa c - t  s ugges t s  a p o s s i b l e

tnet  hod f o r  c o m p e n s a t i n g  fo r dr i f t

I f  i d d r t  2 is used fo r  m e a s u r i n g  the  cal  i b r o t ion s t an d a r ds

an d  ( l i t -  m o u n ted  d iode , ati d i f  a re f e - i - c - n e - c  dcv i c ’e , si n e - l i  as a
c o a xi a l  short , is c o n n e c t e d  to p o r t  1 , t h e n  by s w i  t c h i i n g  l e e - t w e ’ c- i r

the S 11 a nd s22 tec - i f i’ u n c t  i ons , t he  amount  of d r i  f t  p r e - s c - t i t  i n

tI~- - S22 do I a eon be d e ter m i n e d  - That  i~s , if a n i e - i r s  are-me-n t o f

th e ’sh or t  on p o r t  1 is  measured  once- cml  some- f r e qu e n c y ,  an d
( hen a t  a l a t e r  t i m e  the  measu remen t  i s  re l-p oat  ed , t h e n  al it -

d i  I Fe-rence hc - tc v e -c-n th -’ two m e a s u r e m e n t s  s h o u l d  be due’ I c ci t’ i I I
S-i ne-c ’ S 1 a n d S22 m e a su r e m e n t  s drift b y e q u a l  a m o u n t  s , t h e
d r i f t  w h i c h  ha s  o e ’cu r r c - d  i n  Sr ,2 m e a su n ’ e - n n - n t s  a c e - c  t h i s I n ine

m l  e - r ’ c a l  i s  a lso  kn own -

c~ Ii a t  t emp t cvos made to i n t ’ ( ) r p o r a t  0 i t i c t O f l i l l t i i  t l t i f t

c c c l ’  l’ e ‘ C I i au Into t h e  t i l e - asic r err te -’n I s s t e  -at - To tnea c- cur e - I lie

r e f e r— c - l i c e  sho r t  o f l e -e -  t a r  eve r  S ,~~, I l d e ’ ; i s t i I ’ r i tiet i t c v d c u  I d  i’ec l I i  I V e ’

t : i r  I cia n ia t iv  c--i ce 1 ( c - l i  i ng o j ’  r a t  i o n s  c a t  t he - m l  c r o W ; i c c  - SIt 1 l i l i e s ( I i

t h e  S— p a r ’ i i n i e - t e - r  l es t  s e - I  - I n - s t e - a d , ( l i e  P e t ( ’ r e - u l e t ’  s h i c ~~’t  Wa s

r r n ’a s i i r c ’d  011 1 V a t  the’ begi  n n i  r ig and  end o f  ( ‘ O c li S i t e - c - f >  l i i i’ > d i p 1 )

l I e  - I t e’quencv h t :u i c i  Bet  We ‘ c - t i  I h e ’ s c ’  I \ V e >  I i t C ’ i L S l i r e - t l t e ’ t i  I c-i e e l  t i n e

i’ e t i - r e - n e - c -  —r h e c ~ ’ t  , I h i t ’  t l i e ’ L i s r l l ’ t ’n t e u i t —~‘ s I  c - I l l  ‘e t t e l I l ( . I I1) e-~I s I i i ’ c -  I l i t
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cal  i b r a t  ion s t a n d a r d  or m o u n t e d  d iode-  c ’ ou t n e - c -  t e d  t e e  p o r t  2 i n

t h e  nornì a 1 m a n n e r .  From the  rnea su r en t en  t c--i o f  t h e  r e t  c - F e  ‘n e - C ’
shor t  a t  t h e  b e g i n n i n g  and end of each sweep , dri ft b e t w e en SWe e ps

can be compensa ted , and  d r i f t  d u r i n g  each sweep can be c’oilip c’n-

- sa ted  a p p r o x i m a t e l y  b y l i n e a r  inte ’rp o1~tt io n .

I t  wa s  f o u n d , hioct- evc ’r , t h a t  t h i s  m e t h o d  of d r i f t  cotnpe-nn sa—

t ion d i d  not  i n e - r e - a c r e  t h e  o~~e i’ — a l  1 a c c u r a c y  of t h e measurerinen

sy s t e m . I t  ic-i presum ed t h a t  in  s w i t c h i n g  be tween  t h e  S 11 and

S22 t est  f u n c t i o n s , t h e  n e t w o r k  a n a l y z e r  r e q u i r e s  a f ew  s c -c -c c ttci s

t o  set t le  to ii F i n a l  v a l u e . The time’ d e l a y  i n  t h e  s o F t w a r e

con id  no t  be ’ iu i c’ rease ’d cvi t h o u t  requ  i r i n g  a ma ,j o r  c h a n g e  i n

s o f t w a r e -  - se )  t h i s  a u t o m a t i c  approach  to d ri  f t  c o r r e c t i on  was
abandoned .

As an alternative to automatic: drift correction , ( l i e -

u se r c- an do t ee- c) t h i n g s  to minimize the prob lettt , Fit -s t

‘‘ w a r m i n g  up ’’ t h e  network analyzer for a fc-cv h o u rs  b e f o r e -  use

g r e a t  1 y r educe -cc  t h e  dr i t t  problem . Second , be ’  fore- (-‘itch sweep

t h e  I n s t - c  c an  c h e c k  f o r  d r i f t  by m a n u a l l y s e e - i t c h i n g  I t )  t h e ’
t e s t  f u n c t i o n  and  c - n e c - k i n g  t e )  see- i f  t he  rc-’ f l e - e - t i o n e - o e F t  i c - i c - n t

tnagn i t ude  and  pha se ’  a F t he  re f e - r e n c e  sho r t  h a v e -  d r i  f t  c’d f r om
some i n i t i a l  v a l u e s .  I f  ( l i e ’  n e t w o r k  a n a l y z e r  h a s  d r i  f t e ’ d , t h -

u se-i’  can a d j u s t  t h e  vernier m a g n i  tude  and  phase  c-a n t  rc) I c--i t e e  ago 1 t i

obta  i n  t h e  in it m l  r e a d i n g s  For t h e ’  re fe’renc - e-’ shc -e i ’ . The t h e ’  t w ot ’k

a n a l  ~zer i s t h e n  w I t e -  he ’d b ac k (.0 t he 
~22 t e s t  f u n c ’  I i e c u  a u i d  I l ie  -

m easu rem cn  t swe- e - p  i s done- i n t I l e ’  u i— inn I eva y

I n  c e d d i t  i o n  I.e i m p r o v i n g  t h e  t t iea i - iu r e ’m ent  c-i s l e - i t t  h e  l i t  c - t e a -

a e - c u r c e c ’v t h e  s c c f t w ; t r e  o f  t h e  s y st c -r n  ha s  be n -n i’c’vi e’d te e  m c i k e -  I i i ’ -

s y s t em I e - s s  Ctili i I ) ( ’i ’some f e )  c i s c ’ . Thl ( ’ s e c t  t w c l i c ~ h a s  b c ’e-i i d i v I
b i t e )  t w o  ind epe n eh c’n t t ’oni p u l  or p r o gr a m s  - l i i i -  F i r s t  p r ccg r L i t l i

( ‘on t. r o i s  t h e -  t i e ’ t w c e r k  analv/ (’t’ , iiteo stlre’ s the’ 1 hire -c ’ c ’~ i 1  r h i - ; t t  i c u t

st  c i n d a r d c - c  , a nd t n e ’o s i ur e s  t h e ’  m o u n t  e’d c h i e c c i c -  F I ~ e’ I i n c - s  - l l a~ I u i g i i c c -

m e - r e s i n  re ’rn c ’n I r u n s  I a ken c c  F I he - m o n a  I c’d d i e cdi - I s \ e  - i’’. ’, i  c i t  a l l  I a ‘ d > 1 0 -  -

hte ’e - ;itir-c e the ’ m o t u u i t e - c i  d i c c c l e -  c’~ l i 1  he ’  I l n e - ; i s l u r e - d  lieu ’ d l  I i t t  c c i  h u e ’ s  c c l

( i t

L —- -



1) i as current iv it  hou t  n i ce -d ing  t o  i- c - c a l  i b m ’ a .  t e- t h e  - c r y -s t e n :  c ’~t c h

irn e ’ , ‘I’he f i r s t  p rogram a lso corrects for the ’ t i e - I wc c r k  u n i t  I Z en’

or  rot’ i n I he  - f i ye- measur enl ien t r u ul s  c c  f t tie into t in i  t e - c i  d i . ode a ad

t h e - ni -‘-t ol’eS t h i s  c’c ) i ’ i ’ c ’ c , :t ed  data i n  a d i s k  F i l e ’  - ‘I to - sec ce r i d l d 1 ’ 1 c ~~

g ram  i - - - : n c l s  t l i e -  d a t a  s t o r e d i n  t h e -  d i s k  t i l t ’  01 1( 1 i s  p i ’ > e v i c l e - c l

w i t h  d i o d e  p a c k a g e ’  a n d  m o u nt  t ’ q I n i v ~n l c ’ n t  C l  I c - U i  I p a r : l l I ) e ’ t c - I ’ S  } c \

he U se r  t h r ou g l i  t h e  key b o a  rot - Tb is }I n ’ e eg r a m  car re ’ > I ~s the-

mouti t ccl d iode’  d a t a  f o m ’  t he  - F f e ~~’ t s  c e f  t h e -  d i e d > ’  p a c k a g e -  c e n d

r I l o i n t i l  a nd  p r i n t s  ou t  t he  F i v e - - s e ts  o f  d i o d e  c i a t i c  n c ’  I e - r ’ i- e--d t o

t h e ’  c h ip  - 
- -

T h e r e -  a r c ’  t ’ , ’, > c  a d v a t i t a g e ’ s  I c c  bc u s c - i  l i v  h a v i n g  t h e  s e c t  I I e : l  I - -

c i i  V i  el  - c i  i t t  to t IV> c i c - i ’ > i~~ I- allIS - ‘l ’h i e ’ U S c ’ I ’  11Cc ’i l  ‘i i  I V 5e  - I t ip I l i e ’  l i e ’ I cv > n - k  
- !

an a lv’ c- n ~ ~v 1ic-n t h e ’  f i t - S I  p 1- g r a i n  I s  U S eS 1 , and  t h u s  t h e ’  u i e t i v e c c ’ k

:t 110 1 c _ s c  - n ’  i s  n o t  si t I I ng  i d l e -  ce-il l I c’ rc’s tu 1 I 5 ii i’ > - be i l I P  ~‘ 1’ i ii I c - c l  -

A n o t  h e - i  , - l ( I v c l n  I a g e ’  i S I h a  I t l ie ’ ( 1: 1 I a ev il c’ h t  1 s s I c c l ’ > ‘ c i  i i i  I lie - d i sk

i l l ’  by  t h e ’  i i x - s t  pr  gr i l l l l  c c i t t  l e e ’  t runs I e’i’ t’e-d t i  I I I c t g l l >  - t I C I

F 01’ P e lT  i n n >  - i I ( > 1 1 P d - -

An : i1 y c -~ i~~~ol I ii> A c c i u r ~i c v o t  I ll> \ l e ’ : l ~~ , c i I ’ > i i i d I ) j  S\~~~t e ’ I i c

Th u - :m c ’ t u  r a c y c c  I ( l i e  - v u  1 i l > n ~: i I  c c l i  cr t c i t l c i l i  r l ~ I S > - l v  g c > O c i  -

‘ l i i ’ ’ 1 ’ -  i: I hi o I a e - a 1 i b rd t i c c i i  5 1 : c  uic l : i  c c l  c d i  t i  I c e ’  I i i  - is  l i t ’ > - c i  c - I c - - I I ’  I c l i  I I y

‘_t i t  Ii \, e - I - c _ g e e  ccl i c c  - c l i  t a  e ’ l i v  l i e  i t  i t t  p I l i e  - I F e -c  1 1 >  t I c  V c i t  e v h i i c h i  I h e  -

c > - I I c  - I - ( I c e  1 c _ c ‘0 1 t e - j e  ‘ t n t  p i t a  S c  - 0 f ( I i > ’  c a  I u b e  c c i  I t e en s I a  ii c i a  cci  - - c i u re 1 5

i c - : ;  I’ c - e ’ s . ‘l li i s is  de t i e ’  by  11cr  n a g  Oi l  ~- — \  I’ c - c c ’ l e l e - I ’  c ’ e c u l l l c ’ , ’ I e e l

I c e  ( l i e -  n e - ! - e - t ’ k  a n : >  l v , ’, e - r  ( I  h e ’  c’ O f l l f ) t u l  e r  i s  h a l  t i c - e ’c ’s s : i l ’v  ) I c c

1 ’ - I c - i - c : :  i n -  - I l i e  - cc - l i i i)  c v  c i t  cv ii l c ’ h i  t l i e ’  I ’ > - f Ic s t  I c c l i  c c c  - I 1 1 c ’ i t ’ l l

e e l  l i i i ’ c a  t u h e i ’ : i (  1 1 1 1 1  st i t i d ~i i ’ tj  i t i t c ’ i ’ S t ’ c t ~~ l i l t ’  n’ e ’ t  I c - c - I  n e - l i

e ’ d e l ’ l  I Z e l i ’ I I I t d i t i c -  ( c l  a e ’O’d \ I al  s l i c - e t  e ’ o u i f i t ’ e ’~~c ’ c l  i t t  p l a c e -  c c l  t h e

c a l  i t o - c i t  i t c h  S t i l n c l ; c i ’ e I .  A ‘ , t c i V t -  I c e - I c - I ’  i s  U 1 c - e i  I c e  m e - u s l n n ’ c -  t h e -

I r e - e p i c - t I c - v  e e l  1 1 t h l S c - c ’ t  i e c n i  ; e n e - e - 1 c ~~- l y .  I ~~i u i ~ tIn s I n c ’ c l l i e t l c V .

t i i ~ e - c i u i v : i l e - l l I  e - I c ’ > t I l t i l  I e ’ t t g l h n  e e l  f l i t ’  c - a l  l I ) r ~ i I  I > h t  i-c t cI:Iel ;i i’d

e ’O li be i i e - i c -~ t u c ’ e - c l  I c e  n i c e e l u l  i l .~~ ;a c h i r d t c ’V - ‘ l ’ht c  c a l  i b r a t  i o n

- I i

— ~~ ~~~~~~~~~~~~~~~~~ --



- -,- — - -
~~~- - --— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -—-~ 

- ---- -
~~~~~~

- - - ------ --
~~~

s t a n d a r d s  a r c ’  a s s u m e d  to  be I e~~s~~ 1 e ’ss - Ettip i r i  C i i, 11 ~ , I l i i  cr I 5

1 very g c e c c d  assumption i f  e a n ’ e ’ i s take-n to cle an tie’ cal ia ra t nul

s t a n d a r d s and  s n c i g l v  a t t a c h  t h e - I l l  to  t h e -  n e t c e i v n -k  a n a l  ze ’i’ 
~~

- !-t -

The c ’ h i ~~‘ F soti l 5 e ’5 0 f et ’  ro r i n t h e ’  m e a su  re men I s s  t c  ‘ I I I  O i ’ > ’

c ’a l  I b r a t  i o n  s t  an d ar d  a c e - u ric -v  - ne -- t c v o  i -k inn  l v d- ’, e - r  di’ i f t , ati d I i >  - l i i  i r k

a n t l v s - - i ’  n O i s t - , F ro m c - X p e r i c ’ h l C e - - a t o l e r a n ( - ( -  o f  ~O .O~i d R  and

1M c i t - g r e - c ’ s  would be reasonable- - c o l l i e - s  f o r  t h e ’  i t c ’ c - I i r a c -  c c l  c i n ~
l’e ’I  h - e l j on  c o e f f i c i e n t  th i e a s u r e ’ l l l e -n t s . U n d e r  c v c c r S t  c c l c -~ e- c ’ e c n d i —

I e ) i 1 5 t h e  m e ’a s ur e m e n t s  o f  t h e -  t h i n - c e ca l  i b i : i ( l e > t i  s t c m n c l c i r e l s m~iv

a I I be i n n  c - I ’ I ’ c r  i n  one ’  d i  r e - c t ion cvh i  I t ’  t h e  - I l i c - d i s U  n d - l I l t ’  1) 1  -, 1 ) !  1 l i e  -

ni a cin 1 e d  d io d -  - m d i v  b t ’  i n  e r r o r  i n  t lie c p05 i t  e ’ i i i  cc - c t  i c c  11 - Tb u . ~
I he m a x  i i i l t t i l  e l~ 1’ > c r  101 t l i e ’  d i r  i c  - C t  e d  c l i  t c n  W e O l  I d  be t cv I c c ’ t l i e -  e ’ I ’ l c c I ’

in th e -  tu ne - c e n - r c - ,- t c - ci S,c’osur eme’nI s, ecn ~ ‘11 ,1 d R  and ±~~~ -~~~~ e i c ’ g r e ’ c ’ s  -

T h e ’ 0 . 1 d R  I i g u I ’ c ’ t l ’ c c f l S l i t c - c r  101( c) :i  1> d i c ’ C t h r a c ’V I i g u I c -  I c r

( l i e  - Ifli~~ h t i t  C u l t  - 0 I I he i e  - I I t  -C  1 n c m l i i  ce F t  I c i t  - h l  t -

\ \ h o t  t l i c ’ c ’ p c e ’ c i i c t  i o ns  c F  c c c i i i c ’ y i t  t h e -  n >  H c c  i c e -  p l a n e ’
of  I he ne ‘ l W > ’ r k  a n  d i i  V / c ’  i’ i f l  d i  c - i  I e - I ri I c ’ u t  c - h  i~ c c  i l l  c l i i >  - t i c  n e c  -

~i~ t e i  s l u s l c ’ p t  m c - ’ - d i c ’ c ’t l i ’ O c V  > l d ’ l i c I i L l  c e f l  I ! ic  - - d c i  n c _ a  I c - n t  e I i c i u l  I e c u ’

I I i >  - c l i i i  d- - 1 ) 1 c c  - k m  ge - a ad I:: - m m I - i- c r  h~ I t  c c c i  c i i  I 1 she  c c c  n i n

t h e ’  n e x t S e - C t  ~Oti , t h ~~- c - h i l l >  t ’ - - I l > i , l e ’ t u I i c ’ - cus c l r m c v  i s  : e i - 1 1 I  1 1 > ;  : : , n l i i -

u hos ci mid l i e ’ c - hi i f ) sus> - - t a l c -  - - i C C ’ - ‘ I , i c  - i 5 1 > 1 c c ’  m l  • : ;  I I 1 : - t i c - c r  -

A l l  I S : >  ra~ 1 e’ o f  t i d e  1 0  Oht  c h a t  -d cv i t  h h e -  ‘-P i t s c ~ c c - ! ! :  -h i t St cr1  c

I” t p n l ’ c ’  I i s  c i  0 e ’ t  ‘ I  : 1  I~~~- - i l c i : , ’ c O  c ‘, e 5 115

s u s ce - I d t  o n c e ’  c c l  :i  c ’ c ’ - I g I e ” - t O  I V  I ! \ ~~~~- I - I \ l i  r c > e c l e -  s l I l c I e l i l  1 Ic ~

Rci t l i e - c  c l i  h ( c ’ c r c  - c i  t ’ c h  - l i t  I c  Ii i c--, I c i k e n  - I , e ,  I I L -  c c i  Ii i c i a c —

e ’ i i i ’ u ’ c ’ n t  ‘--i e e l  l , ~e ( c  i nc h h I l l  m t l I  I i I ! I ’ e ’ r  c - S . l c ’ ’ e ’ O I i ’ - ( ’  t I t u s  e l i - - c i t  l i e s

c _ c  - m :~ I i t  I I - ga i n  - ci - c i  i I e— c - x c o t -  h - -  - I I I  - > I i t o  I I i  cc  - - 
‘ i s  i i  g c  cc -

c h o i c e ’  f o r  O f l  c ’ \ . e- ’i j  I c’ t e i  ( l e ’ I l l c - l l s t l ’ i t c ’ I h t e -  e ’ l v ~ e t i t c n , - - s  e e l  I h i t s

1 1
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m it e t h o d  o F  m n i c .’a su i-er t ien  t - DIm ( d i  t~~k e - t t  O f  t ii 1 5 cie - c_ I c e  - us I up  di
conirnerc ju l a u t o m a ti  C n e t w o r k  analyze-i’ is unre a l i a b l e -  be ’~- dili sc-

t he  g a i n  of  t h e  d e c _ i c - c  is coutparable t i c  the i n d R ’ c t m n ’ c i c - v  c e F  t i l e ’
svs tent .

P l ans  f o r  F u t u r e  R e st - a r c h

I t  w o u l d  be ’ v e ry  i n t e r e s t i n g  to  c i p p l v  I ( m c ’  t e c h n i q u e - s  and
e x p e r t i s e  ga i n e d  in d e - v e l o p i up t h i s  smita l I s i g na l  i l ne cm sum ’e ’mc ’ m l t

sys t em to l a r g e  si g n a l  m e a s u r e m e n t s . A l a r g e -~ s i g n a l  l l l e ’ a s u r e l l n e - i i t

sy stem ev a --i set up temporarily to d e t e r m i n e -  i F I~ liv’ idc- a cvc’n ~t-

f e as i b l e .  D i s c r e t e  coniponents  e v e - r e -  C isc-c l  tc ) b uild a ~~e f i e ’ e - t c c —

m e t e r  , and t h i s  ie  F l  e ’c t ot i t e -  I c - i ’  was  c o n n e c t e d  to the ha i’mon I c

c o n v e r t e r  o f  the ne tcv o i ’k  a n a l  yzc’r I r u s t  c-ad of  t h e n  S —p a r c i t t i e  t e l ’

I c-st set  . A d iode in a one—slug slotted line cdlvi  ty cv~n s  u s e - e l

as t h e  dec- i ce u n d e r  t e s t  . Q u a i l  t a t  lye ’  1 v til e svst e ll l pc’r l ii I ’ l I l c ’ d

v e r y  eve- 11 and i t  seems to be a good a p p r o ach  t o w a rd  s i m n p l  i f y i  ng

l a r g e-  si g n a l  measurement s - W o r k  should begi n on t h i s  pI ’o,je’e- t

i n  J u n e .

R e t  e-I’ e ’ h l e ’e-

1 - J . W - \Ic (’lymonds , (1 - C - 1)alman , C - A - Lee ’  - ‘‘Me ’ a SU i’ e’tile t i t
o f IMPATT Diode Amp I i F i c ’r P aran te  t er s  , Rotiie A i r  Dov e’] op men I
C e n t e r , S e m i — A n n u a l  R e p o r t  - Oc t obe’r  1975 .
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( i l i l i p l i  I e ’ I. S nirn La t jea n C ) F T RA P . -~TT be -v i c - c - — C l  n’ c u i t

h i t  m i l l e t  i d e a s
Z .  Be-egan , Jef  F n ’ e - v  F r e y  *

Tb i s e-e ’ s e ’ d C  l’ c h has  be’c’n c OIfl i)  1 eted and  a F I na  1 1 c’p c i ’  t ha—

b c - c -n  p r c ’p a r e ’d  - The ’ F cal i ocv i ng I c-c an  -‘ d is t r a c t

Thi s c _ v c c i ’ k  prc’cre’n t s a comput car S imulat ion o f  de -v I  c c - — e l  n sul t

I n t e r d i c t  ions in  c o a x i a l  TE M—rn o de  T i  I l I c ’ — D e  I cey—Ti ’ I ggc~read TR~\ 1 > .-\ I T

c i r e -u  i t  5 • as c _ v e i l  d IS s im u l a t  I on s  o 1 rd-ia It ’d probl~’m s such as

i’ e lli\atl omu osci 1 l a t l e e n s  and  a c om p a r i c r o l l  e a t  DC t o  HF c - c ut —

\ e ’l ’ S ion  c l  f i  c l o n e ’  ies of  c omp lem e i i t a r v  TH APATT d c v  I c - c - c r  -

The c o m p u t e r  s im u l a t  ion  pl’c c g l ’am iot ~hi nh ’S a d c - I ~u i )  t ’d

desc- nH l e t ion of t he ’  dcvi cc’ ph mv c -- i 1 c’s cv i t  Ii a t irne cU d l l l d i  l f l  d l i i i  I y s  i c--i

c c  I - I I t  - d’ e j d C X l d j  1 c b-c ~ii t iii w h i c h  t l ie -  d c - c _ - i c - c ’  i s  e ‘t nicc - clcie’cI - Tb -  -

d e c _ i c e’ p Iiv’- i c s a r c ’  Cle ’sCt ’ l lc ’cl I f l  t c I ’ l lc-~ of a h v l c e n ’ h c c l  I c ’ p a l l  lit

di f ’ f c - l ’ e - h t t i a l  i - c u a t  i o n  i n  t h e ’ d l i s p l d n c - d - l I l e ’ n t vc ’ C t o m ’ , c v l i i c l i  i c—c
c i  c_ ‘ i i  by  r ttd ’ans c c f a nod I I t e d  t n e  - t  hod c c  F c h a  m ’ l c - t c a t .  st  n cs - ‘l ’hi i s

e ( I U a I  i c c n l  , Ii l o ng  cd lii i t s  ii i i 1 1 1 1 1  ~cn d h o l c n l d l d i t - \  c c d l l c l i  t i o n s .

con I l i i  i t s  d i l l  t lie’ in  I c > I ’ I 1 l d i  t i o n  0 1 c c  u t  t l i e -  d c - c  i C e ’ d lv t i l l i l i i e l-i - 
‘F i l e

e x t e r n a l  evave- foI’l!:cr c c i i  t h e ’  c I t  l e e  i e ’r llcihI : i I s  ii h ’ e c d ’ i I l c ’I i l i i l c ’ c I

i t  e O ’ d e t I v c l y  t r c i r :  both c- ire - ui I e c i t i s t  I ’ d >  i n t t s ~~ it i d I ch In (II> - j i l t t ’ i ’ i I d i  1

dy Ii dufl 1 5 e )  I t l i e ’  d i e  c e l c ~

A e’ d e l l l p i l r i  se ll o f I h e  c c  c h t \ ’ c  SI  c c l i  C ’  I 1 >  1 - - n d ’ l c - S  ca t  l eve e

c oih ib ) h e - l e n t  a ry ‘l ’h ~ A I > >l ’l ’ I S I t ’ i i d ’ I n  b’ e ‘5 (dOS c i  i ’ t ’  I c c i  c e n t  t u it >l c 1 1 I c e  -

c O I l  - - I m’a I n I d i  
~~ ‘ I  n d i  I c  - w a v e ’  c x  I c ’ i f l~ I I c l  t I c - I  I - ‘ l ’hi i - s  d i l l > I y s  h S

e ’ e e t i t I l : : - - c l  e - --~ e - i ’ l !c e - n l d i h r c ’ i c > c l ’ t l — ;  1 1 1 ( 1  s t c c t ( - c i  I h l d u t  i t t  Se I n e

c ’ u r - - l l l ! l - ~~t 1 i f l c - c - c r  t he ’ \ i >  ~~t r i h t t h O ’ c i S  IlK > l ’ c ’  I F i c i c - n i  t h d l m i  I t s  
-

( ‘ ( d I ! f e I e ! : ! e ’n I  d i h \  I > N —

*
~~~~~‘ ,  - i ’ e -  ( S I i l e e - 1 - V  I s cO ’  

~~-~ _ _  -- -



Specia l  emphasis  was put on t h e  au t o  ly s i s  of  t h e  turn—on

t r a n s i e n t  in a coax ia l  TRAPATT c i r c u i t .  W a y s  of r e d u c i n g

t h e  t u r n — o n  t ime in p rac t ica l  c i r c u it s ar e ’  su ggc ’c- - i t c ’d  here-

on t i lc — bas i s  of t h i s  a n a ly s i s .

- I S
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t h i gh Power , Hi gh E f f i c i en e ’y CW TI-lO s

0. i l c ’r l i h y ,  L .  F.  Eas tmarm *

This report summarizes work done on the high power and

effic’iencv TEO ’s from November 1975 to May 1976. Maximum

power and ef f ici ency rema in at the 1.35 watt CW and 8.4%
efficiency at 3.0 0Hz that wa -s reported during the last

period.

In this period efforts have ‘Lee-en made to determine the

load on the diode that is presented by the stri pline circuit ,

descr ibed later , and t i e  MARC type circuit at both the
fundamen tal frequency and the -second harmonic.

Stripline Circuit

Very  good r e su l t s  c_ ve ’re ’ o b t a i n e d  and r epo r t ed  d u r i n g  t h e
las t  per iod . A m a x i m u m  o u t p u t  power of 1.35 w a t t s  CIV a t
3 .077 0Hz e v i t h  an e f f i c i e nc y  c c l  8 .4h~, cvas obtained with diode

number 2237-271 . O t h e r  dicedes  we-re  also ope ra t ed  ev i t h  o u t p u t
powers in excess of 1 w a t t  CW and efficiencies above TI .

A l l  bu t  one r e s u l t  was o b t a i n e d  cvlth the heat-sink pOsiti\e .

The reasons that we believe that this Polarity Cd-ill i’c sul t

in better efficiency was reported last time atid will be’ in-

cluded in the final report.

The circuit consists of a 50 ohm stripline evith the’

dev ice Placed on a pedestal near one end of a rc-ctang ula r

cac_ -ity and the output goes to a slotted line which Comi c--i c c l  F

of the stri p line near the side opposite ’ that of t h e ’ d c ’ v i c e - .

Bias is brought in through a wavetrap to l ie-l i) minimize ’ bIa s

ci rc’tiit oscillations. The-se ph v i cal characl t er i s h I ecc-i o f  t h e ’

circuit c-arm be seen in Figure 1 .

The circuit with s]otted line ’ attach ed j s  sh c cw n  i~~
F i g u re  2.  There  are  5 s l u g s  i n  t h e ’  e c U t p u t  c ’ ii’ e ’ui t . In
ord e r , f r o m  t h e  c- i  r e - u i  I th iei’ c ’ a r e  h o r n  I n a l  I y 2t ) .  cr1  up - s  t h a t

* P r c e q C e’t S t h 1 c e ’ i ’ ~ I sor 
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a t - c -  1 /8 - . ,  l/ 8 X , 1/4X , 1/ 4 - , and t h e - n  a n o m i n a l ly  32 ol in s l u g

a g a i n  of 1/ 8- . A F t e r  t h e ’  l o t t e ’d  l i n e  t h ~~i’ c -  a n - c ’  c -~ c l I b i ’~c t e - d

broadband a t t e n u a t o r s, a c_ e - av e m e t c -r  and  f i n i l  1 ~ 0 p 1 c c _ d e l ’  l L e - t  c - i .

C a lc u l a t i o n  of the  Load on t h e  D i o d e ’

T i ’  a c c u r a t e l y c a l c u l a t e’  t h e  l oad  on t l i c -  d l e a d e -  i t  i s  I I n - c-i t

nec e s s a r y  to a c c u r a t e l y  d e t e r m i n e  t h e  l e - n g t  bc -- i of  t i l e -  di  I f e -re-UI

see’ t ions  i n c _ c a l v e d  as w e l l  as the-- chai ’ ac terist i c  i m p e d a n ce  c a t

t ho s -  sec’t ionc-i .

Two means  w e r e ’  used t o  det e r m i n e  the ’  c h a r a c t c - c  1s t  iv ’

i m p e d a n c e-  of  the slugs . The- first wil y c_vas t o  nIc ’~t c - u r e -  t h e ’

r e l evant di  O II I e -t e l ’ s  and l e - ng t hs  and c a l c u l a t e ’  the Z c _ t b > - n c -

R1 / o - oZ = -

~~

— 

/ IT 
‘~ “

where

V — = 3 e e ~i

H i n s i c i c -  Ch i d i l i l e ’ t c - c  c c f  t h e ’  o u t c - n -  c i c m t d u c t e c r

R. d i l i t h e - F e  - i’ C) I t h e ’  i ti m id-c c’ o n d u c- t ot-

th e’ r e l a t I v e -  d 1 e ’ I e ’ c t l I e -  d ’ e ) f l c — t d i f l l  c i F  t h >
d ie l e c t r i c  tn~i t e c r i a I  (I c i i ’  t c ’ f l c c n  c: =

T h e  s e ’ i c c f l c l  me t h o d  r n n a k e ’ s  use of o p t ’ c c p e - i ’ t v  c i t  I l ie ’  s l u g  e d - I l - - n i

a t i ’ e ’ q d i t ’ f l t ’\ , suc h that t h e ’  h ’ n p t h t  i s  ~ ‘ -I i s  :1 1) 1) 1 i c - e l .

Whit-n - = ~~~~~~~~~ = ( l _ c , / l 4 c , ) 1
~~~~, Z e e l  t h e ’  l i i i - -

I l i e -  ( c - s t  c v c c  S 1 1 C c >  1 - i n  ( 50 ) . T h e - s c ’  In ca s u r e  i l i e  ‘ i i  I s We I c  - 4c t i e ’

U S ll~~ t li e - t i e - I c c >  i -k  ~c 1 i c c  I \ ze n’ ~iii e l ci h’ e - 1111) 11 i n  I e -d i t t  ‘ 1c c I c  I c - 1

‘l ii c - n e  - ‘i I i- I c j e  1 s t i e  e l e - I ‘ I l l , - t i l e ’  I Ia  - c i i  l c ; i  c 1 c c  i - s I  I

i IlI p e -d c i  f l e e s  and  I c nm li -s c c  I t h e  ‘ c_ i i  m I I t S  c - I I c  c l i  c c  I t h c  ‘ I e d - c

I cc li i 1 5 I i I : i  I d i m _ c  1 i l l  e - t i l d e  I

-~~~~~ -~~~~~~~~~ -~~~~~~~ -“~~~~~~ -- --- -~~~~~~~~~ - - -— -



TABLE 1

N o m i n a l  N c ’r l l i n a i  A c t u a l  Z ( 9 )  Z ( H )
Z ( 9 )  f f c c r  ( c m )  f r o m  d)

0 

~~~~~~ / 
-1 ( G H z )  D i m e n s i o n  M e ’a c - u n’c - d

20 1 1 .277 20 .88 22 ,30

20 8 .6426 20 , 8s 22 .29
32 8 .613-1 7 34 .69 37 , 7

W h e n  th e: -  c h a r a c te r i s t i c-  im p e d a n v c  -s antI lengths an ’ e - all

kni oee’n , a c o m p u t e r  pn’ e lg r ’a rn  w ac -  d e c _ c -  (op e -d  cvii i c’h , ecl i e ‘n t h e -  si ug

p c c s i t i o t i  a n d  c h a r ce c :t e r i s t i c s  c _ c c - n e  g i v - n , m c u l d  p l c _ c -  t h e -

I P I p e  ‘ c l d i  t i ce  a t  the p l a n e  of t h e ’  d i o de . I t i s al c ) l > - s  i h i  e .-

to  ci i c u l  a t e  t h e  i n p u t  i m p e c - c i a m i c e  t h a t  should he- sc-c - f l  w h it- n

k n o w n  l o a d  is p laced at the p l a n e — o l  the d iode : ’

1 - i  t e-st t he -  r e s u l t s , t cvo knoc_vm i l o d i d s , t h e ’  F l  i st  an empt y

p a c k d i g c -  w h i c h  n e -p r e s en t s  a . 32 p f L d i h i d i ( i t o n ’  a t  t h e -  d i c c d e -

p l a t i e - , and the second , dl  s h o r t — c :  i i’ c U I  t e d  p d i C k d i i ~~d ’ , w e - c c -  i n —

s e ’ r t c - c i  i n  p l a c e ’  o f  t h e ’  G u n n  d i o d e ’ . T h e -  r e - s u l  I c - -~ i d  t i l e - t e s t

a nd I h e -  c a l  cu  I l l  t e d  l’ c c s u  I t c a c e -  p t - c - s c - I l  t c - c l  i i i  I d i b i  c -  2 .

TABLE 2

l e c a d  [ c c c i i i  I m p t e d a n c e .- Z - M e - a s .  Z i n  ( a l e -
in

.3 2 t e l  — j l O ’ l  , c 5 ~~~~~h7 . 5
> >  ,0~~-Sl

c r h l c e l ’ I ( ) + j O  . 9- 12 — 1 0 2 ° 1 .0/ ~~l7 3  10

t i -S I  flP the’ Ch i ne -fl-Si> no 1 “ c c  ~

, 32 p 1  O — j 1 6 - t  . 9od > a ~~J
s h c c r t  f t tj O  . 9 12  !_ j j y - >° 1 

______

U s i n g I l i e ’  m e - I c — - i l u c e - c i  / ‘ S.

- - -



A - - c ’ d l n  h e ’  s ee- n , t h e ’  c a l c u l a t e d  r e - s u i t s  a r e -  i c ’ s- s  t h l d k i i  I & d e - ( h t u d l t - .

I V l i c ’ii t he ’ P 1’ c t h ’ i i I f l  w a s  u s e ’ e i  t o  f i n d  t h e ’  l oad  a t  the’ d l c c d e -  p lan e’

I he ’  l’ e - e - ,L l  i t s  \ \ e - I ’ e ’

115 i t ig  I l i e ’  il i i i cc :1 i 5 I c e f l I t i Z ‘ s

= - 10 .52 — jll .61

ins  i f lp  t i i ’  - l I e  ‘ d e S  U i-ed Z ‘

= - 11 .313 — j l O , 27

f - i’ t i n > -  s l u g s  p l a c e - e l  in p o s i t i c c r i  t en’ maximum output p 0 1 c c- i ’  a n d
c - f  t i c ’ i c ’ I t c \ I on’ c i i c e e i c -  ~ 2 2 3 7—2 7 l ,

A Ne p, I~ m ’ e c l > e -  Fo i ’ M e a c - u i ’ e - m e - n t  o f  t h e ’  Impe dance ’

\ -s t l i e  - t e s t  had  s i t>  ccv ii t hu  t l i i  i s m et h o d  o f  c a l  c: u l a  I j e ) i i
ev~i s q I l e  ‘51 i c e n a b  h e : , an I t t  t e m p t  ~n t c h i l i r d i c -  t t - r  I z i  ng I l i e -  c- i r e - U i  t

be c h a n g  i nip t h e  - c d tp a c  I to  l i c e di i  t h e ’  d i >  i e l e -  d i  a n ’  by  l l l e d l i i 5 O F

dl v d i n ’ d t e ’ t o n ’  d i c c d c - , t h i s  I d i e - t h e c e l  u l s i e  d c - y e l ped h u l - ~~h i e ’ I d 1 S .

I t  w c i s  t h e - n  I c - i t  that 1~l i>- c m l v  c_ I dl y 1 1 )  d l c e h l r l l t c - I  V

t I e  - I c - 1 111 f l e ’  t hi  - I c e c c  ci on t I t > - d i i  c d c  - ce lls 1 0 d i ’ ’ I l d i  1 1 c~ i i i  ii h I d

l e - d l S u r e  i t  with di probe’ . Th e - c -  ap p e a l’ s t > -  b e ’  t h e -c- c -  ~~c - c -d

cvoys to  i n c r e - l ’ t a prieh e a t  t u e  p i d i l i e ’  o i  t h e -  d i o d e - . T i n c -  l u s t

way coculd bc to  i n s c ’r t  i t  t h n r c i u g h i  t h e - ’ h : c - ~i I s i n i k  c r i t I c -  o f  I he-

d i c c c h e - . This type : o F  p ro b e c v c c u l d  h a v e ’  to  bc ve ry  s tn a l  1 i i i

d i a m e t e r  c i h h I  m i g h t  a l s o  l e e ’  h ai ’d  F c c  d e - t c - r m i  i i > ’  w h e ’ t l i e ’ i ’  or  h u t

i t  was  poc-n t t c c n e d  c o r r e c t ly .  A n i c c t h i e t ’  p r o b l e m  c _ e i t h t  t h i s  t y p e ’

of probe is t h a t  i t  c a n n o t  be use d ofl c i l i  e d e c _ i t  i c - s  c rp e - i ’ i  F l c d i l l V

i F c ’ a f l f l o t  i c e -  u s e - t i  on F l i t ’  MA J i (  c : I r c n u  I t i t s  I l i e ’  HF  p> c i t  F I n  lI C e -

pd l r t l i i  i i  V c i )  V ( ‘I’ s t ht l ice  I c  - t c - t I t e - c c c l  I~~ i d  c -

l’he’ se ’c ’ e c n d  a n d  t h i  i’d t y p e - S  o f  1)10 e - - ’ ;> ’u 16 i c c -  insec t c - c l

t h r o u g h  I I i > ’  tI- u c c  - F rap il l t l i e ’  r i r c U  I ‘ l ’ h i e -  Sc -i - c  d I d  I v p  - t e e  cu I 6

c o n s i s t of  c i s imple ec i m ’ c ’  p ce-le e - i n d l o  t h e ’  c’ d i v i t v .  ‘F lu ’  t h i i r i
t y p e -  c v c e u l c l  i n v i ) i c _ e  p l a c i n g  a ( i i > e d c -  p c > e ’ k u i g e -  on l i n e -  ; i h’ c i c e -  cv ii i c

w o u l d  t h e - n  h e -  scn ’ e ’eved j f l i c c  p l a c e -  c - S O i l I v  l i k e -  t i t e -  l e d i l c h i c  c c l , -  

- - -— - - - —  --- -- —- -— -- -- - -- ------ -- - -—-- -- - - - - - -— --- - - -- ~~~~
-- ‘-- - ---—
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We- dec: ided to try to make t h e ’  p r o h i e -  cc i  t h  t h e -  p a c k , > g t -

lIt t d l c h e d  as I t  wo u l d  a l so  e d h v t d l l d  - I lie- 1 1 c c - t I  t o  t r u e n s  I

t h e ’ i m p e d a n c e -  t h r o u g h  t h e -  C e - i ’ a l l u i c -  o h  the pde (’kage- c - ; c - i i

c_ c o u l d  g i v e -  a more- re-alisti c - I ’ d ad ing 0 1  t I t i ’  i l c d p d - d a u u - e ’  I ,

by the actual d e : v i c - ~~. Thi s probe- , I t s  S c ’ ( il i n :  F i g u r e  2 . ~e > ~
con st I’Uc ted by P a u l  1-umb ard  and a t ti ’r in it hi I p” >1 ) 1> - c  cr ‘.d L I I

k e e p i n g  the pa -kuige ~itt ac Iied \ic-I ’ c ’  m I c e - t I , b u e ’ r I c a n f l ic~~
> c_ c - I ’ , c c - )

F i g u r e  -1 shoev s t h e ’  p r oh c ’  i n  p i n e - c ’  i n  t h i - -  s t e - i  1) 11 Ii-

c i r c u i t .  I t  is also p o s s i b le  t o  i n s er t  t h e -  i > r - ~ l c e -  i~~ t he ’

M A R C  c i r c u i t  and several  other - i r - U i  ts as long ce - s th - ’ Fo u l ,

C a f l  i l l :  ! c > n ’ c e — f i t t e d  into Fli t’ way -trap.

J~ c c ~ ’th’~ ’ t o  f i n d the position of t h e -  d l c c l c -  c h i m e  i i i

I’c ’ l d i t l c i n l  t i c  t h e  n e t w o r k  a n a ly z e r , i t  i s  N ’cess a r\ ’  I c c

c i r c u i t  t h e -  p a c k a g e  and then finding t h e ’  p o s i t i c c n  o f  i ll-

s h o r t  c i r c u i t .  T h i s  p l a n e  i s  v c - r v  c - l o s e  to t h a t cal t l ~ e ’

a c t u al c i i o d c — .

Re -s u 1 t c - -  f r i  c m t I n e  - L S c  - ed t l i e :  Pci e l i ’  -

I D n > c d e -  #2 2 3 7_ 2 7 l  ‘xis a b l e ’  tic c i e h i t - c _ e ’  I • C5 cd~i t  I e c i t l i

7 2 ;  c - I  f i c : i c - n c v  d i t  3 , 5 GIIz  I n  t i l e -  M A I I (  c a v i t \ -  cci  I l i  i > > U i ’

c - s t e r n a l  s l u g s . Me ’diS Ul’ c ’ine’fi I s c c l  t h i t ’  l h f l l c c - c i l c f l e ’c-  c _ I d - I c ’  c , , c e i c

f o r  b e t h  t h e  Iun id ament cc l and 2n d  h a i ’~~c c c y n i e  I I d ’ c i l i c - C -  c ’ S , lii’

r e - s u i t s  c _ c c - n - c - :

f u n d o m e - n t a l :  Z = 12 . 1 + j 1 9. i) 5 = .6IcJ 1 :i i ° i m i t o  .e eh

oi- a n- c- - s i s t  d i n t > ’  o f  15 - I n pa i’a I I t - i  cvi t h i d l i i  I n U L l > I t c -

r t  - d i e t a I i i :  e - C )  I 25 .

~~e - c c c t i d  l i i i  n -c r i l e ’ : 7, = 2 .813 + , j 2 5 S ‘ . I ) 1 t ) / 1 2 l )  c u t > >  e d )

a h ’ e -: i s t  O n c e  - o f  20(1 in ~~ii n i l  I c - i  ed- i 1 I n c l i  n e l u i c  I I c _ c ’  i - c

cic I u e n c c ’ of  2 - I

2 , h ) i c c d t ’  #2 2 3 7—2 7 1  ce- c s a b l e  I - s  ~c t > ’ W i c e -  1 .35 c _ d e l l S  u t  ~— . - i ’

e- I f I c I t  - I ) ’  - y ue t :i . c )~~~~i Gil,: in I l i e  - s I n ’  i~~> I I m i e -  c’ n I ’  - c i  i I cc I I Ii - c

i i i  F l i t’ 011 1 1 ) 1 1  1 e j m i  - i i  I I I I  I c  - c i  I I c c  I t l i e  - 
~~

> p ~I c .  - I : c e  - c i  d i  I t - l U c i d  I ~‘

c c -’ - I’ e -

~ 
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f u n d a m e n t a l :  Z 22 .7 + j 2 2 ,i .  . 1( 3 2 / 1 2 10 
1 1 1 1 c c  a l e

or a resistance of -13 . 5~ in pie-al i c - I eci th an i m i d a ~ - t  i c _ c

rea c t a nce o f 152

Second Ha rmon ic:  Z = 7 .15 + j cJ.8~ . 75 / 1 57 .4 ° I n t e c  50

or a r e s i s t a n ce ’  of 20 ,. i n  paral ic-i cv i t h  an i n d u c t I V e -  n d - I n e ’ t : c n i i - ’-

of 1 5,

3 . The same d i o d e  p r o d u c t - c l  1. 3 2 W  a t  8.3 -  e f f i c i c - n i c ’ v a t

3 .029 GHz in the same e : i r e ’u i  F ec’i th t h e ’  s l u gs  ii i  a U I I f e - r c n 1

p e e S i  t i c e n . ‘l’he r e - s u I t  o l  t he ’  p r o b e -  n i e - a s U i - c ’ ~’ i t - n t s  W e - i c ’ :

tund lerne-In ta I :  7 = 22 , -I + ,j22 .25 . 1 6 5/ 12 - 1 ° I h l t u d  51)

ccc a r e- s i  s t a h l i - c  - C) I -I . 5~. I n p r o  I i c - I  cvi 1 I t  c e n  I n d u c  t I vi-

r e a c tan t -c o f  -15 . 5 .

Se - c - o n i d h a r m o n i c ’ : / = 8 .05 j S  - 1 5 .  . 7 U -s/ 16 7
>

I h l t u d  5o

or a I~~’si St a h i c ’ e o f  12 in p d i ) ’ d i 1 l e T  cc i  I h  i n  I midci c - I i ye-

r e - ac’t a n c c ’  o f  ~~

4 . D i o d e 22 : 17—25 9 evu cs  a b l e ’  t o )  p e - - > d I R e ’  I . 03 C e - c l  Is d i i  4 , 50

c - f l ’  I c i  c - l i e - V  c i t  3. 820 GIL:  i n  l h > -  SI  r i p 1  i i i  - c i  I ’ c L i  i t  . c u e ’

r e - c r u n i t s  o f  t h c ’  p r o b e  m e a s U m ’ e m e ~~i t I  5 c c - - n e - :

f u n d c i e - c c - n i t c i l : /~ = 19 .5 1  - e ,i25 .-I - • 5 - i o  I l 1 . e 0 
j i l l >  So

01’ d i  I c ’ s  i S t u i f l e e ’  c c l  (32 ,  5d )  i i ~ p d l n ’ d i  I l c - l  cvi  I h d i l l  I u d u c ’ I I Ve-

i’ c - c t e - t a f i c - c -  o f  -11 , 0 -

5c:c’ ~~i uc l li c e Z ’ I l i ( d i i  ic : 7, = 2 ,, - 1 — 10 . iS . 131 2 /— 1 57 h i l t c c

o c r  a re-si 51 d i  m ice  - e e l  1 a . 1’.. i l l  P0 i~a l i e  - I c_c I I Ii ci In I n c i u e ’ I 1 \ c -

l ’ ’ - : c c I d i f l e - e.’ e e l  10 . 72 .

i i I ( - 5 ( c  I’ > - - ~~Ll I I S 0 r d l  i i i  I d i i )  1 e ’  3 ,

I t  d-~c - e ’ l i I 5  c e ) p d l i ’ c ’ n i t I h i d i t l e e r  ci g i v e - i n  d i c e d e ’  t I l e  ] > c d d l l c > i ’

m ; e \  n I c h e - c  - F l  I c ’ I e - n n e y e ’ d i f l  l i e -  d c ’  I c rtii i n i -d i l l  d i  e ’ I I - O t t 1 m~ c l t  d i d — c I h i -

s I  I 1 p h i t o  c ’ I I c ’ i i  I. c m i i i  t lie-n 1> cad it e ’0 P P d  c t I ~ i m i t e ’  d U e t hi - ~ c O d e



- -

TABLE 3

T e s t  F r e u ,  Z ( ,~ ) Z H ( 1 3 )  X ( 1 3 )
(6Hz) (into 30~~) 

P

1 3.50 12.-i + j19.95 .6-19/134° -15 2s

7,00 2.59+ j28.8 .910/129° 200 2-1

2 3 , 0 7 7  22 ,7 + j 2 2~~1 .,162 , 1 2 V  - I ’J . S 45

0 , 15- 1 7 . 15+ j  9 , 8 . 738/ 157, 1° 20 15

3 3 , 029 22 . 1 + j 2 2 ,2 5  .4 6 8/ 1 2 - 1 ° -15 5 45 5

8. 65+ j  S .45 .70 8 / 1 6 7  12 i~)

-1 3 , s20 19. 55+ j 2 8 . - -l .5-19/ 114 .6 ° ) 5 9 5 - 11 .6

7 , 6-10  2 , -I — j l O . i5 , 9 1 2/ - 1 57 ° 15 , -i ~ 10 : 7

c h i c-re R i s  t h e -  r e s i s t a n c e i n  par a llel

and  X i c r  the T’ c - I i ( t d i l l c ’ c ’  i f i  p d d i a l l c ’ I
p

hccw e ’ v c ’ i ’  O l i d ’ c ’ d i f i u i > c t  p i e - d i r t  cd’h a t  I l i e -  I ’ c ’s F pi e c e - n ’  u i n d  e l  l i d  - u i - v

u c l l t p u l  I I l g h l t  i c c -  ce - s I h c e - c _ ’  ei c ’b ,e ’n) d i l l )  f l c d i f l ’, o t b c - c  l d 0 ’ l c ’ i S  iu ~~l~ c i~
t i l t -  t i i e - i ’ d c c i l  n ’ > - S i s t a n c ’ e ’ , h c c u i d c r i t c ;  of  ~h e -  h l e ’ d e l c r m n i k , I i i > -  51,

PI’> )d t1 e’ t , e ’ t c  -
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AUTOMATED NETWORK ANALYZER

J .  Sutherla nd , J e f f r ey F r e y *

I n t roduct ion

The p h y s i c a l  sources of err or inhe ren t in the  HP 8746B
S— parameter test set are des-ribed. The er ro r  model 1 elnp i e u v e ’ d

in the  au toma ted an a lyzer  correc ti on scheme i s  e v a l u a t e d  in

l i g h t  of each of t he  sou rces of error , and justi licu ition of ci

number of simpliFy ing assumptions is made.

When the device under test is a transistor , the c’e r r e - > t e - e i

S-parameters , obtained using the aforementioned model , imic ’iude

contributions from both the transistor and the test f i x t ~ii’ ~- -

We have ear l ier descr ibed a method~ to decouple the t I ’ d i h i s i s t c ) r

S-parametei~~from the combined data. A simple fixture model c_ cc e s

assumed , and model parameters were determined by med id -ure m e ?nt s

t aken on the fist ure  a l o n e ’ . T h i s  model is f u r th e r  imp r o v e” d i c y

including the two APC7/OSM adaptors as part of the fixtur e - -

el iminating one calibration run .

~-\ remo Fe en t r TV typc’cvr i  t or ha been addc -d t c )  I lie’ d i L l  t c r U d e  t c c i

sys tem , a l l o w i n g  t he  user a g r e a t e r  degree  o f  j n t c ’ e - c i c - t i c c n  c v i t h

t h e -  p rogram s o f t w a r e ’  as m e a s u r e m e n ts  are  b e i n g  t a k e - h i .

S—Parame ter Test  Set Error M o d e l

In t he J u n e  1975 RADC Semi — u ’t f i d iU i  I ROpol ’ I , d i  5 i lIfl e Ic ’ e - 1’  I c  - r

I I I d d O I e ’ l  was pr e’i- - c- ’mited , t o  u e e - c’e t u n t  l c c m ’  I he r F  m i s m a t c h e s  m I t e - r e - U I

in the S— par am e te’ r t e s t  S e - I  - A d c - I  c i i  i c - t I  d i s e c i s s i o n  d c l  t h -

S o u r c e’S o f t h e -  m i s m n a t , ’ h t c ’ s  i u l ’ e ’S e - i t t - ami d o f  l ie ) W t l i e ’  IT1oule ’ l  O e c ’ c e d h i i t c c l

f o r  e ’ d l e ’h o f  t h e - s e ’  er rco ’s  , d i r t ’  g i  c_-en iiom’ c ’ -

*P re)j es- f Superv S c )  i’

d i i

_ _  __ ~~~~~~~~ , - - -~~~~~
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A d i  c igram c c F t h e  i n t e r n a l  c’ O m p o f l e nt  s of he HP 87- 160 is

shown in  F i g u r e s  1 and 2 .  In b o t h  t h e -  
~~l1 and  S21 modes , a

p o r t i o n  o f  t he  i- f  i n p u t  is c o u pl e d , t h r o u g h  C~~, t o  t h e -  r e - f e - n e - n i c e

channe l  of  the  h a r m o n i c  f r e q u e n c y  c o n v e r t  or , t h e -  r e m n a in d er

be ing  p r e s e n t e d to p o r t  i of t h e  d c - v i c e  under  t e s t  ( D , [ ’ . ’I . )

t h rough  C2 .  When S11 is measured , the refle e -t ee - et si gnal f r o m

por t  1 o F  t he  D . U , T. . pa-sses t h r o u g h a 10 dB a t t e n u a t o r ,
Sc_t i t c h es  S4 an d  S5 to the tes t  channe l  o f  t h e ’  l ’ r e qu e n c c v  c o n v e n t  c - i ’

( t h e  d e t  t en u a t  or is p r e s e n t  to  r e d u c e  [ lie ’ ap p a r e n t  V SW H of F he ’

t e s t  c l ian n e l  fr o m  2 to 1.07 , causing por t  2 to be w i d e - c -  of Fec - t i c _ e l y

m a t  ched) . ‘l’hi e o t h e r  attenuators Se ’I c_ ’e- a si m i l a n ’  p u r p o s e ’ . Se ve r a l

-sou cc-c - s  of e r ro r  are-  r e a d i l y  a p p a r e n t .  The c oup  1 ing  ro e -f  F i c i  en i s

e l I  b o t h  C
1 

and C2 are f r e q u e n c y  dependent , \ ‘d l I ’V  i ng I hc ’ p i ) c_ c e i’

p r e s e n t e d  t i  t h e  r e f e r e n c e  channe l compared to  t h u  F cic:t uai lv

reaching port 1 of the D.U.T. In a d d i t i c cn  the ’  c :oup l c ’i’s h a v e -  c i

f i n i t e  d i r e c tiv i t y ,  caus ing  l eakage  t ’f F e c t s . SonIc ’ m i s m a t c h

e v i l  I occur down t he  ma in  rf  l i n e , r e f e r r e d  t o  as Sott l ’ u - e ’  Ill Sh l i d i t c l i  -

d i n t -  t o  s m a l l  r e ’f l e ct i o n s  f rom S2 and S .r C
l 

and  t’9 ,  dOS c _ v e i l  c i s  l n ’ u ’ ii ,

t h e  A P C — 7  e-onnec to r  on por t  I of t h e  t e s t  s et .  P o r t  2 o F  I lie-

t e s t  s e - t  is not terminated in a per l e - c - I m ate -h  ( F o r  S~~ a n d  S,) 1
m o d e ’s ) ,  b u t  b a load c v i t h  a r e f l e c - I i o n  c o c ’ f f i e : i c ’ n t  o f  l e s s

t h a n  . l3H  This ret u rn  m i - s ma t c h  i - s  F u r t h e ’ n ’ e i c - ~:I ’ a de ’- i  c _ c i t e -u  t h e ’

D. t ‘1’ . i s  c e - o n n e ’e - t e d  to  p o r t  2 c F  t h e ’  I c - s t  S i ’t  t h i r u u u g h i  t i l e ’

f i t - s i b  t o ’  arm , whos e VSWR c -an  be d I S  h i  g h c  as 1 .25 , 0

When  S21 i s  measured , t h e  s u n l l l e ’  p o r t  1 c - n ’ n ’ u c l ’ s  a r c -  p l ’ c - s e n t  .

~~u c l V , h tcu\e e ’v e-r , t h e  t e s t  c hannel signal is t i l e ’ I l ’ d i l i s I l l i  c _ t i )  l > c > c c d  r

f corn p o r t  2 of t he- B . U . T . A i-i h e ’ f o  I’ e - 
- l i i i s it o t e e ’ o’k is no I

te -r i n inated in un pe t -Fe-e l m a t c ’ h t , i l u c ’ I c c  r e - F t c - c t I c c U s I n ’oIl t  Ic ’

f l e ’ x i b I e ’  a r m , S5 and S6 , and t u e  t e e- c -c l  c ’ i i c i n t n i c - l  ih l ) l i t  i mp ’  c l u t m i e ’ c -

Thu s , t h e ’  rat j o  of the  L r a n s r n i t i e - e l  si g n a l  i’ e ’ a i ’h l u g  t b t e ’  n e - t e c c ’e n ’ k

a n a l y z e - n ’  t o t h e ’  i n p u t  s i g n a l  i s  i i c c t  d i  I r u e -  i f l d I C d t I  b i t  c c l  S ,
~~1 

-

I n  t h e ’  e ’r r ot ’  model  ennp i e d c _ ’ e’d , c l i  h’ e ’ ~ - l  i v i t y  d ’ c h o c i ’ s a P e ’  d i S ’ - h l l i d c ’ i l

n e - g i  i g i b i t ’ , S i f l e ’ c ’  5 } c e - c - d - i  i n c l i c ’ u i t c ’  d i  c c - e l 1 V I I V  t o  I> - g r e - d e t e r  t h o u

.. ~~~~.— ~~~~~~~~~
..——
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30 dB f rom 1-4 GHz , and g rea te r  than  26 dB f rom 4-12 6Hz.  To

correct  for  the chan ge in coupl in g c o e f f i c i e n t  ( c i  C 1 
and C2 ,

each S— parameter is normalized , by s o f t w a r e , to t h e .’ s h o r t  at

that fre quency. This procedure is equi c_ alent to  m a k i n g  m e a s u r e -

ments  on a point  by po in t  bas i s .  The r e m a i n i n g  sources  c c l  e r ro r

are the  source m i s m a t c h , r e t u r n  mismatch , and r e f l ec t i o n s  f rom

the flexible arm .

In t he ori g ina l  Hackborn cor rec t ion  scheme ,
6 

the imperfect

S-parameter  t es t  set is represented by an ideal i n s t r um e n t , ~~i t h

an error—network representation connected to each port. The

n e t w o r k s  are characterized by four S-parameters , w~i i c h  are
d e ter m i n e d  by e i g h t  c a l i b r a t i o n  runs w i t h  known t e r m i na t i o n s ,

In an a t t e m p t  to  s i m p l i f y  t h i s  procedure , w h i l e  s t i l l  m a i n -

t a i n i n g  a good degree of accuracy in the  co r r ec t i ons , t h e

m a g n i t u d e  of the  source and r e t u r n  m i s m a t c h  were m e a s u r e d .  The
resu l t s  (obta ined  us ing  the  suggested me thod  of t h e  man u-
f a ctu r c i - ) are p resented in Table 1 , over the  2—12 GHz r a n g e - ,

The return mismatch is seen t o  be a much larger sour ce’ c c l

e rror  than  the  source m i s m a t c h .  At f r e q u e n c i e s  w h er e  th ic -

ma gni tudes are comp ara b le (5 , 7 , 10 and 12 GHz) , a r i go rous

c o r r e c t i o n  of these  e r rors  would  on ly  have a marked  ~~f f e - i ’j  c c i )

a low loss network . The return mismatch is further d e - g t ’ d l c l c - s f

b y r e f l ect i o n s  f rom the  f l e x i b l e  arm , not  i n c l u ded in  Table 1.

T h e - r e -  f o r e - , th e source mismatch i s  n e g l e e  t e-cd i n  c o m p d e  P 1  Sc c l i  W i  Iii

t h e  r e tu r n  and f l e x i b l e ’  -,crm mi sma tc h i e ’i - , when t he  re’ f le- c ’t i o n

c o e f f i c i e n t  of t h e  arm is measured  in the ’  cal ib t ’a t  h e d l )  1) I ’ c c c ’ e ’ d u r

Th is is n o t  cc s t r i c t! : :  correct pi’e c c e ’de i r e ’  at So n I c -  f r t ’ c i o n e ’ n c i e - s  -

as n o t e - e l  e ’ c i r l i e - i -  Ilowe-ver , w h e n  the- I c u t  c i i  en ’ t ’ e d t ’  is most  —

I ~~c c I jb l e~-~~eiute ( f o r  e ’ ,’~~ic p i e ’ , f rom 8 — I )  6Hz , c _ t h e - n  u c l n - c - F  t i e - h i  n o t  c ’ I l

is .13) , the i’e ’~~u Its ar e- vol i d ,  1-urth ermom - e - , S l f l c c ’  th e ’

r c - f l e - c’t i cj n e ’ c c e - f f l c j e n l  c-c o f  t r a n s i s t o r s  an - c ’ c c i i  I I t o ’ o i ’ o l c ’r  o f  .a ,

a h i g h t ’ r  order  c ’ , i l ’ t ’ e ’ i t  i c e h i  e V i e l n i d  n o t  i m p r c c \ - e- t h e ’ a c c u r a cy

-- - -- - -~~~~--~~~~~-~~~~~~~ - - -~~~~~ -~~~-- - ~~-_ _ _ _
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f ( G H z )  sout ’ -e n i a t c -h p~ r e - t u r n  m a t c h

2 b O l l  .030
3 .025 080
4 . 019 .060

5 .019 020

6 .006 .040

7 .032 , 0-l0 f~
8 ,0lt’ .130 -1
9 .019 .130

10 .006 .006

11 .0 11) 082

12 .032 0-10

TABLE 1. Source m a t c h  o f  p o r t  2 o ) F  87-1613
r e t  u r n  ma t e h i  e c F P~ 

u i’[ 1 .

I l l

4
_ _ _ _  -----~~~~~ -



si gnificantly.

The t h i r d  c a l i b r a t i o n , d e t e r m i n i n g  t h e -  t r a n s m n i s s i c e n  c - i c -

c ’ I f  i c i e n t  of t h e  f le x i b l e  arm , i nc c tudes  d U i V  f r c ~c~u o n c - y  d c - p c  - I i c l e - U  t

losses due to  S5 and S6 ( F i g u r e -  2 ) , a n d  r e f  1 e’ c t I on-s F e - c  ‘ I l l  t l i e  -

t es t  ch ann el of t h e  f r e q u e n cy  c o n v c - r  [ c - n ’

T r a n s i s t o r  Test F i x t u r e  M o d e - i

We ha c_ - e pe-c-viously described a p c e  ece-dure 10 I I I c ’ d l S i l  I ’ d -  c_ hit-

S — p a r a me t e r s  of a m i c r o c _ v a v c -  t r a n s i s t o n-  v i i c b i ’ c i d c - d  I It  0 t ( - s t

f i x t u r e - , 7 The p l - u u c - e d u n ’ c ’  c o n s i s t e d  of ’  1 J I ’ S I  i h c ’ I c - r ’ r c i n n i h g  I h i c

p a r a m e t e r s  o f  t h e  f i x t u r e  p l u s  t i ’ce m e s i s i o i ’  - t o e - I t - c l  i-e l For r i

e rrors m i n e - re-ut in  t h e -  HP S — p a i ’ a n i e t c - r  t e s t  S e ’ t  - 
‘\ c ’ N t  , t h e -

c ’ u u n ’ i s ’ c ’t e d  p l ’ u ) p e ’ I ’ t i e s  oF t h e -  f i x t u r e  c e l c n e ’  \\ e t’ e ’ I T c d ’ d i S ( i i c ’ ( i , W i  c _ h

t h e  t r a n s i s t o r  r e p l a c e d  by  a S e- c t  i c c u  u i  SOil l i n e ’ . I ’ h l c l l  - UC ~ t i i ,LId

a s i m pl e -  niode I f i  ci’ t h e  I ’ I x t  u r e ’  - t h e  $ — r n c i  t n  x o f  I lie- I n ’ u e n i - s i  - s t e e l ’

a l o n e ’  ( - ( c e l l  d h e ’  d c - i i u c e d  Fn’ow t h e ’ lll i - c i S i d  I ’ d (h c i c i  i c e .

An a d d i t i o n a l  m ’ e - l ’ i ii e - I n e - m i t i s  dc (l e l e - d t o  c - I  i r n i h i c i t i ’  t h e -  c i  I ’ ’ - - I

o f  t h e -  A P C— 7/ O S M  m c i i -  a d a pt  c i’s c n s t - c i  t e e  u e - u ’ i i p l c -  c c - I  \ e e e - n  t u

h i t - F  cvi c~~~k c e n i c e  1 y y . c ‘ I ’  am i d [h e  - OSM/m C e l ’ i e  t c i~~c I d i l i h i c ’ h i t - t ’ S d c i i  I lie 1 ’si

I i x t u i c - . The -  AP ( ’ _ 7 / O S M  adatctcdl’s c’cc n he ’ e - i c l o ~~i o i - l ’ c - d  tee 1 c c -  p a l ’ I

c c l  t h e ’  t r a n s is t o r  I c - s t  f i x t u r e , o u t  i n~~ i n  l h i e  ccc i i i 01  l - i g l e m ’ e s

:t a n d  - I . I n  I h i s  n ’ c ’p I’e’se’It t cit ion i t  i S  c i s s c _ i b r i c - u l  I l i d i t  t I l e -  c l c l c d p t e ’ l ’

m i s m a t e - h e ’ c — a m ~~’ n - - g I  i g i l c i e ’ c - c d l l l p d l l ’ e ’d t i c t t i u d e ’  c c l  c _ I c c ’  I c i c _ l h t c b i e - l ~~

( V SWI3 o f  c i u l c i p t e c i ’ s ’ < I  (Lu F c c r  f -  1 2  6 1 1 / )  s e e  I h i c e t  I be e d i e f c i l c l d > l ’ s

( ‘ d i f l  h e ’  m o d e - h e ’ d  d d c - ~ ku - e v I l  ) e ’ I g t h S  c i t  c e u d t x t d l  1 l i n e  - t h e ’  \ I ’ ( ’ - c

( ‘ c e l l  l i e - c t ’  c ’ c c  F the - F Ic ‘~~~ I b c c - d l  l ’b l l  1 Ohi lie cc_c I c c -  d i I ’ :~~ 
- t c c ’ c i  c l i  I c ’ ’ - I I V I c e

~c c  c c l  I c c  I t h e  011cc 1 y z c ’  I’ Fu r  t lie- c d i  I i c c c i i  t en n ’ : i c  - w i  t It I lie’

l u h cc Sc - bt  i I I u I I Ii ’ - c - N  I n’ ce ci dcc l et c c l :  - I unke - h i  c c l  l’~ - c c  I h i  I I i ’  s e e  I C c i  c i ’ e ’  -

T h e - s e -  I c_ Vc c c- SI cc i se-e l I o n s  e e l  l i i i ’ ’  C I I I’ I i i ’ -  c - c  - i t  I c - I c  
I I

t o n ’  c ) u I e ’ c r l l i f l i f l g  t i n e -  i n d u c t c e l l e d ’ c h i l l  ( ‘ c i p d n e ’ l t  c e l l - c e t  I b le-

0~ — M  - 1 1 ) 1 0 ’ 1” eS t t’ n p 1 d i  nic he ‘ m  t e e  I l i e  - c c l  l i ce n h g  -
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APC— 7/OSM adaptor .
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This improved holder  model is cu c e n t ly  h e - i n g  e - c _ c t l u a t e d

in conjunction with the auto m ated s stem .

Ha rdware Expansion

A T.V. typewriter has  been assembled to s e r v e -  a s a l ’ o’n ’ c t e - -

e n t r y da t a  t e r m i n a l  fo r  t h e ’  u e u t o m n a t € ’ d  s y s t e m . P u r c h a s e d i n

k i t  fo rm , t he  u n i t  is s i m i la r  t o  t h a t  d e s c r i b e d i n  t h e

F e b r u a r v — A p r i l  1975 i s - st I e s of R a d i o  E l ect r o n i c s . T h e -  me ’ n c c d b ’ y

cuipability , however , has  l e t - t m  e - x l l d e h i d e d  t o  p r o c _ i d e -  t o t ’  t cc c l c d c F ( - s

o f  v ideo  da t a  , 16 l i n e - s  o I 32 e i i a r c e  e C t e r s  pe ’I’  p a g e -  - T h e  - d ice b c e ( ’  t c - i ’
ge n e r a t o r  t’d ) l I \’ € ’ I t S  11’ d c I C i  an A~~( ’ — I 1  l’ e ’ I l l ’ c - s t ’ h i t ’ ~i l  i i - f l  l e e  t h e -  c - - - ~ ’r e - c - t

do t  p d i t l e ’ l ’ f l  of  t h e e ’ c’ b i a r c o - t c ’ m ’  be i ng  d i s l d l d i y c ’ d , e - c e c ’ h i  char c ee ’t t - r

t’OflS St  i ng o f  d t f l  di I’ I c e  ‘
~ 

0 1 35 et c  i ts  ci i- l ’ a ng i  -d i n  ci ax~ cc ci t n - i  x

A s t a n d a r d  n i n e ’ — i I n c h  v i  d c - c c  mon i I e l I ’  i u s e d c tc- t l i t ’  c l i  s h u l  c i v  d e c _ i c e -,

To t lie- hece s i c c h a  n c i c t  e - r ge - n c - i ’ d I c  c m  h c e s  lie-c ‘hi c i e h c l c  - ii c i  I l i d i  110 c c  1 /
e’ofltput e-r— c ’ cc hl tr o l l e d  c u r s o r  I c u c c i r d  , g i c _ ’ i ng  t h e  t i s o ’ I ’  c o I I u l l l e ’ l

( ‘omi t t ’ e d  1 0 I f l i t  - c u IS— c d l ’ ~~O5 i [  j i e l l  e - i t  l i e - i ’  I h l d i i l U u I  1 l v  c c c  by so) I Icc’, c c  I ’ c -

(the’ l i e - N t  c h a r a c t e r  Is  e ’ f l t - - I c - eh at t h e ’  p r e s e n t  e’Un’Se )r l e e S I I j u d e -

Sd th a I I h i t ’  c i h i  l i t  y I cc  I c c  us i i o n  I l i e ’  c ’i l l ’5 ° l ’  i s  an i n p o n  I a n  I c u h l e  -

I )  r cc y e ’  I d i  I I h e ’  I e ‘i ’ d t l i h i di 1) . Fcc lin de i c c ’  t l i t -  t y p  - c c l ’  i i c r  l i i  I I y

F u n e ’ t  i c e n O  I cis a c - c C u i c i l I  c - c  I c - h I C l l n d i l , a t AR ’ ! ( t b l i v e - n ’ s u L l - \ s v b l - h r c ’ n o e i l s

R e -c ’ , ’ j -
- ‘ -  c—I ’ c cl l i - s I C :  I I c _ i ’ m ’  ) st _ - h .  I d l  1 C h I c - I  d i c e ’  b c c c i  cd h a s  I c c  - e  - I l  d i  d d e  ‘ci -

T h i s  u n i t  I m ’ c i n - -d! c c l t s  m d  h d ’~~’ e ’ i V e ’ b  c - - c e ’ m ’ i u i l d c c l c i , ¶ 1 cc ’  c h c e l c e  l o I ’ C ’ ~~ j

i c e ’ t b i g  d i d ,~ l i s t  c- el t e e  m d l  I.’ - bi I l i e ’  c - O m p U  I e - I ’  I l l  t c - I ’  I d i c  e - d - I C j~ b e  y e - i l  - H i ,  -

h c c u d  r c c l e -  h I d I S  i c e - e n  s e t  I I  110 , c- id~ t h a t  t h e ’  t c - m ’ m i i i n c i l e d i d O i d d i O S  c i t

t h e ’  s cU l l ’ ’ s l c e ’ , c i  d m 5  i l l  A 5 R — 3 1  [ c l e f  v i c e - , ‘ F h i c -  I t )  c ’e c h i h t c ’ , ’ I  l oh i s  S - c  

—,-- —- — - - - --- - - ------ ---- --- - -- —_ -- ---- - — - -------
~~~

-—--,— -‘ -‘,



t h e  UART board  are RS—232 c o m p a ti b l e ;  t hus , i n  o rder  t o  co n n e c t

th e ’  t c ’r m i n a l  d i r e c t l y  to th e - - t e l e t y p e  por t  of t h e  P 1) P — 1 1/ - l 0  D l i i

a-s\-hichronous line interface , an RS—232/20 mil current 1 0 ) 0 1 )  con-

verter was built. The latter employs optical isolator -s on both

the  send and i’ec ’ e-- i v e ?  l ines  to m i n i m i z e  common mode’ noise and

ground loop c u r r e n t s .  A l l  t he  e l e c t r o n i c s  are housed  t n  a R i k e i ’ —
Maxson ho te l  r e se rva t ion  t e r m i n a l  chass is , i n t h e  sp c c-e 0c c - u i )  I c - e l

p r e v i o u sly  b~ cc l i n e  p r i n t e r,

To more fully automatt- the measurement pn ’i c o’edui’e- , [lie c u d d l e

s w i t c h  p r o g r a m m i n g  c a p a b i l i t y  of t he  S — p a r a m e t e r  t es t  se - t  i s

em p l o y e d .  By a l t e r n a t e l y  o p e n i n g  and c l o s i n g  two c ’O l i t d e C t  c i t

he rece r of the HP 874613 , a l l  foux ’  m l  c u ’ c c w c e v c ’  SW I c h i c ’ s  c u l l ]  i c e ’

controlled. Two transistor -sc_ c_ itche s are utilized I cc I c c u c e  i d l e -

t h e  low impedance to ground  p a t h s , the ’ b a s e -  o f  e ’ u i e -l i d c - v  I c e ’  hc  - I

- ‘ con t r o l l e d  by a D/ A  chan nel of t h e  a na lo g i c  D /A  c’c u i \ e r t e - I . Iii

t h i s  m a n n e r , t e ” -u t set switching is  e f l e - c - t e - d  c o m p l e t e l y  I cy

softe,e’are , f u r t he r  r educ ing  t h e -  e l emen t c c f  hu m a n  e ’i ’) ’ d d l ’  i l l c c

cal ib r a t  ion run .

C o n c l us i o ns

T h e  c_-a lid it v of  t h e  e r ro r  min ode l emp 1 o e-d I ii t I n t  - a n t  t e c m n n u c  t e d
n e t c _ v o r k  a n a l y z e - i ’  sy s t e m  i c-i d i s c u sse d  i l l  t e ’i’ni s o F  t h e ’  i e h t y c -~ b u d

S c u i i r i - c ’ S  ot’ nt i smatch in the HP 87-16— B . An i m I t p r o c _ - e-d m o d e - I  I c i r  c i

i’ d i f l si s t o i ’  t o ’ s t  f i x t u r e  i s  g i v e n , e x p a n d i n g  t h e  F i x t  U I - c -  re ’ pr e ~ —

se ’ic ta t iOn Ice inc l ude the AP (’7/OSM adaptors , i i i  c i r c l e r  I c c  c i  i m i l i d i l e ’

o ne -  e x t  c c c  c a l  i b r a t  ion i n  t he -  m e a s n i m ’ e - I I i e ’n  I

To expand svste’m I/O e ’ apab  i l i t  te - s , c c i’ e ’ I l l c c  t - c - n t  i-v ‘1’

t e r m  i na  I l ea  s h e - c - n  added
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l~ Ic



- -

2 . J . Su the r l a n d  and Je ffre y Fee- - “ A u t o m a te d  ~l e - c e s u l - e ’ i b l e - b n t Of
FET S — P a r a m e t e r s  , “ RADC S e m i— A n n u a l  R e p or t  , Lie e ’ e l I l I c c  ‘t’ 19?c c -

3. Hewlett Packard , S— Pa rame ’t e -i ’ Test Set O pe r a t i n g  cu i d _ Se’n ’ v n u - c-
M a n u a l ,  8746B , p. 3—6 , l i)71.

- 1.  I b id , p .  4 — 5 .

5. He w l e t t  Packard , Coaxi al W a ve g u i d e  Catalog , p. 76 , 1075 ,

6. Richard A. Hackhorn , “An A u t o m a t e d  N c ’t w c i t ’ k  A n a l  vzc ’r  S’e’s te -m ne , ”
M icrowave Journal , May 1968.

7. J . S u t h e r l a n d  and J e l l ’  cc ’ F n ’ e -y  , ‘ ‘A u t  oma ted Mc- ce sui ’e-ni e -ii t
of FET S—Parameters , ‘ RADC S e m i - - A n n u a l  R e -p o r t  , I ) c ’ c ’ e - I I i b c ’ i ’  I 075 -

8. J . S ut h e r l an d  and J e f f  r ’ey l” i’ e ’y  , “A u tcel l i d e I e ’d N e ’  [we rk c \ I i d i  1 ~ / d  I’

Sv st em , “ I {AI )( ’ Semi  —Annual R ep o r t  , J u n e  19 7 5 -

0 . Ol l i n i  Spe c t i ’LL , Inc  . , OSM M i c r o w a v e ’  C e ) f l t p o l l t - l i t s  , P . -17 - 1 0 7-I  -

10 . J , S u t h e r l an d  and Je F F r ey  l” n’ ee~’ , ‘ ‘A c e t o m a  I ed M e - a s u  i’ d - I d l e - I l  t c c  F
FE’I’ S — P a r a m e  t e rs  , ‘‘ RADC Se’mi — A n n u a l  Re- 1  ‘oct  - h ) c - v e ’ I ’, I l c e  - I’  I 0 -

(37



- 

MI C ROW 4\4  f~ FE’!’ FA BR I CA’! I ON S TI L l  F,S

H. e ; l e l ’ n e ’ y , ~J t ’ f l r e -y  I - I c y ’

Durin g t h i s  l’ t ’ i c u c r t  i n g  per iod i i e ’ c _ e - l ’d i l  ( ,c d d . - \5  c ’ , c i t e ’ n ’ c-i w i t h

t- p i t c c x i a l  la y e rs v . e - c c -  p :’ccc ’ e’sst’d ihi t o c c ’ , c c r k i n ( ’; F 1 T  d c - c  l e e ’ s , u s in g

t h e ’  ;i ~im g a t e  b - PT p a t  t e - r n  d i _ s c u -’ c s e - d i i i  [ l i e ’  b d h n \ ’ l d c c l s  s m - n i l — c e n n i i c i l
cc p c I’ ¶ - DC c-ha l’ d t c ’ 1 c -1’ za t ion hues -c s l i i  ccc n I cc 1 n l v  gc c u d  d i g  i’ c - c  ‘I fle - l i t

cc it Ii the ’oi’et_ jc~t1 e ’ c u I  imut c- c - -c -

T h e ’  p I c c e ’ e ’s si n g  IO’uc c ’e’d il l h ’ c ’  de  i-c c ’ i ’ i b c c ’ e l  i n  e a r l  b e ’ ) ’  I - l O t S

c_ Ic c ge - l i e n - d c  I I v l o l l ’  w e d  - 
c_ c i t  ii c c - i ’  I c e  i t t  mod i t i c - d c  t ions I c c  ~I l  I’ d e v e -

y n c - l I  a n d  p c ’ r F c c r m n a n c ’ e ’ . The c _ v c c f c - r  i s  c _ h o n ’ c u u g h t l y  c l c ’ c e n i e - d  d i d

I he ’  fl e ’sdc  p a t t e r n  de l  i n i e - d  i n  A t — l O s O B  p h o t c I’ c ’s 1 st  , A h u p I ’ u i \ I u u c d t c - l \

I ~e In of  GaA s  is -‘t - l i e - d  d e c _ c a y  i n  8 : 1 : 1  hi ~~S0~ fl u b ,) : l 1 ,,0 , b e i n g

c ’ai’t ’ ful fl eet I c c  c e g t  t c o t c ’  c _ lie ’ i~i d ) l O I  h e d h i  ( d l u u i I i ~ Sc) c c c i i l s e ’ c - —  Scl l’ t u i u ’c-

I l ’ l ’ e ’g u l a i ’ i t  i c c - c ) .  ‘i li c ’ so,  n e - c ’  a nd  d r a i n  c ’ e c f l t a e t S  d l l ’ e d i l sec  del i f l o ’ d j

t n  AZ — 135013 r e - - s i - s t . T u e  cle- u cn t h e ’  c--- l I l ’ I d e e ’ e ’  p I ’ i i d l ’  i c e  e ’ v c i p c d h ’ d e t  i c ’ h l .

a I I - 
~
‘ so l y e - n i t c I c ’ d i h i  r ig t l ie ’  c _ c d t  l e e  i s i c c e  ke ‘c i  I u cr  5 m i t :  U t ’s i n  I -

111’ 1 : m et h a n e  I t c )  i’ e ’ I I I O V e ’ a ny  o x i d e ’  - d O C ~ l ~ 1 asitl cn (hi s e ’ l i d l  ge - c ’ he - all I

i s  p e ’ r t o I ’ r c c - e l  l i c e  2-- I f l t i h i u t e - s  c i t  d i i c u d u t  l x l O  ~~1’ I tS- ’ 5t i t ’ e c c l  d e l ’ g o n i ,

T h e ’  Iol1occ ~ ing nte ’t als i t - c -  e ’ v d l l c d c c ’ d e t c - c l d 50~ N i , 7 0 ( l -\  - \ u h e -  
~~~ 

::~
an d :10 IA N i  - \~~c - h a v e -  f c  u c i h l c l  I t  t o  h e ’  v -  - i ’ y  i mp o r t  c m i i  I I h a t  t l ie ’

p 1 ’  ‘ f u e  - c ’ conip en s  I I i c c  ii 0 )  f -‘c on c e n d  (0’ h ue ’  Ole- l ie ‘s i I c  - e h om i t h i ’  - c _ ca  I c ’  m ’ - S i i i  u ’

the ’ I c _ V u  r h i a t e r t a l s  h l d l v c ’  c l i i  t e ’ l ’ t ’ f l t  \ d e p c d l  p l ” ’ S s l h i ’ e ’ s , t h e y i ’ V d i p O c l ’ c u ’ c ’

a l  c i i i  f e - I c - I l l c c i t t ’ s , Ti e i b c s d l t ” ’ I ! l d m t t h e ’  d e - s j t ’ c ’ u h l’c b l c >  i s

c I e ’ p e c c - - c i t e ’~ l I h -  s c e n l r c ’e ’ rna t e ’rico l s h i c c u l i l  b e ’  e - v c c~~c u ’ r c e i c - c . h  - -‘ rc ~ l c te  lv

awu iv , Pn ’ c - c _ e - n i  ing p i n t i c c l ’ - s  I h n  the ’ 1 1 1 1 11 I i  lii l c \  k d - e ’ p i h n g  t l t c

s u h,st  r’c n l ’ -  sl hl ’ l d m c ’ e ’ ( h i t s t — f i ’ ee’ i i i  c e l i - m i  nec e ss a r y  A l  I c - v  i n g  l i-c

p e - ! ’ t c d h ’ t l l e ’d ‘n c i  s l n ’ ft b i c ’ c m t c ’ r  i n  II , ,  c I l I I l u i c-~ l b l e - I ’ c -  l u ~ h ’ d l l s i h i i  c _ h i ’ ’

$ 1 e -~~l p c ’ I ’ di t i i  m ” ’  f e c i ’  a l e c - u  I ~5 s e e d  n il - s , c c c i  c l i  h g  i t a 1 - 1 SO~ - 
I ’  ‘ n ’

20 sc  c c  d e c 1 5  , c c i l d  I in : I I V I - a l e  ~~l l  v 1 - ‘cc c n ’ I n g  t l i e ’  I c - cc ‘ - 1 ’  c m t i l l ’ , ’ -

l [ i d h e ’ T ’  I b i m ’ ~~e ’ ( ‘ O n( h i t i c i f l i ~ ccii i ~‘ c—~1 ‘ h i  I Dcc I I i in . ll j )  i s  t iIc’ -- e - l \  - - c i  u cttd

*l~ b c t e C t  ~d l i 1 d e ’ m ’ ’  i c - c e e r
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t he  c ’ e c i ’t t  d c ’ t i’e’i -  1st d t h i t ’e is re co sona b Ic -

Since ’ the i c e - s t  r epor t  , c-ha i e g c  -s h id c ye bc-en made ’  in  t h e  c _ c _ c o y

the gu l l C’ I l i e t c c l is depecsite d . Pure A l  in the n al ’ t’ o c_c- g a te ’  S t  c o d e -

wa s  c c  Ft t O)  F ou n d  t e e  f i u l v e ’  pee’ i t - e l : e c c _  c l v  I roni t lie ( i d l A s  desp i t  e -  c c i  n’ e -  f u  I

s o l ve n t  c i e - c e i c i n g .  One ’  s t e p  d l e t d i ’ e ’c l  c_ c u t s  t h e ’  h e a t  C l i p u i  I l i e

s u b- s t  0- ci t e’ t e d  abou t 100 °C I f l  t i l e ’  e ’\ c i p o i ’ d e t o l ’  . A lt h o u gh t h e ’  l e e - a t  i l t g

C I e ’ d ( i i.s t h e ’  S c _ i l’  Ice c c ’  1 c e  - I t e r  , I t c c l  sd)  s m u S e - -s I 1cc -s I i c ’ I I ( ic _ c o f l ie ’

A Z — I  350J p h o t o  r e -c - -c 1st - so t h a t  s l i c e  n’p edges h e - u i  mc ’ cc u n c l e  -d - niak i ng
¶ he-  h u e  - 1 c m  1 I i  f t o f  I m uch  Inc ‘t’ e- d i i  F i c ’ u i I  - P 1 c i s i t i d i  di c—c e - b a r g e -  c 1 c - a n  i ng  -

n e - N t  u - s c - c l , d e f i n i t e ly  imp o ’ oved [lie A l  a d h e s i o n , b u t  a t  t h e  c - \ —

} c c -’ f l s c ’  e e l  v e ry  h i gh i’ e ’ c _ c - i ’ - s e ’  Se ’ ii icttk le’ akcegc ’ cu c r c ’n t  . Removi up

I l i e -  A l , e t c h i n g  a c _ I ce  0 , 0 III o F  Gce1s . and  r e - p l a c i n g  t h e ’  A l  g u i l e -

‘ c _ i  t h c e u t  c e — l u g  d i s c h a rg e ’  c - h e ’ c o r i i n g  gt ’ e- ’ c e t l v  n ’ e ’ d u e ’ c - c l  t h e  l c ’ a k c e g c -

le ss t h a n  1 A ) .  The’ f i n a l  c h a n g e-  c _ cu -es t h e  a d d i  t l O f l  ol ’ ci t h i n

( c m b o u t  l00 . \ ) I d i y c - r  of  On’  b e - n e - c e t h  the A l  . The C t ’  S i  gni F i  cc i i i  t i  y

l h l ip i ’ u d \ c ’d cidhe sion and  c h a n g e d  t ile ’ S c b i uet tkv c I n c m r c c c ’ t e - r i . s t  I c  \‘ t - i ’ V

I i t  t 1 e -  - lv p i c-u i 1 I’ c ’ v e -r s e  t - u r r c ’n  t cc— cl -s be I e e c _ c  1 pA - R e - v t  - r e ’  Ii cc

d c  cc _ c )) v u ’  i t  age c_ I ces l c u c _ v c ’ r  t h a n  t h a t  p n ’ e ’di e ’t  ed by  d u n e —s t d e -’eI a b i ’ i l 1u t

f i f e ’ I I c c ii a v c e  h u e  n e ch c ’  t h e - i c  n’y , ge -nt- c u e 11 v by cc Id le I c e  i ’ c c  I 1 
/ 3 — 1 /2 -

Sonic’ e e F  t h i s  re-~du c t  ion i s  c e - i  i e ’v c ’e l  e ’ d i u e ’ d i  li v h i g h  f i e l d - s

d l n ’ u e c _ I I i u l  I li e ’ ( ‘ige-  oF I lie mc ’t  a l  . S c e n i c ’  i’ e ’ ,s t ’c o t ’ c h i e r s  hldi \- e ’ o’ - t d u d i ’ t m- ’d

l l f l i I d V t ’ f l i t ’ f l t  i n  t h e ’  S e ’ h i c c t t k  c b n a r d l c t c ’ r i s t  u’s Icy ci tiuc -c i l l u g  I h e -

1 h c e c l t ’  d m 1  h i g h  t d ’ I t i h u e ’ r c l t nrc , t y p i c a l  l v  - 1 0 0 — 4 5 0 °C , t o o ’  c c I c - c _ c

f f l h h i i t l t ’ S , I IS t r i e d  t h i s  s t e p  u n  l W u c c v u m f e - r s , h u t  s c m w  no

( f i ji I ’ d d y e - t n t - n t  : be c_ ’ e ‘ c c kc lu ccvi) v o l  t d i ~~’:c - c _ cu t s Ce ‘due - c ‘c i  , c m n e l  ‘ c - y e - I ’ S  - ~‘ c i n’ n ’ e - n  I

c c c c  c--c l I p h I 1 v I ci n - g e - c, Poss i P I v c-i u m e -  c d  li e - i ’ c - I  I c  c I ‘ c m l  t h e -  O lI h I t  C e ’

c ’ , c u t  mi t - s eas m cts kin g t h e  d i u c i l e ’  n’ e ’ c - - u l l s  , h i c c c _ c e ’ v e ’ r .

.11 c - ~
‘ 

~ 
I’ d c c ’ e’Ss i ng co I c - c _ v  0 I t b i t’ c _ V d l  F e  - l’ s - c c  fu c i i  n’ t h i I l nc ls lc  cc c i  s

c c~ Ide’ cl t i c  t h e ’  sc - I see c i  ,- \u d i v c ’ r l d m v c ’ I ’ , y j s i b l e - I f l  l I i O J l ’ c -  I - e - e e i i l d

be ’  c l e ’ ~ ccc c- ~ i - ii ce y c ’ i ’ t b -  cchi ~i I c ’ c ’e eii l d t c ’ t s  - ‘ l ’h i i s  1 c e ~ ’ , - r  5,10 ’ eel s I

e’urt ’e-Ii I e ’ v c -l i IV ac i’ u c s s  I h e -  F e c m d  a h l d  1’ -cc c  - i ’s  I lie - h ’ e S  i c - c l i v  t .

t I SI  t O  I l i t ’  ‘t i e  I I c _ I c e d c - c m . , i e  - I’ I c c  m c l i  I e v e  - n’ e - c e s c e n c m h e  I e ’ c d U t ’ c e ’  
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resistances ; for example , two comparison FET ’s had their total

source-drain resis tance lowered f rom about 25 down to 17 ohm s ,

a 32% reduction , FETs without the gold sometimes burned out

under probe test because high current was confined to a small

area of the pad. With the overlayer , th is form of burnout ha-s

been el im inated , and higher drain currents can be passed ,

Comparison of the measured transconductance with that
- 2

predicted by the theory of Hower and Bech tel was made , The

corre la t ion of the observed values  w ith  the est ima ted one s as
co rrected for  source re sis tance was fa ir ly  good ( gene ral l y
wi t h in  20%), but because of high source resistance the early
FETs d id no t approach the in t r ins ic ~~ sat value s clo sely. With

improved processing of the ohmic contact material and the u s e ’

of the gold overlay, the best FETs on the last two wafe’rs have ’

performed much ) be tter (about (30% of max imum 
~m sat 

c c _ c -  c-o hlkpare’d

t o  less than l0’~). Typical values obtained for 
~~ sat 

c_c c ’cc’

15—20 mS , with source resistance below 15 ohms .

Illum ination of the FET with a microscope lamp made - a

substantial change in the characteristic , The extra cc e rrie-n’ -s

pc-tic-ra ted by the light lowered the channel resistance , t h u s

permitting the drain current t c )  rise to c - atu r ation more’ sharpl y,

Figures 2 and 3 show the I -V characteristics for the scena ’ FET

with and c_ vitho ut light .

Sc’v e-ral of the FETs behaved a— c though sur f a c e -  or c-p i--su hc-

stratc - interface traps were af Fec’ t i n g  t he i r  h e h a v i  1) 1’ . A numl ilce’l’

of device ’s exhibited L~rge loops at hi gh va l tie’s e ) f  V 0 a n d  V~~ ,

along with a rise ’ in 
~~~~ 

as illustrated in Fi gure’ -1 . ‘l ice ’

p h e n o m e n o n  is b el i e v e d  cue r n - s ed  Dv t he  r e l e - c i se -  of e ’I  ec t rolls I i ’ con i

r a p -s u c t  t he  c ’ p i l u m y e r _ s i i l c s t r a l c ’  I f l t e ’ t ’ f c i u t ’ . A fe c_ c I- ’I ’ ’l’ d i c -~ji l c c y c ’ c 1

no ise ’  d e n ’  o c - c ’ ii lat I on cit high V~1 and 
l e c c _ v  V~. , cot-i  c - - i h i c  c cci) i n F t  g u n ’ e ’  5 .

T h e ’  c - t I e e ’ t  , n o t  u n d e r s t u e c c d  c o m p l e t e - i , m ccv arise- I rem t h e  h u l k

71

L_.



2, I-V c’haca c t c - c i s t i c , c _ v i t h  I i ght oI l , ( L [)u~~3 5 c c 2
2 )  2V , 2 c t c A / d i v  —0 , 1  V / p a t -  s t e - p .
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t i c- ’ ~ t t i V e -  . ‘o n d u c t i c _ ’ it y  in the channel cit hi gh fi eld values .

Toward the c-nd of t h e  r e - p o r t i n g  p er i o d  u c fe-c c I -iT p at 1 ‘ c l i

c _ va -s de s igned , as  shoc_ c- n i n  F i g u r e ’  6 .  S i n c .:e t h e ’  m u i c - c k — r n e a k i n p

t c e c i l i t i e s  h e - t i  could not n’ c - 1 i ci b u l ~ ’ I’ c ’s ol\ e  such sina I 1

d i m e n s i o n s, a comle ,t-n’ c ’ i ce ! I i r m n i  m u c  c _ I c ’  i ce  I i l i e , t c d t t l d i c - k ’ s  fx’o n i  OU C

Rub y I i th  a r t i e c  u r k  . The i n u i s k  sot  h ues  b a - c  ‘11 r e - c m.. - i ved and cci 1 1 P c

t e s t ed d u r i n g  c _ l i e -  n e - N t  it -pert i~i p 1 ntc-rva 1 -

R e f e r e n c e - s

1. 0. Wada , S. Y a n a g i s a w a , and  I I .  T a k a na sh i , “The ’  E F f t c  I o f
Heat  T r e a t m e n t  on Al—G aAs Sehc ct t k y  B a r i ’ i e - r c - c  , 

- -  J a p d m n  ‘I -

A p p l .  P hv s ,  , 12 , 1973 . p .  1SI- 1 , — 
- —

2 . P. L. Hocce-r cc _ r i d N G - 3ec ’hi t c : .’l ‘ ‘ (‘ar IO.’ni t Su e  I ii i ’ ui I I Ofl di t i l l
Sm u e l l — S i g n a l  Ch a rc c_ c - t  e r i c - u t i  cs of  GaA s  F i e  i d — i ~ t I c - c ’ I
‘l i’ c i i i s i st oi ’ s , ‘,  I EE E ’l’ r a m i s . E1’’c- - l I e - v .  , l- .1 l—2~c 

- 1073 , p .  2 1 3 ,  1
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I

j



- —

I n v e s t  i p a t  ion of l o r e — I m p l a n t e d  SI l  i c c - o n  He ’ u c c h  l ’ t i ’ .-\ ’~~
D i d . u de s  *
A d i t y c e , K .  G u p t a ,  G .  C .  1, I man , C. A .  L e e ’

T h i s  s t u d y  was  i n i t i at e - c l  to i nv e - t i p a t e ’ t h e ’  dc am i d  i’i

c h c e r u m c t e ’ r i s t i c s  o f  p — t y p e , S i l i c - c .un  Read l \ I 1 u A T T  d t c e c i e - c - - c , W e -

p cudp oSe t i c u. ’Orti !c ce l’c’ and ec_’a .lcc c ete t h y ’  p c - r i  o r man c a -  o f  u l  t odes

c _ c i t h  c i i f f e - r ’ c - n t  d o p i n g  p r e u f i  li’s. This should h e lp  us l i e  c ir r i i ’ i iig

c i t  an o pt  im u ni  d o p i n g  p r o f i l e  i c u r  s u c h  d i o u l e ’ s , Silicon ‘~c cis

c - i i u e en as t h e  sem l i - o n d u e t c i c  h t ’ u ’c t u se  h ip h  c i u a l l t v  c _ c _ - a t e - cs  c c c i -

i’ e - u e c c l i l y  a v a l  l u c _ h i c ’  u c u d  t h e  f , i b r i c - u i t ioni t e c h n o l o gy  i re -Ic e t i v e ’ l y

c _ c c - - i l  e s t c c _ t c t i c - c h c ’ d ,  I on  i m p l a n t a t i o n  c _ c — i l l  h e- u s c - e l  I c c  h o p e ’  t l i e ’

s e m i c o n d u c t o r  i nst e a d  of c o n v e n t  l on a l  d l  f f u s i o n  I c e ’  t l u  ‘ c i —  I c e - , c c  d i s c -

arbitrar y doping pn a e i i ica- ~ are c ’u e s i l v  o b t a i n a b l e  b y  u t - i i i g  m u l t i -

p l e?  im p l a n ta t i o ns  - In c e c i d i  I 1c~~ fl - i t  i s  p o s s i b l e  t e d  -~ e~- t  h y p e - i ’ —

a b r u p t  u n i  f o r m  j u n c t i o n - s  in  t h i n  c - -pi I c e  v e - r s  - Thus , i i i  phe  I’

i r e - q c i e ’ n e . ’v , b ie r ic - -n’ i he rnial conducl I c d l i  , coe :el e- r opc-ru c_ t 1 c m  c ine l  h i g h e r

ou t  I c c _ i t I c c u c _ c _ , ’ t ’ - s  e ’ ctn bee - c i e ’ b i l c - \ e - eh -

\( t ’  h u c _ y c ’  so t’ u m i’ l i l a c s -  t h  I t - c ’  or  ac - I  t e e ’  r u n s on c c c i i  e r - s  w h i c h

h u e d  Ie e ’ c ’n L lnp la fl t c - i l  e ’ u e i ’ i i c r  a t  I V ’  ~ Thti d lcr un c - -u wit sucl i Iit ’sc ’ut t’ c h i

Ce-ri t e r  . ‘l ’ c_ c e c  o f  I t i c ’  l’uh i s i c e ’  I ’ d - I t c a e . ! m ’  c_c i I h c _ c ue I c - n ’  1’S cc t t d  one-

c_v i t h c _ cue i t  - c 1 I - The pc . e l ’  I n e c _ i  I c c _ r i - u  c c  F t he ’s ’ ’ cc c i  F m - I ’ :-, d e F t ’ g 1 en

be low :

I) IS c i l c - r  l d l  : p c ’ p i l d e v e ’l ’ en t ’~ 
su b s )  m a c _ c -  - c - pt l c cv e- n’ is

) _ ,  I hi I e . ’k c e n t d  I t  t-i I’ d -c - I c- c t I c_ i i  v i t—c P - 8 - c - t n  i—who . t c c i t t  -

i t-c 10 iii i i  s F i t  i c -k  - Tin e  e ’p i I c e  \‘ e - r  c v :oi -  p r c  -cl u ellt u eg c ‘ -. 1 c v c c

SI I I c ’ c i i  c t : c j t  I a n  t. . T h i s  c c _ a s  c i  n c ’  l e e  I l i u l k c -  .1 1  u c l n e t ’ j d l i o i l c — .

cm nd I h en— i p r c  - y e  ‘II I c h u m  f l i t e  - I i t i p  c c I I ii’ - c - e t h i c - i ’  i m p  I s  m i t  s -

‘I ’ll - c_ v a Fe ’  r c v c m s ( l i e  ‘ i i  I m j c  l u m  n i  - -d cci t hi l e e  c~~~c ‘ I i  c m  ti d ce i I b c

p h i ’  a j c l n u c t ’ c e U  I ’  - I c I ’ d c d h t l c c cc u + p + I d ! + s I  r i c e - t i e r ’ -

I ‘ I ’ d cj  c ’ . t :~~ - i ’v  m s i c  r

- ~~~--—~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--~~~~~~~~~~~~~-- --- --- - - . - -



2 )  W a l e - c  #P5 c p ep i l u c y e i ’  on p+ s u b s t r a t e - ;  c - 1 i I  l a e - r  i t - c

Sp t h i  c-k  and its re- - si st i v i t y  I 7 ch li ‘ c i I ’ s t  i’ c e t c ’  I s

10 m i l s  t h i c k .  ‘I’he ’ e ’ p i l c o v e - r  c _ c u e s  p r c - c i c c l c e - c ’ cI by  c c ~- c i ~ l c .’ c e n i

1 l1: t e l a f l t  ~~ bc-lore’ , It ‘c a - s  t h e - t i  i r n p l a n l e  d c c _ i c _ h  be . c t ’ , c r

and ar s e n i c:  I 0 l u  e d t !  ci m i + p -~ i~~u -c- c-c t  r u c  t u re  -

The c _ c a f e - n ’ s  cve n ’ e ’  d c - u t i l e -P  dUd e1  t h e - n  c e n n c - c e l e d  cit ~iS ()°C h e e l ’

30 minute -s in an dc_ F liie d - c i clic .’t’ c’ of pvi~’e- h y d r u  ‘pc - ri . N e x t  - c ’L i I ’ c u l u i U l I c

:inci gold c _ c _ c - r e  s pat  t n - t e d  on t liv - i n i p i c e n i  ‘ci s i c it ’  t O  l c i : c _ k e ’  c e i c

o h m i c  con t ccc  F - T I c e -  —c~ eL u s I. i c e  te c_c cc _ s  ccc ‘c h u i r c _  I c c c  I I ~ u n i d  eh e  ‘ c c i  c c c i  1 y

p o l i s he d  t u d  l’ c ’ c I UC e-  i c _ s  t h l c _ ’ k l I c . ’ -SS 1 I’ c l r c 11) U c i  is t o  3 t e l  i s . ‘Ib i s

wce ~l c - n e  t e e  i’ c - ’ i c i c ’ c - t h e  p a c c c _ s i t i v  I’es i s t c e , I i c - c ’  c c i ’ l i c e  c h i ’ ’ c l t ’  sn i P  t o

ease ’  I l i e - c h i c :  i up o t F l i t . - ’ c_c cc I er  - Cli in cci i urn c c _ n c - i  go 1 ci d c _ c  - I ’ d -  j h ~ e - I i

p u t t e n ’ c - e i  c c l i  I ice ’ s c e h c - c t r u i t c  s l i P -  c _ c )  I - - I ’ l l )  l i i i ’ - s c ’ cc ’ n P  - c h i c l e :  c c c l i i  c c _ c t -

The ’  ccci  I c r  ccc i s  s c r ’ i l u e ’ d  and  d i c e - P  I m l t c e  S n e i l  by 3 in n i l , l l e c i h ’ ’ s  - A

t m ’ ,V c e f  I i ~ e ’Se h i , ’ d -s c _ v t - I - c ’ b~~n d c .’d on g e - I d  r i b b c en s c e n d  t h e i r  ~ic

chi c . c n ’ u c i ’ t c ’ i i s I . I e ’ , . c e - h ’ c ’  t c? 1 c c c i , 5cc Hol ’ , c e l l  c _ h e  P 1 — a b c ’s h u c v c -  l c e ’ e ’ f l

Io c_~itd t o  b e e -  c - x c e c c s i v ’ ’ l v  ‘ I c c e k y  - 
. T h e - v  c i , ,  ~~et  h a c _ ’ c ’ dil i y

c c _ c - I 1 c le ’ f i ~f l c ’d bI ’d’d i k c h , m \ c i i  v e i l t  c c - g e ’  c - \ c - f  c c _ i  te: r t i c - v  h a v e ’  h , c ’cm e ’ t v ’ b i u - ~~

l u  reni c u v c’ - - u l r l  d l c ’ c ’  d c c r t i c c g c - . \ \ e ’  S i n s b c c - - e. ’ c _  t h a t  I l i e ’  l i t - u c v i  I v  c l u e t c i u o g c - ’ u i

r e - p l c - l i  pi’o c h c c c ’ c ’ e I  by  t I ’ m - d c c m d c p i f l g  c _ l i e ’  d p i I u c v c - r  d o e- c- - rio t ~~t t

p C u c l c c ’ i ’ I y u n n n c ’ c i l e ’ d  c i t  ~)3 1)
d d

c_~ cc _ nd  n ’ e ’sul Is i i i  c i  I e e .e c u n ’  , ) t i n ’ t I c ’ h i  - c _ i l l ’ -
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BROADBAND GaAs FET AMPLIFIER STUDY
Wendell C. Petersen , Walter 11 . Ku *

In troduct ion
Analytical and computer—aided design techni ques for-

broadband GaAs FET amplifiers are presented . Based d i f l  distri-

buted models of the FET , optimum gain-bandwidth l imitations

have been derived . These results- - ’ ~ire similar to t h o s e  P U b l i s h —

ed previously which are based on lumped equivalent c i r c u i t

n iode l s  of thy- transistor 1. The~ distributed c- - a - s e -  c_c_-as uniso

-st u d i e d  by Tucke r  and he had  d e r i v e- d  s u i l l i t -  c c x p l l c i t  r’ e ’ su l t s  f u c i ’

a class of d i f i ’ c - - r e n t  ideal  g a i n  f u n e - t i o t i -s~~. The ’  c i t e - c t  o f

a l t  c - r i n g  t he  c o m m e n s u r a t e. ’ I m e  I e ’n g t h  of I l ie m o d el s  h a s  a l s o

been s t u d i e d .

A closed f o r m  e x p r e s s i o n  i s  c i t - l i v e d  f o r  l u m p e d  t u i p t ’r e ’ d

ga i n  m a t c h i n g  n e t c _ v e c r ’ k s  w i t h  c c c c , \ i t t c c c l l y  f l a t  e - r r u u r  an d  an

al g o r i t h m  is p r e s e n t e d  which can l i e  a c - - c m - cl t o  u u h t  ccl n i c c  ‘th I umpc ‘ccl

and  d i s t r i b u t e d  t a p e r e d  pa i n  m a t c h  i i eg ne - tc _ c_i. crk c - c _ c _ i  t i c  an e x a ct

e q u i r i p ple cr 1- m c i ’ . I n  l : cc u t l i  cat -a ’s , t h e  ma t n ’ h i  l ip  n e - t w i c r k s  c u i n

have  an  a r b i  t r u e  cv n u m b e r of t r c c n s m i s s i om i  z e r c c c - c  u m t  0 and  -‘
~~~~,

proi-  i ded t h a t  t h e  c ci ’der  of t h e ’  mci t c h  I ng ne . - I cc_ c m r k  i s c - y e - r i .

Thc’se matching networks art cc d i s t i n c t  i m p r e m v c ’ l i c c ’ h i t  u c ’ e - r  t l i e c c — c’
- ‘ - 3 1 -1pn ’t ’viously deri~ ’e ’cl  by P i t z al i s  , Ku and  Pe t e - r i - c e rn , M e - I  l ’ut -

a nd  ‘l’ u e k e - m ’ . An ex t e n s i ve  ~~~‘t of t a b l e - n  o f c -x p l l v i  t c ’ l e h i i e - t i t.

v a l ue s  l o t -  l u m p e d  and  d i s t r i bu ted  ma I c i t i n g  t i c  - c_ c _ c _ c u r k  w i t  ii

e e c - F cc _ c _- c -  a n d  3 :1 ba n d w i d t h s  ha ve b c e - c - n  d c - - r i v t ’ d . Th e -c - - c e ’  i- c -s c_ i l c _ s

h a ve  b c - - e n  a p p l i e d l u ’  t l~ d c c s i ’p i e  o l  l p — p c c t e  G c i A c - -  I- i- i ’ ucmp l I f i e - I ’ s .

• Bre  cu i dbu l  nd T r a n s  i t-c F o r  Amp 1 I I i c--c r i-c

The b a s i c  ,-‘uing l e c — s I  i c - s e -  h n ’ c c s d b c u m i i d  t r c m n c — ’ i - - I c u C  c o ini pl i I i c - n ’

c - c cl i  I i g U r u i  I i e c u  i he cc _ c _ ti i n  I - i  p u r e  - 1 . ‘I ’he- i t ip U  I cm i i d c c , !  I c c l

ma t c ’ h i n g  f l O I . c _ v u m l ’ k :- c ci n ’ c ’  u i i - e — c c _ i n c c , c l  l u ,  b c e ’  I e c c - - s l e - c - - c c-c I c u t  c d i i i  be

t - i t  h e ’  C lu t i t p c ’d  c c c  d .i 51 1’ 1 be n t e d  - I i i  I l i e  - I a I t e c h ’  c c e s c - , 1 l i e  - I r u e  m i -c —

n ’ i is s lo f l  l i n e -  c ’ I c ’ t t ~c - t t I t - i  m r - - des -u  s t i n t - c l  F e )  I c e ’  ( ‘ e e r n l t l c e - h t t c u l ’ u c l e ’  d i l l  h u e 1 !  

— ,—- - — —- - , — — - — - . — ‘ — — - —.-- ‘ -  -.--—— - - —  . ~~~~~~~~~~~~~~~~~~~~~~~
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the line length of the input and output matching networks

ne c - -P n o t  be e q u a l.

I t  is  assumed i n i t i a l ly  t h a t  the transi -st cun ’ is uni-

lateral , 
~i2 

= 0. Th i s  a s s u m p t i o n  can be t a k e - n  c a r e  of s u b —

sequentl y either by the final optimization and/or re ’nccmdelin g-

of t he  e q u i va l e n t  c i r c u i t  model to t a k e ’  i n t o  a c c u - u i m t  t h ~ - non-
zero 12

The m a x i m u m  a v a i l a b le ,  g a i n  ( M A G ) c u t  a t y p i c a l  h i g h — f r - c - c - 1 —

u e n c v  t r a n i c - c i s t o r  is shown in  F i g u r e  2 . T h i s  is d e f i n e - U  t o  h c - ’

the:  g a i n  o b t a i n e d  f r o m  t h e  t r a n s i - s t u c t ’  w h e n  b o t h  t h c - -  input amid

o u t p u t  a re  s i m u l t a n e o u s ly c o n j u g a t e  m a t c he d  and  i s  U f l e i c ’ f I I i e - c l

c c _ h e n  t h e  t i’c c n si s t o r  is not absolutely st al cic ’ (from , 1, m . ) 
b u

i n  F i g ur e  2). In  a t y p i c a l  high—freque nc y ti ’cc n ,— i stor a c u p i i—

t i e r ’ , t h e  t r a n s i s t o r  c _ c - i l l  be o p e c i ’ a t i n g  ove r some pr ’ e - s c r  l b - e l

f r c - q c - m e c n c ’ band i I i  cl i i  w to ‘-‘-
~~~ 

cc _ s sP e c _ c _ n i n  F i g u r e  2 a n d  t l i e ’

i n t r i n s i c  g a i n  c_ c - i l l  r o l l — u f f  a t  a s l o p e  of c e i i i c n ’ u c x i m a t c ’ l y

6 d B/ o c tav e . The a c t u a l  g a i n  s lope c d c n  b e ’  bc ’ t c c _ c - e - n  3 dB/u . ce ’l ay e-

c c i d  8 d B/ o c t a v e  d e p e n d i n g  on t he  s p e c i f i c  d e v i c e ’ . ‘l’c c  ccF t c c i n

an amp i j fj t ’ i ’  cc’ith a flat ove r—all gun n r’e -c - c pu . n c-c e - , e ’ i  ther t h e ’

input c i r  the - c u t p u t  m a t c h i n g  n e - t c c _ i c r k  nc u c - c l h a v e ’  a c - - r n p t - n - s a t  I n c

g a i n  t aper  as shown in Fipu n’ e .’ 3. II i c-c also possibl e ’ and

e m m c ’ t  lm e .s nee cessa ry  to d i s t r i b u t e -  t h e ’  g a i n  t c q ’ c ’ r ’  b c - ’ t ’,c _ c - e ’ n  t h e ’

input cc_nd the output matching netcvc r1~s.

Op t i m u m  Distributed Gain—Bandwidth 1~irn itatio nr

Tht ~ i d e - c e  I t a p e r e d  m a g n i  t u d c .- g ut  i n  f u n c t  ion  i s  g i v e - n i  i d y

a < w <

(i
I ( L

~
) = ( 1 )

0 ; c ’ 1 ,—, c ’ c _ c _ h i c - t ’ e -

whe re-
S 
_ _ _= 

T~
”%og 2 ‘ 

( 2 )

S = gain . S l m d J ) c - d  i n  d l )/ oe ’ t u i v e -

8( 1

IL - - -  
, j ~
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% W b~~~~~~~~~~~~~~~~~~~~
Wh w

1 n i i  u - c -  2 . Tvi’ i c - u i  1 ~- i u c  x i  rn c_i m Ava 1 1 u m b  I e Gui  i n c_ e rc- uS I r c ’ q U e ’ i i c ’v c c

a i i i  p h — I -  i c - c - I  c _ n e -  flu Y ‘I’ r a n  ~ I c-I 1 ( 1 ’  -

G
~

(w)

(dB)

W

- c I d ‘ci ~ L ,c i n  b c_ in c I i c c  ii c c  I I i ’  I t  C c c  ci c - I l  - - - t i c ,  - 
I i  I u l i i i c  - ‘

~~~ I c_c ‘ - -

I l l



= low end of the des ired passban d ,

= hi gh end of the  des i red passband ,
and

K = gain at

App l y i n g  R i c h a r d s ’ t r a n s f o r m c m t i o n 6

= tan ~ T , (3)

whe -- r e ’  T is the  d e l a y  l e n g t h  o -f t h e  commensu ra t e  trc en smisc , s i c l i

l i t m e - s , so t h e -  i d ea l  t a p e r  of ( 1 )  y i e l d s

K 

~, 
Tt an~~~~, 

~ cl 
~(‘1 ~, ) -

G 1
( Q )  = “ , ( - 1 )

0 c :lsc -c_ vh tc i ’e

where-
= t a n  

- 
T, (5)

and

l , de f l  h T . (6)

The i d e - a l  gc c - i n — b u c _ n d w i d t h  l i m i t a t i o n s  f u u n ’  dist i’ibut ed

c - - I  c - m e n t  mat ching ne-twe e rks can now be obtained for’ the Ide- al

t c c j c e r ’ c d  g c c i n  f u n c t  l c c f l  (-1 ) by t h e ’  applic ation of ’ Bode ’s I nte -gr um l

r e r s t r i e ’ t i e e n s 7
~ T h e -  distributed l e c c d c on - s tr c c i n ts  t e d  P t ’  c d ’ t i —

s i de -r e d  u c _ n ’ c ’  shown in  F i g u r e  -1 . T u c k e r 2 hum s d e - r ’ i v n - d t h e -  g u c l i i—

h i a n d w i d  t h  I i mi  t.a t i c - i n f o r  t h e ’  i i  dc _ c — r e c e s s  c ’u cc -c e s lim cc _ c _ ri i n  F i g u r e ’

4 ( a )  (or  i t s  dc _ cal i n  F i g u r e -  4(b)) c _ c _ i  t h  a d i  f f e - r ~’n t  i d e - a l
gum i n  f u n c t i c c n , co n s i s t i n g  of t i l e ’  I d e - u m i  t a p e r p l c - - c e - l i t e ’ ~ i n  ( - I )

w ith Ii. c c e - t  c - u ; u c n l I_ c c  / e ’r o  f e - n ’  P < a n d  i t s  l’ e t I e ’ c - ’ t  l i e n

an ’ c ’u n d  12
1 

f o~ c~ - -
~~~~

• Tc nm ke’r ‘ 5 ~ . b c ’ u i l g u l l  ii t c _ i f l c ’ l h u n  c - I c c ’ ’ , n e t

u c e ’ i n c t l f l t  f o r c h c c n g c c s  i n  ba n d w i d t h , c _ c h i c - h i  a r c ’  i mpc c m ’ t u m n t  l e e r  I m c c _ c _

v alnn c ns of’ g a i n  l c c p c c  S cc_ nd is tot e je - s s i m i c -~ r I c ’ t o m -  mum t e - h t i ng

n e ’ I , wc rk c- ;  w i t h  cm sh a r j u  r o l l — c u f f  c n h c c , v c -  . ,

~~~~~
. A l  I I i e u i i p h  i t  should

f lee t be ’ c e c n c - c i d e m ’ e , c I  an i d e - c d  ‘ l i m i t  , Tu c -’ k e i - ’ su g u m  i n  i u m ’ I I o n  is

c u : - - u e ’ t ~~~b i n  c- s t i mucting g u m in — lc u ci id w idth re ’s-c l m’i c ’ I  i c - I n s  ‘ c -~~’~ i m 1 l ~ ’
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if m a t c h i n g  ne tworks  w i t h  s y m m e t r i c  ga in  fu n c t i o n s  ar e

employed .

The ga i n — b a n d w i d t h  l i m i t a t i o n  im posed b y the  low— pass
distributed load shown in Fi gure 4 ( a )  and 4(b) is given in

terms of the  Bode ’ s inte gral restriction 7 in the A — p lane  as

f
~~~n 

[ M
’
~~~~~~

] 

dg < , ( 7 )

whe re
z

T ~2. for  the  ser ies induct ive stub of ~ igure  4a , ( 8)

and

RY
c-~ 

for  the shun t capac it ive s tub of Figure 4b.(9)

Since the  ma tch ing ne twork is assumed to be lossless and
rec iprocal ,

= 1 — s~1(icl ) I 2 
= 1 — G 1 (ci ) . (10)

Sub stitution of (10) and the ideal tapered gain function (-i )

i n to  (7)  y i e lds

h

2.n 
1 dP = ~~ ‘~~

- , (11)

1 - ~~~
— [tan~~ 11j

a 
T

W h

w h e r e  the de lay  l e n g t h  T has  be- c - r i  n o r m a l i z e d  to u n i t y .

The equal sign was selected in (11) in order to olctain the-

largest possible value for -t . This impi It’s that all /,e ’i ’ e e

of  t he  r e f l e c t i o n  ‘ c , c c f  I I c - ’ i c - - m i t A ) a re  i n  t h e ’  i t - f t  —hut i F

A — p lane. Fan o8 h~i-s calculated the’ c - f  I ’ c ’ e - t  5 o h  p l a n -  in g  c ’e - i ’ u ’ s

u - f  -s
~~2 in  the l e f t  ha l f  - \ — p l a n c u  as

- - 
—

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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T , ( 12)
1 + -t z~

where  T is the time constant in ( l l) ,T is the new t i m e ’  c ’ - n —

stant and z. are the zeros of 
~2 ~~ 

the right—half A—plan e ’.

For the high—pass distributed loads of Figure 4(c) and

4 ( d ) , the gain—bandwidth limitation is g i ve n  i n  t e rms  of t h e -

i n t e g r a l  r e s t r i c t i o n  as

f ~~ 

[2 ~~jP)~~] 

d. 
_ 

2 ’ T  (13)

c_ c_ h

= RY~ fc .c r ’ the series e ’ a p u e c ’i t i c _ ’ e ’  s t u b  of F i g u r e ’ ‘ 1 ( c ) ,

a n d

-t = for the shunt inductiv e - -stub of Figure -1(d).

S ub s t i t u t  ic - e l i of (10) and the ideal tapere d guc _ in fare - - t i o n

(- -1)  i n t c u  ( 1 3 )  y i e l d s

(h  1 1I “7’ 9~n d = 2~~T . ( 1.4 )

1 — ~~~
— [tan al,

The equ ality was selected tm . c o b t a i n  t h e  o p l i u u uuc gu m i u i — l c c e n d w i d l h

cor r e s p o n d i n g  to selecting cdl zecres of ~~~1( A )  in  t h e ’  L I t —

h a l f  X — p l c u t c c . F a n o  ‘ s r e l a t i o n s h i p  l o t ’  I) l ci c ii i g  t h e ’  / e r c’S  of

the reflection c - i c e - f l  i c i e ’n t  in the ri g h t — h a l f  X — p l c e l c e  f c , I ’  l i c e .’

high—p ass case is g i v e n  by

= T ~~ ~~ (-
~~~

) (Ili )

where T i s  t h e  time constant i n  (1-I) and i an d  z .  c m t c -  t In e diii e-

c ia-u d c - f i n e d  i n  ( 1 2 ) .  N c c I e  t h a t  ( I c c )  c c i ii c i l c - c c c  I n -  c c b t u i j l i e - i l  I i’ c c r t i

(12) h e y  using a I c  ‘ c _ v — p c i  c-c s t c c h I p h _ l c d  c-c s I I’ d I n s I ‘ l ’ n , c i  I - -

It

_________________________ a ‘~~ :~~‘
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Due to the  p e r i o d i c i t y  of R i c h a r d s ’ t r a n s f o r m a t i o n  g i v e - m i
in ( 3) ,  the ac tua l  f r e quency res ponse of the  c cc n cn ,e ’li—c e c r a t e - -

line matching networks designed to appr oxim uit e- the id e -al

gain of (1) will repeat around = rr/2 (assuming the ’

normalization T = 1) as shown in  F i g u r e  5 . The r e l a t i o nship
between wh and w i l l  de t e rmine  the  c o m m e n s u r a te  l i n e  l e n g t h
9 .;  i .e .,

9, = X / M  at c_cc 11 , (16)

where
4WR 2rr 14 . < M = — = — = — f o r  T = 1 . ( 1 7 )

Wh Fh

The g a i n — b a n d w i d t h  i n t e g r a l  r e s t r i c t i o n s  of ( 11) and  (1-I )
have been i n t e g r a t e d  n u m e r i c a l l y  fo r  l i n e  l e n g t h s  of - -

and A/6 at w ,,
~ 

and the resul t s are p lo t t ed  in F igur es 6 and 7 .
Figure 6 shows the low—pass constraint of (11) for a p u c in

slope S of 3 dB/octave and 6 dB/octave and a gain K of  0,

—0 ,5 dB , and —1 .0 dB . F igure  6( a )  is f o r  2. = A / 8  a t  c
li 

and
Figure 6(b) is for 2. = X / 6  at  Wh. Figure 8 is a similu er

set of curves for the h i g h — p a s s  c o n s t r a i n t  of ( 1 4 ) .  In  b o t h

F igures 7 and 8, the percen t bandwidth is defined as

cc-c_ h -Percen t Bandw id th  = 200 ( 
+ 

) . (18 )
c_il

l1 ~~~

Effect of Commensurate Line Length on Gain—Bandwidth

Limitations

In designing the broadband distributed matching ne ’tc_ von ’ks ,

the v’ommen suruc_te line length is an additional dec -sign para—

mete-i- w h i c h  can be used to trade gumi n bandwidth a-s c _ vt- ti as

p r a c t i e - a l  r e - c u  ization c o n s i de n ’ a t t c e n s . (‘ u m r c ’  should h e ’  I u m k c m i

i t )  C ( c t i c f c c i r ’ i ilg t he  g a i n — b a n d w i d t h  l i m i t  a t h e n s  f -n’  d i l l  c - l ’ c ’ i l t

vu i l i ic ’s  of t h e ’  c e e m m e n s u r u c _ t e  l i n e  l en g t h  9. s i n e - c-  I c_ c_ c u l c u c c d , - ~ c c _ i l l

fl e e t  h a v e ’  t he  s’ a r u i e c  r c c a e ’ t u m n e - e - s  c - e v e r  a b a n d  c c l ’ f’ r e qu e ’n c i c ’ s  I I t h c
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lengths.  Approximate comparisons are possible by conver t ing

to an equivalent lumped capacitance at a specif ic  prescribed

frequency 5. Since the gain is maximum at w h ,  w h is selec ted
to be the frequency used in the conversion . We have that

Ceq = ~~~
— tan (~ 1L) (19)

or , by normalizing W h to 1 rad/ sec ,

Ceq = ~t tan (-
~

— )  . (20 )

For the low—pass case , subst i tut ion of (12) and (17) in to

(2 0 ) yi elds

—2 ii tan (.a~)
Ce (LP ) = 2 

M 
, (21)q ,t an(— ~~)M c~.

~n 1 — 
K - [tan~~ Q] d~

2rr 2ii~~.‘ t an(~~~)

where w
= .J! , ( 2 2 )

and M is defined in (17).

For the high—pass  case , subst i t u t i o n  of (14) and (17)

into (20)  yields 2tan(~ 1L )

Ceq (HP ) = — tan (~~~~
) 

f 
2 

d~..

( 23 )

Fo r the special case of zero gain  slope , a = 0 , (21)

and (23)  reduce to

Ceq (LP ) ~n 
[T~~~] 

= 

[1-tan (~~~) / t a n  (~~~~)~ 

(24 )

and
92
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1 1 ~~~
.

~ Lr:gJ 2rr
Ceq (HP) — 

[tan(~iL)/tan(~~~) — 

. (25)

Figure 8 is ~ plot of (24) and (25) for ~ = (W
h/W~~

) = 2, 3, 10,
and ~~~~. Note that a single plot is needed fur both (24) and

(25) since

[Ceq(LP) — C (HP )l~nIT2~l = 271 . (26)

From the results presented in Figure 8, it is clear that

the gain—bandwidth restrictions become more severe for th e

zero—slope case, as the line length is increased , i.e., as

M is decreased . This effect is most pronounced for small

bandwidths , i.e., small values of ~~~. At the limit of 200~
bandwidth , when ~~ 

= °°
~~ 

Ceq is not a function of line length

for the special case of zero gain slope .

To obtain similar results for cases with specific gain

slopes , (11) and (14) are integrated numerically. The results

are presented in Figures 9 and 10 for gain slopes of 3 dB/

octave and 6 dB/octave and bandwidths of 2:1(octave), 3:1 ,

and 10:1. Figure 9 is for the low—pass case corresponding

to (11) and Figure 10 is for the high—pass case corresponding

to (14). The general trend of the effect of line length is

the same as in the zero slope case , but the effect is less

pronounced .

Realizable Approximations to the Ideal Tapered Gain Function

The ideal tapered gain function needed to compensate

for the intrinsic transistor gain roll—o ff characteristic

is given in (1). This ideal gain function G1(w) must be

approximated by a realizable transfer function to design the

required broadband matching network. For lumped matching

networks , (1) may be approximated directl y, but for distributed

93
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Figui e 8. Effect of Line Length on the Gain—Bandwidth

Limitation for the Ideal Zero Gain-Slope

Case with Bandwidth as a Parameter.
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Effect of Line Length in the Ideal
Topered-Mognitude Low—Pass Case
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Figure 9. Effect of Line Length on the Gain — Bandw idth Limi t a t i o n

for the Ideal Tapered-Magnitude Low-Pass Case with
Bandwidth and Gain Slopes as Parameters .
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Effect of Line Length in the Ideal
Tapered-Magnitude High—Pass Case
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Figure 10. Effect of Line Length on the Gain -Bandwidth Limitation
for the Ideal Tapered—Magnitude High-Pass Case with Band-
width and Gain Slopes as Parameters .
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matching networks the approximation and the snthesis are

most easily carried out in the Richards ’ transform domain

as defined in (3).

In the Richards ’ transform domain , the ideal tapered

gain function is given by

—l
K ta

~ 
c~ . 

~~— 1 — 17tan

G 1( Q )  = , ( 2 7 )

0 ; e l s e w h er e

w h i c h  is o b t a i n e d  by c o m b i n i n g  ( 1)  and  ( 3 ) .  Both  l umped
and d i s t r i b u t e d  ne tworks  w i l l  be cons ide red  i n  t h e  f o l l o w i n g
a p p r o x i m a t i o n  t e c h n i q u e s .

The approximation of G1 is a c c o m p l i s h e d  b y m i n i m i z i n g
an error func t ion  d e f i n e d  by

E (x) = GM(x) 
— G1 (x) 

. ( 2 8)

u s i n g  some desired error  c r i t e r i on  over  t he  f r e q u e n cy  band o t

i n t e r e s t  ~~~~ w
~71. In ( 2 8 ) ,  the  r e a l i z a b l e  g a i n  f u n c t i o n  i s

g iven  by
n n

GM ( x )  = ~ 
h C 

, ( 2 9 )

f o r  both  the  l umped and d i s t r i b u t e d  m a t c h i n g  n e t w o r ks . In
( 2 8 )  and ( 2 9 ) ,  x i s  d e f i n ed r espec t i ve l y as

x = ~~ ( L u m p e d ) ,  ( 3 0 )

or

-~~ = ~2 ( D i s t r i b u t e d ).  (31 )

The c o n s t a n t s  in  ( 2 9 )  a re  d ef i n e d  by U

number of ‘ l o w — p a s s ’ e l e m e n ts  in  t h e  m a t c h i n g ’
network ( i .e . ,  t h e  number  of t r a n s m i s si o n
zeros at ~ ) ,  (~~2)

8
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= number of “high—pass ” elements  in t he  m a t c h i ng
network ( i .e., the number of transm ission zeros
at the origin), (33)

n = number of unit elements (cascaded lines ) in
the matching network (n

~ 
= 0 for the lumped

case), (34)

(35)

and

P (x) = b + b
1
x + ... + b~x”. (36)

The change of variable defined in (30) and (31) insures

that G~1 is an even rational function of w or Q . G~1 is

realizable as a passive network consisting of low—pass , high-

pass , and cascaded uni t elements prov ided that P~~(x )  is
selected such that

0 < G~ (x) < 1, for all x > 0. (37)

Max imally—Flat Tapered Gain Functions
To obta in a maximally— flat error function , the  coef f i c i en ts

of P~ (x) must be selected such that E(x) and its first (n—i)

der ivat ives are equal to zero at the bandcenter frequency w
0

of the  passband . Therefo re ,

= 0, j = 0, 1, 2, ... , (n-l). (38)

This set of conditions will leave one undetermined Co-

eff ic ient wh ich can be used to adjust the bandw idth of the
match ing network . Combining (28), (29), and (38), we obtain

j . f n  n
~ P (x )  j  i iin 

= ~ 1x (l+x ) , j =

~x
3 

~~~~ ~x=x x=x
0 0 (39)

~
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assuming that x0~0, x0~1, and P~ (xJ~O. Next we define

y = x — x 0 , (40)

In h zici
= LX G (x) j , (41)

I x=y+x
0

and

Qn ( Y )  = ~)~~(y )  = a0 + a1y + ... + a~y . (42)
x=y+x0

Using (40)—(42), the conditions (39) becomes

a 3 Q (y )
_______  = 

( Y)  , ~ = 0,1,2,...,(n.-1).(43)

~
yJ 

~~
=0 ~~~~~ y=0

The conditions contained in (43) are equivalent to stating
that the coeff icients of 

~~~~~~ 
a~~, are the first n T a y l o r

series coefficients of 1(y) except for a~ wh ich is used to

control  the  bandw idth .

The evaluat ion of the Tay lor ser ies of 1( y )  g iven by
(41) is straight—forward but time consuming especially for
the distributed case where n~~~O and the  ideal ga in fun ct ion
(27) must be used . The results for the general distributed

case w ill  not be presented here excep t to ment ion t h a t  a
symbol ic d if f e r e n t iat ion and al gebra ic man ipu l a t ion computer
program can be used to carry out the required calculations .

For the general lumped case in which 
~c 

= 0 and  the
ideal tapered gain function is given by (1), a genera l

fo rmula  for  GM can be der ived. Substituting (1), (30), and
(4 0) int o (41)  w i th n~ = 0, we ob t a i n

a

1( y )  = (y  + x )~ (k— + 1)
(
~(

h o  ) ( I - I )
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where

(4~~)

From t h ~ b i n o m i a l  theorem , the Taylor series of f(v) in (44)

is given by

CL CL

f ( )  ( h_X 
r1 + + &(~~-l) \~2 + ~~~-l)(~~-2)
L o 2! x 3~ x

C) 0

+ .J . ( 4 6 )

T h e r e f o r e , Q ( v )  is o b t a i n e d  by t r u n c a t i n g  ( 4 6 )  a f te r  t he
t e rm  and a d d i n g  the  te rm ~~~~~ From (16), ~l~e co-

effici ents a
~ 

of Q~~(~~ ) are given by the  r e cu r s i o n  r e l a t i o n -
sh ip  

A

a
h ua0 = K ( 4 7 )

= a~~~1~ f o r  0 < i < n . ( 4 8 )

The l a s t  c o e f f i c i e n t  a n is a f r ee  p a r a m e t e r  to  c o n t r o l  t h e

and w i ci t h ,

U s i n g  ( 3 0 )  and ( 4 2 )  and su b s t i t u t i ng  ( 17 )  and  (18 ) m t

( 2 9 )  w i t h  n~ = 0, we obtain the explicit gain functi on w i t h

maxima ll y—f la t, error for the general tapered lumped m at ching

n e t ~o~r k s  as
( 

K~~~ x~~
1’ — 

h o 19- n- i ,  r . ( )

H (~~—k+l) j (~~
— —1 )~ ~ + ~~~~(~~— — 1)

i o ~ k= 1 ° ) 
C )

This gain fi in ct ion is physicall y realizable provided (37) is

sa t 1sf  l oci .
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To illustrate the general result for a lumped tapered

gain matching network presented in (49), consider a n=4

ne twork  w i t h  
~ h = 2 and a prescribed ga in  slope of 3 .01 dB/

octave, From ( 4 9 ) ,  the ga in  f u n c t i o n  is given by

2 - K u 4
GM(u ~ 

— 

1 + 1.5(w2—1) + 0.375(w2—1)2 — 0,0625(w2-1)3 + a4 ( w 2- l )4

(50)

where x0 has been normalized to 1. A plot of (50) is shown

in Figure 11 for K = 1 and a4 
= 0 .003 , 0. 1, and 0.2. Note

t ha t  (50) is realizable (provided that K is properly selected)

f o r  a4 > 0.0625. When a4 = 0.0625, the  denomina to r  of (50 )
has a second—order  pole a t W  0 which  can be cance l l ed
resulting in a third—order gain function which can also be

obta ined  d i r e c t l y  f rom ( 4 9 )  by s e t t i n g  n 3 , ri b 
= 1, and

a3 = 0.0625.

The general gain function (49) reduces to a number of

special cases which are known . Set S = 0 dB/octave ,

n = 2
~~h ’  

and x0 
= 1, (49) reduces to

n
2 K u  KGM (w  ) = 

n/2 = 
2 

,(5l)

[(u
2
—1) + i] + an (w 2_ i)n 1 +

where

a . ( 5 2 )n n
(w

e
)

The special flat gain function (51) can also be obtained b

applying the standard low—pass to band—pa ss transformati on

to a maximally—flat low—pass Butterworth gain function . By

proper p a r a m e t e r  s el e c t i o n , ( - 19)  w i l l  r educe  t O  :il I t h e  known

m a x i m a l l y — f l a t  g a i n  f u n c t i o n s  w i t h  zero g a i n  s l o p e , as well

as t o  a l l  gain f u n c t i o n s  o b t a i n e d  by m u l t i p l y i n g  a f l a t  ga in

l u n d  i_ on by a n  i n t e g e r  power s  of ~~ p r e s en t e d  by M e l  b r 4

l i t

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~-—~~~~~- - . .~~~~~~~~ -
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Egui r ipp le  Tapered G a i n  F u n c t i o n s

For an equiripp le approximatio n to the ideal  tapered g a i n

f u n c tion , we approximate G 1 of (1) or (27) b y a r e a l i z a b l e
ga in  f u n c t i o n  w h i c h  has an e q u i r i p p le  er ror  c ha r a c t e r i s t i c.
A n u m e r i c a l  a l g o r i t h m  w i l l  be de r ived  to o b t a i n  GM ( x )  such
t h a t  the  m o d i f i e d  error  f u n c t i o n  d e f i n e d  by

~ ( x )  = R n [ G ~1 ( x Y J — ~n r G1( x ) J  (53)

has  an e q u i r i p p l e  c h a r a c t e r i s t i c  over the  f r e q u e n c y  band of
i n t e r e s t , w i t h  G1(x) given by e i t h e r  (1 )  or ( 2 7 ) .  G~1(x)

w i l l  s t i l l  be of the  f o r m  g i v e n  by ( 2 9 ) ,  w i t h  x d e f i ne d  by
( 3 0 )  fo r  the  lumped e lement  case and l)y (31)  f o r  t he  distri-
buted element case. In (29), 

~~ 
must be set equal to zero

f o r  the lumped case. The mod i f ied e r ro r  f unc t ion o f (53)
is used in p lace  of the  o r i g i n a l  e r ror  f u n c t i o n  of (28 ) in

o rder  to o b t a i n  r i pp l e s  of equal  magnitude on a decibel
s c a l e . The t r a n s f e r  f u n c t i o n  with maximall y— flat error
d e r i v e d  in the  p rev ious  sect ion w i l l  not  be a l t e r e d  i f  (53)
were used instead of (28) s ince  the  a p pr o x i m a t i o n  is a t  a

single point , x , and the logarithmic function has  continuous

der iv a t ives of a l l  orders. For an equiripp lo error , (28)

a nd (53) would be identical only for t he  s p e c i a l  C a se  of

f l a t  g a i n , S = 0.

The requ irements that the error be equ i r ipple can be

expressed as

E(x~~) = — (— 1)’E , for i = 0, 1, 2, . . . ,  n , (54 )

w h e r e  x < x < ... < x are the points of maximum er ror .
0 1 fl

The band edges are forced to be points of maximum error by

setting x = u2 and x = 
2 in the lumped element case and

0 o n h
x = and x = 12 in the distributed element case ,  In
o n h
order to insure that GM is decreasing outside the band (C f

interest , n is restricted to be even and c must be p o sitiv e ,

In add i t i on , s i n c e  the points x 1 ar e  t h e  p o i n t s  o f max i mum
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error,

d~ (x) = 0, for I = 1, 2, ..,, (n—i). (55)
x=x

Equations (54) and (55) constitute a set of 2n equations in

2n unknowns x1, x2, ... , X~~_~ and b0, b1, . . .,  b1~, which

are the coefficients of the denominator of GM . Once the

constants n 
~ ‘~h’ ~~ 

X0~ X n~ S , and are specified , these

equations must be solved to obtain the transfer function GM(x).

The solution to (54) is given by

b = x 1 
~~(~~ ) , (56)

where

2 n1 x x , .,  x
0 0 0

2 n1 x1 x1 . , ,  x1
(57)

1 x

x = [x x1 x2 ... ~~jT , (58)

b [b0 b1 b2 ... b~]T (59)

Ixo
n h (l+x o )

n cee x ( l +x l )
n ce~~~

= 
L G1(x0) G1(x1)

x~~~ (1+x )~
’cec] T

G1(x~ ) J . (60)

and the superscr i pt T deno tes m atrix transpose. Note that
—1 . . . . . .X is well defined since the points x 1 are distin ct, Sub—

stituting (53) and (29) into (55) and cancelling the
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denominator , we obta in

F(x~ ) = {nx. P
~
(x
~
) + n.P (x1) -

+ xi(l+X i)Pn(Xi ) ~
-
~G I~ )iL = 0, for i l ,2,...,(n—l),

1 (61)

where  F ( x . )  is the  n u m e r a t o r  of ( x ) / ~~x~ a n d  t h e  p r i m e

denotes differentiation w i t h  respect  to x .~~~~ n (61), P~ (x)

is given by (36), (56), and (59).

Newton ’s method 1° is now used to solve (61) numericall y

with each iteration given by

(k+1) 
= 

( k )  
— Cj—l(

( k ) ) F( (k)) , ( 62 )

where

= 

~~ 
x2 ... ~~~~~~ (63)

F(x~~~ ) = rF(x~~~ ) F(x~~~ ) .., F(x~~~~~ , (64 )

and the JaCobian matrix is given by

~F(x1) aF(x1) aF(x1)

ax 1 
— 

ax 2 
—

aE (x)
~J(x ’ ‘) = -c--- = : (65)

A

x=x
— aF(x

~~ 1
) i F ( x

1) ~iF(x 1)

- 

~)x 1 ~
‘2

In (62), t h e  p a r a m e t e r  ~ is u s u a l  I y se t,  e q u a l  t o  unit y but

m ay  h a ve  to be reduced (‘or the  first f ew  i t er a  t Ions t C )

I m p r o v e  t h e  c o n v e r gen c e  p r op er t  ie~ o f  ( 6 2 ) .  l- . I e m e n t s  o f  t h e  

— - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Jacobian matrix are computed by di fferent i at i ng (61) to

obtain

aF(x.) r 1
ax~ 

=[P ( X i )  
~~~~~~~~~~~~~ 

+[(n +nh+2)x.+n h+bJ~~~[~~~~~ J1
~\ X

— x .(i+xi )Pt xi) [G
~~~~~)]16.~~+{(

(nh
+n )xi +n

hi [G~~ x )}

+ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- x~~(l + x.) [c~L~ 
~i-l 

- (66)

where

~~~~~fo , ~~~~~~~~~ 
‘ (67)

1 ( 1 , i = 9~J

and b is given by (56). Finally , the terms ab
a
/ax . in (66)

are derived by implicitl y differentiating (56) to obtain

rab ab abI 0 0 0

ax ax ‘ ‘  axo 1 n

-~ -~~~ = = X~~ diag[~(x)-P~~(b,x) (68)

ab abn n n
~)x ax ‘•

~~~ ax
(C 1 n

where the  i th el ement of the vector R ‘ ( x  ) I s  do Vi ned by

in?
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n n i+lh - c (—1) E
= 

x 

~~~~~~~~~~ 

. (69)

A l l  the ex pressions needed to use (62)  are now known ,

T h e r e f o r e , the t r ansf er f u n c ti on can be ob ta ined for  any
des ired set of pa rameters n .., 

~h’ ~ 
S, c , X~~, xh ,  and  K .

In  the  l umped element  case , G1 
is given by (1) and 

~c 
mus t

be set to zero , wh i le G1 is given by (29) f o r  th e d is t r ib u t e d
case,

Figure 12 shows a typical equiripple gain response

corr esponding to an octave—band matching network with

prescribed gain slope of 3 dB/octave , n = 4 , n~ = 2, nh 2,

and a passband ripp le of 4 0,6572 dB , A max imally—flat

response wit h the  same set of des ign parameters  is a lso
plotted on Figure 12 for comparison .
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OPTIMUM DESIGN OF BROADBAN D IMPATT REFLECTION AMPLIFIERS
*Jing—Shown Wu , Walter  H. Ku

In t roduct ion
The design of broadband microwave IMPATT diode reflection

amplifiers is a difficult circuit problem of great practical

importance. An op timum broadbanding theory for a class of

negative—resistance reflection amplifiers has been derived

based on a lumped 5—element frequency— independent equivalent

circu it proposed by Gupta’. This theory is more general than

the presently available design theories and includ~~ some earl ier
work2 as special cases. The opt imum des ign theory is app l ied
to the design of broadband IMPATT reflection amplifier using

silicon double—drift IMPATT diodes to illustrate the general

des ign techn iques .

The lumped equivalent circuits of IMPATT diodes are de-

rived using measured diode characteristics. Based on this

equivalent circuit , fundamental integral ?onstra ints are de—

r ived f rom w h i c h  exp l ic i t  opt imum g a i n — b a r ~dwid th  l i m i t a t i o n s
are derived for an ideal gain response, The approximation of

the ideal gain response with either maximally—flat or equi—

r ipp le responses is solved using both analytical and computer—

aided techniques. Fin a l l y ,  the broadband matching networks are
synthesized using the realizable gain functions.

Equ iva len t  C ircu it of an IMPATT DIODE

The lumped equivalent circuit of an IMPATT diode chip pro—

posed by Gu p ta is shown in Figure 1. The diode impedance is

given by

ZD
( p )  = r + —p

2LCR + p(L-RRC) + R

p LC + pC(R-R) + 1

p
2LC(r-R) + p [L-C(rR+RR - rR) + (i’+R) ( 1)

p l~C + pC (R-R) + 1

111

- - - -~-~ - - - -~--_ _ _ _  -



_____________________________________ - 
~~~~~~~~~~ — ‘—“-.——---- — 

~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘ :  ‘

~~~
“

~~~~~~~

‘ “

I I
I r
I I I
I I I
I L

A

Z D(P)

Figure 1. Lumped Equivalent Circuit Model of an IMPATT Diode .

I P ~~~~
MATCHING IMPATT
NETWORK i~ 010 )E

Z(p) ZD(P)

I ’ c J

\
Figure 2. Schematic Diagram of a Circulator-Coupl ed IMPATT

Refl ection Amplifier
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W r i t i n g  t h i s  express ion  in terms of

a2p
2 + a

1p + a
ZD(p) 

= 
2 

- (2)
b2p + b1p + b

0

we have
a2 

= LC(r—R),

= L—C( rR + RR — rR),

a = r + R ,0
b = LC2
b1 

= C(R—R),

b = 1.0

The circulator—coup led r e f l e c t i o n  a m p l i f i e r  c o n f i g u r a t i o n
is shown in Figure 2 where the matching network N is assumed

to be lossless,  The t r a n s d u c e r  power g a i n  of t h e  r e f l e ct i o n
amplif i€ r is g i v e n  by

Gt
(w 2) = Jp(jw ))

2 , ( 4 )

where
Z(jw) - ZD ( j w)

= 
Z(jw) + ZD

( j
~~3 

( 5 )

In (5) ,  Z ( j w )  is the  i m p e d a n c e  l ook ing  i n t o  t h e  m a t c h i n g  net-

work and bar denotes complex conjugate . Note that scatter-
ing  pa rameters with complex normalization has been used ,

The analyt ical continuation of p (juj) to the entire comp lex

frequency p—p lane is given by

Z(p) — Z D
( _ p )

= Z( p ) + Z~~(p ) ‘ (6)

Fundament al Ga l n — B a n d w i d t h  L i m i  t a t io ns

A p p l y i n g  t h e  b r o a d b a n d  m a t c h i n g  t h e o ry  of  F a n o 3 and

Youla 1 , we now d e r i v e  the f u n d a m e n t a l  g a l  n— b andwi dth I Ifl)i I a —

t i~~ns for an IMPATT di ode re f  1 & ‘~ t ion amp i if i r . 1 } i - ‘- - v ’  - i i

1 l:~

_ _ _ _ _  , - .‘- ~~~~~~~~~---



part of the diode impedance fr om ( 1 ) and (2)  is gi ven by

= 
~ 

+ ZD
(_ p)j

4 2a 2 h 2 p + ( a 2 —a 1b 1 + a b 2)p 
+ a

0
= 

4 2 2 ( 0 )

b9p + (2b9 — b
1) p 

+ 1

The zeros of r
D(p) are  the zeros of t r a n s m i s s i o n4

’ ~~ . m - ~~
are given by

a2b2p
4 

+ (a
2—a1b1 

+ a
0
h
2
) p2 + a

0 
= 0, (8)

or 

2 
= 

—(a2 
— a1b1 

+ — - la a 2 b 2

(9)

P r a c t i c a l  IMPATT diodes e x h i b i t  bandpass  t y p e  of

n e g a t i v e — r e s i s t a n c e  c h a r a c t e r i s t i cs :  i, e .,

r > R. (10)

From the def init ions (3) , we see that

a2 > 0, (11)

and the two transmission zeros are on the j~ axis given by

= [2

aibi~~ 0
h2) — 

/ (a2 — a 1b 1+ a b 2 ) 2 I 1 ~~~ ~~~

1 2 a2b 2 .1
(12)

and 
— — 1/2

( a2—a 1b1
+a
0
b2) + /( a2—a 1b 1~~~0b2 )

2 — 4a 0a 2
0 9

W I .
2 

= 

2 ~i2b2
(1 3)

For t he b an d pa s s  type of n ega L i v e  r e s i s t a n c e

cha r a c ’t  c r is t  j (~

1 1.1



rD(jw) 
= Re [ZD(jw)] < 0, U , ~ U 

~~- ~r2 
( 14)

From (6 ) ,  let p be the zero of p(p) in the right-half p—
p lane ( RHP),

Z(p0
) = Z

D
(_p

o ) (15)

Since Z ( p )  is a pos it i ve  real (PR ) f u n c t i o n  c o r r e s p on d i n g
to a passive 1—port , we have from (15),

!<ZD
(_p

o )j < < p , (16)

Constraints are imposed on p(p) by the transmission zeros at.
W r and 

~~ 
, the poles of Z

D
(p ) and ZD(_p) in the RHP and

th~ stabil~ ty condit ion

Z( p ) + Z
D(p) ~ 0, (17)

for Re p> 0,

Let p1(p) be the all—pass factor which is due to the
poles of Z

D
(p ) or ZD(_ p) in RHP .

b2p
2 + b

1p + 1
= 

2 , ( l o )
b2p — b 1p + l

Let
N P X k

= 
+ x (19)

k=1 ~ k

where
A k = 

°k 
+ j W

k

and k > 0 and 1< ZD(_A
k )I ~ 

< A k I f o r  a l l  k ,
The A k ’S are the right—half plane zeros of th e - all —pa ss

factor p
2(p ), wh ich may be needed to satisf y t h e  r e a c t i v e

constraints simultaneously .

The r e f l e c t i o n  c o e f f i c i e n t  ç ( p )  can  be w r i t t e n  as

11
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= ~~~~~~~~~~~~~~~~~ (20)

where p
0

(p) has only LHP poles and zeros.

At the zeros of transm ission , Ur and
1 2

p (jWri
) = 1, i = 1, 2. (21)

Use (18)—(20) , we have~~’
5

£n p (p) = 
~np0(p) 

+ Znp 1
( p )  + l~np 2(p) 

+ ic -n , ( 2 2 )

b w .
—1 i n

~.np1 (JU - )  = j 2 tan — .-~ , ( 2 3)
ri 1 — b L~~~~~~ .2 ri

N 2 0 U  -— 1 k r i
~
flP2(3W ri ) 

= j ~ tan 2 2 ( 2 - 1)
Ak=l k ri

and
2 ,n H  (p ) I

inp 0 (p )  = 2 2 d~ . (25)
+ U

The integral constraints of the IMPATT diodes are then given

by

~~~~ ~n [ p 0 ( j~~) (  -l b1~ 1.~
2 2 dw = — - 2tan

w — - 1-h ,.,
( )  i-i

N 2~ ~— 1 k i - i  - -+ t a n  ~~~~~~~ , C. 2 0)

k=I

In (22) and (26) ,, c = 0 or I . W he n c ( U )  is ne gativ e - ,

= 1 is used ,

It c an  be shov.n t h a t  one  RIIP z e r  i s  n e - - e - ’ - s a r v to

sa t  is lv the Lw s i m u l t a n eo u s  c o n st r a  i n C  ~~ p r ’ -~c II1 cd in (~~6)

l~~t A c and e , = 0 in (26), we h a v e -

11 ;

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~n~ p (jL )I 
b1W~ —1 

____

2 2 d~ = — 2 tan 2 
+ tan 

~~~~~2 
(27)

2~. 

U — 

~r1 
:2~~~~

I
’) ~f lH0 (J u~) l  — l  

1 r2 — i 
____d.~. = — 2 tan 2 

— t a n  —
~~

- 
~~ .(28)

O U  — U  b ,~ . —l
r,, 2 r 2 

r2

• The integral constraints (27) and (28) contain the gain—

bandw idth limitati ons for an IMPATT diode  r e f l e c t i o n  ampli—

f i r  hased  ( e n  t h e  I u m p c - d  - — e l e m e n t  e q u i v a l  ent circuit

Co n s i d er  t h e  i d e - a l  ~ ai n response s ho w n  in Fi~~u r  3 de-

fined by

I I  p( j a )~ = -
1

= 0, el sc-~ I ec-re . (29)

The integral const raint s (27) an d  ( 2 b )  can b evaluat ed to

give the explicit optimum g a i n — b a n 0 ~~id t h r e lationships as

follows:

(w ) (~-~ 
— . ) 1) 

- 
. 

-

H (~~~~ 

~l 
c9 i

~~~~ - 
..1 1 1 1 — l ‘ 1

— n ——-- -
~ 

= — 2 t an  — + t a n  ~ r~~-~~ ( 3 O )
-
~ (~~ ~ ) U ‘U 1—b , .

c 1— r 1 c2 ~~ ‘1 
- 

r1

( _
~~~ 

) (~ - 
+ • ) b 2

r , c 1 ,, r ,, 
— 

1 2 — 
r ,,

— ‘a ——-—--—- ____ — = — 2 tan --
~~~~~~~

-—-—
~~

- — t a n  —~-———~~~ 3 1)
( w  ~~~ . )(w — - ) 2 2 2

~l 
c, i , ( •

,, b,, —I — -1 2

Rca 1 1 ~- a l l c Ga in F u n  1

R e - a l l / a O l - ga in t~ en ct ion s b r  an IMPAT’l’ ret 1~ l i o n

amp i i f i + - r  m u s t  ‘ ; a l  i s v  th e ’ fo l l owing c e n l i l  i n s

(i) 
~~~~~~ 

.~~ 1 . ~~~~ .
~~
. 
~~II I 

— 
2

1 . e 1 ~~c wl ~

1 1 7 
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(ii) G
1

(w 2) = 1, at ~ = w and ~ =

:1 (iii) Integral Restrictions (30) and (31).

(iv) I<ZD
(_p

o)~ ~~~. 
I<p~ I , where p

0 
is the zero

of the reflect ion coefficient p(p) in RHP ;

i.e., Re p0 
> 0,

C We now consider classes of realizable gain functions

with maximally—flat and equiripple magnitude characteristics .

A typ ical gain function can be written as

Gt
(w 2) = j p ( j w )~~

2 
= 1 + 2 2 , (32)

( w  4-a )P ~~(w  )
2m 2 2 2 2 — K

Lc) (w —U )(w -w )
• r1 r2

where a is the required RHP zero , w and w are the
transmission zeros of Gt

(w ) ,  and Pn~ W 
) is ~n nth order

polynom ial of

Maximally—Flat Amplifier Response

For the maximally—flat amplitude characteristic , the

polynomial P~~(w
2) in (32) is solved analyticall y to obtain

a maximally—flat approximation at a prescribed band center

frequency , Let x = w2, (32) becomes

G
t

(x)  = 1 + (x+o) P~ (x) 
— K 

‘ 
(33)

X
m (X_X

,)(X 2
_ X )

where
2

0 W ,
2

Xl
= W

r
2~X

2 
= U

• Define the (n+1)th order polynomia l .

1 1~
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q~ ÷1(x)  = (x+o)P~~(x)  — (K+1)xm (x_x
1

)(x 2_x). (34)

It can be represented by its Taylor series expansion about

the band center frequency x0 = as

2 n— i
q~~~1

(x )  = a0+a 1(x—x 0 ) + ct 2 ( x— x 0 ) ~~~~~~~~~~~

( 35)

n n+1
+ a~~(x —x 0 ) + an+i

(x_ x
o
)

The cr iteria for maximally fla t error can be expressed

in terms of the Taylor series coefficient as

= 0, i = 0, 1, . ., , n—i . (36)

Thus (35) becomes

q~~~1
(x )  a~~(x—x0)~ + a~~~1

(x—x
0)~~~ 

, ( 37)

The coef f ic ients a and a
~ +1 

can be used to con trol the
bandwidth of the approximation as well as to satisfy the

constraint imposed by the form of (34), From the defini-

t ion (34 ) ,

(X+ c:7)P
n (X) 

= q~~~1( x )  + (K+1)X m (X_X
1)(X2

_X ) , (38)

The right—hand side of (38) must have a factor (x+~~).

Therefore ,

+ ( K + i ) ( _ G ) m (_ c_  x1 ) ( x 2+ c )  = 0,  ( 3 9 )

Invokin g (37), (39 ) becomes

0 n 
i ÷ x )~ — ° +~~~ 

+x 0 )~~~
1
~ (i)

m_n
(K+l)o m (o+x1

) (x
2
+c) 0,

(4 0)
or ( l )m_n (K÷ l)~ m(~~÷X )(x +o)

= (~ +x ) + 
1 2 (-11)

n n+1 o n(~~+ x )

12 (1
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Finally, (37) can be written as

( l )m_n (K+l)Om (O÷X )(G÷X )
q~~~1

(x) = {a n+i (o+ xo) + }
(a+x )

(x-x )~ + a
+i

(x_x )~~
’
~ 

, (42)

In (42) ,  x1 and x2 are known parameters given by the trans—
mission zeros,a is the required RHP zero to satisfy the

integral constraints , and only an+l is used as a bandwidth

parameter , This technique can be generalized to cases

where more than one RHP zero are required.

Eguiripple Amplif ier Response
From the general gain function given by (32), the

equiripple amplitude characteristic can be expressed in

terms of
2 2 2(w + a )P (w )

- K + 1 + c , w < w < w  . (4 3 )2m 2 2 2 2 c — — c
w (w —w )(w - w )  1 2

r
1 

r
2

The nth order polynom ial P~ (w 2) will be chosen for an equi-
ripple approximation within the prescribed passband from

to U c w i t h  a r i pp le  of c . This  a p p r o x i m a t i o n  prob lem

ha~ been ~o1ved by using the numerical technique developed

by Petersen for broadband tran sistor amplifier desi gn
6,

Th is w ill be i llus trated later for some spec i f i c ref le cti on
amplifier designs.

In this sec t ion , an approx ima te but ana l ytical m et h o d
will be presented . In general ,

a , ( 4-1 )

and we can use the approximation that

2 2  2 2( w +a )P (w ) 
— ~

)
n~

w )
_______________ = 2 (m_ 1 )(U

2 2
)(U

2 _ 2) 
( 4 5 )

f o r  w < w <~~~ and m ‘ 1, For an e ’qui ri pp le e’ ri- ’i-
C
1
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characteristic , the rational lun ctio n

“ (rn— I ) “ 9 9

2 P~ (w~~)_ (K+l)~~ ~~~~~
‘I 1 ~~~ 

~1. ) U )
= ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -— —  ( - 0 ’ )

~~~~~ 
~i~l - 

1 2  
— -

must be equiripple over t h e  i n t e r v a l ‘ 1 ~c ’~ 
w i t h  l’ l p j ) l ( s

of magn i tudc- ± c around zero

C o n s i d e r  I he t r a ns  t o  rma I I C

2 2 2 2
2 c2 + - cl c2 

— 
c i  —

= 
2 

- ~ -~~~~~~~~—~— -- - —-  \- , , l o )  C

y = c o a  .

w h i c h  maps I li e - i n  e -rva i 
~ c - -~ 

) i n t o  ( — I I ) in  y — a x  i s -

Su b s t  i tot ion of (-I ~) i n t o  ( ~6) vie- I d s

C c V )  = - -

~~~~~
- • - -—  - • • - (-Ii ) )

( v —  c
i 

)
lIi I c 2 (y- ~3

)

w he  - cc- q ( y ) I s an Ii ~li C C  I C  - I po I v lie -Ce: I a I I i i  y C I  - icd by

- C

- • 
___

+ _ 
— 

,- 
—

-- -- 
—

c i  c - ’  c i
l
~
( y ) =—P~~( :_: - + 

2 y ) ~
c2 c i

~( k +  I ) ( y— ‘
~~ 

) ( y e -

2 2
c, , ,c ._ c l

‘ I 2 
• 

2
1 - (j l )

‘~e2 ‘ c l  
-

- • c 1 1 1
= — • • 

2 ~~~~~~~ 

- — l -

— - ci
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2 2 2
2~. , - w , -wr2 c2 c i  -= 2 2 

- , ( D 3 )

ci

‘rho a p p r o x i m a t i o n  p r o b l e m  I s now to  cons L r u c - t a r a t i o n a l  t u i i c t  ion

U( y) i n  (-19) with prescribed poles at y = U
1 

(o f  t h e  o rder  r n — i  )
= . and  v = to have  dfl equiripple error in t he  t r a n s —

!~o rIfled in  t e r \C I 1 of —1 < y < 1 -

The a n a l y ti c a l  so l u t i o n  to t h i s  p r o b l e m  is o b t a i n e d  u s i n g

t h e  m e t hod  u lt roduced  by Sharpe .~~~~ Consider first t h e  l o l  low l ilg

t u n e  t ton

cos ( ( n - r n - 1 )~~+ ( m - l ) ~~1+~~2 +~~3 ) ,  (5-1 )

w i t h
cos • t =  y .

In (5-i), t h e  ~~~‘ s (i = 1 ,2 , 3) w i l l  be defined such that (‘
1
(y)

~- i l i  be a r a t i o n a l  f u n c t i o n  w i t h  the  des i red  eqiiiri pph

e r r o r  c h a r a c t e r i s t i c  and t he  p r e s c r i b e d  poles  at  v i .  c 2 ,

For this purpose , ~j ( V )  mus t  not  o n l y  i n t r o d u c e  t h e  p o l e s  b u t

a 151) must vary  monoton i c a ily from zero to n i n  the i n t e r v a l

— i <v~ I. If the  ‘ s have  these p r e s c r i b e d  p r o p e r t i e s , then

t h e  a r g u m e n t  of  (5-1 ) will vary over the range 0 -
~ ( r i — r n — i )

+ (m_ 1)c ~1
+5
2
+~ 3

—:n hl .

The suitable definition of is given by

1-i - F
~~ O5 ó.= ~~~~~~ , i= l , 2 . 3 . (55)

Cor ro spond i  ug to (55 ) , we have

2 2
( i ~ —l)( 1—y

s i n  ~ = sgn( 
~~

i
i
) —-— - ---

~~
- -- — — —

~~~~~~
— —— . (56)
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The (lt ’tjflltlOfls contained in (55) and (56) guarantee that COS

c h a n g e s  illonotonically between — l and +1 over the interval

0 ~~ S <r or —l ~~~~~~ Tile factor (y—a
1) in cos is the required

pole in C1 (F- ). This can be verified by substituting (55) in

(54)  to obta in

C
1(v) 

= cos((n—m—l)4e (rn—l )5
1
+eS
2
+f

3)

= ~ [e j n_ m + _ u i +6 2+
~~3 ) 

4conjugate]

~~~~~~~~~~~~~~~~~~~~ 

1 — ( F-+  ~~~~~-1) ( l+a
1

y +
2(v-~~1) (y-~c

2)(y-a 3)

I ( c 1
2 - l ) (y 2-1) rn-i

( 1 -  ~2
y~ (,

2
2
~~l ~ 

\~2~~~) )(  1-a 3y-~~ (
2 l ) ( 2

U )

+(y_ /~ .2 i )
n _ m _ 1  

( 1 F, /( 2 l ) ( ~,2 1) )
nl_l

(i- ’ .)Y /(2 l )~~~
2
1)(i v+/(a

2
1)(v

2 1) ) ] .

T~~e rat i ’ ’ n a i  func t ion C
1
(y) g i v e n  in (5-1 ) and (57) oscillates

be i c~ -e n  ‘ I in the i nterval — l<VU 1 and (57) clearly shows I be

p r e s c r ib e d  po les  a t  -

~~~~~ 
- U

2 ,  
(~~~ w ith order rn—i , 1 , and  1

r espec t  i \ e  I y . U s i n g  t h i s  r e s u l t  - t h e  desi  red r a t  I ona I t u n e  t I on
C(U ) in (46) is given by

2 2
- 2 •~ - 

4- ,
2 2w c~ c i

C(n ) C 1 (
w ( ,2

2
~~~~~~~~~ 

— ‘
~~~~~~~~~ ) .

w hor e  ~ is t h e  m a g n i t u d e  of the rippl e- in the passhand I rem

to ~ , . I I  s h o u l d  be men I i  oIled t h a t  t h e  same l’esii I t - a nc2
bc’ o b t a i n e d  b~ IISI ng t he  m e t  hod p r ese n t e d  b~ l ) a r l  I Iigt ol) -
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The n u n l e r a t c ) r  of c1
( F’)~ 

i - e . - g (  y ) , call be o1, t~t f i t e d  f r o m  (37) -

l o r  exarni) to - t h e  ap p r ox i r n a  t ion t u n e  tion C
1 
( y ) 0 I a cloub i c - — t o n e - c l

amp 1 i t i e r  (11=-I  , iit=2 ) i~s g I v~ -Il by

d +d 1
y+d ,,y~ +d. v

3±d 
1y

C
1
(y) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ , (5k) )

(v-a 1
)(y—a .))(y- c .3)

\V Ele
- T -)  

~
- 

~~~~~ 
- ;; - - 

/

1 -)

C1 d
i

t 2 2
_

i~~~~
( 2 i

~~ ~~~~- l ) - ~~~~- (  c 3 — l ) (  t i~~
_ l )

~ ~~~~~~
h

i
_ l

~~~~~ ‘ 2~~~~~ 
( 1 0 )

d 1 ~~~~ c , - i ) (  ~ ~— I )  -
~~~~~~~~~ ~- i )( -1 )±~~ ,

1
2_ I )( ,~~~i )-  [- _

i 2 f 2 
-

* ~~, q - ,  — f - ~T — l — ‘V - —i + c ’ ~~( - 1 ~~~~ ~ — I -
3 -~ 1 — I - )  — - a I

(i , — I~~~~~ 2 ~3 - 1 L 2 ~ 3 ~~~ ~ a 
2 1 )  + 

2 2

~ J ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~c ~~~~~~~~~ - 1) -  

_
~~~~~~ ~~~~~~

/ - 

I 
/ - + I ,~ - + - • 

1 - 
(62)

1 : ; 2 3  1 2 
1
: i ~~~~~~

( d
1 

( :; 1) 
~~~~~~ ~~~~~~~~ ~~~~~~~~~~~ 

. — i )

— 
- C  ‘‘  - , - C

: l _ ‘
~

l2 _ I _ Ct
1
\ c c l  c i  

~

~ 
( C

- - I  - )  _ ) - C —

~ I ’~~ 2 ’~~ 
c: ~~~~l ) 4 - c ,) 1 1 — l ) (  — 1 ) — - c ~~ 1 ~~~ - i i (

2 3  
2 

I
1 i

c
: 

1 2
2

— l  c (  t
i

_ l ) ( ,
2

2 _ l ~~ ~:
2_ l 1

S iii I i r  iF ’ t ’’ r a C r fl 1 - — t liii ’ UI ant i ) I it  It - r ( n 6  - tn= 3)  - ( U ) 1 s

g, 1 ‘- on t> F ’

l2~~
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- --___ -- • -_ — •_
~IuI~~

d ’ 
~~~ F’+d2 ~‘

2+d,~ Y
a
+d~ ~, l ÷ d y 3+d~~y

b

C1( y ) =  — _ ---—----—----——------—---—--
~~

—-------— - —
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘ ( 65)

~~~ ~~~ 
‘ -

~2~~~~~ 
1
3
)

where

d’ = —d~ 
2

l J (
2 1)(~~~

2 1)( 1
3

2
_ i )  l d J 1 3

2 _ l + 1 2 t
~i~ 

c l
_ i

+ t
i 3~~~~~~~ -1 

(66)

2 / 2  ‘ -‘ 2 2 -)
= -c1 1 ‘

~~ 

-I+~l —  1
1

1 1 9 i+. •(~~~-l-~ (a 1 
—l)Uc2 -

i)(- 1 3
-i

_ U _ C _ ~~~_ C C ( c 2 _ l ) ( •~c 3
2 _ 1 ) _ I 2~~~~~

2 _ i ) ( U 3
_ 1 ) + a 3 \ ( L 1

_ i ) ( • • c 9 _ l )

2
t )1

~~~l~~~ ~~~~~~~ 
(a

3~
_l )+~~1

a2
\~~3

2_ 1 _ c
2 ~~~~

-a
1
a3 

a9 — i) , ( 6 7 )

- 2 2 2 • 
- 

2
d~~~-d 9 - a

1
~~~~ — 1+ d

1
-d

0
(~~~c

1
-J a~ — i )

~~~
(c l 

- l ) ( a 2 — l ) ( a 3 — l ) + ~t 1U 2\ 1
3 

-1

‘2~~3 ~1 — l — a 1
,
3 c ,

_ l _ 1
2 ~~~~~~~~~ 

a2 1~~~1 ~2~~~~
_ u

i 
a
3
2-l

+ 
2 ~ l 

-1+ a1 
-l+a 1a2

+:c ,c~~~±~ 3U 1 
- \ ( U ~~~~-i  )(c 3~

_ l )

+~ (~~~
2 i)(I

2 l)~~~(1
2_ 1)(~~~

2_ I ) + C _  ~ 1
_1)(~~~~~~l + c 2 1

-~ (
3

_ i  + C
1
+ c 2

+ 
3 

+ \ L c
1 

— i ) ( . c
3~~~~ l ) ( c ~~~~~~i )  + 1

1
f(a 9~~ _ 1 x c

3~~~~ 1)

/ 2 
-

~~~~~~~~~~
+
~~~ 

( C C _ i ) (  :1 _ i ) _ 1
3~~

( d
I 

— 1)(-a2 U , (~~~)
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~

- -----— -
~

---- --

d~ =_ ct /  ct 1
2—l +  a2

_ ( a
1

_4 a 1~~_ l ) a
1+I a

1

’
~~—l +’T a

2

2
— l +~~ a3

2
— i

+a 1
+a

2+a 3
+2\J(a

1
2_ l ) ( a

2
2_ l ) ( a

3
2_ l ) + 2 c z

1
V

1
~~~2

2_ l ) ( a
3

2_ l )

[ sJ ( a 1~~_ l) ( c t2
2_ l) ( a 3~~—l ) + a 1a 2J a 3

2_ l  _ a
2a/a 1

2_ l

_a
1a 31a2

2_ i]_ a 2a 3Ja 1
2_ i+a

ia 2Ja3
Z_ i_ a

1a 3J a2
2_ 1

—a1
a2a3 

+(a
1
_
~[~11

2
_l)[4 a3

2— l— a
3
Ja2

2-l—a 1J~
I~~— l

+a 1Ja3
2_1_a

2~~~1
2_1_a~~ a1

2_l_a
2a3

_a
3
a1

_a
1a2

+J(a
1
2_1)(a

3
2_l)~~~~1

2_l)(a
2
2_l)~~~a3

2_l)(a
1
2

_ l ) ]  , (69 )

— 4~ a 1
2_ i+d 3

_d
2 (a 1

_~~~~
2_ l ) + a 2~~~~

2_ l+ a 3Ia 2
2_ l  — a 1~~a 2

2— l

+a
1 
J 2 1~~~~~~

2 1~~~~~~~
2 1 a a a a a +/(a 2 1) (a 2 1)

— J (a
1

2
— l ) (a

2~~~~l ) +  J(a
1
2
—l >~a3

2_l)_ (a
l
_1al

2_l)[al
+a
2
+a
3
+~ al

2_1

+Ch
2

_l_Ic
~3 —l+2 J~cz1

2_l)(a
2
2_l)(a

3
2_l)+2a1

I(a2
2_l)(a

3
2_l )

+2a2J(a1
2_l)(cL

3
2_l)_2a

3~
.J(a

1
2_l)(a

2
2_l)_a

2a3
Ja

1
2_l+a

1a2
J
3
2_l

_ a
1c&31c12

2_ l_ c z
1cz 2a3], (70)

d~~= d4_ ( c z
1
_Ja

1
2_ l ) d 3+a 2a 3

V~11
2_ l  — J ( a 1

2— l ) ( c x 2
2 — 1) ( a 3

2 - 1)

— a
1~ 2
ja
3

_ a1~ 3
ia

2
_
__

a1a2a3-a1 ~~~~~~2 l ) ( 2 l)  -

I(c&3
2— l )  +cI 3

I(ct 1
2_ l ) ( a

2
2_ l ) _ ( a

1
_ 1(a 1

2_ l ) [c t~ 1’a
3

2_ 1

~ 3~~~2
_ l  - ci1

1Ja
2
2
~ 1 + a 1Ja3

2 — 1 - a2
I~1

2_ l - (1
3~
J

~~l
_ 1

‘ 2 2 I 2 2 1 ( 7 1 )
— a

2
a3 

+-/(cz1 — l ) ( c z 3 — 1 )  — a1a2—a 1
a3 

— “
~~~

-
~~~

-
~ 

_l)(
2 —~-~J~

1 2  2+ v ( a 1 — l ) ( c i3 — 1 ) ) ,
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d _ ( a
l
Ja

l
2_l)d

4
_ (a

l
J a l

2_1)(a
2a3/ai

2_ l_ J a
l
2 l)(a2

2 l)(a3
2 l)

_a ,a/a3
2_l+a

la3
/a
2
2_l+a

l
a
2a3

_u
1
_Ja

2
2_ i)(a3

2 l)_

— a
2~~~~~

2
~ l)(a3

2_ l )+a
3
1(a1

2_ l) (a
2
2_l) . ( 7 2 )

Ampl ifier Design Procedure and Example

C 
The exact design procedure of an IMPATT reflection

amplifier can be briefly outlined as follows :

1. Model the IMPATT diode by the 5-element equivalent

circuit iBsed on the measured data. Derive the integral

constraints. Once the model of the diode is known , the ideal

gain—bandw idth limitations may be checked to determine the

approximation gain of the matching network and the necessary

RHP zero a for the specified bandw idth.

2. Determine the order of the amplifier , the distr ibution

of high pass and low pass elements , the bandw idth , and the

ripple parameter c.

3. Given the init ial guess of the amplifier gain K

and the RHP zero a , find the approximat ion funct ion lp( ,i~) I 2
with prescribed equiripple or maximally—flat property by either

the analyt ic approximation or the computer program .

4. Substitute the approximation function into t h e

two integral constraints. Use the computer to evaluate the

integral constraints numerically and obtain a new set of gain

k and the location of the RHP zero a.

5. Repeat Step 3 and 4 unt il the errors of the two

integrations are less than some specified bound .
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6 . Fa c t c) r 1 e (j  w )  to ob t a i n  ~- ( p) . F i - - i ce  ,~ 
( p ) -

c a l c u l a t e  Z ( p )  by u s i n g  ( 6 ) .  The c o n s tr a i n t s  on ( p )  g u : e l c i n t c - e

t h c ’  r ea i~~z a b i  l i t y  u t  2 ( p ) .  S n t i l e si z - t h e  l os sl ess  2 — p o r t

n e t w o r k N -

7 .  I F  t he  variat ion  of t h -  g a i n  r~~sp o i t s e -  o f  C t i c -  a i r i p l  i t  i01

w i t h  a c t u a l  i a - a s u i ’ - d  d a t a  i s  t o o  l a r g e - . i t s ’ -  t h e  o p t  j i l l / i t  l o l l

p r o g r a m  t o  m i n i m i z e  til e gain v il - l a t  i O l l  -

Based on d a t a  p r o v i d e d  bF t h e  liP \ pp i i c - a t  l o l l  N o t  c - ~ - t h e  t d m i  t t u n c - c--

o t the liP d o ub l e  d r i f t  s i l ic o n  JMPAT ’f  d i o de  - ~~aO~’~2 — 06 1. 0 and t i l e

a d m it  t an c c . - o f  i ts  c - d o i vii. i emI t c i 1 cu i  I c o d e - i  h a v e ’  been p 1 o t t ’  -ci

i n  Fi gure 1 -

T h e element va lues  of  t h e  model o t  t he lip doubi ~~
d r i f t  d i o d e -  is g iv en by

= 0 95c) 0 ’ - 1 = 0 9351 nil , R = -

C = 0 . - l J 2 O pF , Ii = 0~~ S - I 3  - -

_ ‘ )~~~, -, — 90 . 1 2 2 Si ) ~~~ ’ii0 ~i~~ + c )  . 9 16 1  S G S x l ( )  P -4- 1 ~~~~, - 10 2
Z ( p )  = - -— — — - —- —  

_ _ _ __ ff _ _
~~~~

_
~~ 

(c _ c )

0 - - lO oG :le :lx  I t )  - 1. - 16 76 l x i o  p ’  I

i - I  =2~ \ (5 . 2 3 5 0- it )  6l1 ) - ( 7 - I )

c-~~~~ =~~~~~~\ J 5 . o - 1 7 : - ; S i  611/) - (15)

l)esi gn l- .xam p le- 1

(on sicler F l u -  d c - ~~~ign 01 a c l o iihl ’ — t un e - c l Ufl \Ti r - 1  i c - c t l o l l

cu np l i f i e - r  o v c - r  t h e  1 2 — 1  1 G I l . - t r o c u t i i ’ i l c -v  c e l i 4  w i t h  I 10 r i p~~c i c - .

Tb - r I p i t  - pci r : c  c c c  - I i  - r ~ c clii h i - c a  I c  - i i  I ii l c d  F i -  rn ( - 2 ) , I s -

1 2 / ’  

.
-
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be = 0. 1- 12 - ‘i ’ltc . O}) t i liia I ga i f l — l ) a l l d W  i d t h  I i c c i  t at i i  c i I ~~ or

(li t f e r en t  c c i t e i ’  t r & - q u ~~n c i c s a i c  j ’ l o t  C c - c l  i n  l - l g t m i - e S a n d  eL
The RIlI ~ z - r o  b r  t h e -  o p t  i tna l d c - s i gn i s  shown i n  F i g u r e -  7 .

I n  o rder  to use th e  c o m p u t e r  pr~ cg  1-am , W e ’  h a v e  t o  l lOr l i lu i . i i / o

til l impedanc e of t h e  d iode  to 1-1 (01/.  - R e w r i t e  Z 11
( p ) c~s

ii - 502257p + S 0 - ~~~~~~~~~ 19 . 1920
- - —

~~~~~~~~~~~~ ( i u)
3 .  a o - I 2 a p  +0 - I J b O b p + l  .0

‘file no cc - c a l i/ed I raflsrni Ssioll zeros a Fe c a l  cula t c d  t o  be

= 0 588496 , (77)

~ r2 = 1.289099 - (75)

Let \ = , 2 
- t h e -  f l o r e c i  1 i/ed gal 11 t u n e  t loll is g i v e n  b\-

G (x) = 1+ -
~~~~~~~~ (70(x+-~~ )P 1 (x)

____ - K
x~~(x-x 1

) ( x 9—x)

2 2wi l e  Fe X = - J  X , = 
- -I i - I  2 r2

T h t e ’  n h i r m a  I i / e dt passh) tll d ci t ~~- spec 1 t i e d  by

c i  
= 0 8 S7 1 42 5 , fl

9 
= L U .  ( 5 0)

- - C 0 - - -1 s i n g  I ’ - - i-sen s p r o g r a m  tile- il 1 )l c r , Xl m a t  I o n  i c c ,  I F Ilc )ill l ci I

P 1 ( x ) .  t h e  g a i n  const ant t~~. a n d  t h e  n o r i n c i l I , ’ c - c l  L I M P  / 0 1 ’ -

a m - ’ -  g i  von r e sp ec t i ~ e l  by
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P4
( x )  = 673.0637-3l58.8209x+5537.l061x2--4290 .7088x

3 (81)

+l241.3356x4

K = 3.5428 , (82)

~~=O .l6066 -

Using now the analytic approximati on nlethod p ro s  e-n t c-cl i n  t l i t -

p r ev ious  s e c t i o n , t he  a p p r o x i m a t i o n  p o l y n o m i a l  and  l ) a u - a c l - t e - u s  K .

a re  g i v e n  by

-) 3P 1 (x)=U7 3.-129~ -3I60 .O275x+5539.33-18.x —- -1292.2163.x

+l2-1l.6992x
1

, (5-1 )

K = 3 . 5 5 3 2  , ( 5 , ,)

-
~~ 

= 0 . l C $ u 8 0  . ( 5 6 )

T h e -  d’ d ) f l t i g u r c e t  t c ) f l  o f  t h e -  c tmp l i t ier is s h o w n  i n  F i g e i u , -  5 . T h e -

gci in tune t ions arc - p lo t t e - c l  i n I-i g u re  0 -

Mv f a c ’ I ‘ ‘r i t i  ng t h e  g a i n  F i i n c  t i o ns  G~ 
2 ) - s t ec e , l ~~1 ci i Il t hc-

c - o r r ’  -s p o n d i  ng  Z ( p )  ‘ s , t l ie  e l e m e n t  va l iii’ s o f  til l- m a t  c - l u n g  i i -  - C cc -  rk

a t - e  p i c - s e - n t o c l  ~~fl t i l l F o l l o w i n g  table ;

I - I c - m o n t  N u m e r i c - a l  \ l e t i l o d  ~\ u c c i  I v t  10 \ ,‘ ep i ’  \ l r C i ; e t  ion

• I~~ ( n i l )  0 . 1 - 1 9 1 5  0 - -I 155 7

c ,( p F ’)  0 (415 16 4 - (‘ 1 s-16

L 2 (nIl) 5 . 10 II s . 1070

U ( u ) 1 :2) , OsS 1 : 2  .g 
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The gain responses of t h e -  ci ’ c u b i c - — t u n e - U  I MPA TT re  t I c - c I t  d in

a m p l i f i e r s  a re  plot ted  in Figure 10.

Desi gn Example  2:

For a trip le—tuned reflection auuip l i f i e r  ( n 6 , m=3) cvi Cli

t h e  same s i l l  con doubl  e — d r i  f t  IMPA TT diode a n d  t h e  s c o n e -  od e-rat I

band and l ) a s s h ) a n c I  i - i  pp le , we C R f l  c -n i p  1 ( - \ ‘  t he c omput  or pi~ c g i - c e C I c

t o  obtRi U t h e  approxima t i oil p° 1 y n o n ~i ci 1 P
6 
( x) , tile ga il l

c o n s t a n t  , and C he RHP ;ero , w h i c h  are given by

P U (X)=9. 2l365x10 ~— 6 . -18333x10 5x + l  59635x10 ’x 2 —2 9 S i 2 2 x l0 °x~

+ 2 . 57 :I3xlo tY- 1  - l0759x 106 x 5+2 .3 i3 1 3 x 1 0 5x 0 
~57)

K = 3.59-15 (1 , ( 5 5)

= 0 - 1(2)609 . ( 50

Th, - c -o i l  I I g u r c e  t ions o I t l i e  amp I i t i c - l j  i s shown in i-i gim cc  - 1 1 . ‘l ’ l ic  -

ol e - me-n t val in-s cu e - I ist c -cl in t h e  l e d  i occ I u l g

= 0 . 1-1567 n I l , (‘ , = 0 . GO ? S G p i - 1.9 =1 0 .2201111 -

- 
= 0 - 323 1 I pF , I . ~, = I) - 167 o 1  n i l  - H = 1 S i)  . 3- 112 -3 -)  g

The-  ~ ci in re sponse  c c l  t ile C l i p l c — t  iel ~~- i1 1’ - 1 i 2 \ ’ ’ I  i c )  C c , I  i c - l i

am p l i  f t c - c  is pm- c - s c - m i t  ed in F i g u r e -  1 2 .
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E x p e r i m e n t a l  and T h e o r e t i c a l  S t u di e s  of I o n — I m p l a n t e d
Silicon Read IMPATT Diode

* *Richard Kwor . G. C. Dalinan , C. A. Lee

This research has been completed and a final rt’pocu

has been p r epa r e d .  The follocc-ing is an Absti -n ct :

The Properties of an X—bartd silicon Read IMIU\’I”I’ diode - cvoi-e

s t u d i e d  b o t h  e x p e r i m e n t a l l y  and t h e o r e ti c a ll y  - l ) i i c d c s c v i  I l l  ci.

structure of p
+

fl~ fl
+ were fabricated using ion—implantation

ccc hn i q u t ’s  - Phosphorus  was  i m p l au t  t e d  in t o  t ho v on a c - I c  i t  ax in  I

cvc t l e n s  as the  n — r e g i o n  dopant  - B ccron  wc ls  t h e n  i mp  l a n  t e d  as

t h c -  p con t n c ’  t - The imp Ian ted wct t o n  w c t s  a n n e a l e d  a t  O5c ) ~~( I i c r

ha l  f U l i  hoot’ . P iodes were  t ab  ci  c -a t -d and we’r e - sub ,j c - c t i - c l  t - c var i c c t t s

n h i t ’n o c v c l v e  t - c - c t s  , including noise . r e - I ) e c ’ I  i on  c i u t i p l i  t i e r  clIld

e c s t - i  l ia t o r  i u i t ’ c u s u i r c - m e f l t s .  As an osc’jI I c u t o r  - t i l e  i u n p l c i n t e - c I  d i o d - -

shocv e ’cj  cm c-Fl I c - i  c -m v o I 8 .-1~ c I t  200 A 1~i - u i i  h i c c s current (U’nsi t y -

I t~ w a s  found I hat - ci -; cc resu 1 t. of hi i g h m e - v e r s e -  sci  I ci t-cu t i on

t - u t - r t - n t  - t h i e - p hia st- lag ang lv ’ he tw~-en  t ho  c u v a l a u i c ’ b u c  p a r t  I c l c -

c - c i r c e - m i t and  t h e  e x t c ’ r n c c l I ’ i e l d  c - N i I t a t  1 - o t  i s  1 - - ~s th ccn t h e -  i d e c e l

vim tue of 90~ - ‘I ’h i I s cc c i s  t h e  p rinc i c cc i c a u s e -  I ic r t hi - - I eccvc - n — I h i c i m i —

e x p oc ’ t c c h - f f i c  l i - n c - V  -

III
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