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v i  

The design and cons t ruc t ion  of a microwave switch u t i l i z i n g  

a PTN diode i n  a s t r i p  t ransmission l i n e  conf igura t ion  are d i s -  

cussed. 

Methods for measuring harmonics produced by t h e  switch,  i n  

bo th  switching states, are presented and the  results of t h e  

measurements of second- and third-harmonic signals are given. 

Fac to r s  i n f luenc ing  harmonic production are discussed.  



CHAPTER I 

INTRODUCTION 

During r e c e n t  years  t h e r e  has been an i n c r e a s i n g  i n t e r e s t  i n  t h e  

development of  semiconductor devices which may be used t o  c o n t r o l  

power flow i n  microwave t ransmission l i n e s .  Typical a p p l i c a t i o n s  are 

i n  d i s c r e t e  s t e p  phase s h i f t e r s ,  amplitude modulators, remotely con- 

t r o l l e d  a t t e n u a t o r s ,  antenna beam s e l e c t o r s  f o r  beam forming matr ix ,  

and duplexers. 

u se  of  t h e  p r o p e r t y  of a s u i t a b l e  semiconductor diode t h a t  i ts  microwave 

impedance i s  a func t ion  of t h e  appl ied d.c. bias, and t h e s e  designs 

o f f e r  t h e  a t t r a c t i v e  f e a t u r e s  of small s ize ,  l o w  power consumption and 

e l e c t r o n i c  c o n t r o l .  This  r e p o r t  i s  concerned w i t h  experimental ly  

determining t h e  harmonic power generated by a PIN diode i n  a typical 

microwave swi t ch ing  app l i ca t ion .  

A number of designs are c u r r e n t l y  a v a i l a b l e  which make 

E f f i c i e n t  switching i s  poss ib l e  o n l y  i f  t h e  diode e x h i b i t s  a l a r g e  

v a r i a t i o n  of impedance between t w o  s u i t a b l e  b i a s  cond i t ions .  The two 

types of diodes which have been employed most s u c c e s s f u l l y  i n  t h e  p a s t  

are t h e  v a r a c t o r  diode i n  which t h e  j u n c t i o n  capac i t ance  i s  a func t ion  

of r e v e r s e  v o l t a g e  and t h e  PIN s i l i c o n  j u n c t i o n  diode i n  which t h e  

diode r e s i s t a n c e  i s  a func t ion  of  the forward cur ren t .  

The main f e a t u r e  which d i s t i n g u i s h e s  t h e  PIN j u n c t i o n  diode from 

o t h e r  types of diode i s  t h e  semiconductor wafer material. This material 

has a low impuri ty  concen t r a t ion ,  and i t s  behavior  i s  s u b s t a n t i a l l y  t h e  

same as t h a t  of t he  i n s t r i n s i c  semiconductor, i .e . ,  t h e  PIN diode i s  
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bet te r  descr ibed as a v a r i a b l e  r e s i s t o r  than  as a conventional diode. 

I t s  normal u s e  i s  a t  a s u f f i c i e n t l y  high frequency t h a t  it does not  

r e c t i f y  the  app l i ed  s igna l  and thus  does not produce extremely l a r g e  

harmonics. 

c a r r i e r  l i f e t i m e  be ing  much longer  than the per iod  of t h e  c o n t r o l l e d  

s igna l .  

This  c h a r a c t e r i s t i c  of t h e  PIN diode depends upon the  minor i ty  

The diode c o n s i s t s  of a l i g h t l y  doped, h i g h - r e s i s t i v i t y  "I" region 

between N+ and P+ type l aye r s .  The "I" region c o n s i s t s  of a deple t ion  

l a y e r  (swept f r e e  of c a r r i e r s  by b u i l t - i n  p o t e n t i a l )  and a l i g h t l y  

doped h i g h - r e s i s t i v i t y  N type  l aye r .  High breakdown vol tages  can be 

obta ined  due t o  t h e  "I" region  w i d t h  and high r e s i s t i v i t y .  The high 

breakdown vo l t age  permits t h e  cont ro l  of RF power l e v e l s  formerly 

unobt a inabl  e wi th  semiconductor el ement s. 

The power-hand1 i n g  c a p a b i l i t i e s  of PIN diodes a r e  determined by 

t h r e e  f a c t o r s ,  t h e  r a t i o  of t h e  power c o n t r o l l e d  t o  the power d i s s i -  

pa ted ,  t h e  power a c t u a l l y  d i s s i p a t e d  by t h e  diode r e s i s t a n c e ,  and t h e  

r eve r se  breakdown vo l t age  of t he  diode. The ratio of t h e  power con- 

t r o l l e d  to  t h e  power d i s s i p a t e d  depends upon the  l o s s e s  e x i s t i n g  i n  t h e  

two bias states used t o  perform t h e  swi tch ing  operat ion.  The power d i s -  

s i p a t i o n  i s ,  of cour se ,  l i m i t e d  by the thermal r e s i s t a n c e  of the  s e m i -  

conductor ,  i t s  c a r t r i d g e ,  qnd t h e  microwave diode mount. The peak-power 

r a t i n g  i s  determined by e i t h e r  t he  diode breakdown vol tage  or  the  tempera- 

t u r e  r ise dur ing  t h e  pulse. 

t o  a peak RF power l e v e l  of  1.2 kw f o r  a 50 ohm l i n e  and a peak-to-peak 

vo l t age  excursion equa l  t o  the  breakdown vol tage.  I n  ac tua l  p r a c t i c e  

RF vo l t age  excurs ions  i n t o  t h e  forward d i r e c t i o n  wi th  appl ied  r eve r se  

b i a s  a r e  p o s s i b l e  without changing the  diode c h a r a c t e r i s t i c s ;  however, 

an i n c r e a s e  i n  t h e  harmonic power generated by t h e  diode w i l l  occur. 

A breakdown vo l t age  of 700 v o l t s  corresponds 
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The use of PIN diodes a s  semiconductor e l emnts  in  microwave e lec-  I 
tronics has developed due to  t h e  two important properties of these 

diodes mentioned above, the abi l i ty  to  operate e f fect ive ly  in a high 

power environment, and the fact  that very l itt le harmonic power w i l l  

be generated. 
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CHAPTEX I1 

THEORY OF OPERATION 

General Switching Theory 

The requirement for  a means t o  c o n t r o l  i n  an e f f i c i e n t  manner the  

t ransmission o f  r e l a t i v e l y  high microwave energy has existed s i n c e  the  

development of radar. This requirement developed when it was  recog- 

n i zed  t h a t  one antenna system m u s t  be shared by a t r a n s m i t t e r  and a 

r e c e i v e r  t o  produce an e f f e c t i v e  radar system. I n  r ecen t  yea r s  t h e  

i n t r o d u c t i o n  of  e l e c t r o n i c a l l y  scanned antenna a r r a y s  for use wi th  

radar and communication systems has g r e a t l y  increased t h i s  requirement. 

One of t h e  most basic con t ro l  elements i s  the  micqwave switch,  from 

which seve ra l  more complex devices  can be constructed.  This  c h a p t e r  

describes the  work required t o  develop a semiconductor diode switch 

capab le  of c o n t r o l l i n g  microwave energy on a t ransmission l i n e  

o p e r a t i n g  i n  t h e  TEM mode of propagation. 

When cons ide r ing  a diode s w i t c h  incorporated i n  a microwave t r a n s -  

mission l i n e  it i s  necessary t o  def ine c e r t a i n  terms. RF power i n c i d e n t  

on an ideal a t t e n u a t i n g  device is e i t h e r  absorbed i n  or t r ansmi t t ed  p a s t  

t h e  dev ice ,  w i th  no power reflected. The a t t e n u a t i o n  a of the  device 

i s  def ined as the  r a t i o  i n  d e c i b e l s  of t h e  i q c i d e n t  power t o  the t r a n s -  

m i t t e d  power. The a t t e n u a t i o n  w r i t t e n  i n  equat ion form i s  

pi a = 1 0  loglo p.  
t 

(2-1 1 
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If t h e  a t t e n u a t i o n  of t h e  device can be changed from some low value t o  

some high va lue  t h e  device i s  ca l led  a switch.  The i n s e r t i o n  loss i s  

def ined as t h e  minimum Value of a t t enua t ion ,  and t h e  i s o l a t i o n  i s  

def ined a s  t h e  maximum value  of a t t enua t ion .  

When a diode is inse r t ed  in shunt w i th  a t ransmiss ion  l i n e ,  RF 

power inc iden t  on t h e  diode is re f l ec t ed  by, absorbed i n ,  and t r a n s -  

m i t t e d  past t h e  diode. A diode  switching element i s  d i f f e r e n t  from an  

a t t e n u a t i n g  device i n  that mst of  the  inc iden t  RF power not  t ransmi t ted  

pas t  t h e  element is r e f l e c t e d  r a the r  than  absorbed. 

ideal d iode  switch,  t h e  inc ident  pouer is  e i t h e r  completely t ransmi t ted  

or completely r e f l e c t e d .  The d e f i n i t i o n s  of a t t enua t ion ,  i n s e r t i o n  

l o s s ,  and i s o l a t i o n  are t h e  same f o r  t h e  diode switch as  those  f o r  t h e  

abso rp t ion  switch def ined  above. 

I n  f a c t ,  i n  an  

From the d i scuss ion  above it i s  apparent  that a n  i d e a l  diode switch 

i s  a s i n g l e  pole s i n g l e  throw e l e m e n t ,  and as such w i l l  produce r e f l e c -  

t i o n  when i n  t h e  "switch open" condition. The r e f l e c t e d  energy must 

then be d i s s i p a t e d  i n  the  RF generator or some i s o l a t i n g  device.  To 

provide e f f i c i e n t  switching opera t ion  i t  is  necessary t o  incorpora te  

t h e  diode switch i n  a s u i t a b l e  microwave c i r c u i t .  The c i r c u i t  arrange-  

ment discussed below i l lustrates one of t h e  a p p l i c a t i o n s  of t h e  diode 

switch.  

F igure  1 i s  a n  BF schematic depic t ing  t h e  ope ra t ion  of two diodes 

and two 3 db couplers  i n  8 single pole double throw switching c i r c u i t .  

Energy e n t e r i n g  t h e  input port is divided e q u a l l y  between t h e  arms A 

and B.  The energy a t  3 is re t8rded 90' i n  phase wi th  r e spec t  t o  t h e  

energy a t  A. The diode switches i n  arms A and B are loca ted  t h e  same 

d i s t a n c e  from both couplers .  I f  the  diodes are i n  t h e  low a t t e n u a t i o n  



I 
b I 

o u t p u t  1 - 

3 db 
C o u p l e r  

3 d b  
Coupler 

0" U" 

A I 

90" 90 

Mat c hed 
Lnad 

i 
o u t p u t  2 

___o 

F i g .  1.  The R!? S c h e m a t i c  of a s i n g l e  pole d o u b l e  t h r o w  s w i t c h .  
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state energy will be t r ansmi t t ed  past t h e  diodes t o  t h e  second coupler ,  

where t h e  energy i n  each arm will d iv ide  e q u a l l y  between t h e  matched 

load  and output  port 2 .  

i n  arm A and arm B is such t h a t  energy c a n c e l l a t i o n  will occur a t  t h e  

matched load, and t h e  sum of t h e  e n e r g i e s  i n  arms A and B w i l l  be 

realized a t  output  p o r t  2 . '  

t h e  d iodes  are r e f l e c t i n g  the inc iden t  energy. 

is such t h a t  energy c a n c e l l a t i o n  w i l l  occur a t  t h e  input  (no r e f l e c t e d  

energy on the  input  l i n e )  and energy combination w i l l  occur a t  output  

p o r t  1. I n  n e i t h e r  state is energy reflected back on the  inpu t  l i n e  

nor is energy d i s s ipa t ed  i n  t h e  matched load.  T h e o r e t i c a l l y  t h i s  switch 

is a l o s s l e s s  device. A s  mentioned above t h i s  is one of many a p p l i -  

c a t i o n s  t h a t  r e q u i r e  a microwave switch as t h e  basic element. 

However, the phase r e l a t i o n  between t h e  energy 

The o the r  state of t h e  switch w i l l  be when 

I n  t h i s  state t h e  phase 

A semiconductor diode,  i n  shunt a c r o s s  t h e  c e n t e r  and t h e  o u t e r  

conductor of a TBM wave transmission l i n e ,  w i l l  provide a t t e n u a t i o n .  To 

derive a n  expression f o r  t h e  a t t e n u a t i o n  as  a func t ion  of t h e  impedance 

o f f e r e d  by t h e  diode it will be necessary t o  use t h e  equ iva len t  c i r c u i t  

shown i n  Fig. 2. I f  t h e  diode is considered t o  be of z e r o  t h i c k n e s s  and 

i n  a b i l a t e r a l l y  matched transmission l i n e ,  then t h e  equ iva len t  c i r c u i t  

w i l l  be val id  f o r  most c a l c u l a t i o n s .  I n  the  equ iva len t  c i r c u i t  I i s  I 

t h e  peak amplitude of t h e  s inusoidal  c u r r e n t  source which is assumed t o  

have a n  output admittance of Y Y r ep resen t s  t he  diode admittance and 

L (=Yo) is t h e  matched load behind the switch. 

of t h e  r e s u l t i n g  s inuso ida l  vo l t age .  

load L i s  given by 

0' 

V is t h e  peak amplitude 

The power PL d i s s i p a t e d  i n  t h e  

1 
2 PL = - W*Y* (2-2) 
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21 

Fig. 2 .  The equivalent c i r c u i t  of a diode w i t h  admittance Y i n  
shunt in  a transmission l i n e  of c h a r a c t e r i s t i c  
admittance Y 0' 
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For an admit tance Of y = G + jB the  v o l t a g e  V w i l l  be given  by 

I 

f r o m  which t h e  power de l ive red  t o  the load can be obtained a s  

This  is a lso  t h e  power t ransmi t ted  (P,) past  t h e  diode.  

i n c i d e n t  (Pi) on t h e  diode is t h e  power i n  t h e  forward t r a v e l i n g  wave 

going toward L .  

The power 

Th i s  is obta ined  from t h e  equiva len t  c i r c u i t  by 

s e t t i n g  Y equal  t o  zero .  Thus 

and from Eq. 2-1 t h e  a t t e n u a t i o n  w i l l  be  

l G +  i JB + 2 Y 0  I‘ 
2 

a = 10 loglo 

yo 
(2-5) 

which can be rearranged t o  y i e l d  

2 
+ 2) + ( B / Y o ) 2  

( 2 - 6 )  a = 10 l o g  
4 IC] 

The q u a n t i t i e s  G/Yo and B / Y O  are simply t h e  normalized conductance and 

susceptance of t h e  admit tance shunting t h e  transrnj-ssion l ine. It 

should be r e s t a t e d  t h a t  t h i s  a n a l y s i s  a p p l i e s  t o  an admi t tance  (or 

impedance) shunt ing  a matched t ransmiss ion  l i n e  arid t h a t  t h e  element  

producing t h e  admit tance must be small compared t o  t h e  ope ra t ing  

wavelength - 
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Smith C h a r t  Contours of Constant Attenuat ion 

As i n  most t ransmission l i n e  work, t h e  Smith Chart  has proven 

inva luab le  i n  t h e  des ign  of microwave switching c i r c u i t s .  

a Smith Chart  showing COntOUrS of cons tan t  a t t e n u a t i o n  for a shunt 

impedance is extremely useful .2  Prom B q .  2-5 it is seen that contours  

of constant attenuation will be represented by 

I n  p a r t i c u l a r  

~ G / Y ~  + 2 + j~/y,I  2 = cons tan t .  
(2-7) 

The normalized admit tance is  r e l a t e d  t o  the r e f l e c t i o n  c o e f f i c i e n t  by 

t h e  equat ion  

1 - P exp je 
1 + P exp je Y/Y, = G/Yo + j B/Yo = 

where P is t h e  magnitude and 8 i s  t h e  phase angle  of t h e  r e f l e c t i o n  

c o e f f i c i e n t .  Throughout t h e  rest of t h i s  t h e s i s  normalimd admit tance 

w i l l  be w r i t t e n  wi th  small l e t t e r s ,  i .e . ,  

y = g +  j b .  

From Eq. 2-7 put 

k = Ig + 2 + j b l  

then us ing  4. 2-8 

k =  1 2 +  1 l - P e x p j e I  + p exp j e  

which reduces t o  

k =  I-- 1 + P exp jQ 

Squaring k y i e l d s  

2 

2 k2 = 9 + 6Pcos 6 + p 

1 + 2 P c o s  8 + p 

or 

2 2 2 k + 2k P cos  8 + k2P2 = 9 + 6 P c o s  9 + P 



and 

= 0. (2-9) 
k2 - 9 2 3 - k  

k - 1  2 P2 - 2P cos 8 - + 
k - 1  2 

11 

From a n a l y t i c a l  geometry it is know, t h a t  t h e  equat ion i n  plane polar 

coord ina te s  (P,  e )  of a c i r c l e  of radius r with t h e  c e n t e r  at (b, 0) is 

given by 

2 P2 + b2 - 2P b cos 6 - r = 0. (2-10) 

A comparison of Eq. 2-9 with 2-10 y i e l d s  

2 3 - k  

k - 1  2 
b =  

and 

from which 

2K - .  2 r =  
I( - 1  

Equation 2-9 r ep resen t s  a system of c i r c l e s  with origins a t  polar 

coord ina te s  
0 

; e = o  3 - kL 
k2 - 1 

P =  

and w i t h  r a d i i  of 

2K r =  
k 2 - 1  

Although t h e  above calculations are for a shunting admittance,  the 

system of c i r c l e s  can be p l o t t e d  for a shunt  impedance by l o c a t i n g  t h e  

c e n t e r s  a t  

2 
3 - k  

k - 1  
2 

P =  8 = 180" . 
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Figure  3 shows contours  of cons tan t  a t t e n u a t i o n ,  c a l c u l a t e d  from 

E q .  2-9 for a shunt impedance, p lo t t ed  on  a Smith Char t .  

Diode Power Handling Capab i l i t x  

The 

r e q u i r e s  

of a PIN 

v a r i a b l e  

a n a f y s i s  of t h e  maximiirn KF power c a p a b i l i t y  of t h e  diode switch 

a knowledge of t h e  diode pa~amete r s .  The RF equ iva len t  c i r c u i t  

diode and some t y p i c a l  values a r e  shown i n  F i g ,  4. The 

r e s i s t a n c e  R i s  a func t ion  of t h e  cl-c b i a s .  The v a r i a t i o n  
1 

of R1 w i t h  b i a s  can be descr ibed i n  t h e  fo l lowing  t e r m s .  

With ze ro  b i a s  t h e  bulk r e s i s t a n c e  of t he  I region w i l l  be between 

8 and 1 2  K-ohms. This va lue  depends upon the  junc t ion  area,  I reg ion  

and r e s i s t i v i t y .  Under reverse  b i a s ,  a dep le t ion  reg ion  develops 

axid t h e  dtssrpative l o s s e s  assoc ia ted  w i t h  t h i s  r eg ion  w i l l  be less than  

t h a t  o f  t h e  I reg ion .  As reverse bia; 1-3 increased ,  t h e  dep le t ion  layer 

widens, and t h e  l o s s e s  t h a t  are as soc ia t ed  with t h e  I l a y e r  capac i tance  

w i l l  decrease which corresponds t o  an inc rease  in R . With about  

50 v o l t s  r eve r se  b i a s  R w i l l  have increased t o  about  5 times i t s  zero  

b i a s  v a l u e .  Under forward b i a s  the  r eve r se  e f f e c t  i s  observed. Con- 

1 

1 

d u c t i v i t y  modulation (produced by the b i a s  c u r r e n t )  i n  t h e  I l a y e r  w i l l  

cause R t o  drop r a p i d l y  wi th  forward c u r r e n t .  A t  a b i a s  c u r r e n t  of 

I O U  m a ,  R w i l l  have a v a l u e  of about 0 .20  ohms. 

1 

1 

One of tw:, f a c t o r s  determine t h e  maximum inc iden t  power t h e  d iode  

can switch.  These f a c t o r s  are t h e  reverse  breakdown v o l t a g e  (vol tage  

requi red  t o  produce approximately a 10 pa reverse c u r r e n t ) ,  and t h e  

maximum s a f e  oper-ating t emwra tu re  of t h e  semiconductor j unc t ion .  

Sirice i n  a switchiriy: cunfLguration t h e  d iode w i l l  be i n  e i t h e r  of two 

b i a s  s t a t e s  it I:; be expected t h a t  %he s t a t e  wi th  t h e  lowest  ttiaximum 



IMPEDANCE OR A D M l l T A N C E  COORDINATES 

I -. . 

F i g .  3 .  The  S m i t h  C h a r t  w i t h  C o n t o u r s  of C o n s t a n t  A t t e n u a t i o n  
P l o t t e d  f o r  a S h u n t  I m p e d a n c e .  



C 
P 

L - package inductance r, 

C - package capacitance M 

P 

P 

C .  - capacitance across  the I layer ss 

R - contact  res i s tance  w 

R .  - res i s tance  of the I l ayer  

Vb - reverse breakdown vo l tage  

1 

S 

1 

14 

6 

2 nh 

0 . 3  pf 

- 0 5  pf 

0 . 5  

( see t e x t  1 

700 v o l t s  

F ig .  4. Overall equivalent c i r c u i t  of a PIN diode. 



15 

power l i m i t  w i l l  determine t h e  maximum i n c i d e n t  power t h a t  can be 

handled by the  swi t ch  . 
The reverse breakdown voltage of t h e  diode l i m i t s  t h e  peek power 

t h e  diode can c o n t r o l  i n  t h e  r eve r se  b i a s  state. Under forward b i a s  

t h e  average i n c i d e n t  power i s  l i m i t e d  by t h e  maximum pcwer t h a t  can 

be d i s s i p a t e d  by t h e  semiconductor junct ion.  

To obtain the  pea^ power which a d iode  i n  shunt w i t h  a t ransmission 

l i n e  can  withstand when reverse biased,  r e fe rence  is made t o  Fig.  2 ,  i n  

which Y i s  r ep laced  by Cb (an equ iva len t  capaci tance f o r  t h e  diode 

reverse b i a s ) .  The maximum RF voltage i s  j u s t  V,  as shown i n  Fig.  

under 

2, 

from which 

b u t  

for  an RF v o l t a g e  excur s ion  from ze ro  b i a s  t o  V (assuming t h e  diode is b 

d-c reverse biased a t  Vb/2). Then 

'b - 
PL - - = Pip * 

820 

- - 
(2-11) 

Equation 2-11 w i l l  y i e l d  t h e  maximum peak power a v a i l a b l e  a t  a matched 

load,  t h i s  w i l l  a lso be t h e  maximum i n c i d e n t  peak power (F- ) i f  the =P 
power reflected by t h e  d iode  i s  small ( > > Z 0 ) .  

jab 
The maximum average power a shunting diode can switch i s  determined 

As prev ious ly  m n t i o n e d ,  t h e  by making Y equal  t o  l / (Rs+ R - 1  i n  Fig. 2.  
1 

maximum ope ra t ing  temperature of t h e  junc t ion  (around 15OOC) and t h e  

thermal c h a r a c t e r i s t i c s  of t h e  semiconductor material, i t s  c a r t r i d g e ,  

and microwave c i r c u i t  mount determine t h e  power t h a t  can  be s a f e l y  
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- 
d i s s i p a t e d  by t h e  diode. Th i s  power w i l l  be l a b e l e d  Pd. From F ig .  2 

with 
1 - - -  1 Y =  

R 9 + R i  Rt 

and 

then  

2 1  Rt 
2Y0 Et + 1 

= 2 1  
no + lA, 

VI: 

2 1 v2 2 1  Rt 
2 -  ‘2Y& + 1) 

(2-12) 

Solv ing  Eq. 2-4 f o r  111’ and s u b s t i t u t i n g  i n t o  Eq. 2-12 y i e l d s  

2 - ( 2  Y o R t  + 1) - 
(2-13) ’d P. = la 

yo IZt 

For a t y p i c a l  diode R is  less than 1 ohm and t h e  transmission l i n e  t 

c h a r a c t e r i s t i c  admittance i s  less than 0.1 mho, t h u s  t h e  squared t e r m  

can be assumed equa l  t o  u n i t y  so t h a t  - - ‘0  - 
’io = *d (2-14) 

Equations 2-11 and 2-14 d e f i n e  t h e  maximum peak p o e r  and t h e  

maximum average power t h a t  can be switched without  exceeding t h e  s a f e  

o p e r a t i n g  l i m i t s  of t h e  diode.  I n  p r a c t i c a l  a p p l w a t i o n s  t h e  peak 

power l m i t  i s  somewhat h ighe r  s ince  RF v o l t a g e  swing i n t o  t h e  forward 

bias r eg ion  can occur without apprec i ab le  r e c t i f i c a t i o n ,  however some 

degrading of t h e  switching C h a r a c t e r i s t i c  w i l l  be noted ( an  inc rease  i n  

the insertion loss and the harmonics generated). 

To determine t h e  h ighes t  CW power t h a t  a diode can switch r e q u i r e s  

t h a t  t h e  t r ansmiss ion  c h a r a c t e r i s t i c  impedance be v a r i e d  u n t i l  t h e  peak 



1 7  

power r a t i n g  (F- 1 and t h e  average pover r a t i n g  (F. 1 of t h e  diode 
LP la  

switch are equal .  From Eq. 2-11 and 2-14 set 

which i s  

2o - 
Rt 'd 

- 0 -  

or 

and 

A t y p i c a l  PIN diode wi th  
- 

Rt = 1 ohm 

Vb = So0 v o l t s  

Pd = 5 w a t t s  

can swi tch  200 w a t t s  of CW pomr in a 160-oha1 t ransmiss ion  l i n e .  

A diode switching e l e r e n t  operat ing i n  a pulsed power envfronment 

can be designed to handle maximum peak power by wtyLng the t ransmission 

l i n e  c h a r a c t e r i s t i c  impedance u n t i l  t h e  average power r a t i n g  (H,) of 

t h e  diode is equa l  to  D times the peak power r a t i n g  (F- ). 
D is  t h e  duty cyc le  of the pulsed power. 

The q u a n t i t y  
LP 

Proceeding a s  above let  

- 
P -  = i j P  
la i P  

or 
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then  

(2-1 7) 

and 

‘ b  P =  (2-18) 

Consider a conmercially a v a i l a b l e  PIN diode with the  fol lowing 

parameters 

- 
Bt = 1 ohm Pd = 2.5  w a t t s  Vb = 1000 v o l t s ,  

-3 opera t ing  i n  a pulsed power environment having a duty cyc le  of 10 

This diode w i l l  be capable of switching 9 K - w a t t s  of RF power i n  a 

14-0hm t ransmiss ion  l i n e .  

- 

Some Design Considerat ions 

A number of f a c t o r s  must be considered i n  t h e  design of a satis- 

The t h r e e  m o s t  important are f a c t o r y  d i o d e  switch.  

i s o l a t i o n  and maximum i n s e r t i o n  l o s s ,  2) t h e  maximum peak and average 

power t o  be switched, and 3) t h e  opera t ing  bandwidth. 

are func t ions  of t h e  characteristic impedance of t h e  transmission l ine,  

and thus  t h e  s e l e c t i o n  of the l i n e  c h a r a c t e r i s t i c  impedmce must be 

based on a cons ide ra t ion  of t hese  f a c t o r s .  As a n  example, it was shown 

above t h a t  a PIN diode can swi tch  9 K - w a t t s  of peak power with a duty 

1) t h e  required 

These f a c t o r s  

.. 
-3 ~ cycle  of 10 i n  a 14-ohm transmission l i ne .  However, t h e  normalized 

shunt r e s i s t a n c e  w i l l  be 

r = 1/14 = .071 
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which corresponds t o  (from Fig .  3 )  a maximum i s o l a t i o n  of 18 db. I n  a 

SO-ohm transmission l i n e  t h e  same diode can achieve  28 db i s o l a t i o n  a t  

a maximum peak power of 2.5 K w a t t s .  

I t  is  recognized from F ig -  3 t h a t  t h e  maximum i s o l a t i o n  obta inable  

w i t h  a n  impedance i n  shunt acrQsS a t ransmission l i n e  occurs  when t h e  

resistive component of t h e  impedance is r e a l i z e d  a c r o s s  t h e  line. 

equ iva len t  c i r c u i t  of the PIN diode (Fig.  4) inc ludes  r e a c t i v e  elements 

t h a t  possess  s u f f i c i e n t  reac tance  a t  microwave f requencies  t o  impair 

e f f i c i e n t  switching operat ion.  The f i n i t e  s i z e s  of t h e  diode and t h e  

microwave mount a l s o  in t roduce  r eac t ive  e f f e c t s .  To realize only  t h e  

resistive component a c r o s s  t h e  l i n e  r equ i r e s  a tun ing  e l e E n t  to 

The 

e f f e c t i v e l y  cancel  t h e  reactance. The tun ing  element can c o n s i s t  of 

appropr i a t e  l eng ths  of open or shunted t ransmiss ion  l i n e ,  or it can 

c o n s i s t  of lumped capac i tance  and inductance incorporated i n  t h e  diode 

mounting s t r u c t u r e .  I n  e i t h e r  case t h e  behavior of t h e  tun ing  elePPent 

wi th  frequency w i l l  determine t h e  e f f e c t i v e  opera t ing  bandwidth of t h e  

switch.  Figure 3 c l e a r l y  shows t he  e f f e c t  of  a r e a c t i v e  component of 

t h e  shunt impedance on t h e  i s o l a t i o n  and t h e  i n s e r t i o n  loss. The 

i n s e r t i o n  l o s s  i s  seen t o  be much less dependent on reac tance  than  i s  
\ 

i s o l a t i o n ,  hence it i s  t o  be expected t h a t  t h e  bandwidth i n  t h e  "switch 

on" condi t ion  w i l l  be much g r e a t e r  than i n  t h e  "switch off"  condi t ion .  
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CHAPTEB I11 

ELECIRICAL DESIGN REQUIREMENTS 

The Transmission Line 

I n  t h e  range of a few hundred t o  s e v e r a l  thousand megacycles, 

p r in t ed  microwave components and l i n e s  possess  a number of advantages 

over  convent ional  coaxial  o r  waveguide s t r u c t u r e s .  F i r s t ,  they al low 

t h e  l a b o r a t o r y  des ign  and f a b r i c a t i o n  of components without  t h e  r equ i r e -  

ment f o r  a cons iderable  amount of machine shop work and i t s  a s soc ia t ed  

t i m e  delay.  Second, t h e  p r i n t e d  vers ion  results i n  cons iderable  space 

and weight saving i n  t h e  frequency range mentioned. F i n a l l y  t h e  sim- 

p l i f i e d  cons t ruc t ion  of t h e  p r in t ed  vers ion  r e s u l t s  i n  lower c o s t s .  

Having considered t h e  advantages l i s t e d  above f o r  t h e  p r in t ed  or s t r i p  

t ransmiss ion  l i n e ,  a g a i n s t  t h e  advantages of o the r  t ypes  of TEM t r a n s -  

mission l i n e s ,  it was decided t o  cons t ruc t  t h e  switch i n  a s t r i p  

t ransmiss ion  1 i ne  . 
The f l a t - s t r i p  coaxia l  t ransmission l i n e  w a s  f i r s t  used by V. H. 

Rumsey and H. W. Jamison during World War I1 a s  a feed s t r u c t u r e  i n  an  

antenna system f o r  t h e  Navy. Robert  Ba rne t t ,  from t h e  A i r  Force Cambridge 

Research Center ,  e a r l y  i n  1949 used t h i s  new type  of f l a t - s t r i p  coaxia l  

l i n e  f o r  many experimental  f i l t e r s ,  d i r e c t i o n a l  couplers ,  matched loads,  

3-db hybr ids ,  and var ious  o t h e r  c i r c u i t  elements.  

a t  t h e  Dayton IRE Meeting i n  1951. 

This  work was reported 

3 

The p lanar  t ransmiss ion  system upon which t h e  microwave p r in t ed  

c i r c u i t  technique i s  based r e s u l t s  fram an  evo lu t ion  of t h e  coaxia l  
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t ransmiss ion  system. 

t o  Fig.  5 .  

This  evo lu t ion  process can be seen by r e f e r r i n g  

I f  t he  coaxial l i n e  is deformed i n  such a manner that both t h e  

c e n t e r  and o u t e r  conductors  are square or r ec t angu la r  i n  c r o s s  sec t ion  

and then  if t h e  s i d e  walls of the rec t angu la r  coaxial system are 

extended to  i n f i n i t y ,  t h e  r e s u l t a n t  "s t r ip"  t ransmiss ion  system while  

possess ing  a l l  of t h e  advantages of t h e  coax ia l  system, now has  a form 

factor which is  adap tab le  to t h e  pr in ted  c i r c u i t  technique. 3 

The planar  transmission system can be r e a d i l y  adapted t o  p r in t ed  

c i r c u i t  t echniques  by using two shee ts  of s o l i d  d i e l e c t r i c  as spacers 

between t h e  o u t e r  conductors  which a r e  p l a t e d  t o  t h e  dielectric, t h e  

c e n t e r  conductor being sandwiched between these  shee ts .  The c e n t e r  

conductor can be p r i n t e d  on one of the d i e l e c t r i c  s h e e t s  i n  a number of 

ways; however, experimental  work can be r e a d i l y  accomplished by u s i n g  

t h i n  metal f o i l  w i t h  a n  adhes ive  coat ing on one s i d e .  

duc to r  can b e  c u t  t o  the  r equ i r ed  width wi th  a r a z o r  b l ade  or o t h e r  

sharp  instrument .  S ince  t h e  c h a r a c t e r i s t i c  impedance of t h e  system i s  

a f u n c t i o n  of t h e  c e n t e r  conductor w i d t h ,  it is  r e a d i l y  adaptab le  t o  

c i r c u i t s  r e q u i r i n g  impedance changes. 

The c e n t e r  con- 

3 

The characteristic impedance of a double  ground plane p r in t ed  s t r i p  

( s t r i p - l i n e )  is  determined by t h e  width and th i ckness  of t h e  c e n t e r  

s t r i p ,  t h e  ground-plane t o  ground-plane spacing, and t h e  d i e l e c t r i c  

cons t an t  of t h e  material. A t h e o r e t i c a l  d e r i v a t i o n  of  t h e  equa t ion  

used i n  determining t h e  c h a r a c t e r i s t i c  impedance of s t r i p  t ransmiss ion  

l i n e s  i s  given i n  t h e  paper by BarnettS3 

n e c e s s a r i l y  determines t h e  ground-plane spacing and the d i e l e c t r i c  con- 

s t a n t ,  l eav ing  the s t r i p  width as t h e  only  v a r i a b l e .  The equat ion  

A cho ice  of d i e l e c t r i c  material 
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Fig. 5. The evolution of the flat rtrip transmission line. 

I 
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r e l a t i n g  c h a r a c t e r i s t i c  impedance t o  s t r i p  width i s  furn ished  by t h e  

manufacturer of commercially a v a i l a b l e  copper c lad  d i e l e c t r i c s .  

I n  o r d e r  t o  u t i l i z e  s tandard coaxial  l i n e  test equipment t o  measure 

t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  of s t r i p - l i n e  and s t r i p - l i n e  components, 

it is necessary t o  develop a broadband coax ia l  l i n e  t o  s t r i p - l i n e  

adapter .  

e f f e c t i n g  a t r a n s i t i o n  from regu la r  coaxial  t ransmission l i n e  t o  t h e  

f l a t  s t r i p  t ransmission l i n e  i n  o rde r  that h igher  order  modes are n o t  

exc i ted .  For l a r g e  s t r i p  l i n e  s i z e s ,  an adap te r  i n  which t h e  s t r i p -  

I n  most p r a c t i c a l  app l i ca t ions  care must be taken i n  

l i n e  and coaxia l  l i n e  lie along t h e  same a x i s  leads t o  simple adap te r s  

w i t h  e x c e l l e n t  broadband c h a r a c t e r i s t i c s .  4 

The Syametrical  Tee Junc t ion  

It w i l l  be of cons iderable  importance t o  examine t h e  equ iva len t  

c i r c u i t  of one form of d i s c o n t i n u i t y  i n  t h e  balanced s t r i p  t ransmiss ion  

l i n e .  This d i s c o n t i n u i t y ,  a s t r i p - l i n e  tee junc t ion ,  is requi red  t o  

tune  ou t  t h e  reactive component of t h e  diode and mount, and t o  provide 

a d-c b i a s  r e t u r n  path.  The manner i n  which t h e  tee junc t ion  w i l l  be 

used t o  accomplish t h i s  w i l l  be discussed i n  Chapter IV .  

Before d i scuss ing  the s t r i p - l i n e  tee junc t ion ,  it is d e s i r a b l e  t o  

mention certain genera l  q u a l i t a t i v e  considerat ions.  A balanced s t r i p  

t ransmiss ion  l i n e  denotes  one i n  which t h e  cen te r  conductor is  equa l ly  

spaced between t h e  o u t e r  conductors.  D i s c o n t i n u i t i e s  i n  balanced s t r i p  

t ransmission l i n e  w i l l  possess  pure ly  r e a c t i v e  equ iva len t  networks i f ,  

1) t h e  d i s c o n t i n u i t y  is balanced, 2 )  the d i s t a n c e  D (Fig.  5-d) is less 

than  h/2, and 3)  t h e  d i s c o n t i n u i t y  s t r u c t u r e  conta ins  no d i s s i p a t i v e  

elements. If t h e  d i s c o n t i n u i t y  s t r u c t u r e  i s  unbalanced t h e  r a d i a l  



24 

t ransmission l i n e  dominant mode (similar t o  t h e  "EM m o d e  i n  a parallel 

p l a t  t ransmiss ion  l i n e )  w i l l  be exci ted ,  and r a d i a t i o n  w i l l  occur pro- 

ducing r e s i s t i v e  con t r ibu t ions  t o  the equiva len t  c i r c u i t .  A small 

amount of unbalance can be t o l e r a t e d  and t h e  r a d i a t i o n  prevented by 

boxing i n  a small region surrounding t h e  d i s c o n t i n u i t y  (us ing  shor t ing  

p i n s  t o  maintain t h e  ou te r  conductors a t  t h e  sa= p o t e n t i a l )  so that 

L.L- ..-.--.I-*-* U u w a i L L c u  ertPted iwde becomes the dumlmnt mode i n  rectangular wave- 

guide,  and by choosing t h e  dimensions such that t h e  mode is b e l o w  cu t -  

off.' Even a balanced d i scon t inu i ty  w i l l  e x c i t e  a v a r i e t y  of higher  

r a d i a l  l i n e  modes, t h e  lowest of these being similar t o  the  mode 

i n  a p a r a l l e l  p l a t e  l i n e .  None of t h e s e  modes w i l l  propagate i f  t h e  

length  D (Fig.  5-d) is less than h/2 .  Therefore ,  although the propa- 

ga t ion  of t h e  dominant s t r i p  t ransmission l i n e  mode (TEN) does no t  

impose any condi t ions  on t h e  ou te r  conductor spacing, a p r a c t i c a l  

system must have a separa t ion  d i s t ance  D less than h / 2 .  

The use  of t he  symmetric tee junc t ion  (shown i n  Fig. 6 )  is  required 

i n  a wide  v a r i e t y  of s t r i p  t ransmission l i n e  microwave c i rcu i t s .  

a b i l i t y  t o  r e a l i z e  a c c u r a t e  e l e c t r i c a l  design of these s t r i p - l i n e  com- 

ponents r equ i r e s  p rec i se  knowledge of t h e  parameters which r ep resen t  

t h e  tee junct ion,  

The 

The equ iva len t  c i r c u i t  r ep resen ta t ion  of t h e  s t r i p - l i n e  synsnetrical 

tee junc t ion  used i n  Chapter IV of t h i s  r e p o r t  is one recommended by 

Franco and Oliner .6  

duc tor  a t  t h e  tee junc t ion  w i t h  appropr ia te  re ference  planes noted. 

F ig .  7(b) is t h e  equiva len t  e l e c t r i c a l  c i r c u i t .  

var ious  c i r c u i t  elements i s  accomplished by r e f e r r i n g  t o  graphs and 

equat ions  given i n  the paper by Franco and O l i n e r .  

F igure  7(a)  shows the top  v i e w  of the  cen te r  con- 

The eva lua t ion  of t h e  

6 



25 

I 
W' - 

F i g .  6 .  The s t r i p  l i n e  symmetrical tee j u n c t i o n  ( t o p  view of t h e  
c e n t e r  c o n d u c t o r ) .  

02 i I IY 
( a )  The tee j u n c t i o n  w i t h  
r e f e r e n c e  p l a n e s  n o t e d .  

T1 T2 

( b )  The e q u i v a l e n t  c i r c u i t  

F i g .  7 .  The e q u i v a l e n t  c i r c u i t  f o r  t h e  s t r i p  l i n e  s y m m e t r i c a l  t e e  
j u n c t  i on .  



A t  t h i s  po in t  s u f f i c i e n t  theory  has been developed and gene ra l  

design c r i t e r i o n s  d i s c u s s e d  t o  enable  cons t ruc t ion  of t h e  diode switch.  

A discuss ion  of b i a s  techniques and t h e  d iode  mount s t r u c t u r e  i s  con- 

spicuously absent .  The reason is t h a t  t o  a l a r g e  ex ten t  t he  effect of 

t h e  diode mount and b i a s  by-pass c i r c u i t r y  cannot be predic ted  mathe- 

mat ica l ly .  The switch design as discussed i n  t h e  next chapter  does 

mt i2.qiiLrZ BE exact determinat ion of t h e  ind iv idua l  e f f e c t s  of  t he  

diode mount, but  only an equiva len t  c i rcu i t  represent ing  t h e  total  

e f f e c t .  

measurements . 
This equiva len t  c i r cu i t  is determined by standard microwave 
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CHAPTEEt IV 

THE PHYSICAL DESIGN 

Material f o r  t h e  S t r i p  Line Construct ion 

The s t r i p  t ransmission l i n e  c i r c u i t  was constructed using two 

copper c l ad  T e l l  i te 3B d i e l e c t r i c  sheets manufactured by T e l l  i te 

Corporat ion of Orange, New Jersey.  The d i e l e c t r i c  shee t s  can be 

purchased w i t h  one o r  both sides copper c lad.  The sheets purchased 

were ,125" t h i c k  with a 2 ounce copper p l a t i n g  on one side. 

t h e  c h a r a c t e r i s t i c s  of t h i s  mater ia l  l i s t e d  i n  t h e  manufacturer 's  

Same of 

s p e c i f i c a t i o n  are given belaw. 

Item - 
D ie 1 e c tr i c  Cons t an  t 

Diss ipa t ion  Fac tor  

Value 

2.32 + .01 t o  4.3 Gc 

.00015 t o  10 Gc 

- 
- 

D i e l e c t r i c  S t rength  466 v o l t  s / m i l  . 
Operating Temperature 

Continuous 220°F 
I n t e r m i t t e n t  500°F 

Peel  S t rength  3 lb/ inch 

The ground plane spacing (D i n  Fig.  5-d> us ing  t h i s  material i s  .25" 

neglec t ing  t h e  .OO2" th ickness  of t h e  c e n t e r  conductor. The equat ion  

r e l a t i n g  cen te r  conductor width t o  t ransmission l i n e  c h a r a c t e r i s t i c  

impedance i s  given by t h e  manufacturer f o r  T e l l i t e  3B as  

15.07 W = - - .114 inches. 
zO 
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The cen te r  conductor was c u t  from Permacel EX 3990 copper f o i l  tape 

menufactured by Penaacel,  New Brunswick, New Jersey .  The d i e l e c t r i c  

cons tan t  and d i s s i p a t i o n  f a c t o r  of t h e  adhesive por t ion  of t h e  t ape  had 

no no t i ceab le  e f f e c t  on t h e  c i r c u i t  performance. The copper foil has a 

th i ckness  of ,002" a d  a weight of 1 oz/sq . f t .  

A modified Keuffel  and Esser C i r c u i t  Path Cu t t ing  Tool (56-1031) 

contained i n  t h e  ICE 56-1291 S k b i l i n e  Cut 'N '  S t r i p  Tool K i t  w a s  used  

t o  c u t  t he  copper f o i l  tape t o  t h e  c o r r e c t  width. The bevel of t h e  

c u t t i n g  edge of the  blade w a s  increased t o  e l imina te  drag and a 

spacer w a s  ground t o  o b t a i n  t h e  des i r ed  spacing between t h e  t w o  c u t t i n g  

edges. 

The coaxial  -to-strip-transmission-line adap te r  developed f o r  t h e  

switch i s  a modif icat ion of t h e  one descr ibed by Graven.' The modifi-  

c a t i o n  c o n s i s t s  of e l imina t ing  t h e  s l o t  m i l l e d  i n  t h e  lower su r face  of 

t h e  upper d i e l e c t r i c  sheet. This was accomplished by reducing the  

cen te r  conductor p in  t o  .010" r a the r  than  .031" and increas ing  t h e  

rec tangular  f l ange  spacing t o  .265". The e l e c t r i c a l  connection from the  

cen te r  conductor of t h e  adapter  t o  t h e  s t r i p - l i n e  cen te r  conductor 

results from t h e  pressure  exe r t ed  by t h e  f l a n g e s  when t h e  securing n u t s  

are t igh tened .  

,005" channel i n  both t h e  upper and lower d i e l e c t r i c  s h e e t s  under t h i s  

p re s su re .  

The tongue of t h e  adapter  c e n t e r  conductor forms a 

The input  VSWB of a sec t ion  of 50-ohm s t r i p  t ransmission 

l i n e  using two a d a p t e r s  ( inpu t  and output)  and a 5O-ohm coaxia l  load 

w a s  less than  1.02 over a 10% frequency range centered  a t  1.61 Gc. 

I 
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Des ign Specif i c a t  ion 

The switch was designed as one phase of a n  e f f o r t  t o  determine t h e  

harmonic genera t ion  by a PIN diode i n  a t y p i c a l  switching opera t ion .  

With t h i s  purpose i n  mind the following des ign  s p e c i f i c a t i o n s  were 

determined. 

ITEM - 
Peak Peer 

Average Pouer 

Duty Cycle 

Pu l se  Length 

I n s e r t i o n  Loss 

I s o l a t i o n  

Frequency 

Bandwidth 

VALUE 

1 K-wat t  

1 w a t t  

1 o - ~  

1.4 p sec.  

< .1 db - 
> 28 db 

1.61 Gc 

- 

1% 

To meet t h i s  s p e c i f i c a t i o n  a Microwave Assoc ia tes  MA-457162 PIN 

diode was se l ec t ed  t o  opera te  i n  a 50 ohm s t r i p  t ransmiss ion  l i n e  w i t h  

a .25" ground plane spacing. 

a r e  1 i s t e d  below. 

The important parameters for t h i s  diode 

VALUE - ITBM 

'b 

- 
760 v o l t s  

.66 ohms a t  100 m a  b i a s  c u r r e n t  

.59 pf a t  -50 v o l t s  bias 

Rt 

Ct 

et 14' C/wat t  

The maximum peak power t h a t  can be switched i s  1.44 K - w a t t s  (from 

Eq. 2-11). Using an  equ iva len t  thermal r e s i s t a n c e  f o r  t h e  diode and 
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mount s t r u c t u r e  of 2S°C/watt and a maximum safe diode junc t ion  ope ra t ing  

temperature of 15OoC, it i s  found t h a t  Fd (Eq. 2-14) i s  5 w a t t s .  

maximum average power that can be switched by t h i s  diode is 95 w a t t s  

The 

(Eq. 2-14). 

The isolat ion is determined by the use of Eq. 2-6. I t  is assumed 

t h a t  on ly  t h e  resistive component of t h e  diode ( r eac t ance  tuned o u t )  i s  

i n  shunt a c r o s s  t h e  t r ansmiss ion  l i n e ,  Eq. 2-6 w i l l  y i e l d  

(50 / .66  + 212 
4 = 31.8 db. a = 10 loglo 

I t  i s  impossible t o  determine a t h e o r e t i c a l  va lue  f o r  t h e  i n s e r t i o n  loss 

(using Eq. 2-61 since t h e  reactive e f f e c t s  a s s o c i a t e d  w i t h  t h e  diode 

and mounting s t r u c t u r e  are not  known. 

tun ing  c i r c u i t  w i l l  make p o s s i b l e  a n  i n s e r t i o n  loss of less than  -1 db. 

However, it i s  expected that a 

To measure a c c u r a t e l y  physical  d i s t a n c e s  and t o  relate t h e s e  d i s -  

t ances  t o  f r a c t i o n s  of a wavelength i n  t h e  s t r i p  t r ansmiss ion  l i n e ,  

r e q u i r e s  accurate c a l i b r a t i o n  of t h e  coax ia l - to - s t r ip - l ine  adap te r .  The 

c a l i b r a t i o n  procedure was  designed t o  measure t h e  l eng th  of l i n e  between 

a s l o t t e d  l i n e  r e f e r e n c e  plane ( s h o r t )  and t h e  edge of t h e  s t r i p - l i n e  

d i e l e c t r i c  shee t .  

on t h e  s t r i p - l i n e  a known d i s t a n c e  from t h e  edge of t h e  d i e l e c t r i c  

sheet .  

r e f e r e n c e  plane s h o r t  and that produced by t h e  s t r i p - l i n e  s h o r t  i s  used 

t o  determine the e f f e c t i v e  l e n g t h  of t h e  adap te r .  

between t h e  minimum p o i n t s  measured towards t h e  gene ra to r ,  Aa be t h e  

wavelength i n  a i r ,  and h be t h e  wavelength i n  t h e  s t r i p - l i n e ,  t h e n  

This  w a s  accomplished by c o n s t r u c t i n g  a s h o r t  

The d i f f e r e n c e  in p o s i t i o n  of t h e  minimum produced by t h e  

L e t  Y be t h e  d i s t a n c e  

d 
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The l eng th  X i s  the  d i s t a n c e  from t h e  s l o t t e d  l i n e  reference plane t o  

t h e  f i r s t  minimum on t h e  s t r i p - l i n e .  The pos i t i on  of t h e  f i r s t  minimum 

on the  s t r i p - l i n e  is determined from t h e  p o s i t i o n  of t h e  s t r i p - l i n e  

short and Ad. 

p o s i t i o n s  of the s t r i p - l i n e  s h o r t  and t h e  results averaged t o  o b t a i n  t h e  

f i na l  r e s u l t .  The e f f e c t i v e  l e n g t h  ( i n  terms of l e n g t h  of s t r i p - l i n e )  

was determined t o  be 1.67". 

respectively. An impedance measurement made on t h e  s l o t t e d  l i n e  can be 

transformed t o  any po in t  on t h e  s t r i p - l i n e  using t h i s  l e n g t h  and t h e  

d i s t a n c e  from t h e  p o i n t  i n  ques t ion  to  t h e  edge of t h e  dielectric sheet. I 

The procedure discussed a b w e  was performed f o r  t h r e e  

The values of A and Ad are 7.34" and 4.84" a 

I 

The Diode Mount 

The microwave diode mount must be designed t o  perform two func t ions ;  

1) t h e  diode must be r i g i d l y  supported such t h a t  physical  c o n t a c t  is 

maintained between one terminal  of t he  diode and t h e  c e n t e r  conductor 

of t h e  s t r i p - l i n e ,  and 2) t h e  mount must provide a n  RF s h o r t  between 

t h e  second diode t e r m i n a l  and one ground plane while  maintaining a n  open 

c i r c u i t  cond i t ion  t o  t h e  d-c b ias  supply. A c ross - sec t iona l  view of 

t h e  d iode  mount designed t o  perform these f u n c t i o n s  i s  shown i n  F ig .  8. 

The main body of the  mount is  a Greraar 5760 BNC feplple connector.  The 

d-c i s o l a t i o n  is  achieved by the two mica c a p a c i t o r s  and the  brass 

disk.  The brass d i s k  i s  e l e c t r i c a l l y  connected t o  the second diode 

terminal  and forms one p l a t e  of t h e  c a p a c i t o r  as well as a h e a t  s i n k  and 

spacer f o r  t h e  diode. T h i s  by-pass c a p a c i t o r  maintains  t h e  second diode 

terminal a t  BF ground p o t e n t i a l  and p reven t s  RF propagation a long  t h e  

b i a s  l i n e .  The two b r a s s  screws, in su la t ed  from t h e  b r a s s  p l a t e ,  secure 

t h e  mount t o  t h e  t ransmission l i n e  and maintain t h e  lower ground plane 
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Connect  or c e n t e  r. c o n d u c t o r  

\ 

MA 4571C2 Diode +----remar 5760 C o n n e c t o r  

Lower ground p l a n e  

rass screws 

F i g .  8.  A c r o s s - s e c t i o n a l  view of t h e  d i o d e  mount. 
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and t h e  G r e m a r  connector  a t  t h e  same p o t e n t i a l .  The two screws and t h e  

diode r i d e  i n  slots t h a t  allow movement perpendicular  t o  t he  plane of 

t h e  page. The s l o t s  are .150" i n  l e n g t h  and provide a "f ine" tune  of 

t he  diode and mount. The dc bias cur ren t  f lows i n  t h e  connector c e n t e r  

conductor through the  diode t o  t h e  center  conductor of t h e  s t r i p  

t ransmiss ion  l i ne .  A quarter-wavelength shor ted  t ransmiss ion  l i n e  

completes t h e  r e t u r n  pa th  f o r  t h e  bias cu r ren t .  Since t h e  switch i s  

t o  operate a t  e s s e n t i a l l y  one frequency (narrow band), t h e  q u a r t e r -  

wavelength l i n e  appears  a s  an  BF open c i r c u i t  and does n o t  i m p a i r  t h e  

switching opera t ion .  

The equ iva len t  impedance of t h e  diode and mount i n  both t h e  forward 

and reverse b i a s  states ups measured by i nco rpora t ing  t h e  mount i n  a 

50-ohm s t r i p - l i n e  a t  a po in t  2.15" from t h e  edge of the s t r i p - l i n e  

d i e l e c t r i c  shee t .  

The fo l lowing  measurements were made for a 50 ma forward b i a s  

cu r ren t .  

ITEM 

VSWR 

- 

a 

I s o l a t  ion 

Minimum s h i f t  toward load 

h 

VALUE 

16 

186.3 ldmp 

7.7 db 

33 mm 

The equ iva len t  shunt  impedance f o r  t he  diode (150 ma forward b i a s )  is  

obtained from t h i s  d a t a  by a conventional Smith Char t  a n a l y s i s  p l o t t e d  

i n  Fig. 9 .  Poin t  A is t h e  impedance as measured a t  t h e  r e fe rence  

plane of t h e  s l o t t e d  l ine.  This  impedance is  transformned t o  t h e  d iode  

plane by cons ider ing  the l eng th  of t h e  coaxial adap te r  and the 2.15'' 
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F i g .  9. S m i t h  Chart C o n s t r u c t i o n  tor the Forward Bias Impedance. 
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s t r i p - l i n e .  This  l eng th  i s  

2.15 + 1.67 = 3.82" 

which r e p r e s e n t s  

3.82 - = .79  4.84 

wavelengths. 

c i rc le  of cons t an t  V W R  (= 16) y i e l d s  t h e  po in t  B. 

diode i s  terminated i n  a 50-ohm load. 

Moving t h i s  d i s t a n c e  from po in t  A toward the l o r d  on a 

The l i n e  past t h e  

The impedance represented by 

point  B. i s  a combination of t h e  matched load and t h e  diode impedance. 

The equivalent  shunt admittance a t  t h e  d iode  plane is  obtained by 

r e f l e c t i n g  point  B i n  t h e  o r i g i n  t o  ob ta in  point  C .  

admittance (1 mho) i s  sub t r ac t ed  f r o a t h e  admittance represented by 

The matched l o a d  

po in t  C t o  o b t a i n  t h e  shunt admittance of the diode and mount (po in t  D). 

F i n a l l y  t h e  equivalent  shunt impedance presented by t h e  diode and mount 

t o  t h e  s t r i p - l i n e  i s  obtained by r e f l e c t i n g  point  D i n  t h e  o r i g i n  t o  

y i e l d  p o m t  Ef .  

d i c t e d  from Fig.  3 f o r  t h e  point Bf (Fig.  9 )  shows close agreement. 

A comparison of the i s o l a t i o n  measured with t h a t  pre- 

The equ iva len t  shunt  impedance f o r  t h e  reverse b i a s  state was 

obtained i n  a manner similar t o  t h a t  descr ibed above f o r  t h e  forward 

bias. The s l o t t e d  l i n e  and power meter m e a s u r e a n t s  for a r eve r se  

bLas of 50 volts  are given below. 

ITEM 

VSWR 

- 

ha 
I n s e r t i o n  l o s s  

VALUE 

1.48 

- 

106.3 mm 

. 2  db 

Minimum s h i f t  t oward  generator 34.1 ann 

i 
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The Smith Char t  a n a l y s i s  for t h e  reverse  b i a s  state is  shown i n  Fig.  10. 

Poin t  A i s  p l o t t e d  from the  da ta  l i s t e d  above and transformed 0.79 wave- 

l eng ths  toward t h e  load t o  ob ta in  point  B. Poin t  B i s  r e f l e c t e d  i n  t h e  

o r i g i n  t o  y i e l d  the shunt admittance a t  po in t  C. The load admittance of 

1-mho is  subt rac ted  t o  o b t a i n  t h e  shunt admittance of t h e  diode and 

mount (poin t  D). 

r e f l e c t i n g  poin t  D i n  t h e  o r ig in .  A quick  check on t h i s  r e s u l t  is 

a v a i l a b l e  by comparing t h e  measured i n s e r t i o n  loss w i t h  t h a t  given by 

Fig .  3 for poin t  Er (Fig.  10). 

The shunt impedance is  obtained a t  point  E by r 

The information required t o  f i n a l i z e  t h e  switch des ign  i s  complete. 

The po in t  E i n  F igs .  9 and 10 represents  t h e  shunt impedance (nor- 

malized) produced by t h e  diode and mount i n  t h e  forward and reverse 

b i a s  states, respec t ive ly .  To r e a l i z e  t h e  maximum poss ib l e  i s o l a t i o n  

t h a t  can be obtained,  it i s  necessary t o  t ransform t h e  impedance repre-  

sented by t h e  poin t  Ef t o  t h e  poin t  A as shown i n  F ig .  11. This is  

accomplished by l o c a t i n g  the  diode a t  t h e  end of a SO-ohm s t u b  l i n e  

connected t o  t h e  main t ransmission l i n e  a t  a symmetrical tee junc t ion .  

The physical  l e n g t h  o f  t h i s  line must be such that 0.464 e l e c t r i c a l  

wavelengths of t ransmission l i n e  w i l l  connect t h e  diode t o  t h e  tee 

junc t ion .  

form t h e  impedance a t  poin t  Er t o  t h a t  a t  poin t  B. 

t h a t  po in t  A w i l l  result i n  28 db i s o l a t i o n  and point  B w i l l  r e s u l t  i n  

-05  db i n s e r t i o n  loss. A switch constructed under these  condi t ions  

w i l l  m e e t  t h e  design spec i f i ca t ion .  

I n  the  reverse b i a s  s t a t e  t h i s  l ength  of l i n e  w i l l  t r a n s -  

I t  is seen (Fig.  3) 

Symmetrical Tee Junc t ion  Parameters 

To determine the  physical  l e n g t h  of t h e  diode s t u b  l i n e  it becomes 

necessary t o  eva lua te  t h e  parameters f o r  t h e  tee junc t ion  equ iva len t  
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F i g .  10. Smith  Chart Construct ion for  t h e  ReverRe B i a s  Impedance. 



F i g .  l i .  Cfnst:urt.on €or Realizing t h e  Max’rttlrn I s o l a t i o n .  
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c i r c u i t .  Of pa r t i cu la r  importance is  t h e  eva lua t ion  of t h e  reference 

plane T3 and the  susceptance element B. 

shunt with the  diode admittance transformed t o  t h e  reference plane T3 

and w i l l  s h i f t  the  point  A (Fig. 11) away from t h e  conductance ax is .  

This  could requi re  a change i n  the  0.464 e l e c t r i c a l  wavelengths pre- 

The susceptance element i s  i n  

v ious ly  computed f o r  t h e  length of the  diode s tub  l i ne .  

The evaluat ion of t h e  tee junct ion parameters i s  a s t ra ightforward 

process  out l ined  i n  considerable d e t a i l  i n  the  a r t i c l e  by Franco and 

01iner.6 The s tub  l ine and t h e  main transmission l i n e  have t h e  same 

c h a r a c t e r i s t i c  admittance and thus t h e  same center  conductor width. 

L i s t e d  below are the values of t h e  parameters f o r  the equivalent  

c i r c u i t  of Fig.  7. 

VALUE 

D' -291" 

d' -033" 

n -996 

d .018" 

B 0 

- ITEM - 

The loca t ion  of t h e  re ference  plane T3 is  t h e  only parameter 

required i n  determining t h e  physical l ength  of t h e  diode s t u b  l i n e ,  

s ince  B = 0 and n is approximately 1. The length T3' computed by 

T3 = Dl/2 - d '  = .113" , 

i s  referenced t o  the  cen te r  l i n e  of the main transmission l i n e .  The 

physical measurements are mede wi th  greater accuracy when r e fe r r ed  t o  

t h e  edge of the  center  conductor. Thus, t o  provide an e f f e c t i v e  

e l e c t r i c a l  s tub  l i n e  length of .464 wavelengths from T3, requi res  a 
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physical  l i n e  length  of 

.464 x 4.84 + -025 = 2.27" 

measured from t h e  center  conductor edge. 

The Physical C i r c u i t  

The physical layout  ( t o p  v iew)  of t h e  microwave switch is  shown 

i n  Fig.  12. The shorted s tub  l i n e  was constructed with the  shorted 

plane a t  t h e  edge of t h e  d i e l e c t r i c  sheet. 

assembly and dismantling of t h e  switch; however, it produced a c e r t a i n  

amount of ambiguity ln  t h e  a c t u a l  e l e c t r i c a l  l oca t ion  of t h e  short .  The 

c o r r e c t  length of the shorted s t u b  l i n e  was determined experimentally.  

The length shown i n  Fig. 12 f o r  the shorted l ine is  0.050'' shor t e r  than 

a q u a r t e r  wavelength i n  the s t r i p - l i n e .  The t ransmission line was 

assembled without t h e  diode s t u b  l i ne  and t e s t e d  a t  1.61 Gc/S. 

input  VSWB was less than  1.05 with t h e  l i n e  terminated i n  a 50-ohm 

coaxial  load. The switch was assembled as shown i n  Fig. 12 and t e s t e d  

w i t h  a low power ( 7  PPY) microwave source. 

obtained . 

This f a c i l i t a t e d  t h e  

The 

The following r e s u l t s  w e r e  

VALUE - ITBU - 
I S O l 8 t i O D  30 db a t  120 ma 

I n s e r t i o n  loss .OS db a t  -150 v o l t s  

Input  VSLIIL 1 . 1 7  

As s t a t e d  earlier, the PIN diode must have a minori ty  carrier life- 

t i m e  much longer  than  the period of the  RF s igna l  t o  be cont ro l led  i n  

order t h a t  apprec iab le  r e c t i f i c a t i o n  o f  the  s igna l  w i l l  no t  occur. 

means t h a t  fas t  pulse  modulation of BF signals i s  d i f f i c u l t  s ince  t h e  I 

l aye r  stored charge r equ i r e s  some f i n i t e  t i m e  t o  bui ld  up and decay. 

T h i s  
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S h o r t e 3  
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Output Port 

F i g .  1 2 .  C e n t e r  c o n d u c t o r  l a y o u t  f o r  t h e  f i n a l  s w i t c h  d e s i g n .  
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The time required f o r  the charge t o  build up is  of the order  of 1 psec., 

however, i t  is  poss ib le  t o  reduce t h i s  time with spec ia l  shaped cu r ren t  

pulses .  A test, cons i s t ing  of a square wave appl ied  t o  the. b i a s  c i r c u i t ,  

w a s  conducted to  determine t h e  time required t o  switch the  BF energy. 

A low level CW s igna l  was appl ied  t o  t h e  switch. 

requi red  t o  switch fran the "RF OFF" condi t ion t o  t h e  "RF' ON** condition. 

The t i m e  required t o  w i t c h  from the "RJ? ON" t o  the "RF (RF"' condi t ion  

was - 5  psec. 

A time of 1 psec. was 
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CHAPTER v 

HIGH POWER PERFOBMANCE 

The High Power Source 

A h igh-peak-pmr  microwave source was desig~ed and ccnstructed to 

enable  t e s t i n g  of t h e  d i o d e  switch under t h e  cond i t ions  l i s t e d  i n  the 

s p e c i f i c a t i o n .  The power source c o n s i s t s  of a cathode-pulsed p lanar  

triode i n  a coax ia l  cav i ty .  The r e e n t r a n t  c a v i t y ,  manufactured by 

Trak Microwave Gorp., r e q u i r e s  a GL 6897 planar  t r i o d e  as t h e  a c t i v e  

element and provides  7 K - w a t t s  of peak power a t  1.61 Gc when proper ly  

pulsed. 

1 i s t e d  below. 

The inpu t  power requirements  for t h e  c a v i t y  oscillator are 

VALUE - ITEM - 
Maximum Pulse  Voltage 3500 v o l t s  

Maximum Pu l se  Curren t  5 amps 

F i 1 ament Volt  age 6 . 3  v o l t s  

Filament Curren t  1.05 amps 

A s ix - sec t ion ,  50-ohm, l i ne - type  p u l s e  forming network w a s  con- 

s t r u c t e d  t o  genera te  a 1 . 2  psec. r ec t angu la r  pulse .  A v a r i a b l e  

vo l t age  d-c supply charges  t h e  network through a charging inductor  t o  

a maximum of 2200 volts.  The pulse  network i s  discharged through a 

X 2 2  hydrogen thy ra t ron  t o  produce a n  1100 v o l t  1.2 psec. pulse. 

A t ransformer  w a s  designed t o  match t h e  50-ohm pulse  forming network 

t o  the  700-ohm load r e s i s t a n c e  of t h e  tr iode.  I n  order t o  supply the  

t r i o d e  f i l amen t  c u r r e n t  through t h e  pulse  t ransformer from a low-voltage- 

i n s u l a t e d  f i lament  t ransformer ,  two secondary windings t h a t  are i s o l a t e d  



from each other w i t h  respect to d i r e c t  c u r r e n t  w e r e  provided. 

secondar ies  are i d e n t i c a l ,  wound s i d e  by s i d e ;  t hus  they  are c l o s e l y  

coupled as far a s  pu l ses  are concerned. 

The two 

The performnce of  the  pulse  forming network is displayed i n  

Fig.  13(a), a photograph of t he  vol tage waveform a c r o s s  a SO-ohm 

resistive load.  

bottom (narrow por t ion )  of t he  pu l se ,  however, t h e  e f f e c t i v e  r ec t angu la r  

pu lse  width appears  t o  be nearer  1.5 ysec. 

of t h e  v o l t a g e  w a v e f o r m  app l i ed  t o  t h e  cathode of t h e  t r i o d e .  This 

pulse  is very  similar t o  Fig.  13(a)  which i n d i c a t e s  that  t h e  t r a n s -  

former e f f i c i e n t l y  matches t h e  SO-ohm pulse  forming network t o  t h e  

700-ohm t r i o d e  load.  F igure  13(b) shows the  c h a r a c t e r i s t i c  backswing 

produced by t h e  t ransformer  flux dens i ty  r e t u r n i n g  to  t h e  remanent point .  

The design pulse  width of 1.2 psec. is  r e a l i z e d  a t  t h e  

Fig. 13(b) is  a photograph 

The photograph shown i n  Fig.  13(c)  is t h e  spectrum obtained by 

puls ing  the t r i o d e  wi th  the  vol tage  waveform of F i g .  13(b). 

graph w a s  taken on a Polarad Model TSA S p e c t r w  Analyzer a t  a sweep 

rate of 566 kc/cm about a c e n t e r  frequency of 1.61 Gc .  

minima of the  spectrum do no t  go t o  zero, i n d i c a t i n g  frequency modu- 

l a t i o n  on t h e  pulse ;  also t h e  asymnetry of t h e  spectrum, i n d i c a t i v e  of 

ampli tude modulation, may be noted. 

between t h e  minimum p o i n t s  i n d i c a t e s  t h a t  t h e  e f f e c t i v e  RF pu l se  width 

i s  1.48 psec. On the  b a s i s  of t h i s  pulse width measurement t h e  pulse  

r e p e t i t i o n  rate w a s  a d j u s t e d  t o  670 pps t o  provide a X 0 - 3  duty cycle .  

The photo- 

Note t h a t  t h e  

The frequency sepa ra t ion  of 1.35 mc 

The High Power Measurements 

The test equipment requi red  t o  measure t h e  i s o l a t i o n  provided by 

t h e  switch i s  shown on Fig. 14. The m e a s u r e n t  procedure w a s  performed 
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Fig. 13-a .  Vol tage  waveform a c r o s s  a 5 0 - f i h m  r e s i F t i v e  l o a d .  Sweep 
speed 0 . 5  ysec.,/cm. Ampl i t u d e  1100 v o l t s .  

F i g .  13-b. Vo l t age  waveform a c r n s s  the c a t h o d e  of t h e  t r i o d e .  
Sweep speed 0 . 5  +sec . / cm.  Amp1 i t u d e  3000 v o l t s .  
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Fig.  13-c .  Spectrum of the RF energy produced by the 
cavi ty  o s c i l l a t o r .  
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i n  t h e  fol lowing manner; f o r  each value of inc ident  power t h e  switch w a s  

removed from the  c i r c u i t  and a re ference  level e s t a b l i s h e d  on t h e  

spectrum ana lyze r ,  next  t he  switch was i n s e r t e d  and t h e  forward b i a s  

ad jus t ed  t o  t h e  des i r ed  va lue ,  then  t h e  v a r i a b l e  a t t e n u a t o r  was adjus ted  

t o  o b t a i n  the  sa= re fe rence  on t h e  spectrum analyzer .  

i n  a t t e n u a t i o n  noted on t h e  v a r i a b l e  a t t e n u a t o r  was recorded as t h e  

i s o l a t i o n .  

The d i f f e r e n c e  

The i n s e r t i o n  l o s s ,  produced by the switch i n  t h e  reverse bias 

state, w a s  measured using t h e  equipment ind ica ted  i n  Fig.  15. The 

v a r i a b l e  a t t e n u a t o r  w a s  set t o  provide t h e  des i r ed  inc iden t  power, 

as determined by t h e  power monitor. The diode switch was i n s e r t e d  i n  

the c i r c u i t  and t h e  reverse b i a s  set on t h e  bias supply. 

d i f f e r e n c e  between t h e  readings of t h e  power monitor w a s  recorded a s  

t h e  i n s e r t i o n  l o s s .  The power monitor, c o n s i s t i n g  of a Ileulett- 

Packard 431C Power Meter and a s s o r t e d  a t t e n u a t o r  pads, is  capable  af 

i n d i c a t i n g  power changes of - 1  db or less when ope ra t ing  on t h e  db 

s c a l e  between 0 db and -1 db. A l l  measurements were made w i t h  t he  

power level ad jus t ed  so t h a t  the  power meter would i n d i c a t e  i n  t h i s  

range. The d i r e c t i o n a l  coupler  and spectrum analyzer  were used t o  

d e t e c t  any change i n  t h e  RF pulse  t h a t  might i n d i c a t e  Bp breakdown. 

The 

R e s u l t s  of the Meesurements 

The r e s u l t s  of t h e  i s o l a t i o n  measurements are shown i n  graphica l  

form i n  Fig.  16. 

increas ing  dc b i a s  is apparent  ( i s o l a t i o n  inc reases  as dc b i a s  increases) .  

The measurements showan inc rease  i n  the RF r e s i s t a n c e  a s  t h e  pulse  

power is increased.  The 2.5 db decrease i n  i s o l a t i o n ,  noted as t h e  peak 

The predic ted  effects o f  decreased RF r e s i s t a n c e  under 
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F i g .  16 .  I s o l a t i o n  vs incident power f o r  three v a l u e s  of 
forward current.  
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power was increased  from 10 W a t t s  t o  3 A - w a t t s  f o r  a 150 ma b i a s  

cu r ren t ,  r ep resen t s  an  increase  (firm -82 t o  1.1 ohms) i n  t h e  r e s i s t a n c e  

shunt ing t h e  transmi-ssion l i n e .  The switch design s p e c i f i c a t i o n  f o r  

i s o l a t i o n  ( 2 8  db) w a s  obtained with 150 ma bias cur ren t  a t  1 K - w a t t  of 

inc ident  peak power. 

Figure 17  i s  a graph shauing t h e  v a r i a t i o n  i n  i n s e r t i o n  loss as 

the  peak power was increased.  The results were obtained f o r  t h r e e  

va lues  of reverse b i a s  vol tage.  

vo l t age  excursion i n t o  t h e  diode forward bias state is poss ib l e  wi th  

l i t t l e  increase  i n  t h e  i n s e r t i o n  lo s s .  The i n s e r t i o n  l o s s  f o r  a 50 

v o l t  b i a s  w a s  0.3 db when opera t ing  under 3.5 R - u a t t s  of i nc iden t  power. 

This corresponds t o  an IW vo l t age  of 595 v o l t s  zero t o  peak, o r  a n  BF 

vo l t age  excurs ion  of 545 v o l t s  i n t o  t h e  forward bias region. It was 

necessary t o  reverse-bias the  diode a t  375 v o l t s  t o  P e t  t h e  des ign  

s p e c i f i c a t i o n  for i n s e r t i o n  loss a t  1 IC-watt of i nc iden t  power. 

The results i n d i c a t e  that l a r g e  RF 
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HARMONIC MEASUREMENTS 
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General Considerat  i ons  

A primary factor in f luenc ing  t h e  design of t h e  switch w a s  t h e  

reqirirernent t h a t  harmonic power measurements made ex te rna l  t o  t h e  switch 

be d i r e c t l y  r e l a t e d  t o  t h e  harmonics generated b y  the  diode. The re- 

s u l t s  o f  t h e  measurements could then be p l o t t e d  as harmonic power gener- 

a t e d  by t h e  diode v s  inc iden t  fundamental p o w e r  a t  the diode. 

The physical  l e n g t h s  o f  t h e  switching c i r c u i t  ( f i g .  12) w e r e  calcu-  

l a t e d  t o  "match" t h e  diode a t  t h e  second harmonic frequency t o  t h e  out- 

put  p o r t  of the switch. The parameters f o r  t h e  symmetrical tee junc t ion  

w e r e  c a l c u l a t e d  a t  the second harmonic wavelength and w e r e  found t o  be 

approximately t h e  same as determined f o r  t h e  fundamental. The r e fe rence  

plane T ( f i g .  7) has t h e  same l o c a t i o n  f o r  the second harmonic as for 

the  fundamental. and t h u s  t h e  e lectr ical  l eng th  of  t h e  sho r t ed  s tub  i s  

unchanged. The matching w a s  accomplished by recognizing t h a t  t h e  sho r t ed  

s t u b  r e f l e c t s  a s h o r t  t o  t h e  junc t ion  o f  t h e  main t ransmission l i n e  a t  t h e  

second harmonic wavelength. The l eng th  of  l i n e  s e p a r a t i n g  t h e  diode s t u b  

l i n e  from t h e  sho r t ed  s tub  l i n e  (1.812") i s  .75 of t h e  second harmonic 

wavelength so t h a t  t h e  sho r t  c i r c u i t  is transformed i n t o  an open c i r c u i t  

a t  t h e  diode s tub  l i n e  junct ion.  Thus t h e  second harmonic energy gener- 

a t ed  by t h e  diode propagates down t h e  s tub  l i n e  t o  t h e  tee  junct ion.  

Since one s i d e  of t h e  junc t ion  i s  e l e c t r i c a l l y  open, t h e  energy w i l l  be  

d i r e c t e d  without r e f l e c t i o n  t o  t h e  output port .  The second harmonic 

power measured a t  t h e  output p o r t  i s  equal i n  magnitude t o  the second 

harmonic power generated by  t h e  diode. 

3 
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The symmetrical tee  junc t ion  parameters c a l c u l a t e d  a t  the  t h i r d  

harmonic were i n  c l o s e  agreement w i t h  the fundamental frequency parameters. 

The shorted s tub  l i n e  p re sen t s  an open c i r c u i t  t o  the main t ransmission 

l i n e  a t  the  t h i r d  harmonic. I f  t he  main t ransmission l i n e  i s  matched t h e  

t h i r d  harmonic energy generated by t h e  diode w i l l  d i v i d e  e q u a l l y  a t  t h e  

tee junc t ion .  Under t h e s e  cond i t ions  a 2:l SWR (at t h i r d  harmonic) w i l l  

exist  on the d i o d e  stub l i n e .  If It Is assumed that  the dicde impedance 

a t  t h e  t h i r d  harmonic i s  50 ohms, t h e  t h i r d  harmonic power measured a t  

t h e  ou tpu t  e f f o r t  of t h e  switch w i l l  be 3.5db below t h e  power generated by 

t h e  diode. 

It i s  t o  be  expected that t h e  harmonics generated by t h e  diode i n  t h e  

forward bias  s t a t e  w i l l  be a func t ion  of t he  d.c. b i a s  c u r r e n t  and the 

i n c i d e n t  RF (fundamental frequency) power a t  t h e  diode. The d.c. b i a s  

c u r r e n t  mus t  maintain a s u f f i c i e n t  charge i n  t h e  i n t r i n s i c  r eg ion  of t h e  

diode t o  a l low R F  c u r r e n t  flow. 

c u r r e n t  d e p l e t e s  t h e  s t o r e d  charge i n  t h e  i n t r i n s i c  region t h e  diode w i l l  

be  dr iven i n t o  r eve r se  b i a s ,  c r e a t i n g  a non l inea r  a c t i o n  w i t h  r e s u l t i n g  

high harmonics. I n  t h e  forward b i a s  s t a t e  t h e  diode n e a r l y  s h o r t  c i r c u i t s  

t h e  l i n e  so t h a t  s h o r t  c i r c u i t  R F  c u r r e n t  flows through t h e  diode. 

Fig. 2 it i s  seen t h a t  if Y = oo ( sho r t  c i r c u i t )  t h e  c u r r e n t  through Y 

m u s t  be 21. Thus 

I f  the negat ive ha l f  c y c l e  of t h e  RF 

From 

I = 21 sc 

where 

2P I =  - 
Z 
0 

and P i s  t h e  i n c i d e n t  R F  power. Since t h e  RF cu r ren t  i s  s i n u s o i d a l ,  t h e  

instantaneous s h o r t  c i r c u i t  c u r r e n t  can be  expressed as 

i = I s i n  w t  sc 
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so  t h a t  t h e  ins tan taneous  charge q i s  given b y  

The minimum charge requi red  i n  t h e  i n t r i n s i c  region t o  prevent  r eve r se  

b ias  i s  

Q = I  c s  (3-3) 

The charge  furn ished  by t h e  d.c. bias c u r r e n t  i s  obta ined  from 

where ‘cis t h e  minor i ty  carrier lifetime. Equating equat ions  3-3 and 3-4 

and u s i n g  equat ions  (3-1) and (3-2) with Z = 50-ohms y i e l d s  
0 

2 
’dc = 6 .25  [UT ‘dc] (3-5) 

where P i s  t h e  va lue  of i n c i d e n t  power r equ i r ed  t o  produce charge de- 

PIN diodes developed f o r  re- p l e t i o n  f o r  a given d-c b i a s  c u r r e n t  I 

l a t i v e l y  high power ( 1 - l O k w )  switching a p p l i c a t i o n s  w i l l  have a minor i ty  

dc 

dc* 

car r ie r  l i fe t ime 7; i n  t h e  range .2 -2  psecs.  For a fundamental frequency 

of  1.61 Gc.  equa t ion  3-5 w i l l  reduce t o  

7; = 2 ~ 1 0 - ~  sec (3-6)  

‘ c= 2x10 sec (3-7) 

Pdc = 2550 Idc 2 

-7 2 Pdc = 25.5 Idc 

where I i s  expressed i n  mill iamperes and P i n  w a t t s .  Thus 10  m a  b ias  

c u r r e n t  w i l l  be  r equ i r ed  i f  t h e  inc ident  power i s  2 . 5  kw and?: = .2  psecs.  

dc dc 

Equation 3-5 should be in t e rp re t ed  a s  a lower l i m i t  on t h e  d-c bias  

c u r r e n t  for a given inc iden t  power; however, it i s  t o  be  expected t h a t  some 

non l inea r  a c t i o n  w i l l  e x i s t  above t h i s  l i m i t .  
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The diode swi t ch  o p e r a t i n g  i n  t h e  rcverse  b i a s  s ta te  w i l l  generate  

harmonics depending on t h e  r eve r se  b i a s  yo l t age  and t h e  i n c i d e n t  power. 

Equation 2-11 d e f i n e s  t h e  i n c i d e n t  RF poJer required t o  produce a peak 

R!? v o l t a g e  equal t o  one half  t h e  breakdcwn vo l t age -  

2-11 i s  replaced by VB t h e  r e s u l t i n g  equation 

I f  V /2 i n  equat ion b 

2 

22 

Pi = VB - v Vb - B 
2 

(3-8) 

0 

y i e l d s  t h e  i n c i d e n t  power required t o  produce a peak R F  v o l t a g e  capable  of 

d r i v i n g  t h e  diode t o  ze ro  b i a s  f o r  a given d-c r eve r se  b i a s  V 

power g r e a t e r  t han  P 

dep le t ion  region; however, the charge w i l l  b e  withdrawn dur ing  t h e  nega t ive  

half  cyc le .  The o p e r a t i n g  frequency (1.61Gc) has a pe r iod  (7-7 nsec)  much 

l e s s  than the  m i n o r i t y  carrier l i f e t i m e  so t h a t  t h e  p r o b a b i l i t y  of carrier 

recombination i s  v e r y  s m a l l  - 
i n c i d e n t  power. The recombination process provides  t h e  non l inea r  a c t i o n  

r e s p o n s i b l e  for harmonic generat ion i n  t h e  r e v e r s e  b i a s  s ta te .  Thus f o r  

a given inc iden t  power, minimum harmonics w i l l  be generated when t h e  d-c 

r eve r se  b i a s  i s  a t  a maximum- A p r a c t i c a l  maximum r e v e r s e  b i a s  e x i s t s  

s i n c e  diode f a i l u r e  w i l l  occur when the sum of t h e  d-c r e v e r s e  b i a s  

vo l t age  and t h e  zero t o  peak RF vol tage exceeds a vo l t age  p ropor t iona l  t o  

the  diode breakdown vol tage- .  

a t  V /2 f o r  t h e  experimental  work of  this r e p o r t ,  and no diode f a i l u r e  

occurred f o r  i n c i d e n t  powers up t o  66.4 dbm. 

Inc iden t  
B -  

w i l l  cause some charge t o  be i n j e c t e d  i n t o  t h e  diode i 

T h i s  p r o b a b i l i t y  w i l l  i n c r e a s e  w i t h  i n c r e a s i n g  

The maximum r e v e r s e  b i a s  w a s  a r b i t r a r i l y  set  

b 

Harmonic Measurement Technique 

A b lock  diagram of t h e  equipment s e tup  used t o  o b t a i n  t h e  harmonic 

measurements i s  included as Fig. 18, 

descr ibed i n  Chapter 11, generated second harmonic power 20db below t h e  

fundamental power. 

The pu l sed  power sou rce ,  p rev ious ly  

The t h i r d  harmonic con ten t  o f  t h e  pu l sed  power source 



5 7  

v) 
H 

& 
sl 
X 
tQ c 



58 

w a s  approximately 30db below the fundamental power. The presence of 

harmonics i n  t h e  RF source r equ i r ed  t h e  a d d i t i o n  of a l o w  pass  f i l t e r  t o  

t h e  RF c i r c u i t .  The l o w  pass  f i l t e r ,  a Hewlett-Packard 360C, provided 

aii i s o l a t l s r ;  cf 75db a t  the second and t h i r d  harmonic. The tes t  s i g n a l  

a t  the output  p o r t  o f  t h e  l o w  p a s s  f i l t e r  conta ined  harmonics a t  l eas t  

95db below t h e  fundamental. 2 

The swi tch  ope ra t ing  i n  the  forward b i a s  s t a t e  r e f l e c t s  t h e  inc iden t  

power. A PRD t y p e  1210 f e r r i t e  i s o l a t o r  w a s  used t o  absorb t h e  r e f l e c t e d  

power, t hus  e f f e c t i v e l y  matching t h e  l i n e  as seen by  t h e  swi tch  looking  

toward t h e  generator .  A d i r e c t i o n a l  coupler  and power meter sampled t h e  

fundamental power i n c i d e n t  on the  diode switch. 

The measuring of t h e  harmonic power a t  t h e  output  p o r t  of t h e  swi tch  

was accomplished by comparing i t  wi th  a known re fe rence  signal. A high 

pass  f i l t e r  (waveguide below c u t o f f )  prevented t h e  fundamental power f r o m  

r each ing  t h e  spectrum ana lyze r  which was used as t h e  comparing instrument .  

The fundamental power re f lec ted  by t h e  high pass  f i l t e r  w a s  absorbed i n  a 

second PRD type  1210 i s o l a t o r ,  thus  preserv ing  t h e  matched l i n e  as seen 

by  t h e  swi t ch  look ing  toward t h e  spectrum ana lyze r  a t  t h e  fundamental 

frequency. The f i v e  feet  of RG-48C waveguide used as t h e  h igh  pass  f i l t e r  

provided 400db of a t t e n u a t i o n  a t  t h e  fundamental frequency. Variable 

a t t e n u a t o r  ( 3 )  c o n s i s t e d  of a Hewlett-Packard Model 5375A v a r i a b l e  

a t t e n u a t o r  connected t o  t h e  RG-48u waveguide. 

ments t h e  RG-48U w a s  rep laced  wi th  RG-50U waveguide t o  provide  second 

harmonic as w e l l  as fundamental power a t t enua t ion ,  The Hewlett-Packard 

Model 5375A was rep laced  wi th  a Model J382A v a r i a b l e  a t t e n u a t o r .  

For  t h i r d  harmonic measure- 

The second and t h i r d  harmonic r e fe rence  s i g n a l s  used i n  the  measuring 

Process  w e r e  CW s i g n a l s  ob ta ined  from a r e f l e x  k lys t ron .  

k l y s t r o n  provided t h e  second harmonic r e fe rence  s i g n a l  whi le  t h e  t h i r d  

A Sper ry  2K41 
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harmonic r e fe rence  s igna l  w a s  generated by a Varian 2446 klys t ron .  

The procedure followed tc  determine t h e  harmonic power generated by  

t h e  d i o d e  u s i n g  t h e  t e s t  se tup  of Fig.  15 i s  given below: 

A s p e c i f i c  fnzdarnen~al  p m e r  inc iaent  on  he diode wes obta ined  by ad- 

j u s t i n g  a t t e n u a t o r  1 u n t i l  t h e  des i red  power l eve l  w a s  i nd ica t ed  on t h e  

power meter. The diode switch w a s  set a t  a maximum bias l e v e l  (maximum 

r e v e r s e  vo i t age  o r  m a x i m u m  f o r i a r d  iiiri-eiit) Ir; 032 zf t h e  tbc b ias  s t a t e s .  

The ou tpu t  of t h e  switch w a s  connected a t  po in t  A t o  t h e  spectrum analyzer  

and a t t e n u a t o r  (2) ad jus t ed  t o  give a s u i t a b l e  d e f l e c t i o n  on t h e  spectrum 

ana lyze r  CRT w i t h  a t t e n u a t o r  0) set  a t  zero. Next, t h e  l i n e  a t  A w a s  d i s -  

connected from t h e  swi tch  and connected t o  t h e  r e fe rence  s igna l .  At tenuator  

(4) w a s  ad jus t ed  t o  o b t a i n  t h e  same d e f l e c t i o n  on t h e  spectrum ana lyze r  

CRT as w a s  produced by t h e  diode harmonic s i g n a l .  The r e fe rence  s igna l  w a s  

disconnected a t  A and connected t o  a power meter. 

w a s  recorded as PA. 

spectrum ana lyze r  a t  po in t  A andtiie b i a s  l e v e l  decreased i n  s t eps .  A t  each 

s t e p  t h e  ZEtenuation o f  a t r e n u a t a r  ( 3 )  w a s  i ~ c r e a s e 3  t o  maintain a cons t an t  

d e f l e c t t o n  or? t h e  ana lyze r  CRT. The change i n  a t t e n u a t i o n  from s t e p  t o  s t e p  

w a s  recorded as t h e  i n c r e a s e  i n  generated harmonics accompanying t h e  de- 

crease i n  b i a s .  This  same procedure was followed f o r  t h e  diode b i a sed  i n  

t h e  o t h e r  s ta te ,  and for each  new inc iden t  fundamental power. 

The power meter reading  

The o u t p u t  po r t  of t h e  switch w a s  reconnected t o  t h e  

The measurement process  8 s  previous ly  descr ibed  i s  based on t h e  com- 

pa r i son  of a CW r e f e r e n c e  signal wi th  the  J iode generated harmonic s i g n a l  

( p u l s e d )  u s i n g  a spectxum anhlpzer  G C  ?he comparing ins t rument .  The 

s e n s i t i v i t y  or gain  cf a spectrum a 2 a l y z e r  is a f u n c t i o n  af  the pu l se  w i d t h  

of  t h e  d isp layed  s igna l  

p lay ing  a CW s igna l .  The loss of s e n s i t i v i t y ,  due  t o  & pulsed  s i g n a l ,  was 

de te rmired  a t  t h e  fundamental frequency by d i s p l a y i n g  a known pulsed s i g n a l  

(1 KW peak, d u t y  c y c l e )  2nd csmparirig i t  wi th  a CW s i g n a l  r equ i r ed  t o  

wi th  t h e  ziaximcrn sensitivtty achieved when d i s -  
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produce t h e  same d i sp lay  de f l ec t ion .  For- the  spectrum analyzer  r e f e r r e d  t o  

i n  t h i s  r e p o r t  it w a s  found t h a t  t h e  l o s s  i n  s e n s i t i v i t y  f o r  a pulsed 

s igna l  of 1 .48 psec pu l se  width w a s  31.6db. The spec t r a  of t h e  second and 

t h i r d  harmonics generated by t h e  diode were i d e n t i c a l  wi th  the  fundamental 

spectrum (Fig.  13c) i n d i c a t i n g  t h a t  t h e  harmonics had t h e  same t i m e  domain 

pulse  shape as t h e  fundamental, and hence t h e  same loss i n  s e n s i t i v i t y  w a s  

experienced for t h e  harmonics. The uiagnltuds of tki! gezers ted  fiarr??nnics 

w a s  ob ta ined  by adding 31.6db t o  PA plus  t h e  a t t enua t ion  of  a t t e n u a t o r  4. 

The t h e o r e t i c a l  s tudy and i t s  p red ic t ions  of  t he  behavior of t he  

diode swi tch  requi red  t h a t  t h e  t ransmission system be matched a t  the  

fundamental frequency and i t s  harmonics. The f e r r i t e  i s o l a t o r s  used t o  

match t h e  system produced a VSWR of 1.2 when connected t o  an open or 

s h o r t  c i r c u i t .  Whenever poss ib l e  i n  the  measuring procedure a t t e n u a t o r  

pads w e r e  used i n  conjunct ion w i t h  t h e  i s o l a t o r s  t o  provide add i t iona l  

reduct ion  i n  t h e  VSWR. 

R e s u l t s  

Figure 19  d e p i c t s  i n  graphical  form t h e  magnitude of t h e  second 

harmonic power generated by t h e  diode f o r  d i f f e r e n t  va lues  of forward b i a s  

c u r r e n t  and inc iden t  fundamental power. The cu rves  of Fig. 1 9  have t h e  

form p red ic t ed  by t h e  d iscuss ion  given a t  t h e  beginning of t h e  chap te r ,  

i .e . ,  t h e  harmonic power increased  as the  i n c i d e n t  fundamental power 

increased  and as t h e  b i a s  cu r ren t  was reduced- 

of  t hese  curves  increased a s  the  b i a s  cu r ren t  w a s  reduced, a marked i n -  

c r e a s e ,  i n d i c a t i n g  charge deple t ion  of t h e  "I" reg ion ,  w a s  no t  present .  

An eva lua t ion  of  equat ion 3-6 f o r  t he  maximum inc iden t  power (3470 w a t t s  

peak) r e v e a l s  t h a t  a b i a s  c u r r e n t  of 1.17ma i s  s u f f i c i e n t  t o  prevent 

charge deple t ion .  

same inc iden t  power. It  should be pointed ou t  t h a t  harmonic power measure- 

Although t h e  nega t ive  s lope  

Equation 3-7 y i e l d s  a b ias  c u r r e n t  of 11.7ma f o r  t h e  
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merits w e r e  not  made f o r  b i a s  c u r r e n t s  g rea t e r  than 50ma s i n c e  t h e  diode 

generated second harmonic w a s  approaching t h e  harmonic con ten t  of t h e  

I test  s i g n a l  (within 1 O d b ) .  

The r e s u l t s  of t h e  second harmonic measurements f o r  t h e  diode biased 
~ 

i n  t h e  r e v e r s e  b i a s  state are displayed i n  Fig. 20. The func t iona l  de- 

pendence of t h e  generated harmonic on reverse bias and i n c i d e n t  power i s  

evident .  Tim knees appear in the i ~ i d d ? e  €cur curves.  The lower knee 

(h ighe r  r e v e r s e  b i a s )  occurs  a t  a reverse bias vo l t age  nea r  V 

~ 

~ 

I as p red ic t ed  
I B 
I 
I by equat ion 3-8. The curves f o r  t h e  higher i nc iden t  power have a smaller 

I s lope  a t  l a r g e  r e v e r s e  vo l t ages  i n d i c a t i n g  t h a t  some non l inea r  e f f e c t  i s  

encountered on t h e  nega t ive  h a l f  cyc le  of t h e  RF vo l t age ,  probably i n  t h e  

form of increased r eve r se  c u r r e n t  through t h e  diode, The second harmonic 

generated at the highest  i n c i d e n t  power remained f a i r l y  constant  w i t h  re- 

v e r s e  b i a s ,  af ter  t h e  i n i t i a l  decrease,  i n d i c a t i n g  d i s t o r t i o n  of t h e  

fundamental s igna l  on bo th  t h e  p o s i t i v e  and negat ive h a l f  cycles.  It i s  

apparent t h a t  t h e  inc iden t  power  has reached 8 maximum and that any f u r t h e r  

i n c r e a s e  would probably resu l t  i n  f a i l u r e  of t h e  diode. 

i n c r e a s i n g  t h e  r e v e r s e  b i a s  vo l t age  i s  no longer  e f f e c t i v e  i n  reducing 

t h e  generated harmonic. 

I n  any r e s p e c t ,  

I n t e r f e r e n c e  c o n t r o l  requirements f o r  a i rbo rne  electrical and e l e c t r o n i c  

equipment are s p e c i f i e d  i n  MIL-I-6181D. Article 4.3.3.2.1 of  M i l i t a r y  

S p e c i f i c a t i o n  MIL-I-6181D states t h a t  t h e  peak power  output  of t h e  second 

and t h i r d  harmonics of  t h e  output  fundamental frequency s h a l l  be a t  least  

60db below t h a t  of t h e  fundamental, and i n  no event  g r e a t e r  than 1 w a t t .  

The peak power output  of any harmonic above t h e  t h i r d ,  m u s t  be a t  least  

80db below t h a t  of t h e  fundamental, and i n  no event  g r e a t e r  t han  w a t t s ,  

The measurements performed a t  t h e  t h i r d  lprmonic frequency show t h a t  

t h e  generated t h i r d  harmonic is a t  least  7db below t h e  second harmonic f o r  
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normal b i a s  operat ion.  

w i th  t h e  diode forward b i a sed  are shown i n  Fig. 21 wi th  t h e  correspond- 

The results o f  the t h i r d  harmonic measurements 

I 
l i n g  second harmonic r e s u l t s .  Although only t h e  r e s u l t s  f o r  t w o  inc iden t  

1 fundamental powers are shown, data taken a t  o t h e r  i nc iden t  power l e v e l s  

produced c u r v e s  s i m i l a r  t o  t hos  shown i n  Fig. 21. It should be stated 

t h a t  the t h i r d  harmonic data displayed i n  Fig. 21 and Fig. 22 was  

measured a t  p o i n t  A (Fig. 18) and is at Least 3db belcw that g e m r a t e d  by 

t h e  diode. Figure 22 d e p i c t s  i n  graphical form t h e  dependence of t h e  

generated t h i r d  harmonic power on r eve r se  bias vo l t age  and fundamental 

power. 

The t h i r d  harmonic con ten t  of t h e  output  s igna l  exceeds t h e  second 

harmonic f o r  low bias l e v e l s  i n  both t h e  forward and r eve r se  bias states. 

However, f o r  normal switching operat ion t h e  forward bias c u r r e n t  should 

exceed 50ma and t h e  r e v e r s e  b i a s  vol tage should exceed 200 v o l t s .  A 

p re l imina ry  s e a r c h  of t h e  higher  harmonic frequencies  f a i l e d  t o  d i s c l o s e  

any s i g n a l s  w i t h i n  t h e  s e n s i t i v i t y  of the  analyzer.  

higher  order harmonics g r e a t e r  than 80db below t h e  fundamental under normal 

bias  condi t ions.  

This would p l a c e  t h e  
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CONCLUSIONS 

The area of microwave semiconductor e l e c t r o n i c s  as app l i ed  t o  t h e  

switching of microwave energy at r e l a t i v e l y  high l e v e l s  has been inves- 

t i g a t e d  i n  t h i s  report.. The u s e  of a PIN diode as t h e  semiconductor 

element coupled w i t h  t h e  theory of TEM t ransmission l i n e  switching has 

allowed t h e  cons t ruc t ion  of a microwave switch capable  of handling i n  

excess  of 3 R - w a t t s  of peak power. 

The theo ry  of ope ra t ion  w a s  developed i n  a general manner re- 

q u i r i n g  o n l y  t h a t  a switching element be a v a i l a b l e  t h a t  could  e x h i b i t  

two d i f f e r e n t  impedance states a t  microwave frequencies.  The curves 

of cons t an t  a t t e n u a t i o n  p l o t t e d  on a Smith C h a r t  (Fig. 3) were used 

o f t e n  i n  t h e  design s t a g e  and proved invaluable  i n  a r r i v i n g  a t  t h e  f i n a l  

s w i t c h  design. The f i n a l  switch d e s i g n ,  u t i l i z i n g  t h e  diode loca ted  

on a s t u b  l i n e ,  i s  b u t  one of  a number of p o s s i b l e  designs t o  achieve a 

v a r i a b l e  impedance shunt ing a t ransmission l i n e .  I n  t h i s  conf igu ra t ion  

t h e  a c t u a l  switching ope ra t ion ,  r e s u l t i n g  from a change i n  t h e  diode 

b i a s ,  i s  produced by the  change i n  equivalent  impedance a t  t h e  tee junction. 

Since t h e  primary concern of t h i s  s tudy  w a s  harmonic generat ion by 

t h e  diode, t h e  choice of switching c i rcu i t  w a s  based on s i m p l i c i t y  of t h e  

c i r c u i t  a n a l y s i s  a t  t h e  harmonic frequencies.  The resu l t s  of  t h e  

harmonic measurements are displayed independently of t h e  microwave 

switching c i r c u i t  and r ep resen t  t h e  diode behavior f o r  va r ious  fundamental 

frequency power l e v e l s  and bias  levels. 
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The power handl ing c a p a b i l i t i e s  of t h e  diode were discussed and 

some equa t ions  de r ived  to  p r e d i c t  t h e  maximum power t o  be handled by 

a given diode. The m a x i m u m  p o w e r  derived, f o r  t h e  diode i n  t h e  r eve r se  

bias  s ta te ,  w a s  i n  terms of the incident  power on t h e  diode. The f i n a l  

switch design l o c a t e d  t h e  diode o n  a s tub  l i n e ,  however, t h e  l e n g t h  of 

the s t u b  l i n e  (-464 wavelengths) and the  r e v e r s e  b i a s  r e f l e c t i o n  co- 

e f f i c i e n t  of the diode were such that the RF vo l t age  a t  t h e  diode was 

t h e  same as t h e  vo l t age  a t  the  t e e  junction. Thus, 4. 2-11 i s  s t i l l  

v a l i d  and y i e l d s  t h e  peak power required t o  produce a peak-to-peak 

RF vo l t age  equal t o  t h e  r eve r se  breakdown vo l t age  of t he  diode. This  

peak power l i m i t  i s  not  a l i m i t  i n  t he  sense  t h a t  t h e  diode w i l l  be 

destroyed i f  t h e  l i m i t  i s  exceeded b u t  r a t h e r  a po in t  a t  which peak 

p o w e r  i n  excess of t h i s  l i m i t  w i l l  r e s u l t  i n  i nc reased  i n s e r t i o n  loss, 

and generated harmonics. 

The experimental  d a t a  obtained from t h e  harmonic measurements 

support  t h e  s ta tement  t h a t  PIN diodes o p e r a t i n g  i n  t y p i c a l  switching 

a p p l i c a t i o n s  produce l i t t l e  harmonic power. 

19 shows that t h e  requirements of MIL-I-6181D would  be m e t  f o r  a forward 

b ias  c u r r e n t  of  40ma or grea te r .  

vs. forward bias c u r r e n t  (Pig, 16)  i n d i c a t e  that t h e  bias c u r r e n t  should 

be lOOma or greater. The harmonics generated i n  t h e  r e v e r s e  bias stat= 

exceed t h e  s p e c i f i c a t i o n s  of MIL-I-6181D f o r  i n c i d e n t  powers g r e a t e r  than 

60dbm. A t  t h i s  power l e v e l  a r eve r se  bias vo l t age  near  V / 2  w a s  re- 

qu i r ed  t o  m e e t  t h e  s p e c i f i c a t i o n .  

The data displayed i n  Fig. 

R e s u l t s  of tests on swi t ch  i s o l a t i o n  

b 

An a n a l y s i s  w a s  performed t o  determine t h e  optimum c h a r a c t e r i s t i c  

impedance f o r  t h e  t ransmission l i n e .  This  optimum value pe rmi t s  t h e  

diode t o  o p e r a t e  a t  i t s  maximum peak and average power l e v e l  i n  a 

pulsed environment, However, i t  was pointed out  t h a t  t h e  r e s u l t i n g  
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impedance would determine t h e  maximum i n s e r t i o n  l o s s  f o r  a given 

diode. 

swi t ch ing  95 watts of average power. 

test  w a s  3 w a t t s .  The diode s t u b  l i n e  could have been increased i n  

width t o  produce a l o w e r  c h a r a c t e r i s t i c  impedance. The maximum peak 

The diode a c t u a l l y  used i n  t h e  switch should be capable  o f  

The maximum average power i n  t h e  

power (P. 1 would have inc reased  (q. 2-11), and t h e  inc rease  i n  
1P 

lnsert ien  loss note6 i r ?  Fig, 17 w m l d  have occurred a t  a high peak 

power, however, t h e  decrease i n  c h a r a c t e r i s t i c  impedance would have 

decreased t h e  maximum i s o l a t i o n  (Eq. 2-61 and prevented t h e  a t t a i n i n g  

of t h e  r equ i r ed  28db i s o l a t i o n .  

The e f f e c t  of reducing t h e  c h a r a c t e r i s t i c  impedance of t h e  diode 

s t u b  l i n e  i s  t o  reduce the peak-to-peak RE'voltage excursion f o r  a 

given i n c i d e n t  power. Under t h e s e  cond i t ions  t h e  harmonics generated 

by the  diode i n  t h e  r eve r se  b i a s  s t a t e  w i l l  be reduced. However, t h e  

inc reased  s h o r t  c i r cu i t  RF c u r r e n t  would r e q u i r e  an inc rease  i n  t h e  

forward bias c u r r e n t  to  maintain t h e  same harmonic generat ion i n  t h e  

forward bias state. 

I n  conclusion, this r epor t  has shown t h a t  it is  f e a s i b l e  t o  use a 

PIN diode as t h e  switching element i n  a high power microwave switch. The 

switch was  t e s t e d  a t  power l e v e l s  t o  3-K w a t t s  and t h e  changes i n  swi t ch  

performance noted. 

f o r  t h i s  s tudy could have been altered (lower diode s t u b  l i n e  c h a r a c t e r -  

i s t i c  impedance) t o  reduce t h e  harmonics generated by  t h e  diode i n  t h e  

r eve r se  bias state,  b u t  only a t  t h e  expense of reduced i s o l a t i o n .  PIN 

diodes are a v a i l a b l e  with r eve r se  breakdown vo l t ages  i n  excess of  

1000 v o l t s .  

capable  of providing adequate i s o l a t i o n  and a t  the  same t i m e  meeting t h e  

requirements of MIL-I-6181D while ope ra t ing  a t  peak powers of  7-K w a t t s  

or greater .  

It was pointed o u t  that t h e  switching c i r c u i t  developed 

The use of t hese  diodes should enable  t h e  design of  a switch 
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