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After techniques for analysis and design of microstrip transmission lines, are
reviewed including loss and dispersion effects, particular areas of difficulty
in practical design and fabrication of amplifiers are studied. These areas in-
clude microwave short circuit (TIC open) realization using radial line sectors,
fabrication of lumped inductors from Hewlett—Packard SRF!T leads (Package 60),
and circuit modelling of microstrip to coaxial transitions.

Two versions of a simple amplifier design were built and measured on a Hewlett—
Packard microwave network analyzer. A Fortran computer analysis program based
on transmission scattering matrices was written to calculate the scattering
parameters of ladder network models such as this first amplifier. The program
aided in improving design methods such as the realization of lumped inductors.( —..,~The measured performance of the first version of the amnlifier, containinp fan— \,
shaped radial short structures was comnared to that of the second version em—
ployinp chip capacitors. The difference in performance between the two am-
plifiers lead to an adaptation of radial transmission line analysis to de-
scribing the microstrip short structure.

A second amplifier vas designed and built using a better HP SBF ET and improve—
ments arising from study of the first design. The Fortran ladder circuit
analysis program was linked to a local minimum search routine to permit optimi-
zation of the original amplifier design while considering effects of loss, dis— I
persion, and coax—to—uticrostrip launcher parasitics. Measurements demonstrated
fairly good agreement with the optimized design except for some high freauency
roll—off. The fan shaped short structures were designed before the radial line
analysis had been worked out. This radial calculation predicted that the short
structures made would resonate below 4 GHz. The shorts’ substantial inductive
reactance at S tWz could explain the high end roll-off.
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CHAPTER I. INTRODUCTION

There are a number of electrical and mechanical properties

tha t would be desirable in a receiving microwave transistor

amplifier. These properties often interact and are sometimes

mutually exclusive in one stage desigr~~such as those to be

described in this thesis. The basic goal behind these ampli-

fier designs is a flat gain versus frequency characteristic

over the 4-~ GHz band . Another desirable electrical

characteristic that is compatible with flat gain response

is constant group delay in the passband . In addition , a

good receiving amplifier should add little noise , have wide

dynamic range , contribute a minimum of distortion products ,

and match to 50~l perfectly at input and output . Mechanically ,

small size , rigidity and lightness are useful , along with

low DC power requirements , especially in an aircraft or space

vehicle.

Not all of these electrical and mechanical properties

can be optimized in a one-transistor amplifier. For the one

micron gate GaAs Schottky—barrier field—effect transistors

used in this research , broadband optimum noise matching

cannot be achieved simultaneously with optimum gain response .

First of all , the bias levels for low noise and maximum

gain differ for these Hewlett—Packard devices ; substantial

negative gate bias is necessary to minimize noise and zero

gate bias is required for maximum transconductance and thus

1
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•1
F h r  :i s i n g i  — s t a ~~ ’ SBFET a m p l i f i e r , p e r f e ct  i n p u t

a nd  e u t p u t  m a t r h i n g  to 50~2 is in c o m p a t i b l e  w i t h  bo th  the

p t i t : uni broad band noise m a t c h  and w i t h  maxima l f l a t  ga in

r~ sp nse . The HP d e v i c e s  used i n  t h e  a m p l i f i e r s  to be d i s—

CU~~5( (1 i n  t h i s  work have  4-6 dB/ oc t ave  max imum a v a i l a b l e  ga in

re~~1-~~t l  i n  t he  4-8 Gc b a n d .  C o r r e c t i n g  t h i s  s lope by

!ie( ’~~~~i t v  ln t r 9 d u c e s  a m i s m a t c h  at lower frequencies unless

r e s i -~~]v e  l ements  or i s o l a t o r s  are used . Us ing  lossless

m atrh in g n e t we r k s , this low-end mismatch can be concentrated

J f l  t h e  input or output or can be distributed between both

ports of the amplifier. In the two single-stage amplifier

designs disrussed in this thesis , the following trade—offs

were made. Low noise operation was sacrificed in favor of

f l a t  g a i n  response.  The i n i t i a l  des igns  of both amplifiers

attempted to concentrate low end mismatch at the input . The

o p t i m i z a t i o n  s tep al 1owed the mismatch to distribute between

I f l p i i t  and  n u t  p u t  i n  t h e  f i r s t  amp I i  f i er . The o p t i m i z a t i o n

O f  he s~’(~~ r~(1 des i gn a Itemp t ed to  ma i n  ta I n a good o u t p u t

m a t c h .  M v ( ’ h a n i e a l l y ,  l i t t l e  d i f f i c u l t y  arose in o b t a i n i n g

s a t i s f a c t o ry  st r u c t u r a l  d e s i g n s .

GaAs FET a m p l i f i e r  design can be d iv ided in to  several

s t a L ~es or a s p e c t s .  D e v i c e  des ign , i n v o l v i n g  both materials

and  ~eotnetry, i s  the  f i r s t  s tage of a m p l i f i e r  development .

h v I c e  d e s i g n  sets l i m i ts  on noise , f r equency  response , and

p a r a s i t i c  r eact a n c e s . The second s tage concerns itself

2
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w ith synthesis of matching circuits given the design objec-

tiv es and the device limitation s . Such synthesis procedures

confine themselves by necessity to perfect , lossless lumped

or distributed circuit elements. The use of perfect elements

separates the circuit synthesis from specific technologies ,

maintaining generality . Finally , the third stage of amplifier

design begins with the lossless ideal circuit and attempts

to realize the amplifier as accurately as possible using

actual lossy circuit elements. The synthesis and realization

steps must interact to permit practical limitations to

restrict circuit element values and topology to “reasonable”

ranges and forms , otherwise a mathematically perfect , but

unbuildable design , may result.

This thesis addresses itself primarily to the third

stage of amplifier design , the realization of single

transistor wideband amplifiers using a simple unenclosed

microstr ip medium . Two amplifier designs were realized .

The first amplifier was based on a sinpie computer-optimized

lossless design. No interaction took place between the

second and third design phases and the lossless design was

converted directly to microstrip to permit experimental

observation of practical problems arising from such direct

realization . The second amplifier was designed with

interaction between the circuit synthesis and microstrip

realization stages . Throughout the design process of this

3
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amplifier , stress was placed on achieving easy to build

circuit configurations and elements values . In addition , the

final optimized lossless design was re—optimized taking into

account microstrip loss and dispersion as well as microstrip—

to—coaxi~’l transition parasitics .



CHAPTER II. THE SCHOTTKY-BARRIER FIELD-EFFECT TRANSISTOR

2-1 . Device Structure and Operation

The Schottky-barrier field-effect transistor (SBFET)

is a type of N-channel junction FET. The function of the

semiconducting PN gate—channel junction is performed by a

metal-N type semiconductor Schottky contact. In terms of

essential small—signal circuit characteristics , the SBFET

is a depletion-mode device similar in performance to pentode

vacuum tubes except for voltage levels.

The two experimental Hewlett-Packard SBFET ’s used in

this research are examples of this type of device. Liechti

and Tillm an 39 discuss the physical structures and biasing

of the HP SBFET . The FET consists of a 0.2t.i thick epitaxial

17 3layer of N type (Nd 
= lxlO donors/cm ) GaAs grown on a

semi-insulating GaAs substrate . The gate measures l~i long

and SOOp wide . The source-gate separation is 1~i and the

gate-drain separation is 2~i (dsg and dgd in Figure 2-1.1

respectively). The device is isolated on a mesa of the N

type epitaxial layer to permit bonding pads to be deposited

on the semi-insulating substrate , minimizing stray capaci-

tance . Bias for HP SBFET ’s #5 and #23 (set for maximum gain)

was Vd = 4V , ‘d 
= 6OmA , Vg = OV; and Vd=SV . Id=4OhIth, and

Vg~OV respectively. In the rest of this section an analysis

is given relating the transconductance of a typical SBFET
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t o  t h e  pl y sir a l dimension s and doping levels in the device

as an example to illustrate the connection between structure

and performance.

A schematic representation of a typical SBFET is shown

in Figure 2-1.1. A simplified voltage-current characteristic

is easily derived if the source—gain separation , d5g~ and the

gate- ’irain separation , dgd~ 
are assumed to be negligible1.

In effect , for this derivation the parasitic source and

drain resistance (which reduce transconductance) are being

ignored . From Figure 2-1.1 , the depletion layer width

assuming a semi-insulating substrate is given by

+ 
~B -

wi,y) = t j  
— v 

g 
, (2—1.1)

B p

as a function of distance along the channel from the source

to the drain where

= built in Schottky barrier voltage

V~ = channel pinch—off voltage

V(y) = channel-source voltage as a function of location .

The pinch-off voltage is determined by setting the depletion

layer width equal to channel thickness.

1: W = t 
~‘q N 

° — V~~) ( 2 — 1 . 2 )
d

* = relative dielectric constant of semiconductor

-‘9q = l.6x10 coul.

c = 8.85x10 1’4 farad/cm .
0 7
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I V i  I1~~ f o r  ‘
~

-q
V = --

~~~

— + 

~13 ( 2 — 1 .3)

In  a s ma l l  i n c r e m e n t  of channe l  l e n gt h , d y ,  the co n t r i —

hu ion to t h e  c h a n n e l  r e s i s t ance  is

dR dy~~~~~~~CII b ( t — w ( y ) )

= dy p 
(2-1.4).

bt _ _ _

The i n c r e m e n t a l  v o lt a g e  drop across t h i s  e l emen t  of c h a n n e l

l e n g t h  is g i ve n  by

I r d y
dV = I dR - 

d 
— . ( 2 - 1. 5 ) .d CH ( 

_________- 

It B V
P

~o 1 v in g  f o r  • 1 d dv ,

/V ( y ) + ~ 5~ V
1 d dy = b t d V — b t .~ ’ c~ — V 

g dy , (2—1.6).
B p

I f  t h i s  expr ess ion is  i nt e g r a t e d  a long  the  channe l  f rom the
sourc ’ ( to the drain , the I—V characteristic is easily derived 1 .

‘I

-



L V V JV(y)+$ —vf ~ ‘d dy 
= 

1

d 
bt dv- 

1

d 
b t j  G B ”: 

dV , (2-1.7).

r ~~~~~~~~~~~ 3 ~~ -V 31
P I d L = b t Vd - ~ (~~B

_
~’p )bt 

[( 
d B ~~~

)
~~ - , V

( 2-1.8)

‘d” t~ fVd
_ 

~ ~~B
”
~
’p~ 

[(v
d
+~~B

v~~~

) 
~ - ( : )~ ~

]}
( 2 — 1 . 9 ) .

If the source and drain resistances (shown in Figure 2-1.1)

are not neglected , Vg becomes Vg - I dRs , Vd becomes Vd
_I

dRd,

and the lower limit on the voltage integration on the right

band side of (2-1.7) becomes IdR . The resulting I-V

characteristic2 is

1d t~ f
~d d(Rs+E~d~~

. 
F~ B

_v
p) [(v

d+Id
(R s..Rd +PB

_v)
~~ ~

- (:~:~ + :‘d~
s) 

~]) 
, (2-1.10).

If 2IdR < < l , the last term in (2-1.10) can be expanded in a

MacFaurin series in and the approximation made that all

terms except for the first two can be neglected . The two

term approximation is given by

t
a



~l3~~ g + ~~ d ”s ~ ~ ~B ”g ~ + 
3 ( 

~~~~~ 
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Tb’ resulting altered 1-V characteristics , if R is assumed

equal to Rd (d sg = dgd i n  a s y m m e t r i c a l  c o n f i g u r a t i o n ) ,

becomes

3 3
- ~! Jv 2 ~~~~~~~~~~ 2 (~ B~~ g

’\ 
~

d I,, d 3 ~H p ~ ~13~V~ )  - 
~~B

Vp)

211 bt i~T
1 + (1 J~~ _ v )

( 2 — 1  . 12)

The t r a n s c o n d u c t a n c e  of’ the SBFET in the saturation

region (Vg=V d+Vp) 
(jan be calculated by taking the partial

der ivative with respect to Vg and evaluating at Vd=Vg
_V

p~
For simplicity, the use of Rs=Rd

OQ will be considered first .

g = ~~~~ ~~ -f
~~~1 , (2l .l3).

I n  F i g u r e  2— 1 .2 , the e f f ec t ol  R5 ~ 0 is determined by

mean s  o f  c i r c u i t  a n a ly s i s  instead of by differentiating

(2— 1.12) for the sake of simplicity to obtain

= l+g R (2—1.14).

The basic operation of the SBFET has thus been outlined

using Grove ’ s f ramework for the PN junction field—effect

trans istor. DC and low frequency AC characteristics could be

~T ~~~ L~~ ~~ 
- 

- -



FIGURE 2 I.2 EFFECT OF Rs ON 9m
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R d
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d ’ s r i b e d  h~ t h e  simplified mode l shown in Figure 2—l .2b .

Mi cro~~avc ch ar ~e t t r i s ; i c .s , however , are dominated by parasitic

r(a(t;u1t e.-. whi ch are critical to amplifier design. As can

be ~~~~t f l  [run-i the  p r e c e d i n g  analyses , pa r a s i t i c  res is tance

etf el ts sharpl y alter the gain characteristics . Similarly,

p l r m I t i (  r, :~~tance w i l l  affect gain as a function of frequency

.~nd th e inpu t -output matching qualities of the SBFET .

2-2. Microwave Operation and Modelling

M u c h  has  bee n written concerning the interplay of device

ge’)metry and material structure with microwave circuit

performance ’ ’ . The problem of equivalent circuit modell ing

of  t h e  SBFET can be approached from two angles . Analyses of

t h e  d e v ic e  and package using physica l electronics can result

in a general , bu t complex equivalent circuit
6. The SBFET may

.i 1sr ~ be characterized by measured 2-port network parameters

and .in e q u i v al e n t  circuit can be computer optimized to fit

t h e  meas ured d a t a .  I d e a l l y ,  th e two methods should y i e ld

ide n t i c a l  r e s u l t s .  P r a c t i c a l l y ,  m a n u f a c t u r i n g  to lerances .

urn ert aint les in installation of the transistor chip in the

pa ck~ige and o the r  d i f f i c u l t i e s  u s u a l l y  preclude complete and

accur~t te theoretical prediction of FET performance , though as

Dawson demonstrated , good results can occasionally be achieved .

The mos t p r a c t i c a l  method for  q u i c k l y  and s imply ob—

t a~ n i n g  the equivalent circuit of a SBFET to be used in a

I
12
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m i c r o w a v e  amplifier is measurement and computer fitting an

e q u i v a l e n t  c i r c u i t .  Because of the difficulties involved in

a c c u r a t e ly  realizing open and short circuits at the ports of

t h e  t r a n s i s t o r  to be charac ter ized  by measurement , the net-

w (Irk parameters directly Ineasured are usually 5012 scattering

( S )  pa rameters . The S parameters to be discussed in the next
a’

chapter , can be transformed directly into hybrid (H) parameters .

Development of the transistor model begins with this transla-

t i on  into H parameters , h11 an d h22 being the input impedance

and output admittance respectively of the SBFET .

An intuitively reasonable model for the Hewlett-Packard

experimental packaged SBFET ’s used in the research for this

thesis was proposed by Jingshown Wu7 to take into account

the most important parasitic contributions to FET high

frequency performance . This model (shown in Figure 2-2.1)

starts with the assumption that the transistor is unilateral.

The i nput  c i r c u i t  of the SBFET is dominated by the gate

capacitance , C1, and the input bonding wire and package

inductance , L.. Loss in the gate circuit is characterized

by R~ . The output circuit of the SBFET consists mainly of the

voltage controlled current source , and the differential

channel resistance , R .  Drain and package capacitance to

ground and output lead inductance are embodied in C0 and L0 .

This modelling technique begins with plotting h11 and h22
as functions of frequency on separate Smith Charts and by
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insp ection obtaining approximat e values for the various passive

model c i r c u i t  elements. Computer opt imizations are performed

l or  b ot h  i n p u t  and o u t p u t  c i r cu i t s  by s ea rch ing  fo r  local

m i n i m a  in t h e  e r ror  f u n c t i o n s

~~~ 
~~~~~~~ 

S l lKC - S11KM I
P , (2—2.1)

F
0~~ 

=

~~~~~ 

IS 22KC - S22KM~
P 

, (2—2.2)

where n = # of frequencies

K denotes a particular frequency

C . M designate calculated and measured quantities
respectively

p = error exponent.

The S parameters S11KC and 522Kc are calculated from 1111KC =

and H22~c 
= 

~OUTKC 
for the unilateral case from the

equations

Z -RINKC o5 11KC Z I NKC +R O 
, (2—2.3)

r -Y
- ~o OUTKCS22KC 
- 

G0+You~~~ 
, (2—2.4)

where H 5O~~, G 0.02 mhos .
0

Ii~ Figure 2-2.1 , the optimized circuit element values for

HP FET #23 which was employed in Amplifier 2 are listed

15
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lu st rate t vp ical v~i I t es for t h i s  model.
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4 ( I I A P ’ l  ER I l l  . NETWORK CONCEPTS

: t — 1 . The Seat t . er ing  M a t  r i x

0! t h e  various techniques used ~n charac ter izing lin ear

- . 8n et w o rks , th e scattering formalism is the most easi ’y

a u a p ta b l  I )  use in the  mic rowave  f r e q u e n c y  range . Other

n e t w o r k  para meter  sets such as i m m i t t a n c e  or h y b r i d  repre—

set i t a t  lOf lS  r e q u i r e  the concept of the  p e r f e c t  open and t h e

p e r f e c t  sh o r t  c i r c u i t .  In  a d d i t i o n , t he  cha r a c t e r i z a t i o n

t i  an N- p o r t  network by either immittance or hybrid para-

meters requires that these perfect open or short circuits be

p l a c e d  accurately at the port. At microwave frequencies it

is d i f f i c u l t  in  p r a c t i c e  to ob ta in  short  or open c i r cu i t s

exactly where required in the measurement of network

parameters due to the small size of electrica l wavelengths

compared w i t h  t h e  physical size of networks and measur ing

instrument s .

The scattering formation references all network

p a r am e t e r s  to port normalization resistances as opposed to

pen ud sl i t  r t  cir (’ui ts. Standard pract ice is to set a l l

normalizati on resistance to 50 ohms , a convenient , easily

obta inab le i m p e d a n c e  a t  microwave f requencies . S-parameters

ar’ based on the travelling wave quantities a. and b. which

de n o te  incident and reflected waves respectively from port

I n  t e rms of the  v o l t a ge , c u r r e n t , and cha rac t e r i s t i c

18
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i mpedance  or normal i zing resistance of port j,

a
1 

= 

~ 

+ J~T

b
3 

= 
~~ 

— J~~~~~

’ 

~ , (3—1.1)

wh ere V .  = vo1tage at port j

= current at port 3

R . is a positive number denoting the normalization
0.) impedance of port j .

For the 2—port  l inear network shown in Figure 3—1.1 ,

the S m a t r i x  describes the relationship between incident and

reflected waves .

r~11 rs 1i
( iw ) s12( jwf l  ra1l

I I = I I  I , ( 3 — 1 . 2 ) .
Lb2J Ls21(i~) s22(jw)J La2J

The var ious s parame ters are def ined as follows :

b

k = , (3—1.3).

a

i ~K

I f  the 2-port is terminated in i ts normalization resistance

(e.g. , 50c~), S11 (jw) and s22(j~~) are the reflection coe!f 1-

d e n ts of ports 1 and 2 respectively . Similarly1 s21(j&~)

19
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:,Ii l 
~~~ 

i t )  Ire he lorward and reverse tran sl ’~r functions.

V 
i

( . i )  /~~k= 1 v;(~)~4 J ~

-— , (1-l.4).

b e c a u se  S p a r a m e ter s  are d e f i n e d  by normal  i z i n g  resi  s t —

an ( -es and r o t  opens and shor t s , di rect  measurement  of the  S

p a r a m et ’  rs of  a 2-port at microwave frequencies is easier than

measurement of immittanc e parameters . Practically, transmission

lin t’s of  known electrical length with characteristic impedances

equa 1 to the normalization resistances can be connected to

the network under test , permitting vector voltmeter comparisons

of forward and reflected waves to be made many wavelengths

away . The necessity of being “close” to the test network

is t h u s  relaxed when measuring S parameters .

3-2 The Transmission Scattering M a t r i x

A set of network parameters similar to the scattering

matrix c a n  he used to descr ibe each component  network in

a (;ts( ad(’ connection in such a manner that matrix multiplica-

tion c an  be used to calculate the performance of the entire

assembly 9 . This set of parameters is called the trans-

m i s s i o n  s c a t t e r i n g  m a t r i x  or T parameters . It must be

mentioned here that transmission can occur from port 1 to

por t  2 of a ne twork  or v ice  versa , i m p l y i n g  tha t  two sets

of T parameters can be defined for a given network. For

— 
- - -  _ _ _-
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~ 
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r —

pr a (’tIc aI reasons that will be discussed shortly, the T matr ix

w i l l  be d e f i n e d  her e as

• a 1~ rT 11 T12~ [b21

Lb i~ 
T21 T22J La2j (3—2.1).

In terms of the s parameters , these T parameters are :

— 1 - ~22T11 
~21 

T12
(3—2.2).

T = —~--~ T = 
~ 12 ~2l~~~l l  ~22

21 s21 22 S21

Though express ing the  inpu t  (por t  1) sca t te r ing  variables in

terms o f those at t he output (port 2) seems unnatural ,

e s p e c i a l l y  i f  the network is an a m p l i f i e r , the reason becomes

clear on inspection of (3—2.2). s21 appears in the denominator

of every T parameter . If the T m a t r i x  was defined to give

the port 2 scattering variables in terms of those at port 1 ,

t h e  T parameters  w o u l d  be d e f i n e d  w i t h  s12 as the universal

d e n o m i n a t o r .  I n  a p r a c t i c a l  s i t u a t i o n  such as in an a m p l i f ie - - ,

and a small s12 would not be accurately measurable ,

t h us the  “ reverse ’ T m a t r i x  would be more appropriate for

calculating expected properties of nonreciprocal networks such

as those containing transistors.

E i t h e r  way T parameters are def ined , the  key property of

21



a -, i i  • i  b - i t t a t  i i  if l  l i ~ i t ia i r  I .\ W i t  I I I j i l  I (a I 1 ‘ i f l  I ~ aV a  I 1 iii) I’ t o

I I \  a t i t ’ ; e - i . r i , ’ ; i t  l o l l ol a onip l i~~a t ed rii ’Iwo~-ks . ( i n s i d er

n i - i  ~i ii ks N a f ld  N~ w i t  It r o sp e ct  I V ’ ’  I n p u t  ; I f l ( l  o u t p u t

s c a t  i t ’  F i tt~ ’ ~a r 1 at) I t s  a , a
2 

, b~ and a — 1)
1 

— 
, a~ , b

2

The ne tworks are defined by transmission matrices T and T

‘.‘. h i c l  give the ass o c i a t e d  port 1 variables in terms of the

por t 2 variables . I f  ne twork  N is connected in cascade after

network N
1 a2 is seen to be equal to b1 and similarly for

h~ and 1 1 .  By substitution , then a1 and b1 can be formed in

t rms of ‘~~2 and b2 .

ra
1~~ rr 11 

T121rT 11 T l2 lr b 2n
= I I  - , (3—2.3).

I — — I f  —

~~~~~~~ ~~~ T22~ LT21 T22 ~ L~~~ ~

Clearl y large ladder networks of cascaded elements can be

analyzed by this process of matrix multipl ication 9.

Since S parameters are more easily measurable with

ct r r , r n e r c i a l l y  a v a i l a b l e  equipment , once a composite ladder

n e t ~~o r k ’ -s T parameters have been calculated , it is useful to

t r a n s f o r m  them into the corresponding s parameters describing

‘ia - ~- ‘~m p o s i t e .  The inverse transformation is given by

- - 
1 21 S — 

T 11T22 — T 21 T 12— 12 —

-T 12 , (3—2.4).
5
2 l T

~~ 
S22 = 

T11

7
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I - - a  of ‘I’ p a r . tm . ’( e r s  a n d  S paramv1er’~ p e rmi t s syst*~m at I C  corn—

pi t e r analyses which can be easil y checked by  ac (’ur .tte ’ m ie r

wave mea surements.

3-3 Passive Circuit Elements

Now that S and T parameters hav e been discussed , thei r

use in describing the standard buildin g blocks of m icro~-ave

amnlif ier circuits can be summarized . Because th~- si -at~ erin,

variables a and b are referred to a normalization resistanc e

R at each port , by necessity each circuit building block T

matrix contains this reference. From this point on this

normalization resistance will be considered to he identica i

for both ports of each building block and of t k~~ent~~re compo-

site circuit. Keeping with standard practic e , this resistance

R will be assumed to be equal to 50i2 real impedance. This

convection permits direct use of manufacturer measured

transistor ~ parameters in computer analysis and optimization

of amplifi er circuits. The standard building blocks used in

amplif ie r matching networks include lumped series impedances ,

l umped shunt admittances , and distributed elements such as

cascade lines , shorted and open shunt stubs , and shorted and

open series stubs . The transmission scattering models of

these circuit elements are summarized in Tables 3-3.1 and

3—3.2.
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TABLE 3-3. 1 LUMPED ELEMENTS

T R A N S M I S S I O N
EL EMENT DIAGRAM SCAT TERING MATRIX

SER IES R R
IMPEDENCE _ _ _ _ _ _ _ _  1..

2R ZR

SHUNT R R 
+ 

2

ADMITTANCE LyJ ...
~~~~~~~~2 2

R NORMALIZAT ION RESISTANCE (50 OHMS)

714
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-
- ~~~~ ~~~~~~~~ ~~ c
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TABLE 3-3. 2 DISTRIBUTED ELEMENTS

ELEMENT DIAGRAM TRANSMISSION SCATTERING MATRIX

2 2. 2 2 .  scos h I+Z ~ R sInh72 Zp-R smh1L
2Z-~ 

- 

~~~~ RCASCADE R Z0 R
LINE —j —-- Zc2-R2sinhit cosh~~- Z:~R~mhi!

ZZ0R 2Z0R

SHUNT _ _ _ _  

s~~ comi~ R cothv!

SHORTED R ZQJ R f’ : 2Z0 2Z0

STUB _ _ _ _ _ _ _ _ _  -.L coth i! I-R coth il
2Z~ 2Z0

SHUNT 
_ _ _ _

i__ i+ ~~~ tan t~ii R tonh r!

OPEN R~~~~~ 2~~~R I: 2Z0 2Z0
STUB _ _ _ _  

- R tanhi! I- R tonhyf
2Z0 2Z0

SERIES i + Z 0 tanh i! Z0 tvinhr!
SHORTED l i z o ll 1~ 

2R ZR

STUB ~~~tonh i! - 20 tar*t irt
R R 2R 2R -

SERIES i i Z~ coth v/ - Zo cot hi!
OPEN Z0 2R ZR

STUB ___  ~~ 
cothi! I - ~~ coth i!

R R ZR ZR

I, 75
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( ‘ILAI’TEH l \ . MICROSTRIP REALIZATIONS OF CIRCUIT ELEMENTS

‘.I ie ro: - .t r ip ‘I i’ nsm i s s i i in  I , i t i e s : An al v~;is a n d  Desi gn

f lu Ic i~’ ~-. t F i p I ransm ss i en 1 i no co ns  i s t s  o f  a s i ng I e f l a t

con d u c t c sa’parated f r o m  a comparatively very wide  ground

plane ’ by an insulating substrate . In general , the relative

di e l e ctric c ins tant of the substrate material is greater than

one . I n  such a case , waves propagate down the line with

electric field components both in the substrate and in the

air above ih . conductor. Figure 4 - 1 . 1  shows this standard

rn u re ’~Lr ip ~y e m - t r y  l i t  ~ res.s sect IOII . The inheniegenei ty

‘ I . - ‘I l a I ( ’ ( - I  r i o  a u r r o i i n o l in g  t h e  f l a t. (‘(Inductor prevents

su~~p - r t  et  N M mod (’s on the line , caus ing dispersive effects.

The el a ’trica l characteristics of isolated distributed

transmission lines arc completely determined by three

quantiti e s , , ~~, and Z .  Given the geometry of a given

m i c r o u . T  r i p  conf iguration along with the properties of the

mat erials used , it is possible to calculate these three

basic electrical quantities . Specifically, to calculate the

elec tr ical characteristics of a single microstrip conductor ,

the following quantities (illustrated in Figure 4—1.1)

must be known : h . the substrate thickness : w , the conductor

width; t , the conductor thickness; ç ,  the conductor metal

resistivity; and Cr 1 the? substrate material relative di—

0 1 ( c  t rio (‘ens tant

26
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FIGURE 4-1.1 STANDARD MICROSTRIP CONFIGURATION
IN CROSS SECTION

AIR f~ :l.O

I CENTER CONDUCTOR~~ ~~ 
j t

M I C
A 1203 SUBSTRATE

Au GROUND PLANE CONDUCTOR

PARAMET ERS OF ELECTROT EC SFG SUBSTRATE
SUBSTRAT E RELAT IVE DIELECTRIC CONSTANT €r 9.7

SUBSTRAT E THICKN ESS : hz0.O25 TM

CONDUCTOR RESISTIVI TY : pAu~ 2.42 ,Q
~~ cm

CONDUCTOR THICKNESS : t = 0 . 2 5 x I O~ ”
CONDUCTOR WIDTH : w (DEPENDS ON Z 0 DESIRED)
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Iq )I 4 ’(~ II r( s f o u r ’  r~ i I c i t l a t  ing the e lec tri cal (di ;or :tcterisl 105

. 1  f l l ) a i ~o5l  r ip  I Ito’ t i ; t ~~e been summarized i n t h e  microwave

• fl ,~ I fl - r 1 fl~~ I I t  a rat u re . The procedure used i n this research

Is h~~~~u1 u n  the geometric analyses in (10), the inc1us~ on o f

di spersive effects outlined in (11) and (12). and the loss

- f f e ’t s  described i n  ( 1 3 )  and (l~i). The first quantity

that is ca l cu l a t e d  is the eff ectiv e low frequency relative

(Il el a - (’t ri c constant , 
t’ l f

= 
‘: +l 

+ (r ~~
) 
(
i + 

-1/2  
, (4-1.1).

Th e dep arture of f rom is due to the fact that only

part f - f  the electr ic fi eld around the conductor lies in

di electric substrate , the rest being in air. Before

high f requency dispersive adjustments can be made on 0eff’

the low frequency characteristic impedance must be calculated -

in terms of w h and a:eff

“ni = 
/~~~

— ~n [~~ + ; 1 (4—i 2a)

(‘f t

1 2 W/
ZOL 

e f f  - 
6 ~ 1 , ( 4 — 1 . 2 b ) .

+ 2 . 4 2- 0 .4 4  + ( 1-h w w

Giv en Z0 1 ,  G e t sin g e r ’ s empirical formula ~or correcting £ ff

for dispersion is then applied to obtain the frequency depen—

dent e f t  (‘Ot ly e d ic ier  t r ic  co n stan t ’ 1 , 12

4 ~
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C — C  Z
= r — 

1 G (~
i
~~~ 

= ____

G = 0 . 6 + 0 . 009 Z01 , ( 4 - 1 . 3 )

where c ( f )  = frequency sensitive effective relative dielectric

constant

= 31 .92nH/inch

f = f r e quency in hertz.

Once c (f) is known , the microwave frequency characteris-

tic impedance , Z0, and the phase factor , B , can be calculated

at each f r equency  of in terest .

= ZOLJ:(f) , (4-1.4) 

-

2~ f~ L ( f )
B = , ( 4 — 1 . 5 )

where c 1.1803 inches/sec.

The cal :ilation of the  loss f a c t o r , a , is somewhat more

complex than the other quantities , B and Z0. Pucel , Masse~

and lIartwi g 1’
~’ 1’1 first give formulae for an effective trans-

mission line width , w~~, in terms of conductor thickness ,

substrate thickness and physical width.

= w * .w , (4—1.6)

= (;.n (
~

-
~~~

) + I ) ;  ~ , (4—1.7a)

1 2t < w 1
‘- Fi— i~’
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( . t i (~~~ ) 1 ) ; , (4-1 .7b).

I - i’ u~ Scliiieida ’r t h e  skin resist ance of th e conductor material

s g i von b

= ~TT . ( 4 — 1 . 8 ) .

Puce!, Masse and Hartwi g then give formulae for a normalized

a l l enuat ~on quantity designated here by A 14
. -

= 
~~~ [l_ (

~~~
) L 1+ + 

h (~~ (
4TI W ) + t ) J

~ ~~~~ (4—1. 9a)

F 21~
A = 

8.68 
L~~ 4h~ ~L’+ + —~~ (9~n (p)-  -~)J

a: ~ 2 , ( 4 - l .9 b )

8.68 w /~ h
“ 

~~~~~~ ~2~ie ( ~~~ + 0.94)~
} 

2 + 
W 

+ O.94J

1+ + —~~~(~~n(~ -~ )- ~)] ; 2< , (4-1.9c)

wh e r e  ..\ = Z ho OL
R
S

= u nc o r r e c t e d  loss in  db/ i nch

a -  = N a p e r i a n  base .

Fina ll y , the loss per unit length of a transmission line of

~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~ yY~ 
— -- —a-

- %~~ “ r~~ ~ ~~
— - --



~~i ven  w i d t h  on a given substrate at the frequency of interest

A R db
= ;- --- -—- V u . (1) - — ~~ • i~4— 1 .10

Z h inch

T i  ob tain a in nepers per inch , a as defined in (4—1.10) must

be divided by 8.686 .

The basic quantities defining the performance of lengths

of  s imp le  s i n g l e c& ~ ductor m ic ros t r i p  t ransmiss ion l ines  have

been presented in this section . As specific circuit elements

are considered , coupled lines , end—effect and other refine—

m o- nt s w i l l  be discussed .

Al I of the m icrostrip formulae given here are useful in

anal 51s of a given microstrip transmission line , but are

not easil y adaptable to the physical design of a distributed

circuit element with given Z0, B , and a. Computer iteration ,

however , overcomes this difficulty and permits use of the

analysis formulae . Because physical length for a given

electrical length depends on the effective dielectric

constant , computer iteration is used to calculate width from

the characteristic impedance desired . In addition , to minimize

the effects (If dispersion , the computer iteration is performed

for the t’n ti’ r frequency of the desired operating band of

the element. The iterative procedure begins with four

qu ant itie ’-~ defining the unalterable aspects of the microstrip

medium : h . t , ~~ 
~~~~

. An initial width is assumed . In order ,

----- ~- .
_ _  ~~~~~~~~~~~~~~ 

-
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I ha ; u L I t l t t ‘ i t S  - . ~~~ u ( t ) ,  I o r e  r - a l - u l a t o - d  according

t o  a - q r I : o t i o o ’ I -  1 — 1 . 1 , - ) -. l . 2o ”~b , - 1 — l . :~ , and l — l . ~1 r -upa- - ti \ ’ ’ly.

- - - , i  t’ i ci . d o -ne t a d  Z~~[) is t h en  t i —a-’d t • Ca I c uj a t  a

- r • • ‘
~~ 1 ,1c c i ‘-rr uo r and a n q u a r .  er r o r .

L0[)
_ Z
0

- = —— -- -— - , (4— i .1 1
Z
0

2
= (~~~ Sl ( ;~d - l , ~ - (4—1.12).

I —. i r i :  i t ’  s i c n o - i i  f r u t  ion al erro r , a ne~ w idth is computed .

\ • o’a~~ I ~ER 
~-~I(;NEb~ 

- (-1— 1.13)

wha ’ r a - ~‘ u j e  flew and old width values in inches . W i t h

t h e  ii . v. v . i d t L  Z0 is  rec :i l c u l a t e d and ER sQUARE is found

and c (0rlltred i~o a desi red tolerance figure to determine if

s c lest a n u c c i ~h to The process is repeated unt il

this l a ’  e r C ’ - f l ( - , ra iJirF ~meflt is sati sfied . Once Z
0 

ha s been

i I a -  ra t ~- 4 1~~> ~i a o r Z0[)~ [lie q u an t it I es , Z
0~~. 

and ( 1 
~

ha~ a ’  : , u t ’n n a t  c a l  I v  been ~‘a I u l:i t a d  f o r  that iii pa’duflca-

p a rn) i I I l i c , r;~ I c l  I a t i o t t  o f  I he v I • • i  I ~i a  i i  or afi(t b e t a -I -

p h v i o a l  I r u t h  g j \ i . f l  t h e  d e s i r e d  a - l o - ( - t r l ( - o l  a - n g t f c .

V = ~~~ - - -- - ( 4 - 1. 1 4)
J-

~~~~~~ 
t’ )

PH YS = ~ ‘ ELLC ‘ 
(-1-1 . 15)

w het ’e  V = v el oc i t- ’, fa~~tor. - -

-— — ~~~~~~~~~~~~~~~~~~~~~~~~~ ~T’~-~ :-
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-
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1-2 Uealizat ion of Short and Open Circuit - s in Microstrip

Be fore the discussion of realizing distributed or lumped

circuit elements can profitably begin , the apparently simple

tasks of achieving short and open circuits at desired loca-

tions must be dealt with. The design of a short circuit is

considerably complicated by the possible presence of DC bias .

If a matching circuit for a transistor amplifier is to employ

shorts , at the end of shunt tuning stubs for example , the

‘ short ” must be an open circuit at DC. Bypass capacitors ,

t h e  obvious so lu t ion  at low RF f requencies , are f requen t ly

inductive in the 4-8 GHz band , the operating range of the

amplifiers to be discussed in the next two chapters . Open

circuits , though easier to achieve than short circuits , are

not without unavoidable parasitic effects .

Two methods of achieving microwave shorts that present

DC open circuits were tried. One method was to use commer-

c i a l l y  available chip capacitors . The other method , suggested

by A l l e n Podell 15 , was to employ a fan  shaped micros t rip

s t r u c t u r e  to produce an effective short at its center of

curvature .

The direct approach of using a bypass capacitor can be

broken down into two problems : choosing the best capacitor

for design band based on manufacturer ’s measurements and working

out a good configuration for installation . An excellent

commercially available capacitor line designed for microstrip

~33
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cs
~~ 

~~~~ l i e u I , 0 1
h 

, L\to ’flslv (’ m anulat’t u rei- mea~~u re m ef lt s  i n

Ii i c l u  u\ ~ :l V a  - flo l I - ~ • :1( 1404 to the Va I ua • of thes- ’ units

[fl f a rt - c n n t a - I  y the cap a c  tie rs w e r e  characterized only to 3 GHZ

but the da t a suppl ied permitted determination o~ an approxi—

mate h i g h  f r - qu e n o -y  e q u i v a l e n t  c i r c u i t .  A perf ect lumped

c ap a ” i t ’ r  cannot ex i s t ;  t h e  r h y s i c a l  size of any practical

anit ~n c1rr d in ~ -cc ip u n i t s  imparts electrical length and hence

- - e r 1 a - ~~ indu ,- t a n - a -  to the capacItor. For use in the 4—8 GHz

band , [ lie A T(  capacitor with the largest measured negative

-h unt ra-:u- t a n~ t - at 3 GHz was selected by means of the

manu f:cc tu r a - r ’ s data ’7 . This 5.1 pF unit has a measured

rea c tance o f  -j 2 . 1 3 4  at 3 GHz vs. an expected value of

- 
I - j 1 0 . -L~. The Ser i e s  inductance having a reactance of +j8.27~

~t 3 (4Hz is .439n}-I . Series self resonance is thus at 3.36 GHz

and the total shunt reactance of the capacitor is +j18.2iR

a t . ~ GIIi . The (-apac I t i! ~ is not a good short from 4—8 GHz

according to these ( a l  cii i : t t  ions , but was the best one found by

I h a -  a u t ho r .  [‘urt h a -r rner - aic o r d in g I c  ( 1 7 ) ,  a l  I ATC capa c- 1 —

t o ’— ~ a ’Xh !t) I t a ‘ ‘ p a r a l l e l— I  ike ’’ resonance at  a somewhat h i g n e r

f r - - c - nc’, than tha t of series resonance. ‘Data for the 5.1 pF

uni t ~ns net availabl e at frequencies high enough to observe

t h -  p ar a1l e~ — 11 ke ” resonance , but larger capacitors ~i .e. ,

100 pF) exhibited this characteristic at about 2.5 GHz. In

c l i  l ikelihood judging from the performance of the 100 pF unit ,

par a ll el - like resonance could occur as low as 4 GHz. Experi—

m --n ta l r - ’ -~u 1ts with the 5.1 pF capacitors indicate anomolous

- -- ~- ;$  ____________ - ‘ - -e ~~~~ - ~~~~~~,- - - - 1L1~~~
— 
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l , a - l c a v c o o i ’  I ron) ~t .5~~1 . I Gflz it s W i  1 1  be d i s i i s s a l ( I  in t he  next

c hapter. An a’xamph- el c a p i t a - I  I or i n s t a l  h u t  ion is  shown in

F’ i g u r & -  4 — 1 .1 -

The more subtle Podel 1 technique of ach i eving a DC o p e n —

microwave short consists of achieving the best short circuit

possible at the center frequency of the design band through

use of an open stub one quarter of a wavelength long . A

conventional open stub will produce a good short at the

desired location only over a narrow band . Podell’s approach

is to fabricate the open “stub” as a microstrip center

conductor in the shape of a circle sector subtended by as

lar ge an angle as possible (120° - 270°). Because of the

large area of the open “stub” , Podell proposed that the

p h y s i c a l  t ad iu s  of A g ( f c )/ 4  be ca lcula ted using the substrate

material dielectric constant ’8. The rationale behind this

idea is that even at frequencies at the edges of the octave

width design band , the admittance of the pie-shaped short will

be large . Best results would be achieved according to this

reasoning by separating low characteristic impedance shunt

stubs to be shorted into two shunt stubs of twice this

impedance extending out on each side of the main signal

carrying line . These higher impedance stubs would then be

terminated by separate pie-shaped shorts , maximizing the

discontinuity and improving the quality of the short.

¶ 
- 

- 
Unfortunately too late to be used in the physical

realizat ions of any of the amplifiers to be discussed later ,

_ _  
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a method was  suggested ’9 to quantitatively characterize the

Pode l I pie-shaped s h o r t.. The method of analysis used in the

- : i l c u l a t  ic ,nS t r e a t s  the short structures as sectors of radial

Iines~ . The radial analysis of the Podell short begins with

the dimensions. of the fan-structure and the substrate

material dielectric constant . The electrical inner radius

O f  radial line is computed from the stub line width , w~~.

— 
‘o
~s , (4—2.1),

— v

The electrica l outer radius of the line is computed from the

1) h V s I c a l  Ou t  side r a d i u s .

H = H a
’
~~~~~ 

(4—2.2).
( a  o PHYS r

The chara cteristi c impedance of the substrate is computed

from the impedance of free space , giving

= - . (4—2.3).
a 1-

The free space propagati on factor , ~~~, is calculated for each

f r e q u e ncy  f rom :

= , (4—2.4)

where  r = 2.998x10’0 ‘ , the speed of light .

For each frequency of interest , the dimensionless radius

arguments , X. and X are calculated us ing

BR , (4-.2.5a)

_ _  _ _  
~~~~~~ ~~~~~~~

_
~4- 

~~~~~~~

- - 
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= BR ( 4 — 2 . 5 b ) .

t . s in g  t h e  d i men s i o n l e s s  radius quantiti es , the input impedance

of t h e  full radial line is found at each frequency from

h ~~~ 
~
0i~~

’L)
~ 2iiR 1 

Z 1 sin(cP i
_ P

LT 
, (4—2.6)

where h = sub’-’trate thickness

/J
2(x )÷y 2(x)

zoi = 

~JJ
2(x )+y 2(x)

-i rY0(x 1~= tan 
~L ° ~~J

-l rJ1(X 1)1
• -

~~~ 
= tan 

L_Yi~
c
~J

1 rJ1 ( X )
= tan I £ 0

LY i (X
~~

Analyses of the four short structures fabricated in ampli-

fiers I and 2 along with analyses of improved designs for two

of the stubs based on the radial method are listed in Table

4-2 .1. Figures5-l .3 and 6-4.1 show the Podell shorts used

in each amplifier . Series resonant LC circuits to ground

which closely approximate the performance of both Amplifier 1

fan shorts were found . For short 1 , C = 6.21 pF and L = 0.52nH ;

for short 2, C = 3.52 pF and L = 0.45nH . To check the validity

of this radial line analysis f~~’the pie—shaped short structure ,

37
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IA RI ft 4— ) . 1: FAN ShIO KJ’ IMPEDANCES

•\Mf’ I Shortc : 4— R CUz A~p ? Shorts: 4— 8 GHz
I 2 2 Improved 1 2 2 Imp roved

SECTOR 180 0 900 120° l32~ 1800 1800
R . .0055” .027” .027” .0034” .0018” .0018”

1

R .19” .19” .145” .15” .15” .08”
0

FREQ.(GHz)

2 .-j 4 .55  - .jl S.8O —j 24 .35  —j 14 .O6 —j 9.02 —j39.55

2.5 —j 0.99 —J1O .21 —j18.02 —j 7.37 —j 3.77 —j28.70

3 +j 1.91 —j 5.99 —j13 .51 —j 2.16 +j 0.37 —j20.92

3.5 +i 4.45 —j 2.53 —jlO.04 +j 2.22 +j 3.91 —j14.89

4 +j 6.79 +j 0.49 —j 7.21 +j 6.10 +j 7.08 —j 9.94

4.5 +j  9.03 4-j 3.24 —j 4.79 +j 9.66 +jlO.02 —j 5.72

5 -+-j11 .22 +
~ 5.85 —j 2.65 +j13.03 +j12.82 —j 1.99

5.5 -4-j13.42 +j 8.39 —j 0.71 +j16.27 +j15.53 +j 1.37

6 +115.66 +jlO.93 +j 1.10 +j19.45 +j18.l9 +j 4.47

6.5 +j18.00 +j13.54 +j 2.82 +j22.62 +j20.85 +j 7.38

7 +l20 .~aM +j16.28 +j 4.48 +j25 .SO +j23 .52 +j10.13

7.5 +j23 .17 +j19.22 +j 6.12 +j29.04 +j26.23 +j12.78

8 +126.16 +j22.45 +j 7.76 +j32.37 +j29.01 +~15.33

3q
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a c~ reuit analysis of Amplifier 1 was performed with the L

and C values just mentioned. As will be discussed in Chapter

5 , th is LC model derived from the radial anlvsis satisfactorily

explained the measured results.

Open circuits do not present serious problems in

realization , but do exhibit parasitic effects. These parasitics

cons ist of fringing capacitance at the open circuit and a

shunt radiation conductance . The fringing capacitance is

caused by extension of electric field lines of force beyond

the end of the terminating microstrip center conductor . This

fringing c apacitance can be modelled as an extension in the

electrical length of the open-circuited stub21 ’22 according

to

= ~~~ arcc - (u t 
[
~~~~w cot (2nc)

] 
, (4—2.7)

where A = wavelength on substrateg

w = terminating line width

= ~~~ Qn2 , h = substrate thickness.

The paras iti~ fringing capacitance can be absorbed in the

design of a microstrip open circuit by shortening the open

stub by the amount calculated in (4-2.7). Radiation con—

ductance cannot be compensated for as can fringing capacitance

and represents a component of circuit loss. A formula for

radiation conductance is given in (24). The radiation

conductance is given by

— —- .--——- _ __ - _ _ ___ 7 - _~’~~~ 
: -—
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~
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( I  ))~ /2 2
(; - - “ -

~~~
- , (4—2.8)

where t I) is the e f fec t iv e dielectric constant at frequency

A = free space wavelength.

Ac cording to Sobol , this approximate form is quite accurate

for (w/,~ ) / t ( f )  < 0.5. For the typical situation to be

found in microstrip designs such as Amplifier 1 and 2,

the condition of applicability is easily satisfied even at

8 GHz (0.021<0.5). The conductance of an open circuited

50 .  m icrostrip l i n e  on an A 1203 substrate at 8 GHz is 2.62x10
5

mhos . Eff e ctively, the “open” circuit is a 38K resistor. This

p a r a s i ti c  effect can safely be ignored for all practical

purposes in the 4-8 GHz band.

- -1-3 Realization of Distributed Circuit Elements

Thf— various distributed circuit elements shown in Table

3-3.2 can be realized using microstrip techniques . Cascade

lines are the simplest elements to realize since difficulties

such as short circuit realization or coupling do not arise.

The desired characteristic impedance of the single conductor

is obtained b~- controlling the width as discussed in Section

4-1. The physical length is calculated from desired electrical

length by multiplying by the velocity factor as in (4—1.15)

corresponding to the g i ven Z0 and ce(f)~ 
Since £e(f) is a

func ti on of i requency, the center frequency for a broadband

~40
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design should be used . The dispersive effects cause negligibl e

di stortion of the various electrical parameters for octave

bands f a r  below the substrate cut—off frequency . This fre-

quency is given by

1 2 GHz , (4—3.1)
~ h (r~,— l) 

/

where h is the substrate thickness in mm. For example ,

0.025” thick A 1203 substrates with £r 9 7  have a cut—off

frequency of 40 Gl-Iz.

A difficulty arises when designing a series of cascade

microstrip lines which differ markedly in characteristic

impedance. A precise calculation of the impedance step is

contained in (25) where a shunt capacitor is used to model

the discontinuity . If the impedance step is large , the dis-

continuity can be approximated by the open-circuit end—effect

capacitance modelled as an increase in electrical length of

the wider line 21 ’22’23. The formula for this increase is

given as (4—2.7). In addition (23) and (22) give a formula

for seri0s Inductive reactance for the impedance discontin-

U i t V

- I .  Z
0

W~ 
~fl[csc 

~~~ 
, (4—3.2)

where Z0,,~, characteristic impedance of the wide line

A gw = wavelength on wide line

W , W a — 
377h

n w ,~
— (f )on ,w en ,w

- . -~ —- 
:-

~~~~~
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To guage the  e f f e c t  of the series inductance , a hypothetical

~~‘rst-casa’ situation of a junction of a 3011 cascade line

a IOU . cascade line was tested . On 0.025” A1 203

m ic r os tr ip these two impedances were deemed the limits

achievable with equipment available to the author. The

i nd io- t i~~a - rea (’tance resulting from such a junction at 8 GHz

would t ie  ÷ j  8.7O~~, giving an inductance of 0.173nH . For

most practical situations , this inductive effect can probably

be s a f e l y  i gnored .  For the  purposes of this research , the

design of cascade lines will consider only the end—effect

lengthening of the wider line for “abrupt” transitions . An

abrupt transition is heuristically defined here as a 30%

step in physical width. A fairly abrupt transition is

illus trated by the output circuit realization of Amplifier 2

in Fi gure 6— -I .1

Shorted shunt stubs , with the exception of the actual

short circ uit discussed in Section 4—2 , present no special

design problems . Width is iteratively calculated from the

charact eri stic i mpedance as discussed in Section 4—1.

Physical length is then calculated from electrical length

u s i n g  i 4 - 1 . 14 ) .  Open stubs are designed exactly the same

way, but in addition the end—effect length is calculated

and sub iract ad from the physical length to complete the

r -al i -z a r  ion .

The distributed elements which remain to be covered are

the sa- r i~--s shorted and series open stubs . Series stubs are

the most difficult distributed circuit elements to realize



acc u r a t e l y  in  m i c r o s t r i p  for  the reason that  they cannot be

r e a l i z e d  without excess shunt capacitance at the necessary
26 27 . -right-angle bends ‘ (see Figure 4-3.1). In addition , the -

series open stub blocks DC. compl i ca t i ng  g rea t ly  biasing in

the design of a transistor amplifier . Use of odd mode

coupl ing 28 is shown in Figure 4-3.1 for open and

shorted stubs . Forward mode or even coupling could be used

for the open stub; however , the added difficulty of considerable

cascade electrical length is introduced . It is possible28

to construct entire filters using composite elements em-

ploying forward mode coupling , but such techniques are out-

side the framework of the transistor matching network

synthesis procedures upon which this work is based . Formulas

for calculating coupled even and odd mode characteristic

impedances are gi ven by ( 2 8 ) .

377c~ 1
00 v’~T w w I . 35 4 1 1 . 35r h 3h~~~ ~n(~~~) 

+ 

3f~ ~~+l 9 ( 4S tanh (4h/s))

(4—3.3)

z 377f~ I
00 ~~~ w ~~l.35 + w 1 + 1.35 1

h 3hf Ln (~~~) 3h/ç ~+1 ~n(~~~) ~+l

(4—3.4)

where w = microstrip line width

h substrate thickness

= substrate relative dielectric constant

t = conductor thickness

LI3
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FTGURE 4-3. 1 REALIZATiON OF DISTR BUTED
CI RCUIT ELEM ENTS IN MICROST RIP
SERIES STUBS

a) SERIES OPEN STUB

5O~~ 
7

S Z0:Z00

w w
(—4 4-4

I I 4
L...~~ ~~ J 4, t~i END-EFFECT

b) SERIES SHORTED STUB
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.5 = mI (rost ri f ) line spacing.

Figure -1 — 3 .1 shows the outside corners of all right—angled

bends removed with a diagonal cut. This technique represents

an effort to approximately remove the excess capacitance

caused by the bend . Due to the difficulty of analytically

describing the series stubs with any degree of precision ,

their use was avoided in the experimental work discussed later .

l-~(Iuations (4-3.3) and (4-3.4) can be used for computerized

iterat ive design as well as analysis. These formulae are only

approximate and designs based on them should be checked in

tables made from more precise field calculations29. Fairly

accurate implicit design formulae have been published30, but

their use was deemed too cumbersome for the purposes of this

work .

:!~± Realization of Lumped Circuit Elements: Inductors

The microstri p designs for both Amplifiers 1 and 2 to

be described in the next two chapters required the use of

series l umped inductances at the transistor package as part

of the matching network design . Due to limitations of equip-

ment and mate~-ia l , it was decided that any lumped inductors

must h a - realized with materials at hand . The block—shaped

transistor package (style 60) of the Hewlett-Packard GaAs

SBFET ’ s used in  t h i s  work is shown incorporated into Am p l i f i e r

1 in Figure 5-1.3. The block is hollowed out to accommodate

_ 
- 
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t h e  t r a n s i s t o r  ch ip. Two ports located in the center of the

broad  opposing sides of the package provide egress for flat

(0.03 xU.005”) gold leads for the gate and drain. The

t r a ns i s t o r  source is grounded to the body of the rectangular

block. The gate and drain leads issue from the package ,

broadside lacing down , 0.060” above the bottom of the base.

A computer program was located in the microwave trade

literature 3’ containing a formula for calculating the

inducat ti -e 01 round wires over a ground plane . The inductors

b r  Amplifier 1 were designed by transforming the flat

transistor leads int~ round wires of equal cross—section

and iteratively calculating using the formula of (31) given

in (4—4.1).

L = 0.00254-Ll•Y ,

Y = 2 
[los 

(
~~~

) + log (~~~~) + Tl + Xl- +

Xl = ~Jç +  _L
~ .

Ti =j Il + , (4—4 1)

x Li
Dl

LiT Hi

where Li = wire length in mi ls

Hi a wire height above ground in mils

Dl = w i r e  diameter in mils.



.1 i u l g  t u g  I rorn t he per  tormanci- oI Amp ! i or I - as described in

ha- next chap te r , ( 4—4 . I ) appeared to sev’ re 1 y underestimate

• the lead inductance when used in the manner described .

Based on the experience gathered in testing and analyzing

Amplifier 1 , a new method of calculating the Package 60 lead

inductance was derived . This new technique , which produced

the most satisfactory results in computer simulations of

Amplifier 1 consists of modelling the flat transistor leads

as “open-air ’ microstrip transmission lines. The “substrate’

material under the lead is air with a relative dielectric

constant of I. Since air totally surrounds the conductor ,

there is no inhomogeneity and the effective , dispersive

dielectric constant is also 1 at all frequencies . Using the

physical geometry of the transistor leads and the conductivity

of the conductor material (gold), the characteristic

i mpedance of the cascade lines was found to be l67~2 and the

ve l ocity factor 1. The propagation constant , a+jB was

e;Ll (-ulated to be 0.00401 + .j3.194 at 6 GHz. F rom transmission

l i n e  theory ( 3 2 ) ,

= (R+jwL)jwC , (4—4.2)

where R , L , and C denote quantities per unit length and shunt

conductance is assumed negligible. Also ,

R +j wL
- 

jt4~C 
(4—4.3)

Thus :

“ I

z - = j~iC , (4—4.4).
0
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= R+j 1 l . , ( 4 — 4 . 5 ) .

Shu st it uting the known quantities for the Package 60 leads ,

the distributed parameters were found to be

R = 2.29l~/inch

C = 0 . 5 Ip F / i n ch  , (4—4.6).

L = 14.l34nH/inch

As will be discussed in the performance analysis of Amplifier 1

in Chapter 5, the inductance figure of (4—4.6) seems to

describe adequately the performance of the transistor leads.

4-5. Transitions from Coaxial Line to Microstrip

The problems associated with the transition from coaxial

transmission line to the planar geometry of microstrip lines

has been discussed at some length in the literature21 ’33.

Wight . et.al .23 synthesized an equivalent circuit for the

OSM 244-4A microstrip launcher used as a transition between

50~ coax and 50~l microstrip line at 10 GRz. For the micro—

strip configurations employed by the author , Wight obtained

the equivalent circuit describing the launcher alone as

shown in Figure 4-5.la. Measurements were performed by the

author on a simple test set-up (Figure 4-5.lb) consisting of

a 1 50~ micros trip MIC line soldered to a brass base . OSM

244-4A launchers were attached to the 5011 line at

each end using 0S14107A brackets , s11 and s21 was

- - - - 
- 
-c.- - ;:- - - ~~ ~~~~~~~~~~~~~ 

-- - 
___________________ ____________________
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-
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FIGURE 4-5.1

O.I43nH

( a )  
~~~~~~~~~~~~~~~ LAUNCHER ____  COAX LM,CROSTRiP

COAX OSM 244 4A MICROSTRIP C0- 5O~~ T0i~~ 
50�2

50S2 5O~~

Wight 10 GHz equivalent for OSM 244— 4A transition from 5011
coax to 5011 microstrip line on 0.025” A1203 substrate r 99

~

(b)  OSM 244- 4A LAUNCHERS

0S14107A
1~ BRACKETSj~~ ....1 MEASUREMENT

i i TEST SET - UP
REF. PLANE REF~ PLANE

5O~~ MICROSTRIP
LINE ON SUBSTRAT E

BRASS BLOCK SOLDERED
TO SUBSTRATE

(c) Equivalent circuit of test set—up using Wight model

.I43nH •143nh

COAX L 5O�~ I COAX
C .—~ .0175pf MICROSTRIP .OIlSpf ~~.

5O~~ J LINE J 5O1~—ru

_  

__ 
- I



rneas~~ra i l i r  t h e  t a - s t  set— up at t h e  RADC automatic Hewlett—

Pa- k~ rd u t - t w i  rk ana 1y~ a -r bet wi-en 4 0Hz and 8 GH-z using the

GPM— 2 p t-  g r a m .  ‘I’hesa- measurement s a r f- tabula ted i n  Table

4 - 5 . 1 . Earl I or m”a su rem en  ts made on t he m a n u a l l y  operated

HP network :tnalyzer at (‘ornell of  the same test set—up agree

ra -aso nab lv w a - il with the automa ted measurements. A computer

ral cula. t I O n  ot  t h e  S parameters of the test set—up using

W i ght ‘s 10 0Hz model for the launchers in the 4—8 GHz range

(Tahla- 1-5.2) did not agree closely with the measured results.

A new circuit model appeared to be necessary to describe

t he  OSM l a u n c h e r s  adequa te l y  in t he  4-8 GHz range in order to

gauge their effect in advance of construction on a given

microwave amplifier design . A somewhat more general circuit

mode l was assumed (Figure 4—5.2). Computer optimizations were

performed using this circuit model to obtain satisfactory

e l e m e nt  v a l u e s . The error function minimized during optimiza—

t ion i s I y e n  as ( 4— ~ . 1)

n - -

F =~~~ W
I

W3~~ l S 21KC~~~

_

~~~
S
2lKM

I

+W4
~~~
< S 2lKC _ < S 21KM~ 

, (4—5.1).

where n # of frequencies

N denotes particular frequency

a 
- W I  - W4 are weighting factors

M = measured , C = calculated.

~ 
if 50
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TABLE 4— 5 . 1: MEASURE D LAUNCHER TEST SET -UP S PARAMETERS
(RADC AUTO MATIC NETWORK ANALYZER - HP PGM GPM-2)

FREQUENCY 
~~ll 

821]
(GHz)

4.0 0.216 —8° 0.912 — 990

4.5 .100 — 67 .923 — 156
5.0 .084 78 .918 145
5. .~ .132 —2 .890 88

.144 — 66 .854 30

.149 —139 .853 — 26

7.0 .045 118 .883 — 84

7.5 .098 — 60 .868 —142
8 . 0  .114 — 90 .864 161

TABLE 4-5.2: WIGHT EQUIVALENT CIRCUIT FOR TEST SET—UP :

CALCULATED S PARAMETERS

FREQUENCY I ~~ll !~~2]i 
Ls21

(GHz )

4.0 0.037 128° 0.977 39°
4.5 .055 89 .975 — 1

5.0 .046 49 .974 — 42

5.5 .010 18 .974 — 83
6.0 .040 144 .972 —124

6.5 .076 105 .969 —165
7.0 .078 65 .967 154

7.5 .038 27 .969 113

8.0 .030 155 .968 71
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FIGURE 4-5.2

aj  Gen e t a  1 t - s  t set —up c i  reu it model A

L 4 — I” ---) L
—I.— 

-

~~~
- 

~ 
-t--rrrt~ 

~ 
t

COAX 
~o ‘~ 

‘~ ,i 
_J_ 

5’~ ‘
~ 

_J__ c c 5,~~~OAX
5OcL

’1 ‘

~~

‘ “

~~

‘ T ~ T 
~~~~~~ 50fl—411 ] —CII 1- 

_ _ _ _ _

MICROSTRIP

(b )  S i mp l i f i e d  Model B

~- 2-s  L 4....(” ..
~ L

C j  
~~~~~~~~~~~~~~~~~~~~~~~~ 

1 

-
t ~~~~~

COAX 5O~~ ~~~C 5O~~ C ~~ 5O~~ COAX
I I -

~~~~ I _ _
—

~~~~~~~~~~

M 1CROSTR 1P

( r ) Simp i f  led Model C

LAUNCHER 4 LAUNCHER —3
4— .1 -p L +- I” —3 L ~~

.. -4

COAX 5Ofl~~~~~~~~~~~~~~~~~~ f l C 5ofl cOIX

MICROSTRIP
FINAL MODEL PARAMETERS

1 ‘1.20 cm

a 
L ‘O.553nH
C ‘O. I69p F 
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Usi ng Wi ght ’ s model as a starting point and assuming an

e l a - i r i c a l length of 1.3 cm for the female OSM connector part

o f  the launcher , nine successive local minimum searches were

conducted using Powell’s algorithm 34. Different weighting

f a c t o r s  were used to find the best model A approximations .

Using the same weighting factors as the last A model , first a

B mode l optimization and then a C model fit were performed to

simplif y the  e q u i v a l e n t  c i r c u i t .  The best overall results

were attained with model C in Figure 4-5.2; the final model

component values are listed under the diagram . Table 4-5.3

lists the model C S parameters for the test set-up . Figure

4 -5 .3  and 4-5.4 illustrate the performance of the approxima-

t ions compared to the measured results.

In conclusion , a simple circuit model for OSM 244—4A

l a u n c h e r s  was found for  the 4 GHz - 8 GHz band. Good agree—

ma- r ’ was obtained for <S 21 and <S 11 between the model and the

measured results and adequate agreement obtained for the

corresponding magnitude s, considering difficu1ties involved in

a c c u r a t e  measurement  of small transmission losses and small

reflection coefficients. The model is compared with the

measured results in Table 

4-5.4.9



TABLE 4- S. I S PARAMETERS OF COMPUTER OPTIMIZED CIRCUIT MODEL C
APPROXIMATION TO RADC MEASUREMENTS

FREQt ENCY ~11 ~~11 ~2l
1 LS21

(GHz)

0.073 — 7° 0.975 — 98°

~a.S .043 — 63 .975 155

.032 52 .974 147

3 . 5  .113 — 2 .968 89

.145 — 59 .963 31

6.5 .089 —114 .968 — 27

7.0 .045 — 4 .969 — 86

7.5 .185 — 57 .952 —146

8.0 .240 —113 .939 157

TABLE 4-5.4 DIFFERENCE BETWEEN MODEL AND RADC MEASUREMENTS

MAGNITUDE: 100% MAG. of 1, ANGLE: 100% = 360°

FREQUENCY 1s 11J L811 ~~~ 
Ls21

(GHz)

4.0 —14% .3% 6% .3%

4 . 5  — 4  1 5 .3

5.0 — 5  —7 6 .6

5.5 — 2  0 8 .3

6.0 0.1 2 11 .3

6.5 — 6 7 12 — .3

7.0 0 —34 9 — .6

7. 9 1 8 —1.1

8.0 13 — 6  8 —1.1

5!,
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F’ igur ~ 4-5.3 S11 of launcher test set-up : Measured and
- Modelled.
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CHAPTER V . FABRICATION AND ANALYSIS OF AMPLIFIER ONE

5-1. Initial Amplifier Design

Using new techni ques of broadband matching based on

measured GaAs SBFET S parameters and fundamental gain—

- . 35 36bandwidth limitations , Walter H. Ku , et.al. produced

a lossless flat—gain amplifier design for an experimental

Hewlett-Packard device in the 4-8 GHz bani. The amplifier

circuit in (35) ( F igu r e  3) was designed using the S para-

meters of HP FET #3. The circuit was re-optimized on the

computer for HP FET ~5. This design example is shown in

Figure 5-1. 1. This chapter describes the microstrip fabrica-

tion and analysis of an amplifier using experimental HP

GaAs FET ~5. Employing the microstrip formulae discussed in

Section 4-1 and computer iteration , the lossless design of

Figure 5-LI was converted to a practical microstrip design

dep icted in Figure 5-1.2.

Two techniques requiring explanation were used in the

pra (-t H-al realization of the first version of Amplifier 1.

These techniques concern respectively the realization of the

l umped inductors required by the design and the realization

a)f the microwave frequency short circuits for terminating

elements E2 and E6 (as shown in Figure 5—1.2) without

affecting the DC bias on t he  transistor . The transistor ,

HP #5, is mounted i n  Hewlett-Packard ’s style 60 package . The

57
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TABLE -I . 1: S PAP~METERS OF HP SBFET #5 MEASURED BY MANUFACTURER

W I Th CALCULATED MAX I MUM AVAILABLE GAIN

BIAS : I = b OmA , V 4V , V = OVd d g

FREQ . s121 £512 
s211 Ls21 1 S 2 2  ~~22 ~~

(CHz )

2.0 .907 —59 .4 ° .022 5 7 . 7 ° 3.208 125.6° .611 —22.6°————
2.5 .826 —75.4 .025 47.8 3.056 112.7 .591 —27.4 19.2

3.0 .815 —96 .7 .029 39.9 2.897 99.5 .573 —32.8  16.3

3.3 .742 —113.4 .031 37.1 2.827 87.7 .545 —37.4 14.4

4.0 .7~)c~ —132.0 .033 30.7 2.717 74.5 .523 —42.1 13.5
L. 5 .738 —152.6 .035 24.7 2.612 ‘2.1 .483 —47.7 13.5

5.0 .683 —168.0 .036 20.5 2.485 50.0 .448 —55.4 12.4

5.5 .709 175.i .037 16.5 2.320 37.3 .426 —63.5 11.6

~,.O .666 161.8 .040 10.1 2.158 24.9 .383 —73.9 10.4

6.5 .731 143.3 .042 2.7 2.011 12.9 .343 —82.3 10.5

7.0 .683 135.5 .043 —3.1 1.821 3.2 .295 —94.3 8.6

7.5 .714 125.9 . cV44 —8.8 1.674 —8.1 .244 —107.9 8.1

8.0 .696 116.2 .045 —13.7 1.616 —17.7 .225 —128.7 7.5

TABLE 5-1.2: HP FET #5 MODEL (FIGURE 2—2.1 TOPOLOGY)

— 9.84c1

C . —

L . = 1.O7nH

R = 191.4li1
0

L = 1.178nH
0
C O.233pF
0

<am slope — 6dB/oc tave in 4—8 GHz band .

_ _ _  
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TABLE S-l.3 S PARAMETERS OF HP FET #5 MEASURE D AT CORNELL

FREQ . ~s11 1 Ls11 ~l2 I 
~~12 

js21 ( ‘
~~21 

~~~~ 
~~ 22(GHz)

2 .869 —63° .033 59° 3.971 131° .615 —13°

2.5 .862 —85 .033 39 3.806 108 .590 —33

3 .855 —91 .033 29 3.214 91 .671 —42

3.5 .782 —103 .037 28 3.299 89 .739 —35

4 .699 —156 .042 10 3.308 61 .568 —42

4.5 .760 —165 .047 —1. 2.991 48 .422 —58

5 .703 —174 .047 —7 2.642 36 .515 —81

5.5 .621 146 .047 —34 2.472 10 .493 —70

6 .749 116 .042 —43 2.260 —9 .334 —64

6.5 .750 116 .047 —42 2.066 —16 .246 —67

7 .702 114 .0..7 —45 1.889 —26 .238 —101

7.5 .712 85 .042 —50 1.787 —42 .297 —117

8 .681 80 .042 —50 1.473 —49 .190 — 94

5c~
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det a~ I s  o f  r h a -  i n d u c t o r  and short designs are covered in

Sea - I  i~~ r i - ~ 1— -I r id - 1 — 2  re~—~p e e t i v e I y . F’o r t h i s  i n i t i a l  attempt ,

T h a - r i ~a t i  I t  - i n d u c t a n c e  tormu la~~
1 
and Podel I ‘s original

saI~ g - ~~t ion on fan shaped short design 15 were used . The second

v e r s i o n  of Amplifier 1 was designed using the improved , “open—

air mi -rostrip method for the inductors as discussed in

Sect ion 4- -I and 5.1 pF ATC—100 chip capacitors for the short

circuits. The two versions of Amplifier 1 are pictured in

F i g u r e  5-1. 3 and 5-1.4. The capacitor realizations of Figure

5-1.4 shows the 31.6~ output stub split into two 63.2~2 stubs

of much smaller width , maximizing the effect of the shorts

as c1ei-~c r i bed i n Sec-ti on 4—2.

The actual physical layout of the microstrip input and

output matching circuit was worked out at ten times final

size . The microstrip structures of both versions of the first

amplif ier can be seen in Figure 5-1.3 and 5-1.4. The MIC

substrates accommodating each matching network measure l”xl” .

Due to the shortness of element E6, an abbreviated 900 short

structure was drawn . The relative lengths of the elements

differ f rom the free space lengths (compare the element lists

under Figure 5-1.1 and 5-1.2) due to different effective rela-

tive dielectri c constants for different characteristic

impedances. The radii of the 6 GHz quarter wavelength short

circuits were calculated on the basis of the effective di-

electric constants 01 the shorted stub lines , a practice

which proved incorrect after further discussions with Podell

f~2
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since the amplifier was fabricated ’8. According to Podell , the

material dielectric constant (9.7) should have been used for

such large structures. As will be shown later in this chapter ,

t he rad i al t ransm ission line techniques outlined in Section

-1-2 should further improve fan-shaped short realizations .

5—2. Amplifier 1 Fabrication -

Artwork at ten times actual size was made on 0.05” grid

rectangular graph paper as was discussed earlier . To make the

mask suitable for cortact printing on the MIC substrate , the

following procedure was used. Type 2707 #7 Cool Grey ZIP-A-

TONE . which is a translucent paper coated with an easily re-

movable layer of almost opaque dark grey plastic, was placed

over the artwork on the surface of a light table. A sharp

knife guided by parallel rules was used to cut along the out-

line of the circuit pattern in the plastic. Care was taken

not to cut through the paper . Because the photo—resist

(Shipley AZ-1350) to be used on the substrates was positive-

a c t i n g , p l a s t i c  was peeled away from areas where gold con-

ductors were to remain on the substrates , thus completing the

reductions masks .

To make the actual size masks from -the reduction masks ,

photo-reduction by a factor of ten had to be performed . A

4” by 5” Graphlex ground—glass-focus camera was placed at ten

times its lens focal length from a wall mounted fluorescent

light box . Each reduction mask was mounted on the light box

65
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I r~a I n e a l  i i i  a ) f l  th E . ~ r ou n d — g 1 a s ~-- focus p l a n e . The reduction

I ; a e l a a r  - i r i d  locus ;ire ver c- r i  t l ea I , requi r i n g  ex a c t i n g  e f f o r t

in i c I i i * - v i n~. :t su it ab le image . A cl ea rly focused image was

attained that was 2~- larger than optimum , but :~dequate for use .

The G r ap h ex  ( ‘amera  was loaded w i t h  4” x S” #6573 Kodak P ro fess iona l

u n .- copy film. After a time exposure of one second , the film

was d e v a l l e d  for five minutes in Kodak D-76 developer and

fixed in Kodak Rapid Fixer , completing the masks .

Flc ’c t retec SFG- iOQ-250 chrome—gold coated i”xl” alumina

substrates wer e  prepared for circuit fabrication by a”standard

( - l e a n  r)roc~~ss which consists of two—minu te  u l t r a son ic  baths

in trich iorethylene (TCE), acetone , and methanol respectively .

A fter cleaning , the substrates were dried for 15 minutes at

80°C. The substrates were then allowed to cool to permit the

painting- en of Shipley AZ-1350 photoresist with a small brush.

The f i n a l  step before exposure was a 15 m i n u t e  prebake of

the phet ares ist at 80°C.

Eae ti s i :b -; t rate was :-e1 up for ( - x p ( .a su r e  by a Sun—Gun movie

f 1eed1am ~- - i:-~ja-n d ed ell a l c o t  above the exposure m o u n t .  To

prev ent c ur li n lz ef the plastic masks , a sandwich was assembled

~~n~-nsting o~ t w a  heavy quart .~ optical flats enclosing the MIC

substrat i- wi th mask. The emulsion side ol the mask faced the

subst~ at to prevent Loss ol d e f i n i t i o n . The con tac t  p r i n t

was mad” using a 30 second exposure . The -)hotoresist images

were developed in a Petri dish containing Shipley developer .

Development was judged e emp le t e  when purple exposed resist

i I
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stopped visibly dis solving away from the substrate . After a

rinse in deionized water , t he MIC’ s were baked for 15 minutes

at 80°C.

Before the gold was etched , steps were taken to avoid loss

of the gold ground p lane . Black Apiezon was was dissolved

w it h TCE into  a tacky li qu id which was applied with a paint

brush to the reverse side of each substrate. Heated Transene

Company type TFA gold etch (80°-100°C) was used to remove the

gold not covered with unexposed Shipley resist . The sub-

strates were immersed one by one in a Petri dish of etch kept

warm on a hotplat e . Etching time varied , but 10 minutes was

typical. The gold etch was considered finished when the uni-
0

f o r m  dull grey of the 300A chrome undercoating was visible

everywhere but under the resist coated matching circuits.

After washing with deionized water , the substrates were

immersed in a Petri dish containing chrome etch. The chrome

etch was prepared by mixing a solution of lOOg of dry crystal

potassium ferricyanide (K3Fe(CN)6) in 300 ml of water with a

similar so1ution made from b O g  of sodium hydroxide (NaOH )

p e l l et s  in 300 ml of water in a 3:1 ratio. The transparent ,

reddish chrome etch removed the undercoating in less than one

minute.

The amplifier was completed by the machining of a 3/4”

thick by 1” wide by 2.29” long brass base for supporting the

MIC matching circuits and the transistor . A groove 0.031”

deep was milled across the center of the block ’s top sur face
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and I~ r ’j r L ~ t a  ha ,la ’s dr illed and tapped to accept the SBFET.

i l e  ~ r a n~-- i s t e r  mountin g location was assymetrically situated

i ii ( h a  - r- r a ave t a  p erm i t ra spec t i  vo l  y 0.020” and 0. 105” long

s t r e t f a - --~ o~ f l a t  t r a n s i s t o r  lead to b r idge  the  ba lance  of the

gr a a a v a -  n t  occupied by the transistor , forming the lumped

indtic tor~ of the first version of Amplifier 1. The 0.025”

thick subst r a t e s  were soldered to the brass base using Cerrolo

so l d e r .  The s u b s t r a te  thickness along with the solder and the

groove depth accommodated the 0.060” height of the flat

t r a n s is t o r  leads above the  S t y l e  60 package bottom plane. The

completed amp lifier is shown in Figure 5-1.3 with OSM 244—4Amicro-

s t r i p launchers installed . The second , capacitor-short , version

of Amplifier 1 used a brass block with a narrower groove for

the transistor and inductors (0.003” input and 0.013” output).

The capacitors were installed on 0.1” x 0.12” rectangu lar

pads leci ted at the end of the stubs to be shorted to ground .

The ground leads of capacitors were connected to the brass base

in th a - central groove as close to t he  capacitor body as

pra cticable. Figure 5-1.4 illustrates the capacitor mounting .

5-3. Ampl ifier Performance: Analyzed and Measured
Response

A computer program was written to analyze ladder networks

consisting Ci both distributed microstrip components and lumped

elemenls . The analyses are based on the calculation of trans-

mis sion s c a t l .r i n g  matrices for each element and matrix
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multip l ication to find the total circuit response . Microstrip

c o m p o n e n t s  are defined by type of element (such as shorted

shunt stub), substrate parameters , physical width , and physical

length; l umped elements are defined by component type and

location (such as series inductor). Dispersion and loss are

taken into account in the microstrip circuit analyses . The

effects of considering both matching circuit loss and loss

added by the lead-in-lines denoted P1 and P2 in Figure 5-1.2 are

compared with the lossless analyzed performance of Amplifier 1

in Figure 5-3.1.

The performance of the fan-short version of Amplifier 1

was measured both manually on a point-by-point basis on the

Cornell Hewlett-Packard microwave network analyzer and auto-

matically at the RADC computer controlled network analyzer

under control of the HP GPM-2 measurement program . Figures

5-3.2 and 5-3.3 are machine plotted graphs of forward and

reverse amplifier gain measured at Rome from 2 to 8 GHz. As is

evident from t he-se figures , the amplifier exhibited substantial

and s t a b l e  fo rward  gain over a wide band , but fell shcrt of

the desired gain flatness in the 4 to 8 GHz band - The calcula-

ted gain flatness as seen in Figure 5—3.1 was 0.8dB over the

band averaging 6.62dB . Measured response varied from -11.6dB

to 10.3dB with a flat gain (1.5dB ripple) region extending

from 3.5 GHz to 5.5 GHz averaging 9.64dB . Amplifier noise

figure was measured at 6 GHz to be 7.1dB . To determine the

causes of the difference between expected calculated response
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and a c t u a l  measured response , a number of analyses and measure-

ments were undertaken . If the exact reasons for the high fre-

q uency roll-off could be isolated , further amplifier realiza-

tions could be considerably improved w i t h  the  r e su l t i ng  re f ine-

ments in technique . Table 5-3.1 lists the complete set of

Cornell measurements on the amplifier .

Three areas related to actual vs. design performance were

considered : the accuracy of the realized lumped inductors;

the appropriateness of Hewlett-Packard ’s measured S parameters

for FET #5 in the microstrip environment; and the quality of

the  rea l ized  m i c r o s t r i p  ma tch ing  c i rcui ts  (including the novel

pie-shaped shorts). To investigate the validity of the

inductor design technique discussed earlier based on circular
31

wire geometry and the transistor S parameter question , the

circuit topology illustrated in Figure 5—3.4 was modelled for

computer  a n a l y s i s .

The induc tors  were ana lyzed  by a t o t a l l y  d i f f e r e n t

technique than that employed in their design . Since the purpose

of the inductor in the two matching networks was to absorb

reactance inherent in the transistor , a significant error in

t h e i r  desig n would d r a s t i c a l l y  a f f e c t  f i n a l  ampl i f i e r  performance.

The analysis technique used consisted of modelling the flat

transi stor leads as aa~ “open—air ” microstrip transmission line

(summar ized in Section 4—4).

Using this new inductor analysis , considering the effects

(if the transistor leads sitting on top of part of the matching

- ~ .—-
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TABL E 5 — 3 .  Ia S PARAMETERS OF AMPLI FIER I
(FAN-SHORT) MEASURED AT CORNELL

FREQ . s
111 Ls~~ 1s 12 1 Ls12 ~~~~ ~~21 1s 22 1 Ls22(GHz)

2.0 .856 97° < .032 51° .631 158° .950 ~94°
2.5 .827 —64 < .032 36 .251 —159 1.0 175

3.0 .912 152 < .032 8 1.365 78 .944 88

3.5 .898 42 .035 —113 3.020 —53 .631 —15

4.0 .759 —68 .040 125 3.273 176 .309 —123

4 .5  .716 — 164 .045 14 3.256 119 .221 —174

5.0  .668 95 .045 —93 2 .786 —5 1 .221 124

5.5 .606 —17 .050 145 2.884 —178 .099 —114

6.0 .605 —140 .050 40 2.512 67 .102 165

6.5 .543 86 .050 —75 1.820 —62 .355 61

7.0 .648 —41 .040 —23 1.738 —177 .452 —17

7.5 .708 167 < .032 56 .804 68 .708 —89

8.0 .550 50 <0.32 25 .263 —45 .556 165

TABLE 5—3.lb a\MPLIFIER 1. GAIN AND VSWR

FREQ. VSWR I REV. GAIN FWD CAIN VSWR
(CHz) (db) (db )

2 12.89:1 <—3 0 —4 .0 38.61

2.5 10.56 -~--30 —12 .0

3 21.73 <—30 2.7 34.75

3.5 18.70 —29 9.6 4.42

4 7.28 —28 10.3 1.89

4 . 5  6.05 —27 10.2 1.57

5 5.03 —27 8.9 1.57

5.5 4 . 08 —26 9 .2  1.22

6 ‘a.03 —26 8.0 1.23

6.5  3.38 —26 - 5.2  2.10

7 5.33 —28 4.8 2.65

7.5 5.85 <—30 —1.9 5.85

8 3.44 <—30 —11.6 3.50
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( I I a I N P S , ;a nd  u s i n g  b ot h  Hewlett -Packard ’s and thc- author ’s

~ I;arameter measurements , gain curves I and 2 in

F’ia ’ :u rt .13— t .5 were .-alc ulated and plotted with t~ie Cornell—

m (- ;tsI arI ’d re sp on se  ( cu r v e 3). Certainly the microstrip inductor

an :~ lvsis technique explain s some of the high end roll—off , but

large discrepancies still remain; the primary source of the

high end roll-off and the sharp dip in response at 2.5 GHz must

l i n e e l sewhere .  The ditferences between the two measured sets

a p f  S parameters were minor , the author ’s measuremen ts caus ing

more emphasis at lower frequencies and less at higher ones in

the arip lifier analysis than HP’s measurements.

To test the performance of the isolated microstrip matching

circuits , separate measurements and analyses were performed .

Before the detailed discussion of these results can be dis-

cussed , some mention of how the OSM 244-4A launchers were

removed from the measurements of the matching circuits and the

cornp1~- t a” amplifier measurements listed in Table 5—3.1 must be

made. The electrical length of the launchers was checked

every half 0Hz from 4 to 8 0Hz by means of short circuit

terminations and recorded . All of the measurements discussed

in t h i s  section were corrected for the presence of the

launcher-s by “subtracting ” these electrical lengths from the

phase porti a •n of each measurement . This “subtraction ”

process consists of adding twice the phase contribution of

the launcher electrica l length to the phase angle measured

at the launcher connector reference plane. Twice the phase

— -~~~~~ -‘--- _ _ _ _ _
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n I u s i  ha - added because t W O  launchers are encountered in trans—

m i s s l a , n  m e a s u r e m e n t s  and a. round trip through one launcher is

encountered in reflection measurements . This change of

reference plane procedure is discussed in (37).

Separately, the i nput and output matching network MIC ’s

were soldered to a 1”xl” brass block , closely resembling the

amplifier base. The S parameters of these circuits are listed

respectively in Tables 5—3.2 and 5—3.4. Assuming perfect

performance of the microstri p circuit elements , analyses

including loss and dispersion were conducted on both matching

circuits with lead—in lines . Tables 5-3.3 and 5-3.5 summarize

these results; the schematic of the circuit analyzed is drawn

under each table. Figures 5-3.6 and 5—3.7 show the reflection

coefficient of the input and output matching circuits as “seen ”

from the transistor side . The desired (calculated) loci on

these Smith Charts are denoted by the dotted lines . The solid

lines represent the corresponding measured loci. Close

inspection of each figure reveals the probable primary source

of the difference between design and achieved amplifier

performance . At lower frequencies , the S22 locus measured for

the input circuit does not depart too far from the calculated

S22 locus. At high frequencies , the departure became signifi-

cant. The situation concerning S11 of the output circuit is

different. Only the general trend is the same for the measured

and calculated loci. At each frequency , there is a significant

difference between the two curves with especially noticeable

78

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _ _

- I  ~d 1  
- 17r~~;~~~ç~ -~-

-;
~~; 

— ---
~~~~~~~~~~~~~~~~ .



.

TABI .E 5-3. 2 S PARAMETERS OF AMP . 1 INPUT CIRCUIT

FREQ . Is 11 Js12 ~~l2 
1822 I ‘~~22(GHZ)

2 .543 1690 .808 _1280 .543 127 0

2.5 .484 81 .871 —162 .479 97

3 .288 —10 .933 145 .257 95
3.5 .119 —100 .952 97 .191 116
4 .079 152 .961 48 .129 91
4.5 .083 118 .944 6 .099 126
5 .045 109 .966 —34 .086 —160
5.5 .036 135 .933 —86 .160 —98
6 .207 40 .933 —134 .432 —107
6.5 .309 —26 .912 —173 .437 —105
7 .372 -114 .881 9 .389 -117 -

7.5 .519 126 .716 74 .531 —144
8 .700 42 .447 22 .780 —150
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TABLE 5-3.3
S Parurne l~’rs of Amp . 1 Input Circuit

*Ana lyzed*

F’req . N~ 1I I s~~i Ls12 s22j Ls22
2 . ‘L 1 2  163° .887 —132 .425 115°

2 . 5  .313 79 .926 —177 . 324 108

3 .233 -3 .949 139 .242 102

3.5 .165 —84 .962 95 .171 96

4 .105 -160 .969 52 .108 87

4.5 .050 138 .972 9 .049 66

5 .036 149 .971 —34 .033 —44

5 5  .089 101 .966 -78 .092 —80

6 .152  24 .956 —121 . 159 —90

6.5 .230 -58 .937 —166 243 —97

7 .328 -141 .904 148 346 —l~ 5

7~5 .138 134 .848 100 .466 —115

8 .573 44 .751 50 .610 -127
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‘FABLE -3.4 ‘~ PARAMETERS OF AMP 1 OUTPUT CIRCUIT

*MRASU RED*

FREQ . sil l Ls
11 18 121 Ls12 1s 22 1 

~~22
(GHz)

2 .955 180° .230 1330 .944 —89°

2.5 1.0 157 .056 —105 .989 —179

3 .983 147 .305 —150 .972 99

3.5 .846 131 .610 148 .737 —2

4 .569 103 .776 86 .556 —102

4.5 .394 101 .876 34 .432 —174

5 .160 75 .923 —13 .164 92

5.5 .116 —131 .933 —72 .129 —96

6 .221 —178 .902 —124 .172 144

6.5 .193 —150 .912 —166 .202 24

7 .257 —152 .871 147 .331 —65

7.5 .372 —173 .804 96 .347 —168

8 .376 179 .759 53 .422 124

- -i_I 
~~i _ _
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TABLE 5-3.5
S Parameters of Amp I Output Circuit

~Ana1yzed *

Freq . 1s 111 1s 121 ‘~~12 I~~~22 I

2 .~~79 1530 .466 — 87° .852 —147 0

2 . 5  .812 147 .570 — 132 . 785 129

3 .736 141 .661 —177 .708 45

3.5 .656 137 .736 138 .629 —41

4 .581 133 . 794 93 .555 —127
-1 .5 .512 131 .837 49 .488 147

5 .449 130 .870 5 .426 61

5.5 .393 129 .894 — 38 .372 —25

6 . 345 128 .912 — 82 .327 —111

6.5 .296 126 .927 -124 .280 166

7 .236 124 .942 —167 .222 82

7.5 .168 125 .955 149 .157 —5

8 .105 133 .962 106 .097 -.100
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~~ - hI -so comments on the measured per formance

ol the input and output circuits seem to make physical sense .

In sonic - respects , the input shunt shorted stub (E2) can be

seen to be “better ” than the output shunt shorted stub (E6)

bo~-ause the  E2 structure consists of a high impedance narrow

l i n e  j o i n i n g  a relatively wide short structure . The output

(E6 ) s t r u c t u r e  looks “worse ” in retrospect because it is made

up of a low impedance , wide line joining a more abbreviated

short structure . The calculated fan-shaped short impedance

l i s t e d  in  Table 4-2.1 provide a framework for understanding

t h e  r e a l i z e d  a m p l i f i e r  pe r fo rmance .  The short  at the  end of

t h e  69 .3~ i n p u t  s t u b , E2 , was ca lcu la ted  to vary in impedance

f r om +j6 .79 11 at 4 0hz to +j26 .16Q at 8 GHz. In compar ison ,

t h e  sho r t  a t  the 3l.6l~ output stub , E6 , was calculated to

v a r y  f r o m  + j 0 . 4 9 c~ to +322.45c2 . The quality of the achieved

‘ short ” was better at 4 Glz for both stubs than at the high

end. The output short at 8 0Hz was r e l a t i v e ly  worse

(+j22.45~ terminating a 31.6i1 line) than the input short

(+j 2 6 . 1 6 f 1  t e r m i n a t i n g  a 69. 31~ l i n e ) .

To check the validity of the conclusions just discussed ,

t h a t  t h e  m a t c h i n g  c i r c u i t  s~-iunt  s tub  shorts were the primary

cause of poor high frequency performance , two additional

computer analyses were made of the amplifier. The first

analysis made use of the measured matching circuit S -
.

Ij ar a m e t e rs  l i s ted  in Tables 5-3.2 and 5-3.4. This analysis

— -- --. .----

~

-— - - --- 

~~~~~~~~ -

- - - -  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

; - : -

- 

w:~~-~
_ 

-
~~~~~~~~

-
~~

-
~~~

---



\o i s ;~~~I t I I I T I I ( i  U s i f l t~ I I ’a f l s m i s s i o f l  ( T )  scattoring matrices for

I Ii’ t o t  I ( ’ W l II ,~ t 1 ~~ ca -~i-adod cumporu-ut s: the input circuit as

rnC ’aSU r~ -~I , I ho r i} )u t  u d u o t o r  as c a l c u l a t e d  u s i n g  t h e  ‘‘open—

ai r ” mic rostrip mothod , the transistor , the ca lculated out-

p u t  i n d u c t o r , and the  ou tpu t  c i r c u i t  as measured .  Two runs of

t h i s  a n a ly s i s  were made , u s i n g  r e spec t ive ly  HP’ s and the

autho ’ s measured GaAs FET ~5 S parameters  ( l i s t e d  in Tables

5—1 .1 u~i 5-1.3). The results of t h i s  ana lys i s  are plotted in

F Lu r e  5-3 7k a long  w i t h  the measured amplifier response . Close

ag reemen t  is ev iden t  for this analysis , indicating the matching

c i r c u i t s  are the primary cause of the high frequency roll—

oft and that the revised inductance calculations are essentially

in agreement with the measured results.

The second analysis performed attempted to link calculated

short performance using the radial technique with measured

results. A flexible analysis program written by Peterson38

capable of dealing with more general circuits than simple

ladder networks was used for the analysis. Though lumped and

di~- ’ribut ed elements could be mixed in the program , microstrip

e f f e c t s  such as loss and dispersion could not be considered .

Due to limitations in the program ’s array size , the microstrip

launcher model of Section 4—5 had to be left out , further

rest ricting the prectsion of the analysis. In spite of the

limitations on the comprehensiveness of the model , the gain

curve A of Fi gure 5-3 .8 was calculated , explaining the gross

f e a t u r e s  of h i g h  and low frequency roll-off in the fan—short
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s~rs i un I Amp I i t ~ r I . The measured response is  shown for

c nm p a r l su n as C u r v e  13.

A second version of Amplifier 1 was cunstructed using

5 . ip F  ATC-100 ceramic ch ip  capacitors as men t ioned  in Section

4-2 to de te rmine  the e f f ec t iveness  of these capacitor “shorts”

in the 4-8 0Hz band as compared with the radial line shorts.

To i so la te  capacitor  a r t i f a c t s  from other e f f e c t s , a new brass

base was machined for the amplifier with a narrower groove to

accommodate inductors calculated by the ‘ open-air ” microstrip

method . The input and output matching circuit inductors were

made to be respectively 0.003” and 0.013” long . In addition ,

to create a more abrupt discontinuity at the output short ,

the  ou tput  shunt  stub was divided into two with each section

having a characteristic impedance of 63.2~2. In parallel , the

two sections of the stub would have the effect of the desired

31.6c~ stub terminated by two 5.lpF capacitors . This structure

is depicted In Figure 5—1.4.

The measured performance of the capacitor realizations of

Amplifier I is given in Table 5-3.6; the gain versus frequency

cha r a c t e r i s t i c s  is p lo t t ed  in Figure 5—3.9. The gain of

this amp1ifier varied from 0.3dB to 9.0dB in the 4—8 GHz

band ( 4 .2 d B  to 9.0dB from 4.1-8 0Hz). Regions of 1.6dB

r i pp l e  were observed from 4 . 2  to 5 0Hz (8.1dB av.) and from

6 to 7 0Hz (6 .3dB a v . ) .  As discussed in Section 4—2 , the ATC—

100 5 . l p F  capacitors selected for use in this  ampl i f ie r

approach self resonance in the 2-3 GHz range . The measured

Rn
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TAFLE 5-L6: CAPACITOR REALIZATION OF A~~L1FIER 1

AMP LI F IE I (  SCATTERING PA~~METERS

~~ 
H11~ ~~~ ~

8
12~ ~~ l2 1s 211 Ls21 ~22 I La22

2 .804 22° < .032 140° 1.349 _1300 .891 135°

2.5 .813 —162 .032 6 2.570 77 .955 2

3 .794 62 .035 —136 2.884 —62 .617 —116

3.5 .785 —82 < .032 —120 1.445 134 .767 30

4 .767 168 < .032 —22 1.035 100 .776 156

4.1 1.738 76

4 .2  2 .2 91 42

4.5 .794 41 .032 —98 2.661 —49 .462 —35

5 .832 —81 .040 149 2.723 —176 .282 —150

5.5 .582 177 .047 3 2.818 46 .200 16

6 .741 60 .056 —112 2.188 —77 .050 —30

6.5 .299 —114 .056 112 2.188 150 .363 131

7 .794 158 .056 5 1.820 68 .610 119

7.5 .251 69 .056 —i c~ 1.622 —78 .347 129

8 .631 178 .050 133 1.862 133 .251 119

A}IPLIFIER GAIN AND VSWR

FREQ . VSWR IN REV . GAIN FWD. GAIN VSWR
(GHz) (dB) (dB)

2 9.18:1 < —30 2.6 17.39:1

2.5 9.69 < —30 8.2 43.44

3 8.72 —29 9.2 4.22

3.5 8.31 < —30 3.2 7.60

4 7.60 < —30 0.3 7.94

4.1 4.8
4 .2 7.2
4.5 8.72 -30 8.5 2.72
S 10.89 —28 8.7 1.79

5.5 3.79 —26.5 9.0 1.50

(continued )

~
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TABLE 5-3.6 Continued

FREQ . VSWR
1 

REV . GAIN FWD GAIN VSWR
OIJT(GH z ) N (dE) (dB)

6 6.73 —25 6.8 1.11

6.5 1.85 —25 6.8 2.14

7 8.72 —25 5.2 4.12

7.5 1.67 —25 4.2 2.06

8 4.42 —26 5.4 1.67
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~~;t I I) I i r ;t t e r i s I i ~~ i n ( h i s  reg i~~n Of  th e  am pi  I f i ( ’ r . s  IS  n o t

~I i ~~~~i m i  L i r  to I h ;i t. j i n~d i t ~~d i n  Curve  2 oF F i g u re  5 — 3 . 5  ( t h e

;i rger  i n d u c t o r  v a l u e s  used i n  c a l c u l a t i n g  the Figure 5 — 3 . 5

curves  do not a f f e c t  g r ea t l y  low f requency  p e r f o r m a n c e ) .

Between 3 and 4 0Hz , and anomalous dip in gain was observed

with expected response resuming at 4.2 GHz. Above 5.5 0Hz,

some roll-off and unevenness was observed . Lacking

quantitative data on the capacitors above 3 GIlz, exact

~.~xp1anations of the dip and high frequency roll—off cannot be

made . The capacitor manufacturer does state17 that all ATC-

100 capacitors exhibit a “parallel-like” resonance above their

series resonant frequency . An effective open circuit due to

parallel -like resonance would explain the anomalous dip in

the measured gain between 3.5 and 4 GHz. The over—all in—

du c t i v r ’  behavior of the ATC capacitors at frequencies well

above series resonance would explain the 3—4 dB discrepancy

between expected and measured gain between 6 and 8 0Hz.

In retrospect , then , to insure better performance in

future a m p l i f i e r  real:zations , the following precepts should

be observed . Lumped inductances fabricated from HP Package

60 leads should be considered as “open-air ” microstrip lines

of characteristic impedance depending on width and height

a b I I \ e  t h e  ground p1~ine (l67Q for HP GaAs PET #5, for example).

The inductances made for the first version of Amplifier 1

proved to be far too large according to the microstrip

ana lv~ is. Furthermore , -any shorted stubs realized should have 

~
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as high an impedance as practicable to maximize the discontinuity

when connected to a short structure. Concerning the shorts

themselves , given the radial Jine analysis techniques dis—

cussed in Section 4-2 , the fan-shaped short seems to be more

flexible and predictable over the 4—8 GHz band than the

commercially available capacitors tested . “Parallel-like”

self resonance can be avoided , for example , in an octave band .

The tan-shaped shorts should be as large as possible (in angle

subtended) for a given calculated outside radius . If low

characteristic impedance stubs are unavoidable , they should be

separated into two stubs of twice the impedance (and corres-

pondingly, less than half the width) of the original stub ,

each terminated in a pie shaped short calculated for the

resulting new inner radii.
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CHAPTER V I .  DESIGN AND CONSTRUCTION OF AMPLIFIER 2

6-1. Lumped Initial Design

In this chapter , the lossless matching network design

and microstrip realization phases of single stage microwave

SBFET amplifier development are discussed for Amplifier 2.

This amplifier was designed around Hewlett-Packard experimertal

GaAs FET #23. The primary design goal was to achieve the

8 0Hz maximum available gain across the 4-8 GHz band . In

addition , the output of the amplifier was intended to match

to 5O~ across the design band , concentrating the unavoidable

low frequency mismatch in the input circuit of the amplifier.

The general design procedure for both the flat output and

sloped input matching networks was worked out by Jingshown

Wu 41 . Both circuits were designed based on special cases of

the gain function

2 K/G
G(. ) = 

m
2 m

l + A ~~~~~~~~~ ’~ , ( 6 — 1 . 1)

where K is a gain factor which can be adjusted to fit gain-

bandwidth constraints and 0m is a normalization factor.

In this gain function , the parameters A , B , and m can be

tay lored to give a sloped or flat gain vs. frequency

characteristic while staying within the gain—bandwidth

constraints placed on design by parasitic reactances inherent

I
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TABLE ~- 1 . L :  HP FET 1/23 S PARAMETERS MEASURED BY MANUFACTURER

BIAS : I = 4OtnA , V = 5V , V OV
d d g

FREQ . 1s 11 1 Ls11 
s

12~ Ls12 I s 211 Ls21 1S 221  L.s22 
MAC

(GHz) (dB)

2 .0  0.904 —45 ° 0.028 66° 3.008 134° 0.727 — 19°

3.0 .809 —67 .037 56 2.916 112 .688 —27

. 704 —92 .047 49 2.836 90 .639 —35 15.0

.620 —117 .05 3 44 2 .7 27  68 .573 —47 13.1

.546 —146 .065 40 2 .577  45 .511 —62 11.7

7.0  .538 —177 .078 30 2.37 6 22 .406 —82 10.5

8.0 .528 162 .093 19 2.163 2 .330 —111 9.3

9.0 .505 141 .106 9 1.984 —19 .311 —139 8.4

10.0 .517 123 .128 —2 1.885 —39 .251 —163 7.9

Gain slope 5.7dB/octave

_
_
i

_~~ ~~~~~~~~~~~~~ - . .
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i n  t h e  t r a n si s t o r  ( FET #23 model shown i n  F i g u r e  2 — 2 . 1 ) .

In addi t ion , through trade—offs with accuracy in producing the

des i red slope , ont or more of the transistor parasitic

reactances can be absorbed exactl y by the matching circuit.

The output circuit was designed using the gain function

(6-1.1) with B set to 0 and m set to 6 for flat response and

good wideband match. Wu 41 has calculated extensive tables of

synthesized circuit topologies with element values for various

parameter values in (6-1.1). To use these tables for this

special case of output matching, the transistor model output

network had to be transformed to its dual as shown in Figure

6-1.1. This dual network was normalized to obtain a dual

transistor output resistance of one ohm . A frequency normali-

zation was performed by setting the high end frequency (8 GHz)

to 1.2 in the normalized domain , resulting in a frequency

~~‘alin g factor of 4.189x101° radians per second. Given B 0

and m~~~. A was calculated by requiring a low end frequency

ro l l- o ft ~ 0.5dB . Since 4 GHz (‘orrespond.s to 0.6 rad/sec

normalized , the gain function was set to 0.8913 (0.5dB down)

at 0.6 rad/sec., giving A = 0.6392. Wu T s table coming closest

t I satisfying this requirement on A was defined by the

.~p e ( ’ i f 1 e  ga i n  f u n c t i o n

G ( w 2 ) = 
0 955 

, (6-1.2).

1+0.5

The n o r m a l i z e d  dual  ne twork  giving this gain function and

- 

- 
~ ~~ 

-

£ ~~~~~~~~~~



_________________________________ - 5-

,u ) su r h j n g  ,~~; o n t i a l 1 v  i l l  of the dual transistor series induc—

l ince (c~ rrv sponding to shunt capacitance) is shown in Figure

6 - 1 . 2 .

Because t h e  c or r e ( t r e s i s t a n c e  r ;t t i o  of load impedance to

t r ~~n s i s t ’ ) r  ou t p u t  r e s i s t a n c e  ( d u a l  d o m a i n )  was not achieved by

t h e  n e t , ~I r k  g i v e n  i n  W u ’ s t ab les , some c i r c u i t  m o d i f i c a t i o n

was n e c e s s a ry .  H r a t i o  a d j u s t m e n t  can be accomplished wi thou t

altering the transfer function of the output matching network

by “walking ” some or all of a series capacitor “through” a

shunt capacitor . Any impedances of the same type (ratio of

which is a real number) can be “walked-through” to change

impedance l e v e l s .  The capacitor transformation is shown in

Figure 6-1.5 and is performed according to the following

equations. 2
C,

R 2 R , ( 6 — 1 . 3 )
(C 1+C 2 )

C 1 (C 1+C 2)
C = , (6—1.4)a 2

Cb 
= C1 

+ C2 , ( 6 — 1 . 5 ) .

Figure 6-i .3 shows the dual output network circuit after the

load i mpedance level was adjusted to correspond to 50~l.

The still normalized output circuit is given in Figure 6—1.4

after conversion out of the dual domain.

‘~s discussed earlier in this section , one of the design

goals was to confine all of the compensating gain slope and

‘I 
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F i g u r e  6 - I  . 1 T r a n s t o r m a t ion  of ou t p u t  c i r c u i t  of transistor
#23 model into dual network.

I.245nH 0.20’? pH
1~ 

p 1——-’m’— 1
~268.8fl1 

~ 
I.245nFI T0207pF 

_ _ _ _ _ _

I
_ _ _

__I___ I _ _

F i gu r e  6- 1 .2  Norma l i zed  f l a t  ou tpu t  m at c h i n g  ne twork :
Dual  Domain .

2.2552H 6.4473H 5.7824H 0.2154 F
‘m~ ~~~

I ~Q~ 939~~
10.4035F To.1369

~
F i gu r e  6- 1.3  R R a t i o  Ad jus tmen t  by Capaci tor  rearrangement :

Dual D o m a in .

2.2552 H 6.44’73H 0.4935F O.9271F 3.0197H

Ift 

1

0.4035F 

j

0.1894 F ~ 5.3759IL

F i g u r e  6-1.’l Conversion out of Dual Domain.

O.4035H 0.1894 H

I
~~~ T2.2552r ~~ 4473 ~0.4935H ~0.9271H T3.oI97F ~0.I860A

I I I
e~r)

- , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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result ing low frequency mismatch to the amplifier input circuit

thus permitting a 50~l 4-8 GHz match at the output. The first

step in the input circuit design was to plot the maximum

available gain of SBFET #23 in dB on a log frequency scale.

The slope of the line of data points in dB/octave found from

the plot was 5.72 in the 4-8 GHz octave . Because the

transistor input capacitance must be absorbed and the transistor

slope must be compensated , relatively independent control over

each is desirable; m must therefore be odd in (6-1.1). The

smallness of the input R ratio places consideration of design

possibilities on Wu ’s m~3 set of tables.

A directory to Wu ’s m=3 tables was constructed giving a

gain slope for each A and B combination listed. Each table

uses a frequency normalization where maximum matching circuit

gain occurs for each B. The frequency of maximum gain is

independent of A. Octave band gain slope was calculated by

subtracting the function value (in dB) at half the normalizing

frequency from the gain value at the normalizing frequency .

SLOCT 
= 10 log10( (w 2 l)~ +B 

-10 1og10( 2 1 3 )

2

(6-1.6)

where = ~~ /2. The transistor capacitance , C
~

, was

n o r m a l i z e d  by the  t r ans i s to r  res is tance, R 1, to the UI

impedance leve l and to 1 radian/sec with the in each

101
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t a b l e  - The t a b l e s  were then searched for  a to ta l  C va lue

( PC4’SC). ) starting at the lowest B value (from gain—

bandw idth con siderations ) in a reasonable range of A to obtain

t he  p roper s lope . H i g h  A(~~9) was ind ica ted  to approximate  the

slope . Trans is tor  C. was found to be properly  absorbed in the

A=9 , B = 2 . 2  t ab le .  The slope for  A=9 , B=2.2 , M=3 table was

4. 78dB/ oc ta ve , a reasonable compromise . The C absorbed was

0.466F compared to a normalized t ransis tor  C of O.472F . The

inpu t  m a t c h i n g  circuit given in this  table is shown in Figure

6-1.6;  a l l  of the load side capacitance was “walked—through”

the shunt capacitor placing the proper value of capacitance

at the transistor (Figure 6-1.7). This capacitor rearrange-

ment had the desirable result of decreasing the R ratio to an

acceptable value . The expected load resistance of the circuit

became .11.250 versus the 500 wanted ; little deterioration in

performance would result by the direct connection of 500 at

t h i s  poi n t .

The complete lumped initial design of Amplifier 2 is

depicted in Figure 6-2.2. Those parts of the input and output

networks inherent in the transistor parasitic reactances are

not shown explicitly in the Figure , but are designated by the

junction FET symbol. The gain performance of the lumped ini-

tial design is plotted in Figure 6—1.8 , treating the input

and output matching circuits separately . In addition , the

calculated gain of the design using the measured S parameters

ct FET #23 is shown from 4-8 GHz.

102
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F i g u r e  6- 1 .6 Nor ma l i zed  I n p u t  M a t c h i n g  C i rcu i t  for
m = 3 , 13 = 2.2 , A = 9.

ft3.4203H .1. ~~~~ VALUES NOR-
MALIZED BYft 

~ 0.2379F 0.9479~~ w0~J 30619
RAD/SEC

Figure 6-1.7 Input circuit with capacitor “Walked—Through”
to fit transistor mc del (R Ratio is decreased)

0.4727F 3.420311
Hi

10.4855F :2.6272ft
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6-2. Distribut ed Conversion and Lossless Optimization

I)irec t realii.a t ion of a complex circuit containing lumped

e l e m e n T s  i s  very d i f f i c u l t  in the 4—8 GHz range due to parasitic

effects and the  extremely small physical size required to

approximate the “lumped” condition . Therefore , the lumped

Amplifier 2 initial design shown in Figure 6—2.2 was converted

into an approximate lossless distributed circuit equivalent.

The techniques used in the conversion are covered in (40). The

three equivalencies used in the conversion (they are exact at

one frequency) are given in Figure 6—2.1. The conversion of

the input circuit involved only the use of the capacitor to

open shunt stub equivalence. Except where specifically

indicated , the conversions were performed to A /8 transmission

line sections at 8 6Hz to insure good performance at the high

end of the band. Also , shorter line segments perform as the

l umped equivalent over larger bandwidths .

The output circuit conversion began with the evolution of

an 86.390 cascade line (E7 in Figure 6-2.3) from the series

l.2153nH inductor and some of the 0.5726pF and 0.2682pF shunt

capacitors (specifically 0.0954pF from each). The left over

sections of the capacitors mentioned were converted to open

shunt stubs . The 0.l728pF remainder left over from the 0.2682pF

capacitor resulted in a 115.130 line which is too high for

practical realization . The line was shortened to A /lO and

the impedance reduced to 83.690. The shunt 3.l667nH and

5.949nH inductors were converted to shunt shorted stubs. Both

1 (~
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l-~igure 6-2.1 Lumped t.o Distributed Conversion
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c , lv ( ’ r s i o n s  it  t h e  8 6Hz A /8 l e n g t h  resulted in very high

i mp i ’d a n c e s  ( l 5 9 . l 8 ~ and 299.030 respectively). The 159 .180

line was lengthened to A / 5 . 5 gi v i n g  a of 72.690 for  E6.

The 299.03~ line at E9 was left intact in the hope that computer

optimization might increase the Z0 so that it can be omitted .

In this step of lumped to distributed conversion , the

interplay between the circuit synthesis and final realization

phases of amplifier design is most important . Conversion to

distributed circuitry is first performed using A /8 at the high

end ci the band . If impractical elements result , either of

these approaches can be used to al levia te  the d i f f i c u l ty . The

line length of each problematic element can be changed from

1/8 to a value giving a realizable characteristic impedance ,

the element parameters can be left unchanged with the expecta-

tion that computer optimization will fix them , or the element

can be omitted if of high enough characteristic impedance. The

299.03~ stub , for example , was left intact for input to the

optimization routine where the Z wan reduced to 98.210. The
0

initial design values alter the distributed conversion are

l isted in Table 6—2.1.

Th e final step in the lossless design process is a circuit

o p t i m i z a t i o n .  In  t h i s  s tep,  the c ircui t  element values are

varied to improve the performance of the over-all amplifier

with respect to the design goals . The optimization was per-

formed using Peterson ’ s Fortran computer program38. The error

function minimized ~n the optimization weights both the desired

w ide band gain and the low output VSWR requirements. The function

l0~

— 
. 
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TABLE 6-2.1 l.t)SSLESS DISTRIBUTED INITIAL DESIGN ELEMENT VALUES FOR

AMPLIFIER 2

Elemen t Lumped Value Z
O Free Space Length

El ——— 32.340 0.468 cm

E2 O.253nH

E4 l.334nH

E5 — — —  41.69 0.468

E6 ——— 72.69 0.681

E7 ——— 86.39 0.468

E8 — — — 83.69 0.375

E9 ——— 299.03 0.468

TABLE 6-2 .2  LOSSLESS DI STRIBUTED OPTIMIZED DESIGN : ELEMENT VALUES
FOR AMPLIFIER 2

Elemen t Lumped Value ~o Free Space Length

El ——— 30.470 0.444 cm

E2 0.2l4nH

E4 1. 704n 11
E5 — — -  28.61 0.475
E6 —— — 93.92 0.707

E7 —— — 96.08 0.450
E8 — —— 30.36 0.457
E9 —- -- 98.21 0.577
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FIGURE 6-2. 4 DISTRIBUTED CONVERSION OF
INITIAL DESIGN
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used ~an

F = GAK
_G I) I~ 

+ W2 •VSWROUT , ( 6 - 2 . 1)

where  GD = desired gain in dB

GAK = analyzed gain

K numbers each frequency point in the band

n is the number of po in ts

VSWR OUT 
- output voltage standing wave ratio

W2 weight in output VSWR

p = gain exponent.

The optimizat ion was performed at frequency points every

1 6Hz from -1 6Hz to 8 GHZ. Since the maximum available gain

of FET #23 was 9.31 dB at 8 GHz , GD 
was set to 9.2dB to allow

some flexibility in the element value juggling . The gain

exponent was s~~ to 2 and W2 was set to 0.5 to give the optimi-

zation a good balance between the two design goals. The

resul ting circuit element values are listed in table 6-2.2.

The input and output circuit gains as well as the total

am p l i l i e r  gain b r  the distributed initial design are plotted

in Figure 6—2.4.

6-3. Mic-rostrip Conversion and Optimization with Parasitics

The conversion of the optimized lossless distributed

design ot Amplifier 2 to microstrip was accomplished in the

same manner as for Ampl ifier 1 , using the formulae of Section

4- 1 and ‘omputer iteration . The microstrip conversion is

ill
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di a g r i m e d  se l i e rna  t I a I I y i n  Figure 6— 1 . I W] th a I I of the para—

S I I e . -  I omen I ‘ - u n a v o dab  b e  I n a p r ac  I l e a  1 real i za t. i on ; Tab le

(— 3 .l l i sts t h e  v a l u e s  of both t he  parasitic elements and the

m ic rostrip component values for the converted distributed

circuit. The parasitic elements take into account the two

OSM 2 4 4 - 4 A  microstrip launchers as modelled in Section 4—5

Pl , P2 , P5 , P6) and the 500 microstrip lines required to

transverse the 1/2” x l/ 2 ”  MIC substrates from the launchers to

th e actual matching circuits (P3 , P 4 ) .

~s is evident from comparison of the curves marked

‘Lo ssless Optimization and “Microstrip Conversion with

Paras iti cs ’ , the introduction of lossy, dispersive elements

and laun chers causes a noticeabte deterioration in both the

gain versus frequency characteristics and output VSWR . The

gain is reduced and becomes more uneven and the output VSWR
increa~~t-s at 1 GHz and 7 GHz. These effects can be largely

attributed to the series inductors embodied in the launchers .

The mi crostr ip analysis program mentioned in Section 5—3

was coup led to the local minimum search routine ~~~OWL 34

to perm it “on-substra te ” m icrostrip circuit optimization. The

analys is program as discussed earlier can accept ladder net—

works of lumped elemen ts and microstrip distributed elements

characterized by w dth and length as measured on the substrate;

the mi crostrip analysis includes loss and dispersion . The

opt imi ’at ion program ~as wri tten to permit a selective variation

of c i r e -  U t  el ement parameters so that parasitic elements would

ii;’
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be f ro,en . To insure p r a c t i c a l i t y  in  the op t imized  design , pro —

vi s ior ~ was made b r  l i m i t i n g  m i c r o s t r i p  l i n e  w i d t h  and l eng th

excursion liv setting lower bounds. Withou t lower bounds on

width and length , conductors ~~onarrow to build and cascade

lines shorter than they are wide could result , creating

undesirable situations for accurate realization . Using the

same technique as Peterson38, the lower bounds on microstrip

parameters were introduced so as to avoid disturbing the

gradient calculations of the ZXPOWL routine . The “variable”

used in ZXPOWL for the width , for examp le , of a particular

m icrostri p line , is defined by

W ’  \ .JW_ Lw , (6—3.1)

where Lw is the l ower bound n width. During each iteration

o~ ZXPOWL. the circuit must be analyzed many times to check

the progress of the optimization . For each analysis , the

rea l width is unravelled from the “width variable” using

w = + L
~ 

. (6—3.2)

The general form of the error function to be minimized is the

same as that given in (6—2.1).

The Amplifier 2 microstrip optimization was performed

in two stages. For the first run , the desired gain was set

to 9.2dB , the gain exponent , p, to 4 and the output VSWR

weight to 0.2. The gain response resulting from this run

varied from 9.12dB down to 8.52dB and the output VSWR from

1111
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EARLE 6— 1 . 1  A M P L I F I E K  2 REA L IZE D ELEMENT PARAMETER S

Fixed Parasitic Elements

Element Parameters

Fl L — 0.553nH

P2 C = 0.l69pF

P3 W = 0.024”, 2. = 0.475”, Z = 500
0

P4 W = 0.024”, 2. — 0.400”, Z = 500
0

P S C = 0.l69pF

Pb L = 0.553nH

Matching Circuit Elements

Before Optimization After Optimization

Element Parameters Parameters

El 14—0.057”, 9=0.064” 14—0.056”, 9=0.065”
E2 L—0.2l4nH L O.224nH

E4 L = L704nH L = l.6OlnH
E5 14—0 063” , 9=0 068” 14 — 0 057”, 9—0 068”

E6 14—0 0044” , 9—0 114” 14—0 0068”, 9=0 115”
E7 14—0 004”, 9=0 073” 14=0 0044”, 9=0 075”
E8 14=0 057” , 9=0 066 ” 14—0 020” , 9= 0 066”
E9 14—0 .0037” , 9—0.093” 14—0 .0038” , 9—0.176”

1-
115
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FIGURE 6-3. 2 AMPLIFIER *2 FINAL DESIGN
LOSSLESS OPTIMIZATION, MICROSTRIP
CONVERSION, MICROSTRIP OPTIMIZATION:
GAIN
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FIGURE 6-3.3 AMPUFIER *2 FINAL DESIGN
LOSSLESS OPTIMIZATION, MICROSTRIP
CONVERSION, MICROSTRIP OPTIMIZATION:
OUTPUT VSWR
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2 . :~~ . I down t o  1 : 1 . 0 0 . These r e s u l t s  seemed to indicate that

8..~2dU was roughly a l i m i t  on g a i n  a t  the h i g h  end , cons ide r ing

less :i nd that insuff ic ient weight was being given to output

VSWR . A s ”  end run was made starting with the results of

the li rs i and setting GD = 8.8dB , p = 1.0 , and output VSWR

weight to 1.0. The results of this run improved the gain

fi:~tne~-s sl i ghtly and reduced somewhat the VSWR values at 4 GUz

and 7 GHz . The element values resulting from the two stage

oPt imi zat ion arelisted in Table 6—3.1 next to the un—optimized

val ut’~~. Figures 6-3.2 anti 6-3.3 show the improvements in

gain response and output VSWR obtained by optimization over the

directly converted microstrip amplifier response .

6-4. Fabrication and Performance of Amplifier 2

The layout of the Amplifier 2 circuitry attempted to

take into account as many of the precepts outlined at the end

of Section 5-3 as possible. Induc to r  lengths were calculated

u s i n g  t h e  “open—air ” mi crostrip technique outlined in Section

-1-4. The flat gate and drain leads of FET #23 were measured

to be 0 .019” wid e by 0.009” t h i c k , y i e l d i n g  a charac ter is t ic

impedance for the leads of 193 .950 and an inductance of

1 6 . l 3 n H / i n c h .  The l eng ths  of transistor lead necessary to

realize elements E2 and E4 in Figure 6—3.1 were calculated to

be 0.0 1-1 ” , and 0.097” fo r  the i n p u t  and output  respectively.

R e l a t i v e l y  w ide  open shunt stubs El and E5 were split

into two parall eled sections each of twice the impedance

119
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intended for the original single stubs . Electrica l length and

e r u l - e f f e ’ t  were calculated for these two divided stubs using

the narrower widths of the component sections. Effectively,

El and  E5 were rep laced  by two new open shunt stubs each and

m ust  be t i ’~ ated as separate e lements  in the microstrip layout.

Finally, the fan—shaped shorts were designed. Because

the  l e ng t h  of the  ATC-lOO capacitors was often greater than the

s tubs  they  wer e supposed to t e r m i n a t e , t he i r  use was rejected

for  t h i s  a m p l i f i e r .  Anothe : difficulty with the use of these

capacitors was their immense width compared to width of the

intentionally very narrow shorted stubs . The short structures

were designed before the author had become acquainted with the

radi al  l ine anal ysis covered in Section 4—2 . The shorts

were planned using Podell’s method of calculating the length

of A / 4  a t  6 GHz , the design band center , on the substrate using

the material dielectric constant of 9.7. The impedances of the

two ou tpu t  m a t c h i ng  c i rcu it  shorts were calculated later using

the radial technique and are listed in Table 4—2.1. Con-

sidering the very high characteristic impedances of the s tub

lines themselves (820 and 98~2 respectively for ~~band and E9),

good a p p r o x i m a t i o n  to shorts were obtained in the lower two

thirds of t he  4-8 GHz band .  The c a l cu l a t ed  radius for both

shorts constructed was 0.15” . The angle subtended by the E6

short was 132° compared with an angle of 180° subtended by

the  E9 s h o r t .  F igure  6-4.1 is a photograph of the completed

_ _ __ _ _ _ _ _ _ _ _ _ _  
5 .
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TABLE 6-4. 1 MEASURED PERFO RMANC E OF AMPLIFIER 2

AMPLIFIER SCATTERING PARAMETER S

FREQ . Is 1il ~~l1 
S12~ Ls12 1s 21 1 ~~~21 Is 22 I Ls22(GHz)

2 0.881 76 0 <0.032 —20° 0.079 — 12° 0.841 ~~90

3 .944 —68 < .032 141 1.841 —162 .881 —162

4 . 746 150 .060 —56 3.162 —6 .089 108

4.5  .596 78 .073 —144 3.236 —105 .299 76

5 .624 —18 .071 142 2.985 167 .437 —24

5.5 .531 —46 .089 72 2.818 88 .282 —55

6 .437 —120 .116 —18 3.055 —1 .100 —160

7 .251 63 .094 175 2.661 177 .158 —18

8 .224 —168 .089 22 2.042 7 .126 98

8.5 .282 174 .071 —62 1.698 —88 .531 —30
9 .473 85 .056 171 0.891 —145 .473 —97

AMPLIFIER GAIN AND VSWR

FREQ . VSWR
IN 

REV. GAIN FWD GAIN VSWR0~J~(GH Z) (d B) (dB)

2 15.81~ 1 <—30 —22 11.58

3 34.7 1 <—30 5.3 15.81

4 6 . 7 2  — 2 4 . 5  10.0 1.20

4. 5  3.95 — 2 2 . 7  10.2 1.85

5 4.32 —23 9.5 2.55

5.5 3.26 —21 9.0 1.79

6 2 . 5 5  —18.7 9 .7 1.22

7 1.67 —20.5 8.5 1.38

8 1.58 —21 6.2 1.29

8.5 1.79 —23 4.6 3.26

9 2.80 —25 —1.0 2.80
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.-\ r n p l i f i e r  2 . Identical microstrip techni ques were used in its

fah r ica t ion a:-; for Amplifier 1 w i t h  m ino r  except ions.  The

i n i t i a l  mask m a k i n g  s tep used Rub ine  Red Zip—A—Tone  #2558

shade ~~~. The same Kodak 6573 professional  f i l m  was exposed

f o r  t h e  new t ime of 4 sec at f/ 2 2  and was developed in Kodak

D 19 for 3 minutes and fixed for 2 1/2 minutes in Kodak Rapid

F i x e r .  The substrate size used was l/2”xl/2” instead of

l xi ’ to reduce lead-in losses.

The S parameters of Amplifier 2 were measured from 2 GHz

to 9 0Hz to determine both the design-band (4-8 GHz) and out-

of-band performance. In  the 4-8 0Hz band , the calculated gain

var i ed  ~O .3dB around 8 .7dB ; the measured gain varied from

6 .2dB to 10 . 2dB , averaging 8.8dB . From 4 to 6 GHz , the measured

gai n is 9 .7dB wi th  a r i pple of 1.2dB . Wu ’s gain functions

used i n  d e s i g n i n g  the  input and output matching circuits pre-

dict fairly steep gain roll-off above and below the amplifier

pass-band. Table 6-4.1 lists the gain obtained at the various

frequency points; this measured gain is plotted as the solid

curve in Figure 6-4.3. Measured input and output  VSWR are also

listed in Table 6-4.1 and are plotted in Figures 6—4.2 and

6-1 .4.

To check the measured performance with that predicted by

the optimized microstrip circuit model , the expected values

based on the calculations were plotted with the measured

results in Figures 6-4.2 , 6-4.3 , and 6—4.4. The quality of

the output match achieved was actually better over—all than

122
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FIGURE 6 -4  2 AMPLIFIER ~~2 INPUT VSWR
MEASURED VS CALCULATED RESULTS
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FIGURE 6- 4.3 AMPLIFIER *~ 2 GAIN : MEASURED
VERSUS CALCULATED RESULTS
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FIGURE 6-4.4 AMPLIFIER ~~ 2 OUTPUT VSWR :
MEASURED VS CALCULATED RESULTS
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t h e  - ; i l e u l a t d p r e d i c t i o n .  Ga in  in the lower two thirds of

t he  ban d .-x -t eded the design goal s l i g h t l y  w h i l e  r o l l i n g  o f f

more t h a n  expected  at  8 GHz. Outs ide  the band , the gain  r o l l —

o t t  was very steep . Q u a l i t a t i v e l y , the inpu t  circuit slope or

mismat ch was properly concentrated at the low end e~ the  band .

The VSWR . however , was a b i t  lower between 4 and 7 0Hz . Over-

a ll , the qualitativ e performance of the amplifior in terms of

g a i n  in  a nd out of the  4-8 0Hz band as well  as the ind iv idua l

p e r f o r m a n c e  of the  i n p u t  and output  c i r c u i t s  in terms of mis-

match concentration was according to design . The primary lack

of agreement between design and realized performance lies in

the roll-off at 8 0Hz. Due to the fac t  tha t  the  output  c i rcu i t

sho r t s  e x h i b i t  about +j30 ~l impedance at 8 GHz according to the

rad ia l  l i n e  ana lys i s , much of th i s  gain r o l l — o f f  if not al l

can be a t t r i b uted to the  shor t  f ans . The s imp l i f i ed  analysis

of A m p l i f i e r  1 w i t h  the LC models of the short f ans  bears out

i-his asser t ion by analogy . Because the calculated short

performance is adequate near the lower end of the band and

the input mismatch , though sloped correctly , is insufficient

on an absolute scale , over-all gain was too high between 4 and

7 0Hz. Silvester and Benedek26 mention that T junctions such

as those arising from stubs launching off the main cascaded

si~~na1 path contribute excess shunt capacitance to the cir-

cuit a’ th t - junction . The somewhat better than expected

i n p u t  m a t c h  at the  lower end of the band can probably be

a t t r i b u t e d  t o  the excess capacitance caused by the junction of
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CHAPT ER V I I .  CONCLUSION AND SUMMARY

This work has focused on the realization of 4—8 GHz

fl ;i t -~ ain amp li fie rs using a single Schottky—barrier field—

elf e’ t transistor in micro~ trip. Two aspects of microstrip

amplifier realization were dealt with. The first aspect was

accurate realization of various required lumped and distri-

buted circuit elements, The second involved detailed mathe-

mat ’cal modelling of practical circuit elements to permit

computer analyses and optimizations of complete amplifier

networks.

Techniques for the analysis and design of microstrip

transmission lines were reviewed . Calculation of the para-

meters characterizing the microstrip lines including disper-

sion and loss in terms of line geometry was covered . Parti-

cular areas of difficulty in practical design and fabrication

of amplifier circuit components were studied including microwave

short circuits which present an open circuit at DC , realization

of lumped inductors using SBFET leads , and circuit modelling

of microstri p—to—coaxial transitions .

A fairly sir~ple amplifier circuit was converted directly

from a lossless distributed design into microstrip using first

radial line sector shorts and then chip capacitor shorts at

the end of shunt tuning stubs . Based on observations of the ‘

performance of these two versions of the first amplifier

design , mathematical models of circuit elements were refined

128
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and irfl 1 )r -~ved. Transmission scattering ladder circuit modelling

i e ~- h n t q u e s  wer e adapted  to the use of these detailed models

to anaIy~ e the overall characteristics of a microstrip ampli—

1 0’

~\ second a m p 1 if i e r  was designed w i t h  Wu ’ s tables or

normali zed matching networks4~
’ based on measured SBFET S

~-~ rarnetcrs. Compromises were made in correcting transistor

r ’l l - of f t o  absorb completely the capacitive reactances inherent

in th+~ SI3FET . Left over parasitic inductances were realized

f rom tie transistor leads using “open—air ’ microstrip techniques.

The initial lumped design was converted to distributed circuitry

and optimized using Peterson ’s routine38. The lossless dis—

tributed circuit was converted to a microstrip design including

loss and launcher parasitics. This design was re—optimized

for il at gain and output match using a transmission scattering

analy sis program linked to a local minimum search routine .

The amplifi e r was fabricated and tested to evaluate the realiza—

t i o n  t .~~‘ h n i q i i . - s  em p l oy e d . ‘I’he con s t r u c t e d  a m p l i f i e r  performed

~~Ios~. to design sped f i a t  ion except for some roll—off near

the high en ’i  of’ the design band . This roll—off was due to

t h~ fac. that the radial line analysis of the microstrip short

c l i - u l t s  had not been worked out fully at the time of fabrica—

‘ion and t ht y had consequently been made too large .
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APPENDIX 1: MICROSTRIP LADDER-CIRCUIT OPTIMIZATION
PROGRAM

•1

The Fortran microstrip optimization program discussed in

C h a p ter  VI is l isted in  th i s  appendix. The program was written

t o  opt imize  the gain f l a tness  and VSWR of single stage transistor

amplifier containing microstrip distributed elements , lumped

elements , and coax-to-microstrip launcher parasitics . The

transistor is characterized by its S parameters. FORTRAN H

option 2 was used to compile the program .

The content and format of the data required for an

optimization run are summarized here . Data must be input to

the program in 8 sections of one or more cards each . The

first section is a NAMELIST containing the integer quantities

ITMAX (limit on number of iterations), MAXKAL (limit on number

of circuit analyses), and IOPT (1 to optimize , 0 not to

optimize).

Section 2 is one card listing the error function para-

maters in 4FlO.5 format . These parameters are , in order ,

the desired amplifier gain , twice the gain error exponent , the

input VSWR weight , and the output VSWR weight . Sections 3

and 4 (on separate cards) contain respectively the integer

quantities (12) defining the total number of circuit elements

and the number of frequency points .

Section 5 is the largest block of data. A separate card

is required for each element. The variables defining each

element are respectively TYPE , LOC , Vi , W , L, IFIX , BOTW ,

‘
~ and BOTL in 212 , 8X , 3F12.5 , Il , 11X , 2F10.4 format . The

130
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~~~ TYI’I ‘ ode is 0 for  t r a n s i s t o r , I f o r  i nduc tor , 2 for

3 for resistor , 4 fo r shorted s h u n t  s t ub , 5 fo r  open

-~h u n t  stub , 6 fo r cascade l i n e .  LOC ( l o c a t i o n )  is e i t h e r

f o r  ser ies  or 2 fo r  shunt . VI is the lumped e lement  va lue

in  pF , nH or ohms . W and L are d i s t r i bu t ed  element  w i d t h  and

length in inches on the substrate respectively. IFIX=l for

element optimization, 0 if the element value i s  to be f rozen .

BOTW and BOTL define the lower limits of distributed element

width and length in inches . If the element is  lumped , BOTW

del in es  i t s  m i n i m u m  va lue .

Se c t i o n  6 d e f i n e s  the micros t ri .p  subs t ra te  on one card
/

w i t h  f o u r  q u a n t i t i e s  in 2F l2 .5 , 2D 12.3 format . These

quantities are substrate dielectric constant , substrate thick-

ness (inches). conductor thickness (inches), and conductor

resistivit y in cl—cm .

Section 7 lists the transistor S parameters in polar

form (magnitude then angle) in the order they appear in the

S matrix. Each frequency point is defined by one card using

8F8.3 format. Section 8 lists the frequencies in GHz one to

a rard in F12.5 forma t .

I .
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IM P IIC&T MEA L *8 (A—H ,0—Z)
D I M E N.~ ION X Sl 1 (~~,l5 ),x $12 (2,l5 ) ,X S2l(2,15l ,XS22(2, 15 )
DI MENSION X (20)
O I ME NSZ LJN W A 1 4 8 0 )
R EAL , *o D L0 G L0 , C OAB S , DSQRT , DLOG
REA L*8 MU0,L
COMPL E X * L 6  DCONJ G ,CDEXP ,R ECT
C~~MP LEx * L6  SL1 ,512 ,S2 1,S22
! N T E~,ER TYPE
C3MMu~ /OP / G WANT ,P , Wi , W2, IPT p KALL ,MAXKA L
C. JMMcjN/CIj NST/P I, MUO , C, EPSR , H, 1, RR,NOF , NOE
LJMMlj N/~~~C HAR/ V l (2 QJ ’ ,W ( 2 0 ) , L (2 0 ) , B OT L ( 2 0 J , B 0 T W ( 2 O ) , T Y

C P E( 2 0 ) ,
* LOC (20i’ ,IFLX (2 0 )

CJMMU N/INPUT/S11 ( 15) , S12 ( 1 51 , S21 ( 151 , S22 (1 51 , FR ( 15)
COMMON/DUTPUT/SP (2,4) p GA IN( 15 1, VSWRI ( 15) , V SWR O ( 15)
N AM EL 1 ST /C ON TRL /EPS , IT M AX ,MAX KAL, IO PT
N AMEL I ST/XLNC H/X,N
R EC T( k~~,A.J)=RQ*CDEXP ((0 .,1.)*AQ*3 .L415927/18O .)
EPS= 1 .0—4
ITM AX= 20
MAXK AL = 500 —
IOP 1= 0
READ ( 5 , C G NTRL I
READ(5 ,300 ) GWANT, P ,W 1,W 2

C GW ANT=D E S IRED GAIN IN DB
C P= POwER OF GAIN ERROR
C w l= V S W R I  WE IGHT
C W 2 = V ~~~Ru W E I G H T

idRI TE (O,iOI)
301 FO R MA T ( I O H  GW AN T , IO H P,LOH W 1,LOH

C
wRIT€( -b ,200J
W R I T c (6,300 ) GWA N T ,P ,Wl ,W2
WRITE (6,200)
W R I T E ( 6 ,  302- I

302 F O R M A T ( ’  EPS , I T MAX ,M A X K A L ’ )
~R I T E (6 , C O N T R L)

300 FORMAT (4F 10.5)
WRITE b,~~00)C MATH E MAT ICAL AND PHYSICAL CONSTANT S
P 1= 3. 141 592 700
MJO =31 .920-9
C =2 .998010/2.540 0

C READ ZN NO. OF ELEMENT S
Rc A Dt~~,1001 NOE

100 F O R M A T ( 12 1
~4’tlTE16,1Ol1 N OE

101 FORMAT (19H NO. OF ELEMENTS : ,12 )
‘~R IT t (6,200)

200 FORMAT (/)
C R EAD IN NO. OF FREQU ENCIES

~ g’ PARA METE RS COPY AYAI1~8~E TO DCC CUES ~OT
l~2 

PERMIT FUllY LE~CiE P~Q J~.C
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1. TYPE:
I l~ L ,2 = C ,3~ k ,
C 4~~~HURTt0 S T U o ,~~~0PEN ST IJ B,6 S E R I E S  L I N E , 7= S P E C I A L
C b c :
C 1~~SEk IES,2 =SH UNT
C V 1=LUMP EO VALUE IN NA NOHE NRIES, PICOFARADS,  OR OHMS
C W = O Z S T R A B U T E O  LiNE W I DT H IN INCHES
C L= D IS T R I B U T E D  LINE LENGTH IN INCHES
C IF IX= i  TO v A RY ; 0  TO FIX
C BOT l~=LO W ES T VALUE F E A S I B L E  OF WIDTH OF DiST RIBUTED EL
C EMENTS
C BOTL=LO W EST VALUE OF LENGT H FEASIBLE IN DISTRIBUTED E
C L E M E NTS

W R IT E(6 ,2 0 0 1
104 FORM AT ( 1211  T Y P E , L Z H  LOC,12 H V

C 1,1211
1 W , 1~~pi L,12H IFIX ,12H ~ BOTW ,
2 12H BOIL)

W R I T E  (6 ,  104)
WRITE (-6 , 2001
DO 4 I=1,NOE
RE AD (5,jO51 TYPE (I3,LOC( I ) ,V1(I),W(Ii ,L (I),IFIX (I),BO

C TW (I),
* BOTL (I)

WR ITE(b ,1091 TYPE ( fl,LOC (I),V1 (I1,W( I) ,L (I) ,IFIX (I),B
C OTW (I),
* BCTL (I)

105 FORMA1 (212, 8X ,3F 12.5 ,I1,LIX ,2F 10.4 )
109 FORMA T (2I12,3F12 .5,112 ,2F12.5 )
4 CONTINUE
C READ IN SUdSTRATE PARAME TERS :
C RELATIVE DIELECTRIC CONSTANT OF SUBSTRATE, EPSR
C SUBSTR ATE THLC~(NESS,H (INCHES)
C CONDUCTOR THIC KNESS,T (INCHES)
C CONDUCTOR RES ISTIV ITY ,RR (OHM—CM)
C (2FL2.5,2E12.31

WR ITE (6 ,200)
WR I  T E (6 ,  200)
W R I T E (6 , 106 1
WR I TE ( 6, 200 1

106 FORMAT(12H EPSR,12H 11,1211
C T , 1~ H COND.
* RES.)

WR I TE (6,200)
REAO (5,1071 EP$R ,11,T,RR
v~RITE(6,lO7 ) ErSR ,H ,T,R R

10’? FURMAT(2F12.5,2012.3)
RR =RR/2 .54
W R I T E  (6 , 200
W R ITE (6 ,  2001
W R I T E  ( 6, 206 1

206 F O R M A T ( ’  S PAPI AMETE RS VS FREQUENCY : MA GNITUDE i~ AM GL
C 

w R ; T E o ,200)  CGPY AVAILA BLE TO DOC DOES NOT ~I 3’~ PERMIT FULLY LEGIBLE PRODUCTION
_ _ _ _ _ _ _ _ _  -
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REAO (~~,LQ 3j (XSL1 (1,I),XS1I (2,l)
1 XS 12 (1,j1,X512 (2,I),
2 XS2IU ,I) ,XSU (~~,I),
3 XS22( 1,1 ),XS22 (2,I) ,I=1,NOF )

103 FCR M A T(8F8.3)
C READ IN FPIEUUENCIES IN GIG ACYCLES

00 27 I=1,NOF
READ (5,)02) FR (I)

1 02 FO RMA T(F 1~~.5)
FR( I )=F R (1 )*1.09

27 CONTINUE
wRITE 1 6, 112)

112 FO RMAT (12H FREQUENCY ,
1 1211 MA G 511 ,1211 ANG 511 ,
2 12H M4G 512 ,1211 ANG S12 ,
3 1211 MAG S21 ,12H ANG S21,
4 12H MAG S22 ,12H ANG 522 )

W RI  It 1 6, 2001
W RIT E (6,1081 (FR(I),

1 XS II (1 ,I 1, XS IL(2 ,I )
2 XS I2 (1 ,I),XS L 2 (2,I)
3 XS2 I (1 ,I),X S2I (2 ,I) ,
4 XS22 ( 1 ,11 ,XS~ 2 (2 ,I) ,I=1,NOF )

108 FORMAT (1P012 .3,OP8F 12.31
DC 6 I=1,NU F
S 1l (i )=R€ CT (XS II (1 ,I1 ,X S 1I (2 ,I ) I 

-

S12 ( IJ=RECT (XSI2 ( 1,! ),XSIZ ( 2 ,1))
521 (1) =REC I 1XS2 1 (1 ,1 ),XS2I (2,1))
S22 (I )=RECT (XSZ2 (1 ,I) ,X S22 (2 ,I1)

6 CONTINUE
N=0
00 31 1 1,NOE
I F( ( I F I X( I ) . E w .1) . A N D .(V 1(  I) .NE.0.) )  N N+ 1
I F ( ( I F IX ( L ) . E ~j .i)  .A N D .(V 1( I) . N E . 0 .) )  X ( N) = DS Q R T (V 1( I )

C —8011( 11)
I F ( ( I F IX ( i ) . EQ . 1 1. A N D . (V 1(  I I .EQ.O.) )  N N+2
IF ( (I F L X (Z 1 . E Q.l) .AND. (V 1( Z).EQ.O.)1 X (N~ 1 ) DSQRT (W(j

C 1—
* B O T W ( I ) )

IF(  ( I F IX ( I 1 .t Q . 1) .A N D . (V 1( 1) . E Q . O .H  x ( N 1= DS Q R T ( L ( 1 )—
* 6011(111

31 CONTINUE
WR IT E(6 ,X LNC HJ
XALL :0
IPT=1
CALL FLJN C TIN,X,FCT )
TP T x O
CALL Z X P I J W L( F U N C T , E P S , N , X , F M Z N ,  Z T M A X , W A , J E R )
1P 1 1
CALL FUNCI( N ,x ,FCT)
ST OP

COPY AVAIL ABL E TO DCC DOES NOT
IMPLIC IT REAL*8 (A ’ H , O ZI PERMIT ft IL? LEG~ E pflOU~CTlO~1l

~~

I 

I
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D IMENS ION T R ( 2 , 2 ) , T R A N S ( 2 , 2 )
DIMENSION L0120 ,15) ,ALP HA ( 2 0 , 15 ) , B E TA (2 0 , 15 )
DIMENSI O N T E ( 2 ,2 )  ,S (2 ,2 1
DIMENSION X ( 2 0
DIMENSI ON LC HNG (201
PEAL*8 LENX ,MU0 ,LENCOR,LAMBDA,L
RE AI*8 DSQRT,DLOG,DLOG1O,CDABS
COM PLEX *1 6 TRAN S , TR ,Z,Y ,TE ,S
COMPLEX* 1 6 DCONJG ,CDEX P
COMPLEX* 16 S1i ,S12 ,S21,S22
INTEGER T Y P E , T Y P X
COMMON/OP/GWANT ,P,W1 ,W2, IPT,KALL,MAX I(AL
COMMON /CONST/P1,MUO,C,EPSR,H,T,RR,NOF,NOE
COMMON/ELCHAPJV 1(20),W(201,L (20),BOTL(20),BOTW(201,TY

C PE (20),
* IOC (201,IFIX (201

COMMON/INPUT/S1L (153 ,S12 (15 ),S21( 15) ,S22(15) ,FR( 15)
COM NON /OU TPUT /SP (2 ,4) , GA IN ( 15 ), VSWR I ( 15 ), VS WRO ( 15)
KA L L = K A L L + 1
IF(KALL .GT.MAXKAL J IPT=1
FF Q.
N N O
DC 31 1 1,NOE
IF ( (IFLX (l ) .Ew .1 ) .AND . (V 1 ( 1).NE .O .)) NN NN+ 1
IF ((IFIX ( 11.E Q .1) .AND. (V1(I1.NE .0 .)1 V 1 (I )=X (NN )*X (NN

C )+BOTL (I)
IF I (IF IX ( I).EJ.L) .AND. (V 1 ( I).EQ.0.)) NN NN+2
IF ( ( L F L X L 1 ) .E ~.a.L ).AND. (V 1 ( I ).EQ.0 .)1 W( I)=X (NN—1 )*X (N

C N—1 )-tBOT W (I 1
IF ( (1F IX (I) .E ~l .11.AND.(V 1 ( 1i.EQ.0.)) L (II X (NN)*X (NNI

C + B C T L ( I )
31 CONTINUE

R0= 50.
IFI IPT.EQ .O1 GOT O 67
W RI IE(6,Z001
W R IT E(6,  104)

104 FQ RMA T ( 1~~H TY PE ,~12H LOC,12H V
C 1,12H
1 W ,12 H 1,1211 IFIX ,12 11 BOTW ,
2 1211 BOT h

W R ITE (  6 ,200)
DC 4 I=1,NOE

W R I T E ( 6 , 1 0 9 )  TYPE (  I ) , L O C( I ) ,V 1( I ) ,W ( I 1 , L( 1) ,  IF IX ( I hB
C Q T W ( L ) ,
* BCT LU)  -

• 109 FOR MA T ( ~~I12 ,3F I2 .5 , I 12 ,2 F12 .5 )
4 CCNTI NUE

W R IT E( 6 ,2 0 0 1
- . WRITE(6,2001

200 F O R M A T ( / )
W R IT E(6 , i 1j )

111 FORMAT (’ TRANSISTOR AMPLIFIER S PARAMETERS IN POLAR F
C C,U4 ’ I 

- -

‘

W R I T E( b ,20 0)  - 

1 
COPY AV AILABLE TO DOC DOES ~OT

~ PERMIT FULLY LEGIBLE F~OD JCTION j
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W R J T € ( o , i 1 2 1

112 FO RMAT(1211 FREQUENCY,
1 1211 MA O SL1,12H ANG S11 ,
2 12 H MA O S12 , 1211 ANG S12 ,

1211 MAG S21,12H ANG 521,
4 12H MA O S22,12H ANG 522 )

wRI TE (6,200 1
67 ER EPSK

1111= H
T T T
DO 20 1E 1 ,NOE
IF (TYPE (1E) .LT.4) GOTO 20
IF (TY PE (LE ) .EQ .71 CALL CUS T QM (EPSR ,H,T)
DO 21 IF=1,NOF
RS=DSQRT (PI*MUO*FR ( IF)*RR)
SR W ( IE)/H
C ALL E PFCAL(€PSR ,SR ,EPSEFF)
CALL ZOCAL (SR ,EPSEFF,ZOL )
CALL EPECAL (EPSEFF,EPSR, H,FR( IF ),ZOL,EPSE)
CALL LO CAL (SR ,EPSE ,Z0 (IE ,IFII
CALL XLOSS (SR ,Z0L,RS ,W ( IE ),H,EPSE ,T,ALPHA(IE, IF))
ALP HA ( IE, IF I =AL PHA( IE , IF )/8 .686
LENCQR=1 ./OSf.)RT( EPSEI
LAM8DA LENCOR*C/FR (IF)
BET A t it , 1F1 2.*P I/LAMBDA
IF (TYPE ( IE ) .E Q .8) CALL CUS TL (FR (IF ),A L PHA IIE ,IF ) ,6ETA

C (IE ,IF ),
* W ( I E I ,Z 0 ( I E ,  IF))

21 CONTINUE
ICrING( IEI 0
IF (TYPE (IE ) .EQ .73 ICHNG ( IE ) 1
IF (TYPE (IE ) .EQ .7 ) CALL DEFL T(TYPE( IE),ER ,HH,TT ,EPSR,H

C ,T)
IF (TYPE(IE) .EQ.8 ) CALL DEFLT (TYPE (IE),ER ,HH,TT,EPSR ,H

C ,T)
20 CONT INU E

DO 2 IF L,NOF
T R( 1,11=(1.D0,O.D0)
T R ( L ,21=(0 .Q0,  0. 00)
T R ( 2 , L )  = (O.DQ,0.DO )
T R ( 2 , 2) : (1.D0 ,0.DO)
F = F R ( I F )
TRANSI1,11=1./$21 (IF )
TRANS( 1,2 1=—1. *522 (IF )/S2 1 (IF I
TRANS (~~,j1=S1l(1F1 /S2 1 (lF )
TRAN S(2,2) (512 ( IF )*S2 1 (IF )~~S11 (IF)*S22 (IF ) )/S21 (IFI
DO 1 IE=1,NOE
LCCX LOC ( IE)
T Y P X * T Y P E( I E I
V 1X :V l (IE I
IF (TYPX.GE .4) ZOXzZO (IE ,IF )
LF (TYPX .GE.41 LENX~ L (IE )
IF (TY PX .GE .4) A LX ALPHA (IE ,IF )
IF (TYPX .GE .41 BEX 8E TA (IE, IF )
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I F ( T Y PX . E Q . O )  CALL Q C A I ( T R A N S , T E I
I F ( ( T Y P X . G T . O l . A N O . ( T Y P X . L E . 3 ) )  CALL TRALUM (LOCX, TYPX

C ,V 1X,
* F , R0 ,T E I

IF( T Y P X . G E . 4 )  CALL T R A D I S ( L O C X ,T Y P X , Z OX , L E NX ,A L X , B EX ,
C R O , T E J

CALL MA T M L T ( T R ,TE, TR I
C O N T I N U E
S ( L , 1 I= T R(2 , 1) / T R ( 1 , 1)
S(1,21= (TR (1,1)*TR (2,2) TR(Z,1)*TR (1,2fl/TR(1,1)
S ( 2 , A )  =1 . / T M ( 1  ,1)
S(2,21 —TR (1,2i/TR(1,1)
CALL POL AR (S,SP)
IF (IPT.E Q.0) GOTO 777
WR ITE (6,113) F,SP (1,1),SP(2,1),

1 5P(1 ,2. ),SP (2 ,21,
2 SP (1,3) ,5P12 ,3),
3 SP (1 ,4),SP (2 ,41

113 F QRMAT (1P012.3 ,4(1P012 .3 ,OPF12.3))
777 &A I N (IF)=OLOG1O (CDABS (S (2 ,1)*DCONJG (S (2 ,1))))*10.

VSWR I (IFI= (1.+SP(1,1))/ (1. —SP (1,1))
VSWRO (IF )=U. +SP (1 ,4)1/(1.—SP (1,4))
FIF~~4DABS U ~A IN (IF )_ GWANT ))** (2. *P )+W1*VSWR I (IF )+W2 *VS

C WR O (IF I
F F=FF +F IF

2 C O N T I N U E
IF I IPT .EQ .01  RETURN
W R IT E ( 6 , 2 0 0 3
WRI TE (6,200 1
WRITE (6, 1201

12 0 FORMAT (1211 FREQUENCY,12H GALN,12H VSWR
C 1,
* 12H V S W R O J

W R I T E  (6 , 200 1
W RIT E (6,1211 (FR( I ) ,GAIN (I ),VSWR I (I ),V SWRO (I ),I 1,NOF

C )
121 FORM A T (1PD 12 .3 ,OPF12 .3 ,F12.3 ,F12 .3)

WR ITE ( 6,200)
WRI T E  (6,200 1
WRIT E (b, 122 ) EF

122 FORM A T (  ERROR F UNCTION VA L UE ‘,1P012.5)
DC 9 LE= 1,NO E

9 I F( IC H N G( I E 1 . E~~.1) T Y P E ( I E ) 7
IF ( KA L L . G T. MAX KAL ) STO P
R El U N
END
SUBROUTINE TRA DIS (LOC ,TYPE ,Z0,L,AL,BE,R0,TE)
I M PLIC IT REAL*d (A—P4,0—Z), INTEGER ( I—N )

• DIMENSION T E t 2 ,2 1
I N T E G E R  T Y P E
R EAL*8 L
C OMPLEX * 1b TE ,GAMMX ,AR G ,X , A ,B,C,D
CO MPL EX * 1b C D EXP ,CO S INH,CDCOSH,CDCOTH ,CDTAN H
C D S I N P I (X ) a O . , * ( C D EX P (X ) - COEXP ( X ) )

“~ COPY AVAIL ABLE TO DOC DOES NOT
____________ 2E~~IJ .F1II IY I FCIR1 F pRflfl~CTlfl~ %

‘S __________
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C Lh O S-1t X 1=O.~~* (C0EXP(X )+CDEXP (—X ))
C O C C T r I (X ) z C L ) C O S H (X ) / C D S I N H (X )
LDTAN H( X)=1 ./COCOTH (X )
G A M M x =A L+ ( 0 . ,  1.ItBE
ARG *GAMMX*L
Q1=IL0*ZO .R 0*RO ) /(2.*Z0*R0)
Q2= (Z0*ZO—RO*RO1 /(2.*Z0*RO1
Q3 :R0/ (2.*~~O)
A=C D COT H (ARG)
B=CCT AN H(ARG )
C SC DS 1NH ( AR &)
D=CDCOSh ( ARC,)
TE ( 1,1 )=1.+Q3*A
TE ( 1,21= Q3*A
TE (2,i 1=— l E t  1 ,21
TE (2,2 )=L. —Q3*A
IF (TYPE .L,E.4) GOTO 1
TE 11,11 = 1 .-s Q3*b
TE (  1,21 =4.13*8
TE (2, 1 )=— TE ( 1,21
T E(2 , 2) : 1 . —Q 3* B
IF (TYPE.LE.5) GOTO 1
TE( 1 ,11=D +QL*C
TE (1 ,~

) ~— 1 . D0*Q2*C
TE (2,lJ — TE (i~,2)
TE (�,c,i=D— .lj*C
R E T U R N
END
SUBROUTINE MA I HLT (A,B,P)
DIMENSION A (2,2),B(2,2),P(2,2),Q (2,2)
COMPL EX* 16 A , B , P , 1
C (1,1 )=A (1,1)*B (1,1 )+A (1,2)*B (2,1)
(.1 (1 ,~~) A( 1 ,1)*b (1 ,2)+A (1 ,2)*B (2,2)

2, 1) A ( 2, 1) *6( 1, 1) +A ( 2,2)*B ( 2, 1)
Q(2 ,21=A (2,11*B (1 ,2) .A (2 ,2)*B (2,2)
CALL 4.IC A L L4.á ,P 1
R E T U R N ’
END
SUBROUTiNE LL tTYPE,V 1 ,F,Z)
IM PL ICIT REAL *6 (A—H,O~.Z) ,INTEGER (I N1
CCMP LEX* 1 6 L
INTEqjER TYPE
P1= 3.1415927

C INDUCTANCE IS ASSU MED TO BE ZN NANOHE N R IES
lE t IYPE .EU. 1) Z~~(0. ,1,)*2.*P1*F*V 1/1 .D 9

C CA PAC iTANC E IS ASSUMED TO BE IN PICOFARADS
IF ( TYPE. .E Q .2-I z~~(0. ,— L .  )*1 .012/ (2. *P I*F~ V 1)

C RESISTANCE is ASSUMED 10 BE IN OHMS
IF (TYPE .E 4.~.3) ~~ (1.,0.1*V1
RETUR N
END
SUBROUTINE TRALUM(LOC,TYPE, V1,F,R0,TEI
I M P L I C I T  REAL *8 (A—11 ,O—Z ) ,IN TEGER (I—N )
DIMENSION T E ( 2 , 2 )  COPY AVAILAB LE TO CCC DOES P~OT

PERMIT rniiv v r ’ ~’c w~,1r’-tvr~n’!
~II I ULL~ LLUli~~.. U~~LU~-~

— -‘ 5-—,- 
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C ’ Lt ~~*1~ L ,Y , ~~.j, T E
It411 ,114 I YPL
C ALL L b (T Y P ( ,V 1 ,  F ,L I
‘~‘~~1j1Q= L / ( 2 . *R 0)
IF (LuC.E (J.21 0 R0 * Y/ 2 . P 

,~~~~~
. 

~t48i~ ~‘il/t v ‘O~i~TE( 1,1 )=I .+w l t f i ;~,~y, ~.iC ftn
T E ( 1 , 2 ) = — j . * S*Q ‘/ iVT E ( 2 , t i = — T E U ,2 I
TE (2,21=1 .—~R E T U R N
END
SUB ROUTINE LOCAL (SR ,EPS,Z0 )
IMPLICIT R EA L * 8 ( A — H , O — Z )  , I N T E G E R ( I — N)
COUBLE PRECISION DSQRT,DLOG
P 1=3. 1 41592 7
Z0= 60.*DLOG (8./SR+SR/4.)
IF (S R.LE. 1 . J  ~,OTO 1
Z 0= 12O. * P I/ (S R +~~.42— 0.44/ SR+( 1. — 1. /SR)**6 .)
ZO =L 0/DS ~. 1 RT ( E P S 1
R E T U R N
E N D
SUBR O UT INE E P F C A L ( E P S R , S R , E P S E F F )
IMPLICIT R E A L * 8 (A — H , O — Z ) , I N T E G E R ( l— N )
DOUBLE PRECiSION DSQRT
E P S E F F= ( E PS R + 1. 1/ 2 . + ( ( E P S R — 1.  )/ 2 . )/DS QRT ( 1. +10. /SR)
R ETURN
END
SLIBRCU T INt E P t CA L ( E P S E F F , E P S R , H , F ,Z O L , E PS E )
IMPLICIT R EA L* 8 tA —H ,O—~~j , INTEGER ( I— N )
REAL*8 MUO

~U0 31 .920—9
&=0.6+0.009* Z0L
FP=ZOL/ (2 .*H*MU0)
EPSEzEPSR~~(EPSR_EPSEFF 1/ (1.+G*((F/FP)**2.))
R E T U R N
END
SUBROUTINE XLOSS (SR ,ZOL,RS,W ,H,EPS,T,ALPHAI
IMPL IC IT RE AL*8 (A—H,0—Z) ,INTEGER (I—N )
DOUdLE PRECISION OSQRT ,DLOG
P1=3.1415927
E=2.7- I828

— 
Qv4D T (T / P I ) * ( O L O G (4 . *P I* W / T ) +j . )
I F ( S R . L E . ( . 5 / P i 3 )  OCT0 1
D~ u T = t T / P I i * ( D LO G ( 2 . * H/T )+1.1
WP W+ LvdD T
A = ( 8 . b8 / (2 . *P I) 1* ( 1 .~~( WP / (4 . * H))* * 2 s ) *

1 (1 . +H/.~Pl’ (H/tPI~~WP ))*
2 (DLCG ( 4.*P I *w /T ) +T /W 1 1

IF (SR.LE .(.5/PIl ) OCT0 2
A = ( 8 .6 8/ (2 . * P L) 1* ( 1 . _ ( W P / ( 4 . * H) ) * * 2 .)*

1 (1.+ H / W P + ( H / t PZ $ W P I ) *

--- — --—5- — - --  
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2 (OL(;(,(2.*H/Tj—l / HH
I F ( ( $ R . , T . ( . 5 / P I H . A N D .( S R .L E . 2 .) I  6010 2
A =t 8.-68/( (IP/11+ (2.IPI)*DLOG (2.*PI*E* (WP/(2. *H)+0.94))

C )**2.fl*
1 (,~P/h+(WP/ (PI*H1 )/tWP/ (2.*H)+O.94))*
2 (1. +H/ , . 1P+( H /tP I - *W P) ) * ( O LOG (2 . *H/ T ) — T / H ) )

2 AL P HAO=A *RS/ (Z0L* 14 )
AL PP~~=DSQRT (EPS1 *ALPHAO
RETURN
END
SUBROUTINE END EfF(W ,F,H,LAMB DA ,OELTLJ
IMPLiCIT REAL * 8tA— H,O— Z.) , INTEGER ( I—N )
DOUBLE PRECISION DLOG,DCOT AN,DAT AN
REA L* 8 LAMBDA ,K
P1=3. 14 1592 7
C=2.*H*DLOt~(2.O0)/PI
K= 2 .*P I/LAMB D A
DELTL= (1 ./KI*DATAN (1./(((4.*C+2.*W)/(C+2.*W ))*DCOTAN (

C K*C )))
R E 1 URN
END
SUBROUTINE QCA L (TRAN S,TE)
DIMENS I ON TRA N S (2 ,2) ,TE (2 ,2)
COMP LEX * 16 TRA N$ , TE
TE (  1, 1) = T R A N S (  1,11
T E (  1,2 ) =TRA NS ( 1 ,  2 )
TE ( 2, 1) =T RAN St  2 , 1)
TE (2 ,2  )=TRAN S (  2 ,2 )
RETURN
E N D
SU8ROUTIN~ P OLA R (S,SP)
I MP L ICIT REAL*8 (A—H,Q—Z ),INTE&ER (I”N )
DIMENS ION S ( 2 ,2 1  , S P(2 ,4 )
CO M PLEX * 16 S
CALL  ( PO L A R ( S ( L , 1 ) , S P ( 1 , 1 ) , S P ( 2 ,  1) )
CALL CPULAR (S (1,2),~~P (1,2 ),SP(2,2))
CALL C P O LA e t S ( 2 ,  11 , SPt 1,3), SP ( 2 ,3))
CALL CPCL A RL S (2, 2 ) ,SP (i ,4),SP (2, 4))
RE TURN
END
SUBR OUTINE CPOLA R (CPLX ,M A G ,ANG )
IM PLICIT ,~EAL* 8 (A—’4 ,O—Z ),1NTEGER (I—N1
CC?~PLE X*16 CUL OG ,CPLX,CPLXL
REAL *8 COAB S, MA G
P1 =3.141592 7
MA G C D A D S ( C P L X I
CPLX1zCPLX /M AO
ANG=D IMAL(COLOG(CPLXII*180 ./P1)
RETURN
EN
DOUBL c~ PRECIS ION FUNCTION OIMAG (Z1

~EAL*8 A (2)
CO MPLEX*16 L,Y
E Q UI V ALE N CE (A (L ) ,Y ) COPY AV AILA~LE TO ~ C C~T~- ~3T

PERMIT FULLY LEG1~E ~U~ G1IC~
- - - -. - ---- -------- ~~~~~. ~~~~~~~~~~~~~~~~~~~ 

- :
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Y = L
C I MAG=A (2 1
R E T U R N
END
SUB ROUTINE CtJSTOM (EPSR,H ,T1
IMPLIC i T REAL*8 (A—fl
E PSR= 1.
H=O .060
1= 0.005
RETURN
E N D
SUBROUTINE DE&LT (TYPE,ER,HH, TT,EPSR,H,T)
D’PLIclT REAL *b (A— fl
IN TE~,ER TYPE
EPS R= ER A

SUdRuo TINE CUSTL (F ,ALPhA ,BETA ,W,Z0 ) ~~~~~ ~~~I MPLIC IT r~LAL*ø (A—i ) ~~~~~~ ?
AL PHA=O.
8 E T A =2. * ,~.L4 1592 7* F*2.54/2 .998D 10
Z O=~RETURN /
END

SUBROUTINt LXP OwL (F ,EPS,N,X,FMIN, I TMAX,WA, IER )
C • LXPO WL . . . . . . . .0. . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C
C
C FUNCTION — POWELL’S ALGORITHM TO FIND A (LOCA
C L) M INIMUM
C OF A R E A L  F U N C T I O N  OF N R E A L  VAR
C I A B L E S
C US A GE — CALL  ZXPOW I  (F ,E P S , N ,X , F M I N , IT M A X ,
C WA ,L~~< J
~ , PARAMET ERS F — A FUNCTION SUBPROGRAM WRITTEN BY I
C HE US ER
C EP~ — CONVERGENC E CRITERION — SEE ELEMEN
C T

DOCUMENTATION
C N — LENGT H OF THE VECTOR ARRAY X (INPU
C I)
C X — A VECTOR ARR A Y  OF LENGTH N. ON INP
C UT ,  A IS AN
C I N IT IAL GUESS FOR THE MINIMUM. 0
C ~ OUT P U T
C X IS THE COMPUTED MINI MUM POINT
C FM IN - F (X )  — FUNCTION F EVALUATED AT X
C OUTPUT )
C. 1TM AX - ON INPUT = TH E MAX IM U M  A LLOWA BL E N
c ij~~ 8t~c OF
C ITERATIONS PER ROOT AND ON OUTPU

— —- — ~~~~~
— —5- 
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C I = 1~iL
C NUMBER OF ITERATIONS USED
C w A — A VE CTOR WORK AREA OF LENGTH N*(N+
C 4-1
C I ER  — ERROR PARAMETER (OUTPUT )
C TERMINAL ERROR =

C N = 1 NO FINITE MiNIMUM OBTAiNED
C N 2 F IS LEVEL ALONG A LINE TM
C R OUG H X
C N = 4 FAILUR E TO CONVERGE IN 11$
C A X
C ITERATIONS
C N = 8 GRADIENT ‘LARGE’ AT CALCUL
C. ATED MINIMUM
C PRECISION — SINGLE/DOUBLE
C RE Q,O LMSL ROUTINES — UER TST
C AUT HOR/ IMPL EMENT ER — 0. 0. JOHNSON/L. 1. WILLIAMS
C LANGU AGE — FORTRAN
C. . • . . . . . . . . . . • . . • . e • • • . • . • • . • • S • • • • • • • • • • • . • S • • S • • • • • S • • • S

C
C LATEST REVISION — APRIL 14, 1972
C
C

DIMENS ION X( 11,WA( 1I
DOUBLE PRECISION X ,WA, FMIN,FS,FB,FL,DB,HX,DM,DQ,HQ

C ,HD
DOUBLE PRECISION DC ,FM, FC ,DA,FA,EPS,Y,ONE ,ZERO,P1, P0

C L, HALF
D3UBLE PRECISION DAB $,DSQRT
CO M MO N/ OP/ DUMMY ( 8) ,  ID(JM ,KA LL, IDUMM

DATA ONE ,ZERO,P1,PO1,HALF/1.DO ,O.D0,.100
C ,.0100,.500/

J E R  = 0
ISw 3= 0
N 2 = N*N
I D=N2
I P  = IO+N
I S  = I P +N
IT IS-t N
DC 5 K 1,N —

w A ( L P + K )  = X ( K )
~4A (IT+K) ONE

5 CO NTINUE -~~~

C COMPUT E FIRST FUNCT ION VA
C L U E

C A LL F (N ~ AA (IP + 1 1 p F S )

ii LEG Bit PRO~~TLC~
ISw i = 1

10 W RI TE (b,33 3 ) ITT ,F S ,KAL L. , (X(L ),L *1 ,N)

1~I2

J - 5---—5- -
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-~~~~ IT T = IT T +1
F L  = F S
DC 15 K 1,N

W A ( I U + K 1  = L E R O
15 CONTINUE

I C C  = I
I IC
ISw2 = 0

20 NS =
IPP = 0
08 = ZERO
IF (ISW2 .E Q . 01 HX W A (I P + I 1
IF ((ITT .ME. 1) .OR. (ISW I .ME. 1)) GO TO 25
ON = P1
IF (DABS( HXJ .GT .ONE 1DM = —DM*HX
GC TO 75

25 IF (ISWI .ME . 2) GO TO 30
ON =
IF (ITT .E~~. 11 DM = HQ
GO TO 75

30 HO = sA (IT+ I1
IF (ISw2 .EQ . 1) HO = WA (IS+1)
DC = HQ
IF (ITT .EQ. 21 DC = P01
ON = DC
ASSIGN 35 TO LtIRK
GC 10 120

35 DM = HA L F * O C — ( F M — F B ) / ( D C * H D I
IF (FM .GE. FB I GO TO 40
FC FB
FB = FM
DB = DC
IF (DM .EQ. 08) GO TO 160
DC = ZERO
GO TO 50

40 IF (CM .ME. 06) GO TO 45
DA = DC
FA = FM
GC IC 70

45 FC = FM
50 ASSIGN 55 TO IMRK

GO T O 1~~0
C ANALYZE NEW FUNCTION VALU

E
55 IF (F M .LT. FB I GO TO 60

COPY AVAILABLE TO DCC DOES NOT
60 DA = OB PERMIT FULLY LEGIBLE PRODLJCTIO~06 ON

F S = F M
65 IF ((OC—OA )/(D 8—DA ) .GT.ZERO) GO 10 115

IF (0 8 .NE.ZERO ) GO TO 160

1113
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7O N S = 1
DM = — D C

‘I
~~ IF (NS .LE. 151 GO TO 85

IF (fS .ME. FM ) GO TO 80
08 = ~.ERO
MF = N+2
GO TO 160

80 IF ( DA B S ( O M J .LE . 10.05) GO TO 85
ISW 3 = 1
GO 10 160

~5 MS = NS+1
ASSIGN 90 TO IMRs(
GO TO 1.O

90 IF (FM .LT. FBI GO TO 100
IF (FM .Ew. FBI GO TO 105
IF (NS .EQ. 11 GO TO 110

95 D C = ON
FC = FM
GO TO 115

100 DA = CB
F A  = F8
O B = D M
FB = FM
D M = OM+DM
GO TO 75

105 IF (FS .E(~. FbI GO TO 100
IF (MS .ME. 11 GO TO 95

110 DA = ON
FA = FM
ON = —OM
GO 10 75

115 HO = (FC—FBI / (OC— DB )+ (FA—F B 1 /(DB - DA I
DM = HALF* (DA +OC I+(FA—F C )/ (HD +HD )
I P P  = IPP + 1
ASSIGN 140 TO I M R K

120 IF (ISW2 .EQ. 1) GO TO 125
WA (I P + 11 = HX+OM
GO 10 135

125 DO 130 K=1,N
WA ( IP+s~1 X (K 1 +DM *WA (M +K 1

130 CCf~T I N U E
C COMPUTE F U N C T I O N  VALUE

— 135 CALL F (N ,WA (IP+ 11, FM )
GO IC IMRK,t ~5, 55, 90, 140 )

C ANALYZE NEW FUNCTION VALU
C E

140 IF (FM .LE. FBI GO 10 150
IF (IPP .E~~. 31 GO TO 155
IF ((,)C—D8I/ (DM—D8) .GT.ZERO ) GO TO 145
DA = DM
F A  = FM
GO T O L lS COPY AVAILABLE To rc~~~~ ~~~~~~~~~~~~FC = FM PERMIT FUllY LEGI&E F~U~ CTZO~1
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GC IC 115
150 08 = OM

FB = FM
C CALCULATE NEW ESTIMATE OF
C SECUND
C D E R I V A T I V E  FOR CURRENT 0!
C R E C T I O N

15s HD = LHU+HOJ/ (DC—D4)
IF ( ISW2 .NE. 11 W A (I T + I) = MD
W A ( IS+II = MD
IF (Fb .EQ. FS I 08 = ZERO

160 IF (ISw2 .EQ . 1) GO 10 165
WA (ID+1) = WA (IU+I)+D8
M D = HX+DB
WA (I P + I I  = MD
X ( I )  = MD
GO TO 175

165 DO 170 K=1,N
HO = Db*W A ( M+ K I
wA (ID+K ) = W A ( I D + K) + H0
MD = X ( K )  + HO
W A ( IP+K) HO
X (K I = MD

170 CONTINUE
C TERMINAL ERROR ISW3 = 1
C NO FINITE MINI MUM OBTAINE
C 0

17 IF LI S W3 .NE. 11 GO TO 180
IER = 129
GC IC 2.35

180 FS = F8
IF  ( I  .EQ.  NI I = 0
I = 1+1
If ( !SW 1  .ME . 01 GO TO 190
IF (OB .ME. j EkuI GO TO 185
IF ( I  .NE. IC) (it) TO 20

185 IC = I

N) 1SW2 =1 

~~~~~
190 M N.M ~EP1MtI

IF (N ~~~~ Nfl N 0
IF 1 1 S W 1  .ME . LI GO 10 210
IF (I .E Q. 1)  15W2 = A 

—

IF (I .ME . 1001 00 TO 20 
—

MC = ~E RO
DC 195 K z A , N

4 
) HQ z HQ+WA (I0+K I**2

195 CO NTINU E
IF (H~ .ME . ZERO ) GO TO 200

C F IS  LEVEL ALONG A LINE I
C M R CU GiI X -

C TERMINAL ERROR ISW3 = 2

~
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IF (ME .uT. (N+ 1II IER = 130
OC TO 235

200 30 = OS~DcT(H(.I)
HC = DMINI(1.D0,DQ )
DC 205 K 1,N

WA (M+K ) = W A( ID+ K )/DQ
235 CONTINU E

TSw l 2
GO 10 20

210 IS~d L 0
IF ( ( F L — E S) .LE. (EPS*D MAX L (1 .0O ,DA BS (FS)))) GO 10 220
IF (IT T .GT. u MAX ) GO TO 215
M F  = 0
GO 10 10

C TERMINAL ERROR
C F A I L U R E  TO CONVERGE IN IT

C M A X
C ITERA TIONS

215 IER = 132
GO TO 2.35

C TERMINAL ERROR

C F IS LEVEL AL ONG A LINE T

C HRO U GH X
22 3 IF (MF .LE. (N + III GO TO 225

Z E R  = 130
GO TO 235

225 MF = M F+ 1
DO = 0.
DO 230 K = l ,N

DC = Dw +DA BS (W A (IO +K) )/DMAX 1 (1 .DO ,DA BS (WAIIP 1K)))
230 CONTINUE

IF (O~ .LE . N *EPS ) GO TO 235
IF (ME .LE. N ) GO TO 10

C T E R M I N A L  E RROR
C GRA DIE NT TOO LARGE A T CAL

C CUL ATED M IN.
ZER * l3o

C RETUR N MINI MA L FUt-C TION V

C ALUE
235 FM I N

u MAX = ITT
iF (IER.NE .0) IE R z IE R— 12 8
W R I T E  (0, 33) ITT ,FB , KALL , ( X ( 11 ,12 1 ,N)

~33 FORMAT (/5X, ’ITER NO. ’,15 ,5X , ’F ‘,D1 6.9,5X ,’CALLS

C ‘,IS/
1 5 (2X ,016.91 1

WRI TE (b ,4441 LER
444 FORMAT (/5X, ’IER 2 ‘,IS//I
9005 RETU RN COPY AVAILABLE TO DDC ~O~S NOTPERMIT FULLY LEGiBLE PROOL,CrIa~
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