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Abstract:
Microstripline is a name given to the use of double-sided, copper-clad, circuit board for construction of
very-high-frequency (VHF), ultra-high-frequency (UHF) and microwave transmission lines, inductors
and capacitors. Microstripline differs from stripline construction in that stripline uses two
ground-planes with a smaller main conductor sandwiched between them. Microstripline employs a
single ground-plane. Microstripline is constructed by etching one side of the double-clad circuit board
to a width corresponding to a desired characteristic impedance while the opposite, wider side acts as a
ground-plane. If the width is narrow, the series inductance characteristic of the transmission line will
dominate. Conversely, a wide width would cause the shunt capacitance of the line to dominate. By
cascading microstripline sections of the proper widths, networks may be synthesized. This type of
construction lends itself well for the application of VHF radio frequency amplifiers, where tab type
transistors are used. Advantages of microstripline construction as contrasted with the use of all discrete
components are improvements in amplifier performance, plus ease in design and fabrication of the
amplifier. An amplifier for the 50 mHz region was designed, built, and tested using microstripline
techniques and is described here. Methods of measuring circuit board parameters, criteria for amplifier
network design, and results are given. The amplifier performed admirably. Results are discussed and
analyzed and suggestions made for further study. 
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ABSTRACT

M ic r o s t r ip l ine  is  a name given to  the. use o f  d o u b le -s id ed , 
c o p p e r-c la d , c i r c u i t  board fo r  co n stru ctio n  o f very -h ig h -freq u en cy  
(V H F), u ltra -h ig h -fre q u e n c y  (UHF) and microwave transm iss ion  l in e s ,  
inductors  and c a p a c ito rs . M ic ro s t r ip l in e  d i f fe r s  from s t r ip l in e  
co n stru c tio n  in  th a t  s t r i p ! ine uses two ground-planes w ith  a sm alle r  
main conductor sandwiched between them. M ic ro s t r ip l in e  employs a 
s in g le  ground-plane. M ic ro s t r ip l in e  is  constructed  by e tch in g  one 
sid e  o f  the d o u b le -c lad  c i r c u i t  board to  a w idth  corresponding to  a 
d es ired  c h a r a c te r is t ic  impedance w h ile  the o p p o s ite , w id er s ide acts  
as a ground-plane. I f  the w idth  is  narrow , the s e rie s  inductance  
c h a ra c te r is t ic  o f  the  transm ission  l in e  w i l l  dominate. C onversely, 
a wide w idth  would cause the  shunt capacitance Of the  l in e  to  dom­
in a te .  By cascading m ic ro s tr ip lin e  sections  o f  the  proper w id th s , 
networks may be syn th es ized . This type o f  co n stru c tio n  lends i t s e l f  
w ell fo r  the  a p p lic a tio n  o f  VHF ra d io  frequency a m p li f ie r s ,  where 
tab  type tra n s is to rs  are  used. Advantages o f  m ic ro s tr ip I.ine  con­
s tru c tio n  as contrasted  w ith  the  use o f a l l  d is c re te  components are  
improvements in  a m p li f ie r  perform ance, plus ease in  design and 
fa b r ic a t io n  o f the a m p li f ie r .  An a m p lif ie r  fo r  the 50 mHz region  
was designed, b u i l t ,  and te s te d  using m ic ro s tr ip lin e  techniques and 
is  described here. Methods o f  measuring c i r c u i t  board param eters, 
c r i t e r i a  fo r  a m p lif ie r  network d esign , and re s u lts  are  g iven . The 
a m p lif ie r  performed adm irab ly . Results  are discussed and analyzed  
and suggestions made fo r  fu r th e r  s tu d y ..



INTRODUCTION

M ic r o s t r ip l in e  (MSL) is  a.method o f  r e a l iz in g  LC networks by 

cascading transm iss ion  l in e  lengths o f  d i f f e r e n t  c h a r a c te r is t ic  

impedance. The transm iss ion  l in e  sections  are  made by e tch in g  a 

narrow conducting w idth on one s id e  o f  a p iece o f  d o u b le -s id e d , 

c o p p e r-c la d , p r in te d  c i r c u i t  board w h ile  the f o i l  on the  side  

d ir e c t ly  opposite  is  e i t h e r  etched severa l tim es la rg e r  in  w idth  

o r l e f t  unetched. The w id er s id e  acts  as a ground-plane fo r , th e  

o th e r conductor.

MSL is  a s im p lif ie d .v e rs io n  o f " s t r ip l in e "  network syn th es is .
\
In  s t r ip l in e  methods, two ground-planes are  used w ith  the  narrow ly  

etched cen te r conductor sandwiched between them.

MSL is  m ostly a p p lie d  in  the microwave and u ltra -h ig h -fre q u e n c y  

(UHF) regions (450 mHz and above) in  e i t h e r  a complete network or 

commonly as p a rt o f  a hybrid  network a lso  in v o lv in g  d is c re te  com­

ponents.

The purpose o f  th e  fo llo w in g  study was to  apply  MSL to  the  

design o f  a 50 mHz re g io n , very -h ig h -freq u e n c y  (VHF) a m p li f ie r .  The 

study was done to  exp lo re  the  f e a s i b i l i t y  o f  MSL a t  VHF and p e r fe c t  

design methods fo r  use by experim enters who do not have expensive  

lab  equipment.
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The f i r s t  p a r t o f  th is  paper deals  w ith  methods used and data  

taken on severa l MSL w id th s . Once, c h a r a c te r is t ic  impedance and 

v e lo c ity  data had been ta k e n , i t  was te s te d  fo r  v a l id i t y  by b u ild in g  

a low pass network a ls o  described .

The second p a r t  e xp la in s  procedures used in  the  design and 

te s t in g  o f a 52 mHz a m p li f ie r .  This frequency was chosen because 

o f  a v a i l a b i l i t y  o f  equipment to  make measurements and te s t  the  

a m p lif ie r .

G-IO epoxy-glass c i r c u i t  board was used throughout w ith  a 

d ie le c t r ic  th ickn ess o f  I mm. The methods described in  th is  study  

may be used to  a lso  e s ta b lis h  l in e  c h a ra c te r is t ic s  and design  

networks using o th e r d ie le c t r ic s  and th ickn esses .

An advantage to  MSL is  ease in  co n stru c tin g  tuned networks 

using conventional p r in te d  c i r c u i t  board methods. Once an accurate  

p ro to type  is  developed, i t  may be e a s i ly  d u p lica te d  w ith  no fu r th e r  

tun ing  needed.

7 ' ' '



PROBLEM ANALYSIS

I f  MSL sec tio n s  were to  be used to  syn thes ize  netw orks, design  

equations had to  be e s ta b lis h e d . The lo g ic a l p lace to  begin was=with 

the  transm iss ion  l in e  eq u atio n s. R e la tio n sh ip s  were sought which 

would r e la te  capacitance o r inductance per u n it  len g th  to  measurable 

param eters. Such re la tio n s h ip s  would then lead to  the  design  

equations fo r  the  r e a l iz a t io n  o f  networks.

MSL is  s im ila r  to  c o ax ia l l in e  in  th a t  the  conductor surface  

is  purposely s m a lle r in  w idth  than i t s  assoc iated  ground-p lane. With 

th a t  in  mind, the c o ax ia l transm iss ion  l in e  model was used to  begin 

the  d e r iv a tio n  o f design equations. F igure  la  shows the general 

model fo r  a p a r a l le l ,  balanced tranm iss ion  l in e  (P o tte r  and Fich  

1963 ). The model is  m odified  in  F igure  lb  to  th a t  o f  a c o a x ia l,  

unbalanced l in e .  The model consists  o f  s e rie s  inductance (L ) and ac 

re s is ta n c e  (R) shunted by capacitance (C) and leakage conductance (G ) . 

I f  the  l in e  may be assumed lo s s le s s , the  model may be s im p lif ie d  to  

th a t  shown in  F igure  Tc. Only the  s e r ie s  inductance and shunt 

capacitance comprise the l in e  c h a r a c te r is t ic s .

I t  was assumed the l in e  was lo ss less  i n i t i a l l y .  The lossless  

transm iss ion  l in e  equations are  then given by P o tte r  and Fich (1 9 6 3 ):

(Ohms). ( I )
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(a)

Parallel conductor transmission line with losses 

R U  R L

(c)
Lossless coaxial transmission line

t i> )

Coaxial transmission line with losses

L
z m -------------

c o c

L
ZYTX

Figure I

Transm ission Line Section  Models



I

and
I

y r r
(m eters/second)

where: L

C

Inductance per length  (H e n rie s /m e te r)  

Capacitance per length  (F arad s/m eter)

I q = C h a ra c te r is t ic  l in e  impedance (Ohms)

V = Phase v e lo c ity  through the l in e  (m eters/second) 

S olv ing  fo r  L and then C from equation  (1 ) :

L = Z 2C (H e n rie s /m e te r) (:

and

(F arad s/m eter)

I f  equation  (3 ) is  s u b s titu te d  in to  equation ( 2 ) ,  the  

capacitance per u n it  len g th  becomes:

c = O
(F arad s/m eter)

S im ila r ly ,  i f  equaticn  (4 ) is  s u b s titu te d  in to  equation ( 2 ) ,  

the  inductance per u n it  len g th  is :

L = -rr- (H e n rie s /m e te r) (6 )

As seen from equations (5 ) and ( 6 ) ,  i f  the c h a r a c te r is t ic  

impedance (Zq ) and th e  phase v e lo c ity  (V ) could be e s ta b lis h e d  by 

experim ental means, networks using s e rie s  inductances and shunt 

capacitances could by synthesized  by using the re s p e c tiv e  MSL len g th s .



6

The next problem encountered was how to  make the inductance in  

the transm iss ion  l in e  dominate over the  capacitance o r v ic e -v e rs a .  

Since the  capacitance per u n it  len g th  on the transm iss ion  l in e  is  

s t a t ic  capacitance (Sams 1 9 6 8 ), perhaps a clue could be found from  

the  p a r a l le l  p la te  c a p a c ito r  eq u atio n .

F igure  2 i l lu s t r a t e s  the physical p ro p e rtie s  o f an MSL s e c tio n . 

The narrow main conductor o f  the l in e  forms a p a r a l le l  p la te  c a p a c ito r

MAIN CONDUCTING STRIP

CIRCUlTBOARD DIELECTRIC

GROUND PLANE CONDUCTOR

Figure 2

Geometry o f an MSL Section

w ith  the  ground plane using the  c i r c u i t  board m a te ria l as the 

d ie le c t r ic  between the p la te s . I f  f r in g in g  o f the e le c t r ic  f i e ld
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between the  p la te s  is  n e g lec te d , the to t a l  capacitance is  given by 

Kraus and C arver (1 9 7 3 ): -

aC

where: C1 = Capacitance (Farads)

(Farads)

e = D ie le c t r ic  constant o f  th e  in s u la t in g  medium (F a rad s / 
m eter)

A = Surface area o f  the  s m a lle s t p la te  (square m eters) 

d = P la te  sep ara tio n  (m eters)

The surface  area (A) o f  the s m a lle s t p la te  is  th a t  o f  the main 

conductor. The a r e a . is  given by:

\ A = £W (square m eters)

S u b s titu tin g  equation  (8 ) in to  equation  (7 ) :

C eSLYI (Farads)

D iv id in g  through by i  the main conductor len g th :

C eW
d

(F arad s/m eter) ( 10)

Since equation  (1 0 ) shows u n its  o f  F a rad s /m eter, th is  is  an 

expression fo r  th e  capacitance per u n it  le n g th . Then equation  (10 ) 

becomes:

C = (F arad s /m eter) (11 )

Exam ination o f  equation (11 ) re ve a ls  th a t  i f  e and d are  

co n stan ts , the  capacitance per u n it  len g th  is  p ro p o rtio n a l to  the
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w idth  o f  th e  conductor. T h e re fo re , i f  the  w idth  is  s m a ll, the  

capacitance per u n it  len g th  w i l l  be a ls o  and the s e r ie s  inductance  

per u n it  len g th  w i l l  begin to  dominate the  MSL c h a ra c te r is t ic s .

A t th is  p o in t ,  the  network syn thesis  appeared s im p li f ie d .  A 

method o f  a r r iv in g  a t  th e  c h a r a c te r is t ic  impedance and the  phase 

v e lo c ity  through the  l in e  fo r  a given w idth  needed to  be e s tab lis h ed  

I f  these two param eters were known, a d ir e c t  conversion could be 

made using the  p re v io u s ly  d erived  equations fo r  capacitance and 

inductance per u n it  len g th . I f  shunt capacitance was re q u ire d  to  

dom inate, the  w id th  was made s ig n if ic a n t ly  w ider than when s e rie s  

inductance was re q u ire d .

In  the above a n a ly s is , f r in g in g  was neglected  f o r  ease in  

c a lc u la t io n s . I t  was found th a t  fr in g in g  could not be g e n e ra lly  

n eg lec ted . More d iscussion is  given l a t e r  on th is  p o in t.



• PRELIMINARY DATA

Phase V e lo c ity  Measurements

The e a s ie s t param eter to  measure was the  phase v e lo c ity  through  

the  l in e .  The experim ent design began w ith  the expression fo r  

v e lo c ity  in  terms o f  wavelength (Radio S o c ie ty  o f  G reat B r ita in  1969) 

V = fx  (m eters/second) (12 )

where: V = Phase v e lo c ity  (m eters/second)

f  = Frequency (H e rtz )

X = Wavelength (m eters)

When working in  fre e  space, V would be n e a rly  th e  speed o f  l ig h t
O

(3x10 m eters/second) (Kraus and Carver 1973). In  a d ie le c t r ic  

m a te ria l such as epoxy-glass c i r c u i t  board, the v e lo c ity  would be 

expected to  be somewhat s low er. The experim ent design used both the  

expression fo r  v e lo c i ty ,  equation (1 2 ) above, and the fa c t  th a t  a 

quarte r-w ave len g th  transm iss ion  l in e  acts  as an impedance in v e r te r  

(A tw ater 1962 ). Sections o f several conductor w idths were etched  

using common c i r c u i t  board e tch in g  techniques and cu t to  lengths o f  

approxim ate ly  .457 m eter. The lin e s  were fed  using a fem ale BNC 

co ax ia l connector as shown in  F igure  3.

A f te r  an in v e s tig a tio n  o f  feed in g  o r "launching" methods from  

co ax ia l l in e s  to  MSL a t  microwave freq u en cies  (F a r r e l l  1 9 6 3 ), the



BNC CONNECTOR

/W V W A

WVAAyN/

iZ ^ X . CIRCUIT BOARD

COPPER S T R A P 3

J A

GROUND PLANE

Figure 3

Coaxial In te r fa c in g  to  an MSL Conductor 
Using a BNC Connector
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launching method used was assumed n e a rly  .lo s s le s s . Th is  was due to  

the  low frequency used (50 mHz re g io n ).

As p re v io u s ly  s ta te d , a quarte r-w ave len g th  transm iss ion  l in e  

s ec tio n  acts  as an impedance in v e r te r .  This p ro p erty  a ls o  holds fo r  

odd m u ltip le s  of^a q u arte r-w ave len g th . I f  the  outpu t o f  a tra n s ­

m ission l in e  sec tio n  was term inated  in  an open c i r c u i t ,  several 

frequencies  could be found where the in p u t o f  the l in e  would appear 

n e a rly  sh o rted . True in p u t shorts  would occur i f  an id e a l tra n s ­

m ission l in e  were used in  th is  c o n fig u ra tio n . The len g th  o f  the  

l in e  sec tio n  would be equal to  one q u arter-w ave len g th  o f  the lowest 

frequency a t  which th is  impedance in v e rs io n  occurred . This lowest 

frequency was termed the. quarte r-w ave len g th  resonant frequency ( f 0 ) .

The connector end o f  the open c irc u ite d  MSL was connected to  a 

H ew lett-P ackard  Model 4815A v e c to r impedance meter and the frequency  

ranges were swept w ith  in c reas in g  frequency from 500 kHz u n t i l  the  

f i r s t  impedance minimum was observed. The frequency where the  

impedance was a minimum and the  impedance phase angle was zero  

degrees was noted as the  quarte r-w ave len g th  resonant frequency. A 

frequency counter connected to  the o s c i l la t o r  o f  th e  v e c to r impedance 

was used to  make the frequency measurements.

Once accurate  len g th  measurements were made o f  the  transm ission  

l in e  s e c tio n s , equation  (1 2 ) was m od ified  as shown below:



I  =
12

x_
4

where: I  = Conductor len g th  (m eters)

X = 4& 

and

V = 4f& (m eters/second) (13)

Table I presents the  data taken by th is  method.

Table I

Experim ental Measurement Results fo r  MSL Phase V e lo c ity  
as a Function o f Main Conductor Width

Width 
V  (mm)

f o N
(mHz)

%
(m eters)

X
(m eters)

V
(m eters/second)

.381 96.07 .4216 1.687 I . 62x1O8

.762 87 .15 .4580 1.832 I . 59x1O8

1.580 83 .43  . .4580 1.832 I . 53x1O8

2 .540 80.21 .4580 1.832 1 .4 7 x l0 8

3 .810 76.85 .4580 1.832 I .4 1 XlO8

6 .350 71.80 .4570 1.829 I S lx lO 8

12.700 65.49 .4320 1.727 I . IS xlO 8

25 .400 53.62 .4310 . 1 .723 9 .24x1O7

An a lte rn a te  method where a v e c to r impedance m eter is  not 

a v a ila b le  is  shown in  F igure  4 . The re s u lts  o f  th is  method were

. \
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in  c lo se  agreement w ith  those taken w ith  the v e c to r impedance m eter. 

A sweep o s c i l la t o r  o r s ig n a l g e n e ra to r, m onitored by a frequency  

co u n te r, fed  a 10 dB a tte n u a to r  fo r  is o la t io n  purposes. The Output 

o f  the a tte n u a to r  was " tee -ed " w ith  th e  co ax ia l in p u t end o f  the  

open c irc u ite d  MSL sec tio n  and a second is o la t io n  10 dB a tte n u a to r .  

The outpu t o f  the second a tte n u a to r  drove the  v e r t ic a l  in p u t  

a m p lif ie r  o f  an o s c illo s c o p e . The s ig n a l source was c a r e fu l ly  

tuned in  frequency u n t i l  the f i r s t  and low est in  frequency minimum 

v o ltag e  p o in t was found as observed on th e  o s c illo s c o p e . At 

quarte r-w ave len g th  resonance, the open c irc u ite d  MSL e x h ib ite d  a 

s h o rt a t  the  c o a x ia lly  connected end o f the  MSL s e c tio n . As a 

r e s u l t ,  the  vo ltag e  was a t  a minimum in  the  coax ia l l in e .  A fte r  

n o tin g  the g en era to r frequency and a c c u ra te ly  measuring the MSL 

conductor le n g th , equation  (13 ) was used to  determ ine the  phase 

v e lo c ity  (V ) along the l in e .  The system te s te d  in  th is  method 

used 50 Ohms as a c h a r a c te r is t ic  impedance- fo r  convenience. Care 

was taken to  keep co ax ia l in te rco n n ec tio n  lin e s  s h o rt to  prevent 

in accu rac ies  due to  p o ssib le  co ax ia l l in e  resonance.

C h a ra c te r is t ic  Impedance Measurements

Once the  phase v e lo c ity  was e s ta b lis h e d  by the  methods described  

p re v io u s ly , o n ly  c h a r a c te r is t ic  impedance (Zq) data was needed before  

network synthesis  could take  p lace .
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The method used to  determ ine l in e  c h a ra c te r is t ic  impedance was 

th a t  o f  determ in ing  the geom etric mean o f the  open c i r c u i t  and sh o rt 

c i r c u i t  impedances (P o tte r  and Fich 1969 ). C h a ra c te r is t ic  impedance 

is  given by:

zo = (0h" s) <14)

where: Zq = C h a ra c te r is t ic  impedance (Ohms)

Z = Line in p u t impedance w ith  opposite  end term inated  in  
oc an open c i r c u i t  (Ohms)

Z = Line in p u t impedance w ith  opposite  end term inated  in  
sc a sh o rt c i r c u i t  (Ohms)

The v e c to r impedance m eter was used again fo r  these measurements.

Care had to  be taken to  o b ta in  accurate  d a ta . When short 

c ir c u it in g  the l in e  sec tio n  fo r  sh o rt c irc u ite d  impedance measure­

ments, the e n t ir e  w idth  o f the main conductor was connected to  the  

ground-plane s id e . I f  a narrower connection were made, i t  could  

have appeared as a te rm in a tin g  inductance.

Data p o in ts  were taken a t  th re e  d i f f e r e n t  frequencies  to  v e r i fy  

r e s u lts .  I t  was noted th a t  these p o in ts  had to  be severa l megahertz 

away from the quarte r-w ave len g th  resonance frequency to  avoid  

resonance e f fe c ts  and, hence, e r r o r .  For th is  reason , some higher 

frequency data po in ts  were thrown out because o f the obvious e ffe c ts  

o f resonance.

15



The re s u lts  o f  these measurements are  presented in  Table 2.
/ .

An average o f  the  data was taken and used as the c h a ra c te r is t ic  

impedance fo r  each w id th . I t  was noted th a t  the  impedance phase 

angles were very  c lose  to  zero  degrees. That confirm ed the  

previous assumption th a t  such l in e s  are  n e a rly  lo s s le s s .

Another method t r ie d  was to  te rm in a te  the  MSL sec tio n  in  

a ctu a l carbon re s is to rs .  I f  the r e s is to r  used was near the  

c h a r a c te r is t ic  impedance, the v e c to r impedance m eter could be 

swept over several decades o f frequency w ith  l i t t l e  change o f  

the l in e  in p u t impedance phase from zero  degrees. A small 

departu re  from an impedance phase angle o f  zero  degrees w ith  

la rg e  frequency changes meant the carbon r e s is to r  value  was 

close to  the value o f  the  c h a r a c te r is t ic  impedance. Th is  method 

was tim e consuming and cumbersome. A ls o , accurate  re s u lts  were 

only  obta ined  fo r  la rg e  main conductor w id th s . As a r e s u l t ,  th is  

method o f  impedance d e te rm in a tio n  was abandoned.

Data E va lu a tio n

A f te r  the c h a r a c te r is t ic  impedances and v e lo c it ie s  per w idth  

were e s ta b lis h e d , a method was devised to  te s t  the  equations fo r  

inductance and capacitance per u n it  len g th  (equations (5 ) and ( 6 ) ) .  

The method used was to  b u ild  a low pass f i l t e r  by im plem enting the  

measurement data  through equations (5 ) and ( 6 ) .  I f  a low pass

16
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Experim ental Measurement Results f o r  MSL C h a ra c te r is t ic  Impedance 
as a Function o f Main Conductor Width

Table 2

Width (mm) f(mHz) Zoc(Ohms) Zsc (Ohms) Z0(Ohms)

.381 20 298 i-9 0 ° 40 £ 90° 109.2 £ 0°
30 190 £-90° 64 £ 90° 110.3 £ 0°

40 134 £-90° 95 £ 90° 112.8 £ 0°

Zo Ave- = 110.1 Ohms

.762 20 235 £-90° 36 £ 90° 91.8 £ 0 °

40 102 £-90° 85 £ 90° 93.1 £ 0°

60 48 £-90° 190 £ 90° 95.5 £ 0°
Z0 Ave. = 93.5 Ohms

1.580 ■ 40 73.5 £-90° ' 63 £ 90° 68.1 £ 0°
60 32 £-90° 140 L 90° 67.2 £ 0°

108 32 £ 90° 151 £-90° 69.5 £ 0°

• Zo Ave- = 68.3 Ohms

2.540 20 135 £-90° ' 22.5 £ 90° 55.1 £ 0°
40 56 £-90° 52 £ 90° 54.0 £ 0°
50 37 £-90° 74 £ 90° 52.3 £ 0°

Zo Ave- = 53.8 Ohms

3.810 20 105 £-90° 18.5 £ 90° 44 £ 0°
40 44 £-90° 44 £ 90° 44 £ 0°

Zo Ave- = 44.0 Ohms

6.350 20 74 £-90° 14 £ 90° 32.2 £ 0°

40 29.5 £-90° 34 £ 90° 31.7 £ 0°

50 17.5 £-88° 46 £ 90° 28.4 £ 1°

iM
)° = 30.8 Ohms

12.700 15 61 £-90° 6.8 £ 90° 20.4 £ 0°

20 ‘ 44 £-90° 9.2 £ 90° 20.1 £ 0°

30 26 £-90° 14 £ 90° 19 £ 0°

Z0 Ave. = 19.8 Ohms

25.400 15 . 31.5 £-90° 4.6 £ 90° 12 £ 0°

20 22 £-90° 6.2 £ 90° 11.7 £ 0°
30 11.7 £-88° 9.5 £ 90° 10.6 £ 1°

Zo Ave- = 11.4 Ohms
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f i l t e r  could be synthesized  using these parameters and the corner 

frequency be a c c u ra te ly  p re d ic te d , then the design equations could  

be assumed c o rre c t.

The corner frequency o f a low pass f i l t e r ,  which is  a lso  

known as the h a lf-p o w er frequency , is  the frequency where the  

output vo ltag e  is  70 .7  percent the  in p u t d r iv e  v o lta g e .

A low pass "Tee" f i l t e r  was b u i l t  to  te s t  the design equations  

and d a ta . The schematic diagram o f the f i l t e r  is  shown in  F igure 5.

O

L'/2
nm —

d /2
O--------------nm - O

Z in = 5 0  OHMS

O

C ' SO O H M S = Z o u t

O - O

Figure 5

Schematic Diagram o f "Tee" F i l t e r  Used to  Test 
Experim ental Data and Design Equations

The inductance and capacitance sections in  MSL are  s e t ap art 

only  by abrupt t ra n s it io n s  in  sec tio n  c h a ra c te r is t ic  impedances. 

The la rg e r  the t r a n s it io n  in  c h a ra c te r is t ic  impedance is  between
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cascaded l in e  s e c tio n s , th e  b e t te r  each sec tio n  w i l l  e x h ib it  the  

d es ired  c h a ra c te r is t ic s  whether in d u c tiv e  o r c a p a c it iv e .

There are  l im ita t io n s  to  the r a t io  o f  impedances between 

s e c tio n s , however. One c o n s id e ra tio n  is  th a t  o f  physica l s iz e  o f  

the  MSL main conductor. I f  the  main conductor is  to  be narrow to  

perform  as a high impedance in d u c tiv e  s e c tio n , th e re  is  a l im ita t io n  

on how narrow a c i r c u i t  board f o i l  may be etched. I f  the main 

conductor is  to  be wide and a c t as a low impedance c a p a c itiv e  

s e c tio n , the s iz e  could be too la rg e  and cumbersome to  be p r a c t ic a l .

In  summary, fo r  proper performance o f  the in d u c tiv e  and 

c a p a c it iv e  MSL s e c tio n s , the r a t io  o f  c h a r a c te r is t ic  impedances 

between cascaded MSL sec tio n s  must be kept to  a maximum w ith in  

s iz e  and m anufacturing to le ran ces  (Howe 1974).

Though the impedance o f  MSL sections  increases as the  main 

conductor w id th  narrow s, th is  is  not a l in e a r  fu n c tio n  as w i l l  be 

discussed l a t e r .  As a r e s u l t ,  the r a t io  o f  impedances between 

sections  should not be confused w ith  the  main conductor w idth r a t io .

For the low pass "Tee" f i l t e r  te s te d , two 93 .5  Ohm (.7 6 2  mm 

w id th ) sections  were chosen as in d u cto rs  and a 3 0 .8  Ohm (6 .3 5  mm 

w id th ) sec tio n  was chosen fo r  the c a p a c ito r . The impedance r a t io  

between sections  was 3.
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S olv ing  fo r  th e  inductance per u n it  len g th  o f  the  .762 mm 

l in e  using equation  (6 ) :

L = (H e n rie s /m e te r) (15 )

9 3 .5  Ohms 
>81.6x10 m/sec 

= .584  yH/m eter

L ik ew ise , fo r  th e  6 .3 5  mm l in e ,  the  capacitance per u n it  

len g th  using equation (5 ) was:

I

y
(F arad s /m eter) (16 )

I

(3 0 .8  Ohms)( I . S lx lO 8 m/sec)

= 248 pF/m eter /

For a low pass "Tee" f i l t e r  as shown in  F igure 5 , the design

equations are  given by P o tte r  and Fich (1 9 6 9 ):
\

R1.
L'

and

” f cRk

(H en ries )

(Farads)

0 7 )

(18 )

where: L'

C  

f

Inductance (H en ries )

Capacitance (Farads)

Corner frequency o f  the  f i l t e r  (H e rtz )  

C h a ra c te r is t ic  impedance o f the  f i l t e r  (Ohms)

, • i ^
'X ■■ V
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• was chosen as 50 Ohms fo r  convenience in  te s t in g  as a l l  

the  te s t  equipment a v a ila b le  was 50 Ohms. \

The corner frequency was chosen a t  60 mHz because the  f i l t e r  

pass-band covered th e  frequency range o f  in te r e s t .

Using equations (17 ) and (18 ) and n o tin g  each inductance sec tio n
L I

is  -Tj-, the  re q u ire d  inductance and capacitance was found as shown:

LJ
2 2 ir f

50 Ohms 

2 ir (6 x l0 7 Hz)

(H en ries ) (19 )

= .133  wH

and .

C* = ....A  --  (Farads) (20)
irV k

= - — H — —
irtGxlO7 H z )(50 Ohms)

= 106 pF

A t th is  p o in t ,  the lengths o f  the low pass sec tio n s  were c a l­

cu la ted  by d iv id in g  the  re s u lts  o f  equation  (1 9 ) by the  re s u lts  o f  

equation  (1 5 ) and the re s u lts  o f  equation  (20 ) by th e  re s u lts  o f  

equation (1 6 ) .

For inductance:

LJ
_2
L

I
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= .133  yH
.584  pH/m eter

= .228  meter

For capacitan ce:

*c = >
= 106 pF

. 248 pF/m eter

= .427 meter

The low pass f i l t e r  was constructed  using standard photographic  

re d u c tio n , p r in te d  c i r c u i t  board etch ing 'm ethods. The f i l t e r  

dimensions are  i l lu s t r a t e d  in  F igure  6a. A photograph o f  the  

f in is h e d  f i l t e r  is  shown in  F igure 6b.

As noted from Figures 6a and b , the  f i l t e r  was. too long to  

etch  in  a s t r a ig h t  l in e .  For th is  reason, the MSL s ec tio n  was 

angled a t  90 degrees to  form a "U" shape to  f a c i l i t a t e  ease o f  

c o n s tru c tio n . When r ig h t  angle corners are  made, the corners must 

be m ite red  a t  45 degrees to  decrease standing waves caused by 

boundary co n d itio n s  a t  the corners (Howe 1974). Many re ferences  

show on ly  the o u ts id e  corners m ite red  as shown in  F igure  6a.

Curved corners may be used but take  up more area on the  p r in te d  

c i r c u i t  board. Howe (1974) presents more data on th is  s u b jec t o f  

m itered  corners and standing waves a t  corners . No more discussion . 

w i l l  be given here.

/
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(a ) Dimensional i l lu s t r a t io n

(b) Photograph

Figure 6

Dimensional I l lu s t r a t io n  and Photograph 
o f the  Tested MSL "Tee" F i l t e r
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The f i l t e r  was taped tw ice  s iz e  on a piece o f  m y la r. By using 

th is  method and reducing the  taping, to  an ac tu a l s iz e  n eg ative  by 

photographic methods, any e r ro r  made a t  tw ice  s iz e  is  a ls o  reduced 

in  h a l f .  A la rg e r  la y o u t would have been d e s ira b le  to  use due to  

th is  e r r o r  red u ctio n  c h a r a c te r is t ic .  However, the  physica l s ize  

o f the 50 mHz f i l t e r  would have made a la rg e r  lay o u t too la rg e  to  

f i t  in  the graphics camera a v a ila b le .

Once th e  p r in te d  c i r c u i t  board was e tch ed , the  f i l t e r  was te s te d  

by the  method i l lu s t r a t e d  in  F igure 7 . Connections were made through  

fem ale BNC coax connectors as p re v io u s ly  shown in  F igure  3 .

\ A H ew le tt-P ackard  Model '85541 spectrum a n a ly ze r was used as a 

measuring d ev ice . The spectrum a n a ly ze r was used because i t  is  

s e n s it iv e ,  has a broadband frequency response, and provides a 50 Ohm 

te rm in a tio n  to  o u ts id e  connections.

The 10 dB, 50 Ohm a tte n u a to rs  were used as is o la t io n  to  prevent 

load ing  o f  th e  g en era to r and to  provide proper f i l t e r  te rm in a tio n . 

Care was taken to  keep coax lengths sh o rt to  prevent any e ffe c ts  o f  

coax resonance from a f fe c t in g  the  f i l t e r  d a ta .

R esults o f  the  measurements are  given in  Table 3 . The actual 

corner frequency occurred a t  67 mHz ra th e r  than 60 mHz as expected. 

That was an e r ro r  o f  12 percent across th re e  elements in  the f i l t e r .  

Upon remeasurement o f  the  physical lengths o f  each MSL s e c tio n , i t
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Method fo r  Testin g  the MSL "Tee" F i l t e r
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Table 3

MSL, "Tee" F i l t e r  T est Results

Frequency (mHz) A tten u a tio n  (dB)

10* 0

20 0

40

LOOI

60 -2 .6

60 .5 -2 .6

62 -2 .6

64

COCMI

67

OCO

70 -3 .2

100 -7 .0

150 -7 .5

200 -4 .0

250 -9 .0

500 -8 .0

^frequencies  less  than 10 mHz showed 0 dB a tte n u a tio n .
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was observed th a t  th e  c a p a c ito r  conductor had lo s t  some length  and 

a sm all amount o f  su rface  area due to  corner m ite r in g . Both a s h o rte r  

len g th  and a loss o f  p la te  area re s u lte d  in  less  capacitance than 

expected causing a r is e  in  the corner frequency. The in d u c to r  

lengths had been constructed  a c c u ra te ly .

The graph in  F ig u re  8 i l lu s t r a t e s  the  performance o f  the MSL 

"Tee" f i l t e r  compared to  a th e o re t ic a l s t r ip l in e  and severa l actua l 

s t r ip l in e  f i l t e r s  b u i l t  and te s te d  a t  microwave frequencies  (Howe 

1974). The MSL f i l t e r  response was p lo tte d  w ith  the dashed l in e .

The s t r ip l in e  f i l t e r  responses and th e o re t ic a l response.were  

p lo tte d  w ith  s o lid  l in e s .  The MSL f i l t e r  was a th ir d  o rd er f i l t e r  

and the  s t r ip l in e  f i l t e r s  were f i f t h  o rd e r. For th is  reason , the  

MSL f i l t e r  d id not provide th e  a tte n u a tio n  in  the stop-band as d id  

the  o th e r s t r ip l in e  f i l t e r s .

The r ip p le  e f fe c t  in  the responses was due to  using transm ission  

l in e  sec tio n s  fo r  syn th es is . The abrupt impedance changes described  

e a r l i e r  between the  inductance and capacitance sections  caused 

standing waves along th e  transm iss ion  l in e  s ec tio n s . As the  d riv e  

frequency changed, th e  vo ltag e  maximas and minimas moved as a fu n c tio n  

o f w avelength. As th is  occurred the outpu t vo ltag e  corresponding ly  

peaked and n u lle d . I t  was a lso  noted th a t  the r ip p le  became less  

severe as the  impedance ra t io s  between l in e  sections in creased .
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Results o f  the MSL "Tee" F i l t e r  Tests Compared to  Several S t r ip l in e  
and an Id ea l Low Pass F i l t e r  C h a ra c te r is tic s
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An increase in  impedance r a t io s  between l in e  sec tio n s  in  a 

given f i l t e r  a ls o  caused the  output response o f th a t  f i l t e r  to  

b e t te r  approxim ate the  th e o re t ic a l response. This aspect o f  

impedance ra t io s  between cascaded sec tio n s  o f  l in e  was noted to  

a id  in  fu r th e r  network syn th es is ,

The la s t  t e s t  was to  te rm in a te  the  f i l t e r  in  50 Ohms and 

measure the  in p u t impedance o f the f i l t e r .  I f  the c h a ra c te r is t ic  

impedance o f  the f i l t e r  (R^) was near 50 Ohms, the  in p u t impedance 

would be 50 Ohms a lso  in  the  pass-band. The vec to r impedance 

m eter was used to  make th e  measurement and was swept from .5  mHz . 

through 70 mHz. The pass-band impedance was 48 Ohms ± s ix  degrees, 

over the  range from .5  mHz to  50 mHz. Above 50 mHz the  impedance 

began to  r is e  and the  phase angle in d ic a te d  the f i l t e r  was 

becoming la rg e ly  in d u c tiv e  on the in p u t.

Before lea v in g  the  su b jec t o f  param eter d e te rm in a tio n s , a 

f in a l  exam ination was made o f  the  c h a r a c te r is t ic  impedance Uq). 

R e fe rr in g  to  equation  (5 ) e a r l i e r ,  i t  was noted th a t  the c h a ra c te r­

i s t i c  impedance could be d erived  in  terms o f  the capacitance per 

u n it  len g th  (C) and th e  phase v e lo c ity  (V) through the  l in e .

Zq = (Ohms) . . (21 )

By s u b s t itu t in g  the expression fo r  capacitance per u n it  length  

from equation  (11 ) in to  equation (2 1 ) above, the  c h a r a c te r is t ic



30

impedance is  described as:

Zo "  ~ ^ r  . (Ohms) <22>

w here: Zq = C h a ra c te r is t ic  impedance (Ohms)

e = D ie le c t r ic  constant o f  the  c i r c u i t  board in s u la t in g  
m a te ria l (F arad s/m eter)

V = Phase v e lo c ity  o f  the  wave through the  l in e  (m eters / 
second)

w = Width o f  the main conductor (m eters)

A ll  o f  the  v a r ia b le s  in  equation  (22 ) were known except e. To 

determ ine e , severa l p a r a l le l  p la te  cap ac ito rs  were made by c u ttin g  

severa l s izes  o f rec tan g les  from double-s ided  unetched p r in te d  

c i r c u i t  board and measuring t h e i r  capacitances on a H ew lett-P ackard  

Model 4260A u n iversa l RLC b rid g e . I f  the  area o f the p la te s  was 

la rg e  w ith  resp ect to  the  spacing o f  the  p la te s  (th e  th ickness o f  

the p r in te d  c i r c u i t  board d i e le c t r i c ) , then i t  was assumed fr in g in g  

could be neg lected  in  the  measurements. Equation (7 ) was used to  

c a lc u la te  the data presented in  Table 4 .

The r e la t iv e  d ie le c t r ic  constant (e^ ) fo r  th is  p r in te d  c i r c u i t  

board m a te ria l is  given as:

e = (d im ensionless)
r  eo

where: er  = R e la t iv e  d ie le c t r ic  constant

e = D ie le c t r ic  constant o f  the m a te ria l (F arad s /m eter)

Eq = D ie le c t r ic  constant o f  fre e  space (F arad s /m eter)
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Table  4

Measurement Data fo r  the D ie le c t r ic  Constant o f  G-IO Epoxy-glass  
P rin te d  C ir c u it  Board o f  I mm Thickness by use o f  

P a r a lle l  P la te  C apacitors  a t  I kHz

P la te  Area 
(sq . m eters)

Capacitance
(Farads)

D ie le c t r ic  Constant 
(F arad s /m eter)

.0474 I . 29x1O"9 2 .71X 10"11

.0146 4.25X10™10 2 .9 1 X 1 0 '11

.0161 4 .55X 10"10 2 .8 3 x1 0 "11

.0094 2.69xl0™ 10 2 .86x10 "11

.0054 l .6 3 x l0 ~ 10 3 .0 3 X 1 0 '11

Average = 2 .8 7 x 1 0 " ^

Table 5

Comparison o f  C a lcu la ted  C h a ra c te r is t ic  Impedance 
to  Measured C h a ra c te r is t ic  Impedance

fo r  Several MSL Widths

Wi dth  
(mm)

Measured C h a ra c te r is t ic  
Impedance (Ohms) .

C a lcu la ted  C h a ra c te r is t ic  
Impedance (Ohms)

E rro r
(%)

.762 92 .. 258 .0 180

2 .540 55 8 4 .0 53

6 .350 32 37 .5 16
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2 .8 7 x1 0 “ ^  Farads/m eter 

8 .8 5 x l0 ~ ^ 2 Farads/m eter

3 .2 4

The previous measurements on the unetched re c ta n g u la r  p rin te d  

c i r c u i t  board cap ac ito rs  were made a t  one k ilo H e r tz .  F u rth e r  

measurements made a t  microwave frequencies  confirm ed th e  r e la t iv e  

d ie le c t r ic  constant as in  the  neighborhood o f th re e  and one h a l f .  

M anufacturer s p e c if ic a t io n s  on the  same c i r c u i t  board d ie le c t r ic ,  

however, claim ed an Eyi o f  f iv e  a t  one megaHertz. Because the  

measured data a t  both one k ilo H e r tz  and a t  microwave frequency  

agreed c lo s e ly ,  the  measured r e la t iv e  d ie le c t r ic  c a lc u la te d  above 

was used.

Once e was determ ined , equation  (2 2 ) was used to  f in d  the  

c h a r a c te r is t ic  impedance o f  MSL sections  w ith  w idths o f  .7 6 2 ,

2 .5 4 ,  and 6 .3 5  mm. These c a lc u la te d  re s u lts  are shown in  Table 5 

w ith  the measured MSL sec tio n  impedances fo r  comparison. The 

e r r o r  in  c a lc u la t io n  became la rg e r  as the  w idth  o f the MSL main 

conductor decreased. From th is  data the conclusion was drawn th a t  

f r in g in g  may not be g e n e ra lly  n eg lec ted . As the main conductor 

becomes narrow , fr in g in g  has more o f an e f f e c t .  No attem p t was 

made to  m odify equation  (22 ) to  compensate fo r  f r in g in g .

Then:

r



AMPLIFIER DESIGN METHODS

A m p lif ie r  Design

The o r ig in a l g o a l.o f  the p ro je c t  was to  c o n stru ct a power 

a m p lif ie r  fo r  the 50 mHz reg ion  using MSL sections to  synthesize  

the  in p u t and outpu t networks. Up to  th is  p o in t ,  the  study had 

been d ire c te d  toward d e r iv a tio n  o f  design equations fo r  MSL n e t­

works and te s t in g  t h e i r  v a l id i t y  through experim ental means.

Since the  measured data re s u lt in g  from the  p re v io u s ly  described  

"Tee" f i l t e r  experim ent in d ic a te d  the  design equations to  be 

u s e fu l, the  design and co n stru c tio n  o f  the  power a m p li f ie r  began.

The a m p li f ie r  was used as the power output stage fo r  an 

amateur ra d io  t ra n s m it te r  o p era tin g  on 52.525 mHz. The d r iv e  

source fo r  the  a m p li f ie r  was a com m ercially made tra n s c e iv e r  

which d e liv e re d  10 w atts  output as d r iv e  fo r  the  power a m p lif ie r .  

The mode used was narrowband FM.

The a m p li f ie r  was designed to  operate  as a c lass  C (non­

l in e a r )  a m p li f ie r  f o r  th re e  reasons. F i r s t ,  the a m p lif ic a t io n  

o f FM re q u ire s  no p re se rv a tio n  o f  l in e a r i t ie s  in  am plitude  

v a r ia t io n s  as do AM type s ig n a ls . Second, c lass C o p era tio n  

would provide a g re a te r  th e o re t ic a l c o l le c to r  e f f ic ie n c y  than 

l in e a r  types o f  a m p lif ie rs .  T h ird , c lass C is  biased such th a t  

the  qu iescent o p era tin g  p o in t is  below tra n s is to r  c u to f f .
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The aspect o f  the  qu iescent p o in t being below c u to f f  a llow ed  

th e  t r a n s is to r  base to  e m it te r  ju n c tio n  diode to  be used as a . 

method o f  b ias g en era tio n . The t r a n s is to r  would remain c u to ff  

u n t i l  enough s ig n a l v o ltag e  appeared across th is  ju n c tio n  diode to  

forw ard b ias i t .  For a s i l ic o n  t r a n s is to r ,  the forw ard b ias vo ltag e  

would be about .6  v o l t .  Once forw ard b ia se d , the  ju n c tio n  diode 

would continue to  r e c t i f y  the in p u t s ig n a l to  provide base d riv e  

fo r  the  t r a n s is to r .

The t r a n s is to r  to  be used was a s i l ic o n  BM70-12 manufactured  

by Communication T ra n s is to r  C orporation  (CTC). This t r a n s is to r  was 

chosen because i t  conta ined in te rn a l matching fo r  e a s ie r  in t e r ­

fa c in g  w ith  netw orks, i t  was constructed  fo r  use in  MSL c ir c u its  

in  th e  VHF re g io n , and i t  was im m ediately a v a ila b le .  A photograph 

o f the  BM70-12 is  shown in  F igure 9 . The BM70-12 was designed to  

operate  from a 12 v o lt  power source as a la rg e  s ig n a l a m p lif ie r  

w ith  an outpu t power o f  70 w a tts . Although i t  was designed to  

operate  in  the  200 mHz re g io n , no problems could be foreseen in  

using i t  a t  52 mHz. Complete s p e c if ic a t io n s  fo r  the t r a n s is to r  

are  given in  F igures 10 and 11. The common e m it te r  mode was chosen 

f o r  o p era tio n  o f  the t r a n s is to r .

C onsideration  was given to  th re e  main areas during  the design 

procedure. Discussed in  the  fo llo w in g  sections are  the  methods



Figure 9

Photograph o f the BM70-12 T ra n s is to r  
Used in  a 52 mHz A m p lifie r
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COMMUNICATIONS TRANSISTOR CORPORATION BM70-12 •  70 w a t t

175 MHz •  12 VOLT RF POWER TRANSISTOR WITH INTERNAL MATCHING

GENERAL DESCRIPTION -Specifically designed to meet rugged mobile 
c r portable radio requirements, internal matching simplifies c ircu it de­
sign and gives excellent broadband performance.

FEATURES

•  MAXIMUM RELIABILITY DUE TO SINGLE CHIP CONSTRUCTION.

•  GUARANTEED TO WITHSTAND ~ VSWR AT A LL  PHASE ANGLES 
WHEN OPERATED AT RATED POWER WITH A 16V DC SUPPLY.

•  EXCELLENT HERMETIC SEAL FOR EXTENDED LIFE IN HOSTILE 
ENVIRONMENTS.

•  LOIV THERMAL RESISTANCE--0 .8° C/W.

•  HIGH POWER GAIN.

•  INTERNAL MATCHING FOR HIGHER IN P U T  IMPEDANCE AND 
LOWER Q.

MATCHED 1/2" FLANGE

— -170-190

INCHES
ALL LEADS 5 M iLS ♦  
THICK

Tm
T

1
!

ELECTRICAL CHARACTERISTICS 
ABSOLUTE MAXIMUM RATINGS 

MAXIMUM TEMPERATURES

Storage Temperatures 
Operating Junction Temperatures 
Lead Temperature (Soldering 8 seconds time lim it) 
S  1 /3 2 " frbm Ceramic

MAXIMUM POWER DISSIPATION (Note I)

Total Power D issipation at 25%  Case Temperature

MAXIMUM VOLTAGES AND CURRENT

BVCES Collector to Emitter Voltage 
BV EBO Emitter to Base Voltage 
LV CEO Co1 lector to  Emitter Voltage 
I q  Collector Current

-65%  to + 2000C 
200°C

260%

220 W

36 V 
4 V 

18 V 
20 A

Figure  10

General and Maximum S p e c if ic a tio n s  o f the BM70-12 T ra n s is to r
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COMMUNICATION TRANSISTOR BM70-12

(  a  outwt k h s u s  w w H  w in (  5  J W WH CAM VHSUS HEOUHCV

Pin -  pow er  INPUT-w atts

«
S
i
a°

Pc w f TOW

130 140 150 60 170 60 190

l-FREOUENCY-MHi

(C)
SERIES INPUT IMPEDANCE VERSUS FREQUENCY £  j  ^SERIES LOAD IMPEDANCE VERSUS FREQUENCY

• -FREQUE NO Y-MHi I FREOUENCY-MHi

(e / OWER DERATING CURVE ( f ) ft VERSUS Ic

Ic - COLLECTOR CURRENT-AMPSTEMPERATURE -

Figure  11

A m p lif ic a tio n  C h a ra c te r is tic s  o f the BM70-12 T ra n s is to r
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and reasoning used in  d ea lin g  w ith  the  areas o f  network design , 

power d is s ip a t io n , and s t a b i l i t y  o f  the a m p li f ie r .

Network Design

Rather than go through the steps o f network syn thesis  fo r  the  

t r a n s is to r  in p u t and output netw orks, a M otorola a p p lic a tio n  note  

(D avis AN-267) was used which gave computer s o lu tio n s  to  several 

networks. These s o lu tio n s  were fo r  matching a known s e rie s  or 

p a r a l le l  impedance through one o f  s ix  networks to  a n o n -re a c tiv e ,

50 Ohm load w ith  a s p e c if ie d  loaded c i r c u i t  "Q" (Q|_). Q[ 15 given by:

Ql = (d im ensionless)

where: Q. = Q o f  the  tuned network w ith  a l l  loads connected
L (d im ension less)

f  = Resonant frequency o f  the  tuned network (H e rtz )

BW = H a lf-p o w er bandwidth o f the tuned network (H e rtz )

Before use could be made o f  the computer s o lu tio n s , the  

t r a n s is to r  base in p u t impedance and the  t r a n s is to r  c o l le c to r  o u t­

put impedance had to  be known. The in p u t and outpu t impedances o f  

a la rg e  s ig n a l,  c lass  C a m p li f ie r ,  however, were hard to  e s ta b lis h .

The general recommendation o f  th e  re ferences consu lted  on th is  

p o in t was to  apply  power to  the device and measure the f u l l  in p u t 

d riv e  c u rre n t and vo ltag e  to  the t r a n s is to r  base. S im i la r ly ,  w ith  

the  f u l l  d r iv e  power ap p lie d  to  the  t r a n s is to r  base c i r c u i t s ,  the
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c o lle c to r , ou tpu t vo ltag e  and c u rre n t in to  a known load re s is ta n ce  

would be measuredi Once the  re s p e c tiv e  vo ltag e  and cu rren ts  were 

known, the  base in p u t and c o lle c to r  outpu t impedances could be 

c a lc u la te d . Such measurements re q u ire d  s p e c ia liz e d  equipm ent, 

however. A ra d io  frequency s ig n a l g en era to r w ith  enough d r iv e  

power, a known source impedance, and c a p a b il ity  o f  tu n in g  52 mHz 

was needed. In  a d d it io n , ra d io  frequency c u rre n t meters w ith  

dependable accuracy in  the 52 mHz range were re q u ire d . Because 

such te s t  devices were not r e a d ily  a v a i la b le ,  th is  method o f  

impedance d e te rm in a tio n  was not used.

The on ly  o th e r impedance data  a v a ila b le  was th a t  shown in  

Figures l i e  and l i d .  Although the  param eter curves shown were not 

extended, below 130 mHz in  the f ig u re s  and were perhaps c lass  A 

( l in e a r )  param eters, i t  was decided to  t r y  and make use o f  them.

The re a c tiv e  p a rts  o f  the  impedance curves in  these f ig u re s  dropped 

s l ig h t ly  w ith  decreasing frequency as d id  the re a l p a r ts . The 

re a l p a rts  were assumed as one Ohm a t  50 mHz, however, in  both 

in p u t and outpu t cases fo r  ease in  l a t e r  c a lc u la t io n s . The 

re a c tiv e  p arts  were p ro je c te d  from th e  curves to  50 mHz. As a 

r e s u l t ,  a t r a n s is to r  base in p u t impedance o f I  + j . 2 5  Ohms and 

a t r a n s is to r  c o lle c to r  outpu t impedance o f  I -  j . 2 5  Ohms were

assumed.
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Three o f  the p re v io u s ly  mentioned s ix  networks taken from the  

M otoro la  a p p lic a tio n  note were e lim in a te d  because they  were designed 

to  match in to  a p a r a l le l  source impedance. The t r a n s is to r  impedances 

determ ined above were s e r ie s  source impedances. F ig u re  12 i l lu s t r a t e s  

the  th re e  rem aining networks and component values c a lc u la te d  fu r  the  

t r a n s is to r  c o l le c to r  outpu t impedance using procedures from the  

M otorola a p p lic a tio n  n o te . S im i la r ly ,  the  same networks (n o t shown) 

were c a lc u la te d  fo r  the  t r a n s is to r  base impedance. S o lu tio n s  o f  

these networks are  d e ta ile d  in  the a p p lic a tio n  note and w i l l  not be 

d e sc rib e d .h e re . A summary o f network component values is  given in  

Table 6 below.

Table 6

A m p lif ie r  Network Component Values C a lcu la ted  
to  Match a 50 Ohm Term inating  Impedance 

fo r  a Loaded Q o f  10

Component C a lcu la te d  Value

V . .032 yH

L2 . . .030  uH

=1 271 pF

C2 271 pF

C3 60 pF
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F igure  12

P ossib le  T ra n s is to r  C o lle c to r  Matching Network Designs 
fo r  the 52 mHz A m p lif ie r



R e fe rr in g  to  F igure 12, networks a and b were the best choices 

as they  presented c a p a c it iv e  outpu t load ing  and tu n in g . This was 

an advantage over the in d u c tiv e  outpu t c i r c u i t  in  c because c a p a c ito r  

e rro rs  could be compensated through a d d itio n  o f d is c re te  trim m er 

cap ac ito rs  i f  necessary. C ir c u it  b was decided upon because the  

s e rie s  c a p a c ito r  in  c i r c u i t  a was la rg e r  than th a t in  b. In  the 

long ru n , the s m a lle r  c a p a c ito r  in  c i r c u i t  b would c o n tr ib u te  to  a 

s m a lle r physical p r in te d  c i r c u i t  board s iz e  fo r  the completed 

a m p lif ie r .

The a m p li f ie r  schematic diagram using networks p a tte rn ed  a f t e r  

c i r c u i t  b in  F igure  12 is  i l lu s t r a t e d  in  F igure 13.

+  12 v  .0 5 u f

42

IOOv
I /  1+ IOuf

T  T  16v

\  L S u h

BM7Q-12

Figure  13

Schematic Diagram o f the 52 mHz A m p lif ie r
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The in p u t and outpu t networks were to  be constructed  as MSL 

synthesized  netw orks. Equations (5 ) and (6 ) were now used to  

c a lc u la te  l in e  lengths fo r  the  MSL s e c tio n s . Only the  s e rie s  

inductors  and shunt cap ac ito rs  could be c a lc u la te d  by th is  method. 

The c a lc u la t io n s  fo r  the s e rie s  cap a c ito rs  are  discussed l a t e r .

R e c a llin g  the  e a r l i e r  d iscussion on c h a r a c te r is t ic  impedance 

ra t io s  between cascaded MSL s e c tio n s , i t  was discovered th a t  

impedance ra t io s  from sec tio n  to  s ec tio n  produced the best network 

perform ances. For th is  reason, the  networks fo r  the  a m p lif ie r  

were designed w ith  a la rg e  c h a r a c te r is t ic  impedance r a t io  between 

s e c tio n s . An MSL main conductor w idth  o f .381 mm corresponding to  

a l in e  c h a r a c te r is t ic  impedance o f 110.1 Qhms was chosen fo r  

in d u c to r sections  w h ile  an. MSL main conductor w idth  o f  24 .5  mm 

corresponding to  a l in e  c h a r a c te r is t ic  impedance o f  1 1 .4  Ohms was 

chosen f o r  c a p a c ito r  s e c tio n s . An impedance r a t io  between the  

c a p a c it iv e  and in d u c tiv e  MSL sections  o f  6 6 .7  re s u lte d  from these  

choices o f  MSL s e c tio n s . Due to  exam ination o f e a r l i e r  measurements 

and re fe re n c e  d a ta , such an impedance r a t io  was expected to  perform  

w e ll .

Using equations (5 ) and (6 ) in  a d d itio n  to  the phase v e lo c ity  

and impedance data shown in  Tables I and 2 re s p e c t iv e ly , the cap ac i­

tance (C) and the inductance (L ) per u n it  len g th  were c a lc u la te d :

'  ■ ' !
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I and

H O . I  Ohms
O

I .62x1O m eters/second  

.680  yH/m eter

I

z Ov

I

(1 1 .4  Ohms)(9 .2 4 x 1 0 ' m eters/second)

= 949 pF/m eter

This data made the  s e rie s  inductance and shunt capacitance l in e

lengths easy to  c a lc u la te :

■
h

t L1 = L

.032 yH
.680 yH/m eter

= .047 m eter

and

*1 = L
2

.030 yH
.680 yH/m eter

.044  meter
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and

C
In C

y 271 pF 
949 pF/m eter

= .286 m eter

The s e r ie s  cap a c ito rs  were made by e tch in g  two areas o f  f o i l  on 

opposite  s ides o f  the p r in te d  c i r c u i t  board to  form p a r a l le l  p la te  

c a p a c ito rs . Since the  d ie le c t r ic  o f  the  epoxy-glass was determ ined  

e a r l i e r ,  th e  f o i l  s izes  could be e a s i ly  c a lc u la te d . R e fe rr in g  to  

equation  ( 7 ) ,  the p la te  spacing and d ie le c t r ic  o f each c a p a c ito r  

were constants im plying  the  capacitance would be determ ined by the  

p la te  a rea . The p la te  area was c a lc u la te d  as shown below:

The in p u t and outpu t c ir c u its  were etched on a c i r c u i t  board in  

such a way th a t  a sm all p iece o f  w ire  soldered through the  board was 

used to  connect the main conductor o f  and to  th e  bottom p la tes  

o f  Cg and C^, re s p e c tiv e ly . The inductance and capacitance sections

were fo ld ed  and m ite red  to  conserve space in  the la y o u t. Care was 

taken to  assure th a t  the  lengths were accurate  through m ite r in g  to

dC
e

(.0 01  m e te r ) (6 x l0 ~ ^  Farads) 

(2 .8 7 x l0 -11 Farads/m eter)

«3
= 2 .09x10" square meter
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avoid  the  e r r o r  encountered in  the e a r l i e r  MSL "Tee" f i l t e r  e x p e r i­

ment. F ig u re  14 presents a photograph o f the  etched a m p li f ie r  

networks w ith  the  t r a n s is to r  in  p lace  and th e  heat s in k  removed.

The opposite  s id e  is  s o lid  f o i l  w ith  the  exception o f  th e  areas  

under Cg and which are  the  c a p a c ito r  areas connected to  the  

in p u t and outpu t connecto rs , re s p e c t iv e ly .

The f o i l  a rea  around the MSL sec tio n s  is  grounded to  the f o i l  

s id e  beneath by means o f  several small w ires  soldered through the  

board a t  small len g th  in te r v a ls .

Before the  t r a n s is to r  was placed in  the c i r c u i t ,  the  c ap a c ito r  

values were measured w ith  a H ew le tt-P ackard  Model 4260A RLC b rid g e . 

No easy method could be thought o f  to  measure the inductance sec­

t io n s . Table 7 d ep ic ts  the re s u lts .

Table 7

A m p lif ie r  C apacito r Measurements Compared 
to  the C a lcu la ted  Values

C ap ac ito r
Measured Capacitance  

(pF)
C a lcu la ted  Capacitance  

(pF)

C1 223 271

C2
201 271

C3 60 60

64 60



Photograph o f the 52 mHz A m p lif ie r  
w ith  Heat Sink Removed
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The re s u lts  o f  th e  measurements in d ic a te d  Cg as being the on ly  

c a p a c ito r  to .b e  a c c u ra te . E rrors  in  th e  o th e r measured c a p a c ito r  

values compared to  those c a lc u la te d  were d is tu rb in g .

The d iffe re n c e  between the  measured.and c a lc u la te d  values o f  

was the  e a s ie s t to  e x p la in . W hile remeasuring fo r  physica l 

len g th  and s iz e  e r r o r s ,  was found to  be s l ig h t ly  too la rg e  in  

p la te  a rea . Nothing was done to  change a t  th a t  tim e pending 

the  a c tu a l o p era tio n  o f  the  a m p li f ie r .  A t th a t  tim e some " f in e  

tun ing" was expected to  be done.

The d iscrepancies  found in  the MSL c a p a c ito rs , and C2 , 

were not so e a s ily  e xp la in ed . A f te r  reco n s u ltin g  severa l 

re fe re n c e s , a reason f o r  the  problems became e v id e n t. The corner 

m ite r in g  had been done in c o r re c t ly  in  both th is  c i r c u i t  and the  

p re v io u s ly  te s te d  MSL "Tee" f i l t e r .  Both in s id e  and o u ts id e  

corners in  these c ir c u its  had been m ite red  and no method had 

been used to  govern the m ite r  angles o r len g th s . Only the  o u t­

s id e  corners should have.been m itered  according to  methods backed 

by experim ental data given by Howe (1 9 7 4 ). As a r e s u lt  o f  th is  

o v e rs ig h t, the  transm iss ion  lin e s  became mismatched a t  the  corners  

causing th e  lin e s  to  change c h a ra c te r is t ic s .  The r e s u lt  was 

performance o th e r than expected in  these c a p a c ito r s e c tio n s .

These sections  were not ad justed  u n t i l  the a m p lif ie r  was te s te d .
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Some doubt was ra is e d  a t  th is  p o in t as to  the accuracy o f  

the  in d u c to r MSL s e c tio n s . As p re v io u s ly  s ta te d , no good method 

o f measuring the  inductors  could be produced. As a r e s u l t ,  i t  

was decided to  te s t  the  a m p li f ie r  w ith o u t fu r th e r  in v e s tig a tio n  o f  

these s ec tio n s .

S t a b i l i t y

Many papers and books were re fe rre d  to  fo r  clues on how to  

predeterm ine the s t a b i l i t y  o f  the a m p li f ie r .  Since the t ra n s is to r  

was a la rg e  s ig n a l d e v ic e , several problems presented them selves.

F i r s t ,  the "S" param eters , which a re  commonly used in  design 

o f VHF c i r c u i t s ,  were e lim in a te d  because they are  sm all s ig nal 

param eters .

Second, most methods o f  c a lc u la t in g  s t a b i l i t y  such as described  

in  L in v i l l  and Gibbons (1961) used "Y" parameters which a re  a lso  

small s ig n a l param eters.

T h ird , the  a m p li f ie r  was to  operate  in  c lass C which is  

extrem ely  n o n lin e a r. This aspect added doubt to  a l l  param eter 

sets  because t r a n s is to r  parameters are  u s u a lly  measured in  the  

l in e a r  o r a c t iv e  reg ion  o f  o p e ra tio n .

W ithout any method o f p redeterm in ing  s t a b i l i t y ,  i t  was 

decided to  c o n stru ct the a m p lif ie r  in  such a way as to  avoid  

e ffe c ts  which would cause in s t a b i l i t y .  These e f fe c ts  could have
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been f i e l d  coup ling  between inductors  from outpu t to  in p u t o r  

feedback through th e  reverse  param eter o f  the power t r a n s is to r .

As s ta te d  p re v io u s ly , la rg e  s ig n a l param eters a re  not r e a d ily  

a v a ila b le  f o r  t ra n s is to rs  such as the BM70-12 used in  th is  e x p e r i­

ment. For th is  reason, feedback through the  reverse  d ire c t io n  o f  

the a m p li f ie r  t r a n s is to r  was assumed not to  be a fa c to r  in  the  

a m p lif ie r  s t a b i l i t y .  P rovis ions f o r  the a d d itio n  o f n e u tra liz in g  

components to  the  c i r c u i t  board were p ro v id ed , however, in  case 

th is  assumption proved in accu ra te  during a m p lif ie r  te s t in g .

The rem ainder o f  the  s t a b i l i t y  e f f o r t  was spent in  preventing  

network coupling between in p u t and o u tp u t. S p e c i f ic a l ly ,  L-j and 

Lg posed the  g re a te s t problems in  terms o f f i e l d  c o u p lin g .

An experim ent was conducted using two 10 cm lengths o f  MSL 

w ith  conductor w idths o f  1 .58  mm. The lengths were run p a r a l le l  

w ith  2 mm spacing between them. A 50 mHz s ig n a l source was 

connected to  one l in e  and an o s c illo sc o p e  to  the o th e r l in e .  The 

outpu t vo ltag e  to  the  o sc illo sco p e  from the  second l in e  was 10 dB 

below the  in p u t vo ltag e  to  the f i r s t  l in e .  These re s u lts  i l lu s t r a t e d  

th a t  th e re  is  poor coupling  between p a r a l le l  MSL s e c tio n s .

The re s u lts  o f  th is  p a r a l le l  l in e  experim ent seemed to  in d ic a te  

th a t  i f  MSL lin e s  would not cross-couple  w e ll a t  c lose  spacing , then  

extreme spacing o f  l in e s  would fu r th e r  reduce mutual coupling
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p o s s ib i l i t ie s .  W ith th is  in  mind, the  in p u t and outpu t networks 

o f  the  a m p li f ie r  were placed opposite  each o th e r w ith  as much 

spacing between the in d u c to rs , and Lg, as p o s s ib le .

To fu r th e r  cu t down on in d u c to r coupling  a s h ie ld  was con­

s tru c te d . Soldered to  th e  top ground f o i l  was a d o u b le -c lad  

c i r c u i t  board w a ll th e  h e ig h t o f  the t r a n s is to r  which extended  

the  e n t ir e  w idth  o f  th e  board. This s t r ip  provided s h ie ld in g  o f  

the in p u t network from the outpu t network to  a id  in  s t a b i l i t y .

The t r a n s is to r  separated  one sec tio n  o f  th is  s h ie ld  from the  

o th e r as may be seen from F igure  14.

Power D is s ip a tio n

Since the  output power o f  the t r a n s is to r  was expected to  be 

f a i r l y  la rg e , the power d is s ip a tio n  lik e w is e  would be expected to  

be la rg e . Some s o r t  o f  heat s in k  had to  be developed to  t ra n s fe r  

the  heat to  ambient a i r  and cool th e  t r a n s is to r  so ju n c tio n  heat 

damage would not be su sta in ed . Ambient tem perature o f  the  a i r  was 

assumed a t  25°C.

C a lc u la tio n s  were made using methods described by A lle y  and 

Atwood (1973) and are  presented in  Appendix L

The fo rm u la tio n  o f  the c o rre c t heat s in k  s iz e  presented a 

problem. The method used re s u lte d  in  a req u ired  heat s in k  area  

la rg e r  in  s iz e  than the  e n t ir e  a m p li f ie r .  This seemed unreasonable

■7 .



( .4 5  square m e te r). A heat s in k  made from 3 .2  mm b r ig h t aluminum 

approxim ate ly  o n e -fo u rth  the  s iz e  c a lc u la te d  ( .1  square m eter) was 

used in s tead  on a t r i a l  b a s is . I f  i t  became too h o t, a la rg e r  

heat s in k  would be t r ie d .

The heat s in k  was attached  to  the t r a n s is to r  w ith  a th in  

la y e r  o f  s il ic o n  heat compound between them to  a id  heat t ra n s fe r .

A m p lif ie r  C ir c u it  D e scrip tio n

R e fe rrin g  to  the completed schematic diagram in  F igure  15,

C-J1 C3 , and L-J match the  50 Ohm in p u t d r iv e  source to  the  base o f

+ 1 2 v  .05uf

52

I /  1+ IO u f
T  T  16v

\  L S u h

B M 70-12

/ 7 7  / 7 7

Figure 15

Completed Schematic Diagram o f  the 52 mHz A m p lif ie r
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th e  t r a n s is to r .  and resonate th e  c i r c u i t  w h ile  Cg tunes out 

any unwanted reactance a t  th e  in p u t.

Cg, C^1 and Lg match the  50 Ohm load impedance to  th e  c o lle c to r  

impedance o f  th e  t r a n s is to r .  Cg and Lg resonate here w ith  C  ̂

matching the re a c tiv e  component a t  the  outpu t te rm in a ls .

Because the  t r a n s is to r  was to  run in  c lass C s no b ias was 

a p p lie d  to  the t r a n s is to r .  A dc re tu rn  fo r  the t r a n s is to r  base was 

provided by a 1 0 .pH, com m ercially  m anufactured, ra d io  frequency  

choke ( R F C g ) . This re tu rn  was necessary due to  the dc component o f  

the  c lass  C wave form . No ra d io  frequency s ig n al was allow ed to  

pass to  ground due to  the  choke a c t io n .

Another ra d io  frequency choke (R FC y) was used to  supply dc 

vo ltag e  to  the t r a n s is to r  c o l le c to r .  I t  prevented ra d io  frequency  

from e n te rin g  the  power supply. Any unwanted ra d io  frequency  

vo ltag e  le a k in g  through th is  choke was shorted to  ground by the  

bypass cap a c ito rs  on the  power supply end o f  the choke. This  

choke was constructed  from 12 tu rns  o f #18 AWG magnet w ire  about 

2 5 .4  mm long and 20 mm in  d iam eter. The reactance o f  th is  choke 

measured 480 Ohms a t  52 mHz o r about 1 .5  pH.



. RESULTS

The f i r s t  te s t  o f  the  a m p li f ie r  used a tunab le  VHF s ig n al 

g en era to r supplying  about .5  w a tt through a v a r ia b le  50 Ohm 

a tte n u a to r  as a d r iv e  source to  the  in p u t. The frequency o f  the  

g enera tor was m onitored by a frequency counter.

The a m p li f ie r  outpu t was te rm in ated  by a 50 Ohm, 20 dB power 

a tte n u a to r  feed in g  a H ew lett-P ackard  Model 8554A spectrum a n a ly ze r. 

The a tte n u a to r  provided a matched load impedance to  the a m p lif ie r  

output te rm in a l. F igure  16 i l lu s t r a t e s  the te s t  set-up..

Twelve v o lts  was ap p lie d  to  the a m p lif ie r  and w ith  a small 

amount o f  s ig n al ap p lie d  to  the in p u t, th e  frequency was swept in  

the neighborhood o f 52 mHz. Only one resonance was observed a t  

57 .328  mHz. A h ig h er frequency was expected because the c ap a c ito r  

measured a b i t  small as was shown in  Table 7. The network frequency  

e r ro r  o v e ra ll was nine percent over s ix  MSL and p r in te d  c i r c u i t  

board components.

The loaded networks to g e th e r produced a h a lf-p o w er bandwidth 

o f 2 mHz o r a o f  2 8 .7 .

The f in a l  te s t  was made by re p la c in g  the s ig n a l g enera to r and 

v a r ia b le  a tte n u a to r  by a 10 w a tt o u tp u t, Model IC -6 F , FM tra n s c e iv e r  

as a d r iv e  source. The output frequency was a t  52 .525  mHz. The
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Figure 16

I n i t i a l  T estin g  Method fo r  the 52 mHz A m p lif ie r
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20 dB 50 Ohm power a tte n u a to r  and spectrum a n a ly ze r remained connected 

to  the outpu t as b e fo re . F igure 17 i l lu s t r a t e s  the  f in a l  te s t  

connections. Two w attm eters were in s e rte d  in  s e r ie s  w ith  the in p u t 

and outpu t o f  th e  a m p li f ie r  so power gain could be measured.

W ithout tu n in g  the  netw orks, 12 v o lts  dc was a p p lie d  to  the  

c o lle c to r  c i r c u i t r y .  With an in p u t d r iv e  power o f  10 w a tts , the  

a m p lif ie r  outpu t was 28 w a tts . This was decided ly  not optimum 

perform ance.

A f te r  adding ARCO 461 compression trim m er c a p a c ito rs , the  

a m p lif ie r  was f in e  tuned. These c ap a c ito rs  p a ra lle le d  and Cg 

and were in s ta l le d  from the MSL sec tio n  ju n c tio n s  o f  L-j-C-j and 

Lg-Cg to  ground. With 12 v o lts  dc to  the  c o lle c to r  and d riv e  

a p p lie d , the  trim m ers were tuned fo r  maximum power o u tp u t. This  

re s u lte d  in  35 w atts  o f  outpu t fo r  10 w atts  o f  d r iv e .

The ARCO 461 trim m ers were removed and measured. The c a p a c ito r  

on the in p u t measured 21 pF w h ile  th a t  on the c o l le c to r  measured 

65 pF. R e fe rr in g  to  Table both the  sum o f the ARCO 461 base 

c a p a c ito r  plus Ĉ  and th e  sum o f  the  ARCO 461 c o l le c to r  cap a c ito r  

plus Cg came out s l ig h t ly  less than the  c a lc u la te d  271 pF. This  

fa c t  po in ted  to  the  in d u c to r s izes  being s l ig h t ly  too la rg e . Any 

in d u c to r e r ro r  noted here was probably due to  the  m ite r in g  problems 

discussed e a r l i e r .



WATTMETERS

©
SPECTRUM
AMLYZER

Figure  17

F in a l T estin g  Method fo r  the 52 mHz A m p lif ie r



58

To fu r th e r  increase  th e  output power, the standing wave ra t io s  

on both in p u t and outpu t were te s te d  using the w attm eters . There 

id e a l ly  should have been no r e f le c te d  power on e it h e r  the  in p u t or 

o u tp u t. The outpu t had no power r e f le c te d .  The in p u t, however, 

d isp layed  n e a rly  two w atts  re f le c te d  w ith  10 w atts  in  the  forw ard  

d ir e c t io n . Since Cg was the  matching c a p a c ito r , a sm all ARCO 460 

compression trim m er c a p a c ito r  was p a ra l le le d  w ith  i t .  The re s u lt in g  

re f le c te d  power a t  the  in p u t was g re a te r  even a t  minimum capac itan ce . 

This in d ic a te d  th a t  the capacitance o f  C3 was too la rg e  to  begin 

w ith . The ARCO 460 trim m er was removed and area o f  the C3 f o i l  on 

the c i r c u i t  board was decreased by c u tt in g  d iagonals through the  

f o i l .  As seen from equation  ( 7 ) ,  decreasing the c a p a c ito r  p la te  

area decreased the  capacitance o f  the c a p a c ito r .

As C3 was decreased, the  in p u t r e f le c te d  power began to  drop 

as expected. The process o f  decreasing the  p la te  area was continued  

u n t i l  w ith  10 w atts  fo rw ard , only .1 w a tt was r e f le c te d .

With the  in p u t matched, optimum performance was ach ieved . With 

an in p u t o f  10 w a tts , th e  output power was measured a t  65 w atts  (Po u t) 

fo r  a power gain o f  8 .1 3  dB. The in p u t c u rre n t was 9 .5  amperes ( I )  

a t  a c o l le c to r  vo ltag e  o f  12 v o lts  ( E ) . The average in p u t power 

(P i ) to  the a m p li f ie r  was:

Pin  = IE  (w a tts )



(9 .5  A ) (12 V) 

114 w atts

E ff ic ie n c y  o f  the  a m p li f ie r  is  given by:

P_
100 x

TOO x

out

Pin

65 w atts
114 w atts  

= 57 percent

The expected e f f ic ie n c y  o f  a c lass C a m p lif ie r  is  somewhat 

h ig h er than th is .  However, th e re  was no re a l a t te n t io n  given to  

the qu iescent b ias p o in t o f  the t r a n s is to r  which c o n trib u te d  to  

the low er e f f ic ie n c y .

F igure  18 presents, a photograph o f  the  fin is h e d  a m p li f ie r  w ith  

the heat s in k  in  p la c e , the ARCO 461 trim m ers across and 

shown, and the  cuts in  the  top f o i l  o f  Cg to  tune the in p u t v is ib le .

The f in a l  data taken was harmonic data from the  spectrum  

a n a ly z e r. The data is  p lo tte d  in  F igure  19. Good red u ctio n  in  

am plitude o f  the  harmonics was noted.

The o n ly  problem encountered was o v ers ig h t in  the  c o lle c to r  

c i r c u i t  design . The in d u c to r s e c tio n , Lg, was p h y s ic a lly  too small 

( .3 6 5  mm) to  handle the  high power ra d io  frequency c u rre n ts . I t  

overheated and broke ju s t  a f t e r  the  f in a l  data was ta k en . The 

m e ltin g  o f  Lg was a case in  p o in t on why c h a ra c te r is t ic  impedance
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Figure 18

Photograph o f the 52 mHz A m p lif ie r  
w ith  Heat Sink in  Place
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Harmonics Measured a t the Output 
o f the 52 mHz A m p lif ie r



r a t io s  between MSL sec tio n s  cannot exceed p ra c t ic a l s iz e  considera­

tio n s  as discussed p re v io u s ly . I t  was now obvious th a t  the  

impedance r a t io  o f  6 6 .7  used here was top la rg e  fo r  p ra c t ic a l  

co n stru c tio n  although the networks performed adm irab ly w h ile  they  

la s te d .

The heat s in k  choice made e a r l i e r  turned out w e l l .  Even 

a f t e r  severa l minutes o f  transm iss ion  a t  f u l l  power, the heat 

s in k  became on ly  warm to  th e  touch.



CONCLUSION

This  p ro je c t  was undertaken to  exp lo re  th e  f e a s i b i l i t y  o f MSL 

a t  VHF and to  p e r fe c t design methods fo r  use by experim enters who 

do no t have expensive lab  equipment. This was done through the  

design o f  a 52 mHz a m p li f ie r .

O v e ra ll ,  the  p ro je c t  was a success. I t  was demonstrated th a t  

MSL techniques used in  the  UHF and microwave regions work e q u a lly  

w e ll a t  52 mHz. The main c o n s id e ra tio n  proved to  be the  physical 

s iz e  o f the re s u lt in g  c ir c u i t s .  The f in is h e d  a m p li f ie r  measured 

21 cm x 35 cm.

S ize  may be reduced by bending the MSL sections w ith  p ro p erly  

m itered  o u ts id e  corners as p re v io u s ly  re ferenced  or. by curving  the  

corners w ith  the  optimum curve rad iu s  being th re e  MSL main conductor 

w idths (Howe 1974 ). M ite r in g  corners takes less area than does 

curving  w ith  e s s e n t ia l ly  the  same re s u lts  i f  proper dimensions are  

used. N e ith e r  type o f  c o rn er, when p ro p e rly  made, has l in e  

c h a ra c te r is t ic s  d is tin g u is h a b le  from a s t r a ig h t  sec tio n  o f  l in e .  A 

fu r th e r  study could be done in  th is  area to  compare m ite red  corners  

w ith  ra d ia l corners .

The a m p li f ie r  re s u lts  were good although problems in  m ite rin g  

were discovered which made i t  necessary to  add d is c re te  trim m er 

cap a c ito rs  to  tune the  networks to  resonance.



6 4

Cg had to  be s e v e re ly  reduced in  s iz e  in  o rd er to  reduce 

re f le c te d  power a t  th e  in p u t. A p paren tly  the assumption o f  

I  + j . 2 5  Ohms fo r  the t r a n s is to r  base in p u t impedance was in c o rre c t.  

The assumed t r a n s is to r  c o lle c to r  outpu t impedance o f  I  -  j . 2 5  Ohms 

seemed c o r re c t ,  however, as no re f le c te d  power was measured a t  

the  a m p li f ie r  o u tp u t.

The MSL methods used to  design the  matching networks fo r  the  

a m p lif ie r  were based on equations d e rived  from the lo s s le ss  coaxia l 

transm iss ion  l in e  model. I t  was found th a t  the lo ss less  coax ia l 

transm iss ion  l in e  model approxim ates MSL c h a ra c te r is t ic s  q u ite  w e l l .

Once the c h a r a c te r is t ic  impedance and phase v e lo c ity  fo r  a given
\

w idth  o f main conductor in  an. MSL sec tio n  was known, s e rie s  

inductances and shunt capacitances were re a d ily  syn th es ized .

Cascading o f these MSL sections may be used to  syn th es ize  networks.

The c h a r a c te r is t ic  impedance and phase v e lo c ity  data was 

measured by methods described e a r l i e r .  Once the data was accum ulated, 

i t  was te s te d  fo r  v a l id i t y  by c o n stru c tin g  and te s t in g  a low pass 

"Tee" f i l t e r  out o f  MSL s ec tio n s . Ig n o rin g  m ite r in g  and length  

problems in  the f i l t e r  i t s e l f ,  the MSL data proved a c c u ra te . A 

summary o f  the MSL design equations and a graph o f the experim ental 

data taken fo r  phase v e lo c ity  and c h a ra c te r is t ic  impedance is  given  

in  Appendix I I .  The data  given is  f o r  G-IO epoxy-glass p r in te d  

c i r c u i t  board o f  I rran th ickn ess .



6 5

These equations and the data are  given fo r  re fe re n c e  by the . 

exp erim en ter. A lthough a sim ple method fo r  f in d in g  phase v e lo c ity  

w ith  sim ple apparatus was g iven , c h a r a c te r is t ic  impedance is  a much 

harder param eter to  measure.

F rin g in g  may not be neg lected  in  MSL designs. The narrower 

the main conductor, the more f r in g in g  e ffe c ts  are n o tic e d . For 

th is  reason, the  c h a r a c te r is t ic  impedance o f a l in e  sec tio n  may not 

be e a s ily  c a lc u la te d . The q u ickes t method is  to  measure these  

impedances. I f  a v e c to r impedance m eter is  not a v a i la b le ,  a 

reactance bridge  could be used. The c h a ra c te r is t ic  impedance is  

the  geom etric mean o f the  open and shorted  impedances o f  the l in e .  

Care must be taken to  keep leads s h o rt. A lso , the frequency o f  

such measurements must be severa l megahertz away from q u a r te r -  

wavelength measurements. A suggested fu r th e r  study would be to  

f in d  an accurate  m odified  equation fo r  c h a r a c te r is t ic  impedance 

which compensates fo r  fr in g in g ..

An a d d it io n a l observation  made concerns the a c tu a l cascading  

o f MSL sec tio n s  to  syn th es ize  netw orks. The conclusion here was 

th a t  the  c h a r a c te r is t ic  impedance r a t io  between cascaded MSL 

sections  must be kept as high as p o ss ib le  fo r  proper in d u c tiv e  or  

c a p a c it iv e  o p era tio n  o f  the l in e  s e c tio n s . The g re a te r  th is  r a t io ,  

the  less  transm iss ion  l in e  type v o ltag e  r ip p lin g  occurs in  the
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network over a given frequency range. The p o in t was w e ll demon­

s tra te d  by the MSL "Tee" f i l t e r  re s u lts  and comparisons. In  th is  

f i l t e r ,  the  impedance r a t io  between MSL sections was 3 and p e r fo r ­

mance in  th e  stop-band was not very im pressive.

There is  a p ra c t ic a l l im i t  to  th is  impedance r a t io ,  however. 

This was demonstrated in  the  c o lle c to r  outpu t c i r c u i t  o f  the  

a m p lif ie r  when the  c o l le c to r  in d u c to r (Lg) m elted due to  i t s  

physical s iz e  being too small to  handle the output c u rre n t.

The c h a r a c te r is t ic  impedance r a t io  between the MSL in d u c to r and 

c a p a c ito r  sections  was 6 6 .7 . From these f in d in g s , a good 

estim ated  value fo r  the  impedance r a t io  o f  cascaded sec tio n s  

would be 10. As a r u le ,  i f  la rg e r  r a t io s  may be used w ith o u t  

hindrance o f  c i r c u i t  perform ance, the  network w i l l  perform  

b e t te r .

F in a l ly ,  MSL is  not r e a d ily  a ffe c te d  by the p ro x im ity  o f  

m e ta ll ic  o b je c ts . An aluminum sheet was used and placed in  th e .

immediate area o f the  networks fo r  the 52 mHz a m p li f ie r .  No
\

e ffe c ts  were n o ticed  in  performance unless the p la te  was touching  

one o f  the  network components.

■ ■ ' I
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Appendix I

This sec tio n  presents heat s in k  c a lc u la t io n s  made during  the 

a m p lif ie r  design s tag e.

Using the  power model from A lle y  and Atwood (1 9 7 3 ) ,  the heat 

s in k  s iz e  was determ ined. Th is  model is  shown in  F igure 20.

Collector junction tem perature Tj

Case tem perature Tc

Heat sink tem perature T 1

Ambient tem perature T 0

Absolute zero

Figure  20

Heat Sink Power Model

By rearrangem ent o f the equations given by A lle y  and Atwood, the  

heat s in k  therm al re s is ta n ce  was given by:

0sa = TmaX Pd ^  '  6Jc " 0 C S  ( ° C /w a tt) 123)

where: 0 = Thermal re s is ta n ce  o f  the heat s in k  (°C /w a tt)
S d

6 . = Thermal re s is ta n ce  o f  the t r a n s is to r - ju n c t io n  to
JC case (°C /w a tt)



9 = Thermal re s is ta n c e  between the t r a n s is to r  case and
heat s in k  (°C /w a tt)

T v = Maximum tem perature o f th e  t r a n s is to r  ju n c tio n  ( 0C)
IuaX

Tamb Environm ental ambient tem perature ( 0C)

The maximum allow ed t r a n s is to r  power d is s ip a tio n  
(w a tts )

F igure  10 in  the  te x t  shows th e  maximum ju n c tio n  tem perature  

(Tmax) as 200°C . Ambient tem perature was chosen as room tem perature  

o r 25°C.

F igure  10 ra te s  the  power outpu t o f  the t r a n s is to r  a t  70 w a tts .

Though a c lass  C a m p li f ie r  should operate  in  the range o f  75 percent

e f f ic ie n c y ,  fo r  co n serva tive  reasons th e  e f f ic ie n c y  was assumed to

be 50 p e rcen t. As such, 70 w atts  would be d is s ip a te d  (Pd) by the

tr a n s is to r  a t  70 w atts  outpu t from the  a m p li f ie r .

The ju n c tio n  to  case therm al re s is ta n c e  ( e . ) was given as
J c

.8 °C /w a tt  in  F igure  10. The therm al re s is ta n c e  between the heat 

s in k  and t r a n s is to r  case (Qcs) was th a t  o f  the s i l ic o n  heat s ink  

compound used between them. I t  was estim ated  a t  . l ° C /w a t t .

By s u b s t itu t in g  the  above data  in to  equation (2 3 ) ,  thfe heat

s in k  therm al re s is ta n c e  was c a lc u la te d :



71

= — Q-0-p~d - 5-°-C- .8 °C /w a tt  -  . l ° C /w a t t  

= 1 .6 °C /w a tt

The o n ly  heat s in k  data a v a ila b le  a t  the tim e was th a t  shown in  

Figure 21 (A lle y  and Atwood 1973 ). The l in e  shown is  f o r  3 .2  mm 

( .1 2 5  in ch ) th ic k  b r ig h t aluminum. I f  th is  were used, .4 5 ,square 

m eter (700 square inches) o f  aluminum would have to  be used.
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Figure 21

Heat Sink Thermal Resistance and Area Graph
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Appendix I I

This sec tio n  conta ins a summary o f  MSL design equations and a 

graph o f experim ental data measured using G-IO epoxy-glass p rin te d  

c i r c u i t  board having a th ickness o f  I mm.

The inductance per u n it  len g th  o f an MSL sec tio n  is  given by:

L = ■ -y°- ■ (H e n ries /m ete r)

where: L = Inductance per u n it  len g th  (H e n rie s /m e te r)

Zq = MSL s ec tio n  c h a r a c te r is t ic  impedance (Ohms)

. V = MSL s ec tio n  phase v e lo c ity  (m eters/second)

The capacitance per u n it  len g th  o f  an MSL sec tio n  is  given by

C = -g -y - -  (F arad s/m eter)
o

w here: C = Capacitance per u n it  len g th  (F arad s /m eter)

Zq = MSL sec tio n  c h a r a c te r is t ic  impedance (Ohms)

V = MSL sec tio n  phase v e lo c ity  (m eters/second)

To f in d  th e  MSL sec tio n  length  fo r  a given component v a lu e , 

sim ply d iv id e  the c a p a c ito r  values by C and the  in d u c to r values  

by L. The re s u lt in g  u n its  w i l l  be len g th  in  both cases.
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Figure 22

Experim ental Phase V e lo c ity  and C h a ra c te r is t ic  Impedance Data 
P lo tte d  fo r  the R eciprocal o f  Various MSL Section Widths 

Using the G-IO Epoxy-glass P rin ted  C ir c u it  Board 
o f I mm Thickness
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