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AB~~~~ CT

Coplanar electron tubes consisting of emitting, controlling arid
collecting electrodes on a single heated plane have been proposed as a
method of achieving high temperature and high radiation resistant devices.
In order to design these devices, the scaling laws must be obtained.
Using computer techniques it was determined that while the plate current
of a device still followed a general three-halves power curve, the effect
of electrode areas and electrode spacing are far less pronounced then in
multiplanar tubes. A number of auxiliary problems were studied and data
was obtained indicating that both alumina and beryllia would be suitable
subst rates for these devices. Single crystal alumina ( sapphire ) was found
to he satisfactory, but polycrystalline alumina was not , indicating some
reaction with active material from the cathode . Polycrystalline beryllia ,
on the other hand, was satisfactory. A trough strip line was developed
for use in a distributed amplifier, power coplanar tetrode, but time did
not permit, nor did result s warrant , the construction of such a device.
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THE COPLANAR ELECTRON TUBE

INTRODUCTION

The coplanar electron tube was proposed as the active element in an
integrated vacuum circuit (IVC) by Dore, Geppert, and queller while
working at Stanford Research Institute. Information on the device was
obtained primarily by private ~ionimunications and finally by reports on the
cathode phases of the program. The coplanar tube appeared to have two po-
tential advantages. Small spacings between grid and cathode could be
achieved and maintained using photo-lithographic techniques, since the two
electrodes are located on the same substrate; and, since the entire device
operates at cathode temperature (600 — 700°c), it should provide a device
capable of operation at hi~4’ temperatures, and at the same time have all of
the capabilities of a vacuum device with respect to operation under high
nuclear radiation exposures. These possible advantages together with the
potential of constructing entire circuits on an insulating substrate, an
IVC, indicated that the feasibility of the circuit and its potential use
in Army equipment should be investigated. Problems to be evaluated were:
theoretical performance capabilities of active coplanar devices; limi—
tations due to substrate operation at high temperature; limitations due
to thermionic emission capabilities of the photolithographic cathode;
limitations due to unwanted thermionic emission from control and collector
electrodes on the hot substrate; the performance of a simple triode; and
the proper capabilities of devices which could be designed using basic co-
planar principles. A program was initiated to investigate these various
facets of the ‘~ planar tube design.

BACKGROUND

The thermionic electron tube has evolved considerably since the first
triode was constructed by introducing a coarse wire grid between the cathode
and the anode of a vacuum diode. The grid was capable of controlling the
flow of electron current by a relatively small change in voltage on the
grid or control electrode . The current flowing to the anode of a three
element tube obe~s the Child-Langmuir space charge relationship originally
derived by Child for a vacuum diode :

‘b = G E d~~
”2 (1)

• where ‘b = the current to the anode
G = a constant designated perveance

Ed = equivalent diode voltage

1. B. Dore , D. Geppert , & R. Mueller , “Low Temperature Thennionic
Emitter,” NASA Contract No. I’LAS 12-607 .

2. C. D. Child, Phys Rev., 32, pp. 1498 , (1911).
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The equivalent diode voltage is in its simplest approximation:

E = iiE -1- E (2)
d g b

where Eg = Voltage on the grid (negative for equation (1) to be accurate)

p = Amplification constant

Eb = Voltage on the anode .

The amplification constant can be further defined by combining equations

F (1) and (2) and differentiating with respect t oE g , holding the plate
current constant .

~Eb
0 = — -i- u

aE g

~Eb
(3)

3Eg
Another important tube characteristic can be defined as the trans-
conductance, Gm , the change in plate current due to a change in grid
voltages , with constant plate voltage or

G — ~~b — 
3~~iG (pE + Eb)g

1 1/ 3
but (uI

~
+E

b
) ~~ =

1/ 2
G — 

~ — .~~. ~~~ Ib) ( 4 )
or m — ~~ c) 2

The transconductance is thus a function of the perveance of the tube
(which is dependent upon geometrical factors such as cathode and anode
area and grid-to-cathode and grid-to-plate spacings) and the current
level at which the tube is operating.

The transconductance and the p of a triode are related to each other
through the relationship:

(5)3Ec, DIi. g
a

or G r~ = (6)

where r~ = plate resistance

~1~’ 
2
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Equations (5) and (6) indicate that only two of the three triode
characteristics are independent .

Of the three characteristics the t ranscoriductance is the most important
one with respect to the bulk of applications of the triode as a power alnpli-
fier. It Is used in a number of derived and”artificial” figures of merit,
and such factors as gain and bandwidth (and therefore , gain- bandwidth prod-
uct ) are directly related to this factor. Since transconductance is propor-
tiona l to the two-thirds power of the perveance constant G , which in turn
is directly proportional to the area and inversely proportional to the ~ n-
terelectrode spacings , high transconductance can be achieved by increasing
the area of the tube or decreasing the spacings. This cannot , howe ver , Le
done without affecting the plate current drawn at a given diode voltage .
Thus , attempts have been made to improve the transconductance to plate
current ratio, which is one of the “artificial” figures of merit of a tn-
ode (or tetrode or pentode). The ratio, R, is

R = 
Cm 

= 
3 
(G)

2/3 (7)

This ratio decreases with increasing current making it easier to obtain
high values at currents approaching cut-off as is acceptable for small sig-
nal amplifiers , compared to high peak current levels, such as the peak of
the RF, required for power amplifiers. As will be shown later, high levels
of R are not an absolute necessity for power amplifiers. Indeed one must
settle for a value of R < Rmax in order to maintain efficiency. The exact
design value is a trade-off between tube size and efficiency. It is further
limited by the peak current density capability of the cathode . These as-
pects of the problem have not been discussed in the previous literature.3’

The relationship shown in Equation (1) is based on a rigorous solution
of Poisson ’s equation for a planar diode and similar results can be obtained
for both the cylindrical and the spherical diode. There was no basis, how-
ever, for the belief that the equation could be applied directly to the co-
planar diode. Sjnce a simple conformal transformation could not be used to
obtain a recognizable form of geometry for which a solution was available,
it was decided to obtain a computer solution to the Poisson equation which
could be used to obtain a relationship for scaling purposes. Two computer
programs were written, one,by Capt. T. Freeman during his tour of duty at
this Laboratory, which uses the conventional electron trajectory approach,
amd the second by the author using an approach which will be dis-
cussed below. Capt. Freeman’s program seemed to give reasonable calcula-
tions for collected anode current of a coplanar triode. When trajectories
were plotted , however, the program showed no electrons landing on the anode.

3. J. R. Pierce, “Theoretical Limitation to Transconductance in Certain
Types of Vacuum Tubes , ” Proc. IRE, 31, pp. 657 (Dec. l”143).

14. G. R. Kilgore, “Beam-deflection Control for Amplifier Tubes ,” RCA Rev,
8, pp. 1480—505 (Sep 19147).

3
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Since dehi~gging of the complex program by someone other than the author was
diff icult and extending it to a tetrode configuration would be even more
difficult, all effort on this version of the program was dropped. A copy
of the program is, however, maintained on file.

DISCUSSION

The oretical Performance of a Coplanar Device

The coplanar triode , using a grid and anode on both sides of a cathode ,
is shown in Figure la. Figure lb shows a tetrode design.

i UNIT SECTION I CAT~J)DE

_ _  _ _ _  _ _  ~~~~ GRID

~~~ ANODE
H-V

_

V Figure la. Coplanar Triode Showing Grid and Anode Sections Surrounding
a Central Cathode.

UNIT SECTION , CAT~)DE
V 

~~~~ GR ID

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ AMDDE

I 1 SCREEN GRID

Figure lb. Coplanar Tetrode Showing Grid , “Screen ” Grid , and Anode
Sections Surrounding a Cent ral Cathode .

The dashed lines in each figure show the configuration of a unit section ,
which was used for computer calculation purposes. To obtain the current
for any given length of the device shown , the calculated current per unit
length would have to be multiplied by the actual length and by a factor
of two since there are two equal sections of triode. Actually the number
of sections can be iterated indefinitely with the section of anode outside

a of the dashed line serving as the anode for the next triode section as shown
in Figure 2.

~~~~~~~~
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I I I

L~J tRID
~~~ ANOL~.

~ YBS~~ATE I
Figure 2. The Coplanar Triode with a Second Cathode Stripe Surrouiide i

by Grid and Anode.

For the configuration shown in Figure 2 there are two additional triode
sections or the total current , ‘T’

= 2GsI~

where C
5 

= Calculated section cathode current/unit ien~th

L = Length

n = Number of cathode stripes

The computer program was, therefore , written based on the geometry shown
with the assumption that the next set of points on the other side of the
boundary line of the section would be a mirror image of the first set of
points within the section. The program was written in a flexible manner so
that the size of V the electrodes and the spacing between them could he in—
putted. The program was originally written for a triode, but was later
modified to cover the tetrode (in fact the program was general enough to
cove r a pentode form with a repeller beyond the anode in orde r to simulate
devices constructed by Electron Emission Systems). The general approach to
the solution will be discussed briefly. A copy of the final program (COPOIP)
Coplanar Poisson Solution Pentede, is included as Appendix A. The program
is written in ALGOL and is designed to operate on a remote terminal of the
Burroughs 5500 computer. Many of the results presented later, however, were
obtained with the original triode program.

The program calculates the potential at all points in space as a func-
tion of the potential of the various electrodes on the plane. There are a
number of artifices built into the program as a result of the way it ha~
been written. They are as follows:

a 1. The thickness of the metal electrodes is automatically one mat rix
unit high , (the dimension of the matrix is an inputted variable) except for
the raised grid design which will be discussed below.

2. The substrate in—between electrodes is assumed to be at cathode po-
tential. This is not necessarily an accurate assinnption, but greatly ~~~~ V

plifies the calculation process. The program could be refined to take ~~ t n

— — - - . - - — .  . _..~~~~~~ ..

~~~~- - - - - - - --- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -V.-
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account the dielectric constant of the substrate and the actual potential
of various part s of the surface.

3. Although the boundaries at the edges of the section can change
continuously , the last point in each row of the matrix above the coplanar
plane is fixed at zero (cathode potential). The calculations made, thus,
are for a coplanar device with a grounded metal plane above it. Studies
were made of the effect of varying the number of points from the operating
plane to the grounded plane, and it was found that there was a large effect
which did not tend to approach saturation until 21 points above the operating
plane were included. At this point the program running time exceeded the
t ime permit-ted for a single run (ten minutes at the time these tests were
run). The computer was later constrained to 3 minutes on direct processing
and ten minutes on “scheduled” processing. The actual a~yniptotic value
was never found except by the extrapolation shown in Figure 3. The program
was revised to permit the last point in each row to be adjusted to a value
other than zerc and while this gave higher values of current and lower
values of u , the value which would be calculated if the last point was an
infinite number of points away from the plane was not reached, i.e., the
current still varied as a function of the number of points used in the row.
It was, theref ore , decided to let the last point remain at zero potential.
This gave a result that was valid for a metallic plane above the active
plane, which could be a valid configuration in a final package. For config-
urations without a metallic plane, a correction curve could be used based on
the data collected and shown in Figure 3. Using this curve, a convenient
number of points, but not less than 12,could be used for the actual computer
computation, and the infinite number of points value could be obtained by
multiplying the value obtained by the ratio of the infinite value ( i .e . ,  15)
to the value found on this curve for the number of row matrix points used.

15 _ _ _

12

0 I I I
12 No. of Row Matrix Points

Figure 3. Calculated Current as a Function of Matrix Points Above Plane.
6
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The first iteration of the program calculates the matrix point pcten-
tial in the absence of space charge (the Laplace solution).  A lc~ 1r~t i ,
is then made of the current dra m from the cathode based on the ass~ rnj tior i
that equation (1) is obeyed for the planar diode consisting of the  (

~~t hc)~
and the first set of matrix points immediately facing the cathode .

Instead of calculating exact electron trajectories from a reasonably
large numbe r of point s at the cathode , the program then proceeds, by assum-
ing that the cha rge at any given matrix point will flow to adjacent matrix
points at a higher potential than the matrix point being checked, W~~ tV~~. the
charge dividing in accordance with the ratio of the field between two
points and the sum of the fields between the point from which current is
flowing and all surrounding points. The points shown in Figure ~~~, are used
to derive a typical charge flow expression.

10 20

ii ~~
‘ 21~~

12 22

Figure 14. Arbitrary Set of Matrix Points Used for Demonstration of Charge
Flow Conditions.

V Assuming that the voltage at point 21 is greater than point 11 then

E21-ll
0’ Q,,

~~l-U 
+ E~2-~~ + 

~i~-ii

E21_11
Q21(1l) I’ V 

E2l~l1 + E12~fl+E01-1l

or B 21 11
0’ E21_~1 + E10_11 ~~0l-ll 

(8)

or 
_____________,y 

Q11 B21 11 
+ E12 11

or E21...11
- ‘ 21(11) ~ Qii 

~~~~~ +

or 
_______________

Q21(U) ~ Qil B21,..11 +

1 ~‘

P... —— - ~~~~~~~ - .V- -V.~~ V..~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~ - 

—V ~~~~~ - ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ — 

—- V.- - 
~~

_ 

~~~~~~~ ~~~~~~~~~~ 
—- 

~~~ 
— .  -
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where Q21(11) = Amount of charge flowing to point 21 from
point 11

E21 11 
= Electric Field between point s 21 and ii

= Electric Field between point s 12 and 11

~~~-.II = Electri c Field between point s 10 and 11 etc.

The equation selected would be determined by which of the neighbor
no~ nt s we re positive with respect to point 11.

V 

B V p -V u
~~nr-e 21—li — 

d —

where V21 the potential at point 21

V11 = the potential at point 11

d = the matrix spacing (constant for all points)

The first relationship shown in Equation (8) would reduce to

(v21-. v11)

~ii çv21-v11~ + (v12- v11) + ~v10- v11~

Q 

(V~~ - v11)or 21(11) 0’ 
~11 ~21 + + 

~10— 
3v11

To eliminate the proportional sign, we must take into account the current

~-ontinuity equation, i. e., 
the current leaving point 11 must equal the cur-

rent arriving at point 21 from 11, or , if the current from 11 were all going
to 21 then,

S

8

~1.

V _~ VV ~~~V. ~~~~~ V ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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~ii-+ 21 I~~
__ 

~~

=

Q11V 
~~ 

= Q 21(ii ) ’21

Q21 11) = 2! 
-. Qil

21 \ 21
. ‘L~re -~~ 21 = Current flowing from 11 ~

÷ 11 = Current arriving at 21 from 1!

ii = Velocity of electrons at 11

= Velocity of electrons at 21

ILl s assumes that electrons left the cathode at zero ‘i.-~~~ : I t ’ . ~ r~
~here the current divides between two or more points ,

- I~ui 
( (V21 ~~~11 

-

~~2l(l1) - Q
ii 

Vjç~~ 

- + V 
~~~~ 

v10_ 3~ T-

~~i bimilarly for all the other possibilities of Equ.~t i~~ i

~~~~~~~ the total charge at Q2i for the flow con d it i ux t ~ ,-,t~~~ .. L :

i~ ‘alculated for Equation (11),

= Q21(U) + Q21(20) + Q21(31) -

After the total equilibrium charge flowing Lhrc.i~ 1 ~~~~~~ ~~
. 

~~~~ ~ .

.~ L ;ond potential calculation iteration can he perf ~~~I t~ ~~ t~~ t;

. Jtential at each point being calculated based on the efi~ i ~ ~i
V~~ighhor potentials and space ch~rge reduction f ~~~~ ju l .
.~ rive d by a number of authors.~ 2

v ~11 +V2o + V 3 1 + V 22 4~~~~1~21 =

—

- 

V11 + V20 + V31 + 
~22 - Qi’

• . 21 -

:~ 
where E = Permittivity of vacuum

P21 Charge density at 21

Distance increment between P O i L i I ,~~

~amo, Whinnery and Van Duzer , Fie1d~ and Wa ves ~~ i V . ~~~~~~~~~L± ~~~~~~~~~~~

Electronics, pp. i6~, John Wiley & Sons, 119.~~~
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Using Equation (12),corrected potentials are calculated for all of the
matrix points. A record is also kept of the amount of change in potential
so that the average change in potential can be calculated. The process of
recalculating the potentials is continued until the average change is less
than a level fixed in the program. In the process of these calculations ,
charges arriving at positive electrodes are automatically obtained and are
translated into both current density and total current per matrix length per
electrode. Printout of current density, electrode current and , if desired,
potential and charge at each matrix point are obtained after the iterati on
process has been terminated.

Using the program, values of plate current vs. grid voltage could be
calculated. By increasing the grid bias gradually,the cut-off of the device
could be calculated by finding the value at which the plate current is re-
duced to zero, and since at I = 0 from Equation (1) and (2), we obtain

= GEd3/2 
= G (uEg + Eb)~~~ 

0

LLE g + Eb = 0 (13)

E~ =

g g

The transconductance was estimated by calculating the plate current change
due to a small change in grid voltage at constant plate voltage .

- 
‘b2 - ‘bi = dlb V S

\ ( 114)
- 

Eg~ - Egl Eg ~ . ~~g V~ 

Eb

Examination of the program as written indicated that the relationship
between current or current density and anode voltage obeys the three-
halves power law. The current s therefore, are, calculated using a value of
1.0 volt for the anode voltage and zero volt s for the cathode voltage . All
other electrode notentials are scaled relative to 1.0 volt . The coplanar
tube thus obeys the Child-Langinuir equation as described by Equation (1).
To obtain the actual current at a specific voltage , we use

• 21act = 1calc / 1 (15)
1~1 volt

,)
The only scaling law to be derived from the program ,then ,was the depen-

dence of the perveance constant, 0, on the geometry and spacing . Data was
collected using the program written for the triode but with no grid present.
ihe data is tabulated in Table 1. An examination of the data indicated that

• the current passed through a m aximum value as the cathode size Vwa s increased
V at large anode to cathode spacings. The data for this condition is not in-

cluded in the table and was not used in the curve fitting program described
below since it would not meet the assumptions inherent in the equation for
which a fit was sought (i.e., a linear log relationship). The conclu sions
drawn below from the derived equation apply only for relatively small
cathode sizes.

* 

10

t
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TABLE 1. VARIATION OF ANOI)E CURRENT P.S A FUNCTION OF CAT HODE
Ai~D AiIODL Si~~ AND CATCOD:: TO ANODE SI~Ac1N(;

Cathode Size 14 14 14 14 2 1

Anode Size 8 7 6 5 11 14 14

node Current

1x109 IxlO9 IxlO9 IxlO9 Ix109 IxlO9 
1x10

9 
Ixl0~

8 — — — — 8. 8  9. 6 10.14 10.1

7 - - - - 114.14 15.7 17.0 16.7

6 — — — 23.7 25.9 28.2 27.9

5 142.2 142.0 141.7 140.9 3 9 .5  143.2 1 47 . 3  147.6

14 70.9 70.6 70.0 68.8 66.5 72.9 80.5 82.9

3 120.8 120.3 119.1 117.14 113.6 1214.9 139.14 1147.7

2 208.5 207.7 206.2 203.0 196.7 216.7 21414.9 269.0

1 360.7 359.3 - 356.8 351.7 3140.14 375.9 1430.9 1492.7

r ~~~ .

* Sk number of units spacing between plate and cathode.

Cathode and anode size are normalized.

11
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The data was f i t t ed  to the following equation with anode voltage = 1 volt.

- , b1 b-,
‘~~~~~~c 

Ap dpk ).

or m l  = ink + bilnAk +b2lnA~ + b3 lnd,,j(

where Ak = Cathode area in (matrix units) 2

A~ = Anode area in (matrix units)2

k, b1,b2,b3 
= Coefficient s to be determined by statistical analysis.

Using the techniques of method of momenta6 
for the analysis , the

following results are obtained.

14.25 .k,~
”03 

Ak~
°°9 

X l0
7
V 

3/2 (16)

matrix unit of length

This form of the equation is not of general use. The correlation was, 
V

therefore, repeated for an actual set of areas and spacings with the follow-
ing results

.002 .0005 /
V 

= 
14.89 A~ Ak x io-8 v3’2 (17 )

1.33 CnI of length

where Ap and Ak are now expressed in cm2 and dpk in cm.

The perveance is , thus , not a very strong function of the electrode
areas and varies inversely with the 14/3 power of the plate to cathode spac-
ing instead of the strong dependence on cathode area and the inverse vari-
ation with the square of the spacing for a conventional bi-planar diode.
Basically the cathode utilization is not uniform in the coplanar case ,arid the
actual utilization varies with spacing and size to compensate somewhat for
the difference in spacing. As a consequence of this non-uniform utilization,

- V one must be sure that the mamd.mumn current density is not exceeded along the
leading edge of the cathode.

Insufficient data was collected during the course of the program to per-
nit a similar calculation of perveance of a triode to be made. One cannot
automatically substitute an equivalent diode voltage for the triode case as

6. M. Ezekiel , Methods of Correlation Analysis, pp. 190-201,
4 John Wiley & Sona, (19145).
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is done in the multiplanar cathode. The general behavior, however , should
be similar. The primary complicating factor will be that the size of the
grid electrode will affect the plate to cathode spacing as well, which makes
the relationship a more complicated one than in the conventional device.

While computer calculations of triode characteristics were being made,
the unde rsigned conceived the idea that it would be possible to construct a
“coplana r ” device with the grid on the same substrate but extending to a
higher level than either the cathode or the anode. The program was written
to permit elevating the grid any number of matrix element spacings above the
other electrodes. Computer runs (using the triode program) were performed
for the case where the grid lies one matrix element higher than the cathode
and anode. This results in higher values of amplification factor, u~, andtransconductance to plate current ratio, R. This design was chosen for the
power amplifier since it tended to minimize the length of electrodes
required for a given power output, as will be shown later.

PESISTIVITY OF SUBSTRATES AS A FU1~ CTION OF TE~~~~ ERATUPE

In order for the coplana r concept to be successful, it is necessar’~
that the substrate used have a high resistivity at the operatimg temperature
in order that bias potentials can be maintained on contr9l e1ectr-~des.
Kohl 7 reviews the data originally published by Campbell ,0 for a number of
ceramics. Based on this data, only alumina and beryllia, of the ceramics con-
ventionally used as electron tube envelopes, have a high enough resistiVrity
at 700°C to be considered. The data shown for heryilia and magnesia is con-
flicting; the two sets of data differ by almost six orders of magnitude.
Neither reference explains the differences, nor do they cite the original
experiments so that the reader can determine the source of this difference .

Based on the data , however, it was decided to build the first coplana r
devices using alumina substrates. In fact , to minimize the connection pro-
blem , a seven pin miniature ceramic stem was used with the pins cut-off flush
with the normal inside surface. The metal electrodes of the coplanar triode
were designed to use five of the seven pins as contt.cts and were deposited
accordingly. The first devices processed were completed tubes. When pro-
cessing was completed, the leakage between electrodes was far greater than
would be predicted by the published high temperature ceramic data . An in-
vestigation was , therefore , made of the resistivity of the seven pin alumina

• miniature stem and other materials using only the grid-anode pattern of the
triode. This would enable us to determine whether the resistivity differ-
ence was due to the ceramic itself being different from the sample covered

• in the literature, or whether the presence of active materials such as barium
caused the low resistivity. Tests on the seven pin miniature stems (whose
alumina purity could not be determined from our records), a number of alumina
(~ 9.5 percent purity)and of bery11ia(99.~ percent purity),were performed.The

-
‘ results are shown in Figure 5. Tests performed on the alumina include d a com-

parison of the use of chemical clearing of the subst rates only prior to evapo-
ration of the metal pattern, and the use of a 1000°C air firing after chemical

7. W. E. Kohl, Materials and Techniques for Electron Tubes, Reinhold ,
(1960).

8. I. E. Campbell , High Temperature Technolo~ ,r, John Wiley & Sons ( 1956).
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cleaning but before pattern evaporation. The following conclusi ons can be
drawn from this series of experiments.

Limitations Due to Thermionic Emission Capabilities of the Photo—
lithographic Cathode

1. The resistivity of the seven pin miniature stem at the temperature
of interest was lower than the published values for alumina, but still high

V enough to have been useful , if other factors were not present .

2. The resistivity of high purity alumina is much higher than that
shown in the literature and should be highly adequate for the coplanar sub-
strate unless other factors , such as the presence of barium, come into play.

3. Air firing of the alumina results in a substantial improvement in
resistivity particularly at lower temperature levels. The air firing clean-
ing step was adopted as a standard procedure on all substrates used there-
after.

14. The air-fired, high-purity beryllia data was within an order of
magnitude of the higher level given by Campbell. The difference could be
accounted for either by the appro c-i mation used to calculate resistivity for
the highly non-standard configuration used for these measurements, or could
represent sample variation (which was present in the samples tested). Unfor-
tunately~ t ime did not permit a comparison of non-air-fired material, which
night have accounted for the wide range of data shown by Campbell.High purity
beryllia , however, could serve as a useful substrate for coplanar devices
barring interactions caused by the presence of active material.

The electron emitting material used in coplanar devices is one of the
conventional mixes of triple (barium , strontium and calcium) carbonates
used in thermioriic devices. The primary difference is that in order to de-
lineate the pattern of the cathode material ,so that it is superimposed
completely on a deposited metalli c cathode substrate , the carbonates are
placed in a binder of a photographically developable resist ( KTFR) instead
of the conventional amyl-acetate and nit ro-cellulose binder usually used.
In order to determine the effects of this binder and to verify the claims
of low temperature emission capabilities ,1 a separate program was established
to evaluatQ the cathode. The test program is covered in separate

V reports,9,’O and will only be briefly suzmna rized here. The major results
have been :

• (a) Tests on conventional nickel sleeve cathodes have shown useful
emission capabilities in the 650°C regiofl . While this is not quite as low
as the 600°C quoted by Dore ,Geppert , etc.~ it still represent s an impro ve-

V ment in low temperature operation over either standard oxide cath odes or the

1 • B. Dore,. 1). Geppert. , & R. Mueller , “Low Temperature Thermionic
Emitter , ” NASA Contract Mo. NAS 12-607.

V 9. B. ~nith, “Thennionic Emission from Oxide Coated Cathodes at Low
Temperatures,” USAECOM Technical Report , ECOM- 3~85, June 1972 .

10. B. anith. “Low Temperature Thermionic Cathode ,” Proc. IEEE-AGED Conf.
on Electron I~ vice Techniques , May 1973.

* 
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V - : L V U ~~ tungatate cathode . Life of over 5600 hours at a temperature ofV V and an emission current density of 300 mA,’cm2 has been demonstrated.

(n) Delineated cathodes on coplanar substrates h~ve been operated for
~flC1) hours at a peak current density of 100 ~~/cm . This operati on

been obtained using a curve tracer as the operational test set. The sub-
3t~ate was fabricated by an outside source, but mounted and activated at

~~~ Laboratory. Substrates manufactured and activated by the existing
~~ have been life tested under dc conditions at low current densit ies

were designed to detect charging effects in the substrate , w}~~ch have
. V~~~ hce~ observed) with no change in tube characteristics after 5001) hours
c~ operation. -

(c) Delineated cathodes fabricated at this laboratory have failed
after operation up to 1000 hours . The cause of failure is not completely
identified, but, in view of the other results obtained, it is believed to be
due to poor adherence of the oxide cathode coating to the evaporated cathode
eIe~trode.

Limitations Due to Unwanted Therniionic Emission

Since all of the electrodes of a coplanar device are heated to the tem-
perature on the substrate, a major question to be resolved is whether pri-
mar V ,r emission from control electrodes or •from the anode will be experienced.
pc ::in i~ai ze this problem , we chose to use titanium as the electrode material
f or both the grid and the anode, while tungsten was used as the cathode
:‘iaterial. Titanium has the property of reducing barium oxide that comes in
~~~V n t a nt  with it, absorbing the oxygen, and releasing the barium which may
thnn be deposited on a cooler structure. It should, the ref ore , be free from
p V u ~1arT emission problems in the temperature range of the device. Although

problems with reverse grid current were encountered, these were all
identified as leakage currents. No evidence of unwanted emission was noted.
o n the substrates and devices purchased for evaluation, which used a propri-

~~~ry all oy for the control and collector electrodes, there also were no
~~gns of unwantedVemission. It is, therefore, considered highly feasible to
fabricate coplanar devices and only obtain emission from the desired
surfaces. 

V

Triode Design and Performance

To verify the design of the coplanar triode, two types of tubes were
r~~in ne~d . one was a simple triode whose basic purpose was to verify the corn-

V :~Ver calculations; the second was a power amplifier tetrode design to meet a
specific objective. All of the substrate problems discussed above were
noted with the triode design. These problems delayed the final stages of
the program to the point that they were never executed. The tetrode design,
however , did include one novel feature which may find application elsewhere.
and for this reason,it will be discussed later. -

~“he triode design chosen to check the computer program consisted of a
~e ri ce with four cathode stripes , a meanderline grid with eight full legs,

V 
and five anode stripes. The tube thus had eight of the unit sections shown
in Figure 2. Although the original triodes were built with a diode—coupled
4 rput and a double diode (i.e., resistive ) plate coupling, these features V
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were eliminated in later versions of the tube. The final tube was, there-
fore, of the type shown in Figure 6.

Anode Converter Tab

Grid
Converter

T b

0onnector 
0de 

~~~~~~~~~~~ ~~~~~~~~ de 

Gri

Figure 6. Triode Configuration
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The dimensions of the various electrodes were designed to have the
dImensions shown in Table 2. Also shown in the table are the number of
matrix units corresponding to the dimensions for comparison with the com-
puter calculations.

TABLE 2. TR V [ODE DESIGN FABRICATED

Eiement Length (in.) Matrix Units( A 6.35 X l0~~m )

½ Cathode 0.005 2

‘athode to Grid Space 0.015 6

Grid - 0.005 2

Grid to C~thode Space 0.010 14
½ Anode 0.005 2

Total Useful Length 1.875 -

The test results for the first successfully activated triode are shown
in Figure 7 for the zero grid bias and -5 volt grid bias conditions. Also
shown in this figure are the plate current values calculated by the COPOIT
(triode version of COPOIP) program for the zero bias condition and two
points for the -5 volt bias condition. The agreement for zero bias is con-
sidered to be reasonable, overestimating the current at the low plate volt-
age levels and underestimating it at the higher levels. The failure to
check the computed results at the higher bias values is apparently due to
the built-in bias of the program due to the maintenance of a plane above the
coplanar structure at cathode potential as previously discussed. This arti-
fice of the program evidently results in an overestimate of the ~ (amplifi-
cation factor) of the tube , which in turn results in the computer program
giving greater weight to values of negative bias on the device than is
actually encountered in t~~ tube (the computed U is approximately 5.8 for
the geometry constructed, while the measured ii determined from cut-off data
is approximately 2).

The tube for which data is presented was constructed on a sapphire sub-
strate. No tubes were successfully constructed on the Lucalox (high purity
alumina) substrates because of excessive leakage from grid to anode. It is,
therefore, evident that some leakage mechanism is present in polycrystalline

-
~ V alumina ( at least of the two types tested) that makes the material unsuit-

able for coplanar tube construction . Successful devices were constructed on
polycrystalline berjllia so that the failures in alumina cannot be attributed
to the polycrystallinity itself , but perhaps to the materials present at
the grain boundaries in alumina compare d to beryllia. The scope of the pro-
gram did not permit further stu~ r of this problem.
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The Trough Strip Line

Early in the program the potential of the coplanar tube as a power
amplifier capable of operating at frequencies through 1500 MHz was consid-
ered. At that time there was no indication in the literature ~f a trans-
mission line that was later designated the coplanar waveguide.1 In view
of high impedance requirements later found to be necessary for individual
lines of the coplanar power amplifier, it was fortunate that this approach
was not followed for this program. Instead a new type of transmission
line , which has not been treated elsewhere, was conceived. This type of
~~csmission line was designated the “Trough Strip Line ,” and is

shown in Figure 8 in three embodiments.

—34_
W2_~~

DIELECTRIC~~~ Ba. Standard Trough
t = 

~r Strip Line.

~~~~~~~~~~~ 
Sb. Elevated Dielectric

Sc. Elevated Trough

Figure 8. The Trough Strip Line

17 • C • P. Wen , “Coplanar Waveguide: A Surface Strip Transmission Line
Suitable for Non~Reciprocal Gyromagnetic Device Applications,” IEEE
Trans . on Microwave Theory and Techniques , (Dec. 1969) .
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Figure 9. Trough Stri p Line Impedance For Configuration
Shown in Fig ure 8a .
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The case shown in Figure 8a was first checked using a model and gave
sufficient promise to warrant analysis. The geometries of Figure 8a and 8’~
were analyzed by Capt . T. Freeman with the results shown in Figure 9 and
Figure 10. The third case has not been analyzed as a transmission line ,
but, if the center conductor strip is considered to be a cathode and the two
edges of the trough are the grids , the case can be recognized as tha t of a
coplanar device with an elevated grid. The need for an elevated grid will
be discussed below.

Power Amplifier Tetrode Design

To meet the power amplifier requirement s , it was proposed to build a
tube using the trough strip line by combining a numbe r of such lines t.O for~-~
a pair of unit tube sections as shown in Figure 11.

,,——cath
ode stripe

grid stripe ._ .,,

I
/ , anode stripe --— --

screen grid stripe -- — — / 
/

/ / /
/ I /

- -  — / I / .

-

.

/~~~~ _
unit tube section _ _ _ _ _  _ _ _ _ _  -

4

Figure 11. Trough Strip Line Tube Showing Two Tube Sections
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For the wide band trough strip line tube the following relationships apply

Gain = .~~~ (19)

where z = Output line impedance
0

= Input line impedance

and z. = (20)

where Gm = Transconductance

Equation (19) determines the input impedance required for a given out-
put impedance (So ohms is usually required) and a desired gain. Thus, for
a gain of 25, an input impedance of 2 ohms would be required. For a gain of
20, the input impedance would be 2.5 ohms. The transconductance correspond-
ing to the latter value of input impedance, based on Equation (20), is
L~oo,ooo w~hos.

A number of tube geometries were explored with the objective of meeting
the required gain and transconductance, while minimizing a combination of
active tube length and the number of unit sections. Calculations were made
based on an objective of achieving 150 watts peak power at a duty of .06
with a gain of 20.

The design objectives and requirements for the tube are summarized in
Table 3.

• TABLE 3. TETRODE DESIGN OBJECT IVE S

Factor Symbol Objective Unit

Peak Power Output Po 150 w

Duty Du 0.06

Output Impedance 5o

Gain G 20

Input Impedance 2.5

Transconductance (1) Gm(1) L~0o,000 i~mhos

Transconductance (2) Gm (2) 800,000 1~mth os
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Irt Table 3 the transconductance ‘-~alcu1ated from Equation (20) is listed as
Gm (1). A value of twice this value must be achieved at the peak current
level in orde r to meet the gain requirements at the fundamental frequency
when operating as a single—ended Class B amplifier. This value is listed
as Gm (2). The design computation and the equations used to make them are
summarized in Table 1.~ for a tube operated as Class B amplifier.

All of the computations included in Table t~ are self-explanat ory except
for the calculation of minimum plate swing. This calculation uses the com-
puter generated tube characteristics to determine t}~ voltage at which the
required peak current can be drawn under conditions which will result in the
necessary transconductance. The equation is derived from the Gm to current
ratio.

R = 
Cm = Gm Iunit len2th (21 )
rf i

where i = current for unit length

but ~~ = /~i ~ 4i 
- 

I ( 22)
~~it length

Let 1\e0 = f E,,~~ where f is a standard small fraction of the constant
plate voltage , ~~~~

Substituting (22) in (21) we have

R E\i/~~~~Efl~j fl) (23)

Solving for Emin

- Ai/i• ~nnn 
- V ( 2 ) ~~)

The t i/i values can be taken directly from computer tabulations which are
made at an arbitrary voltage of 1.0 volt. The value of Emi~ 

tabulated is
• based on a unit geometry as shown in Figure 13.

Half-Cathode Grid Half-Anode
V ~, 

~~~~~~~

~ 1 2 3 L~ 5 6 7 8 9 1 0 1 1 12

Figure 13. Unit Section Geomet ry , Each box is equal to
2.0 X 1Cr ’ centimeters.
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As can be seen, this is a triode geometry. At the time these computations
V were made , the computer program had not yet been modified to obtain tetrode

calculations . Since the screen grid area used is small, it is assumed that
most of the current will be collected at the anode. In the fi nal design the
screen-grid , insulator , and anode surface of the output trough transmission
line will occupy the area of the triode anode .

We must now resolve the question of how shall the required active
lengt h be obtained. We can select either a long device with a minimum nuni-
ber of input and output lines or a short device with a large number of
lineo. The long tube would provide a satisfactory solution at low frequen-
cies only, however , whe re the wavelength is much greater tha n the required
active length of tube. To achieve our objective of operation throug~’ 

1q00

~ iz would require a length which is small compared to 20 cpi., i.e., on the
order of A/lu or 2 cm. Using this length with the geometry calculated
would result in appro thnately 660 tube unit s or 330 input lines. While • V his
c-ia:, not be an~ more difficult to construct , as far as fabrication is con-
cerned, than a larger design with say 50 input lines, it leads to problems
with the selection of transmission line impedance since an individual out-
~ Ut line would require an impedance of 50 X 330 = 165.000 ohms in orde r to
ach ieve the desired 50 ohms output impedance .

The proposed coplanar design,with its evaporated electrode fabrica-
tion technique, lends itself readily to an alternative ~~‘proach , i.e. ,  the
tapered-line impedance , distributed amplifier originally proposed by
General Electric to improve distributed amplifier efficiency. Norma lly ,
the output line of a distributed ~nplifier must be terminated with ~ts
characteristic impedance at the input end of the line. This results in
the loss of half of the output power. With a tapered line design having a
high impedance at the input end tapering to the required impedance at th V
output end , the efficiency of the distributed amplifier can be doubled.. 1
With the higher effi ciency feasible, a distributed amplifier whose length is
not limited to a fraction of a wavelength can be used. The required im-
pedance taper can be achieved in a troug h strip line by one of two
methods or a combination of the two . The two basic methods are illustrated
in Figure 1t~. Using this approach, we can select a convenient number of in-
put lines or a maximum length we do not wish to exceed from a fabrication
standpoint.

Before a final calculation is made , examination of the effect of eleva-
ting the grid will be made . To understand the effect , the contribution of
the factor R ,included in Table I~,must be determined.

12. Final Report , Cont ract flit 36—039—SC—90Th3 , “Distributed Amplifier
Tube , ’ General Electric Company .
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Figure ll~a. Constant Thic1c~esS Variable Strip Width Impedance Tape .

Top View

• ____________________

Side View

Figure lttb . Constant Strip Widt h Variable Thickness Tape.
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To analyze thi s effect let

i = current per unit element at one volt in u.A.

I~~ = (l/d ) (50) 3~”2 ~A/cm = current per cm at SO volt s

d = dimension of unit element
t

± = required peak current in amps
A A
Gm = required transconductance at i in mbos

A
Em = voltage required for i (Emin)

L = length of active area

Iem = (1/d)(Em)3~
’2 

~~ = current per cm at Emin

From the total peak current required and the peak current achievable at
Er’iin for each centimeter length (Iem),we can determine the total length of
cathode required, i. e.,

A

L = 
1 ainp = 

-
~ (25 )

(lem) x io~
6 amp/cm (i/d) (Em)~

12 
~ ~~

-6 cm

The value of Em in Equation (25) can be eliminated by starting with
the definition (and method of calculation from the computer data) of the
1- ransconductance per unit length.

—6

or 

~~m 
= _ _ _ _  ~ ~~~ (26)

but ~I (11—12)

and lem when the chan~e in E is small

therefore = (I
l - 1

2) () x io÷6 (27~

where Ae is the standard change in voltage used compared to 1.0 volt
in the computer calculations, and 1\E = Ae Em.

A
But Iem(L) = i X 10+6

V
.4
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or Gm .. \s 
1i )

A e E m

solving for Em and using the actual computer computations 
~l, ~2 

in the
normalized current ratio

Ci i~~~~~”~ 

V

1- 2 )j V

il 1 (28)

E m =  A
A eG m

Substituting (28) in Equation (2S) we have

A 6 A 3/2
L = 

i X l’ (A e Gm )  (29)
i1 (i1 

- 

~2 ~
‘\3/2

I ________ (i

~

A
Using the values i = 6.93 amperes

A
Gm=O.8 mhos

obtained from the Tetrode Design Plan and A e .005 used in the computer 
V

run-off s Equation (29) becomes
½

96.1 d (i1)
L = 

V (30)
(i1 — i2) 372 V

Equation (30) is plotted in Figure (15) for a unit spacing of 1.015 X lO~~cm for a number of values of Al = i1 - i2. These are equivalent to specific
values of transconductance at the voltage of 50 volt s ~nd the current drawn
at that voltage. The values of transconductance per cent imeter of
length are also shown on the figure . Also shown are lines of constant Pt,
where R is a figure of merit arbit rarily taken at the 50 volt condition and
equal to Gm
R = - ~~~~ umhos

pA V

One can see from the figure that geometries that lead to high values
of R and high values of Gm per unit length result in smaller cathode areas
to achieve a specific value of peak current and total transconductance at
the peak current. The elevated grid coplanar tube gave just such a result .
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For instance , at the unit element spacing used for Figure 15 using an unele-
vated grid with a A I of .000125, a Gm50 = l7I~2 wrihos/cm at an i1 current
of 7.1 X 1O 8 amps per unit element was observed. The R value is far below
the 150 Wnhos/mA level Included in the figure . The required length of
active device to achieve the peak current and Gm required was 571 cent!-
meters. In cont rast to this, the same geomet ry, except that the grid was
elevated off of the plane by one matrix unit , gave a0A I of .000151, and a
Gm50 = 2090 prnhos/cm at an ii current of 3.16 X l 0°  amps per unit element .
The Pt value is approximately 200, and only 283 centimeters of active tube
would be required to achieve this condition. 

- 
For a unit spacing of

2.0 X iO-3 cm, one could desi gn an elevated grid , trough- strip line
tube that was 13.9 cm long using L~o tube units (20 output lines) for atotal active tube length of 558 cms at a characteristic impedance of the
strip line of 1000 ohms , compared to a non-elevated grid tube lb.5 cm
long using 80 tube units (t~0 output lines) for a total active length of
ll2l~ cms at a characteristic impedance of the strip line of 2000 ohms.
Based on these results, it was concluded that an elevated grid structure was
desired for the trough strip line tube.

It should be pointed out that one cannot ~imp1y design for the highest
possible Pt value, such as that given by the use of the elevated grid and
the closer spacing or by going to still higher elevated grids. Aside from
the obvious fact that a limit would be reached determined by the peak cur-
rent density capability of the tube , it can be shown chat the higher Pt is
the higher the value of Emin and, therefore , the lower the efficiency of
the device. This is not obvious from Equation 2b, which seems to indicate
the opposite result. From Figure 15, however, we can see that as N in—
crease4 Ai/i also increases and actually increases more rapidly than R as
the grid is elevated above the plane .

Tubes of the tetrode design calculated above were never constructed
because of lack of time, and because the methodology proposed to achieve the
multiple strip line construction involved the use of poiycrystalline alumi-
na using evaporation and etch techniques developed by Heynick and co-
workers.13 Since the polycrystalline alumina fai led to provide satisfactory
triodes as discussed above, it was not considered worthwhile to attem’t
actual construction of the multiple element , trough strip line tetrcde .

CONCLUSIONS AND REC0I~fl€NDATI0NS

The coplanar tube investigation was terminated based on the results
described above for the following reasons; (1) WhIle the reasons given

V for initiating the program, control of spacings and high temperature
operation were verified, the tubes actually tested and the designs calcu—

V lated from the computer programs did not show promise of exceedingly high
performance devices. Indeed , the scaling law derived indicated that both

a tube element area and tube element spacing would play a lesser role than

- V 13. Heynick and co—workere , Final Reports DA 28-0)~3-ANC-01766, “Applied
Research In Thin Film Field Emission Tubes , ” and DA 28-O~3-ANC—

V 01261(E), “High Information Density Storage Surfaces , ” Stanford
PVe search Institute.
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that. e -rnerienced in conventional tube design ; (2) The wideband tetrode ,~~
for wh~ ch the coplanar ture was being investi gated as a driver tu be, was
found to he less practical than projected at the start of thi s program.

Alth ough the program was teniinated with the conclusion that coplanar
tubes would not play a major role in Army electronics, a number of portions
of the program have yielded significant results with respect to the - gener al
body of scientific knowledge .

a. The results on the high temperature resistivity of the insulators
i ’e ~~ !gated surrlement the available InformatIon and point out the need
fc~r explicit inolusLo’-i in the literature of the conditions used for treat-
ing the samrles used for test purposes . The experiments performed here
should be repeated with more stVaV-l dardiz-ed electrode configurations to pro-
vide ,~reater confi dence in the absolute number calculated for resistivity.
The role of active materials on polycrystalline alumina surfaces in deter--
~~rLIng resistivity should also be determined,

b. The trough strip line developed for this program should have
a~-r 11ication in conventional transmission line applications. In addition,
the tapered impedance concept advanced here could be applied to a multi-
planar distributed amplifier tube which would be of much simpler CV ~)f l_

structton than distributed amplifier tubes previously developed.

c, The r~orrr~uter programs developed for the purpose of t~ V i5 e f f or t  ma’.’
~— e of U I C  in future coplanar programs , which are initiated to take advan-
tage of the radiation imnunity characteristics of the device , whioh were
not rarticularly pertinent to existing Arn~r requirer-tent s.
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1~ . Final ~eport DAAB0 7_69_C_ Ot~39, “Triode Tetrode Ariplifier Development , ”
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1° OF’l T ”01 00 T i  1,11;
I30”0
1377° 02 T O LI’~:13~~’2 ‘,17: f lF~l : :( I J 1R , C 1+ h I f 0 +2 \ S I G 9( ~. 1_ P )_ i , r,_ i l _ 2 \ l I ( 2 , C _ 1 1) :

10 2E ~’ F(” L T U T f l  0’~ T °  I I I :
I ’) ’0” 0 1:: ‘ IT l” / ~’~~’ :
1 4 1 ” 7  00 Ii L i S :

V 14”’’ ‘ . I~~: 0~~’ •= ( [ 1 (0 ,01+ 11 R— 2.\S 1 0 2 ( ” ) + i  ,C’ I 1 2\tJ ( ~~ , ~— !  1):
V 143 72  I F  fl~~~I F ” ? , P T ’-1E2 -00 Ti L 1I ~1 4 4 0 0  ii :: 9iIM/0F9 :

Oi T O L1~~:14c00 LI ’~:flFM::(U (R ,C) — II 1P ,C— Il ) :
147 10 I F  029  E O L  -~ T~~E ’~ ‘10 T O  L I I :
I4 F~~’ Oi:: 911’~/NT ’~;14012 riO TO Li~~:

a l57l (~ LI 1: O l : P~ —

I
‘4

38

r I
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~ L 15: 7iT~F ’ 
~~~~~~ 

‘ _ _ _ _ _

1~~l40 REAL FII JMF R ,DF’IO”:
LA~~EI. LD 1 ,LD2 ,Ll)3 ,L04 ,LD5 ,LT’~~,Lr’ 7,Lf~~;v 1 o~ I~
’ ur p—2\sIrir ,(R )+I ,r11 LEG 0 THE” GO TO 1 0 1 ;

ir  I I IR ,C1  LEO l i t  R 2\SI0’i(R)+I ,C I THEM 00 T n  f - i ;

- 
O r , P T ( J j ( R— 2 \ S I I ’IN(R)+ i,C ) / T J t R ,G l) ;

I~~’~2” IF If P — 2 \ 2 I O ’ I  ( R) + I , C — l  I LE° t I ( R — 2 \ 2 l 0 ” ( ” ) f I  ,C i  T~~’~ ‘I

(‘0 T O  I D? :
I~ 7”' IF I!~~— ”Ifl’~(2— i )+~~I0’/(I—R ),r1 LEG iItR— 2\ 0I0’l(O ~ - +1 C l
I”'”2 T H0 n  0” T n ‘ 03 :

I F  III ‘ — o \ c Ir~”c R) -s- i ,r+I 1 LEO If P- - — 2 \ 0 I f l ’ J (  ~)4I j:) T I I F 0
00 T i  L2~OF8 :: (lit 2,01+1?! 2 2\SI OTi(R )+i , f l —  I 1-s- li t ‘~—nI’:’

, ‘/-. I ~~
-

1027’  S I o~l i _ ~~~,r )+I1t 9_2\SI0M 9),C+I )_~~\IIt _ 2 - : - I - , ?
ic3 c~P R)+ i , C 1) t
1S4?1  I F  O F I I  F O I V  2 THE 1! 01 TO LII:

22 ::  ‘I1i’ ~JflE9:
00 Ti  124:
‘.n2:IF 1f( R — S I G ’ i ( P — t ) + S I G M ( l — P ) ,Cl  LEO i ( 9 — 2 \ 0 ? ’ 1 ” ( 2 ) + I ,

CI TH F •’J 00 TO L05:
1602 ’  10 ? t 0 ~~~\ FI0 ’ I( R)+1 ,C~~I 1  IF” J ( R — 2 \ G I G ’ ! ( 9 ) + 1 ,0 1 Tur ’

V 17702 (ii Ti L06:
f l ” ’ l : : (1?t R,Cl+ ! I t 7 - . 0 ! G M ( R_ 1) + 0 I f l ’ l ( I_~ ) ,C l+ l ’ t 2—” \

1704”
I 7~~67  I F  D F~ EOL . 0 THEN 00 TO 7f l l ;

172:: ITHIM/DEM ;
1710 ”  rio Ti) 12 4:
i72c’ 7 L 03 : J F  U i P — 2 \ S 1 I I M ( R ) + i ,C+I I L E O  l l I R— 2 \ S 1 0 2 ( R ) + 1 , C)
17300  T H F 9  00 TO 1.07:
I 14~~1 PEM~: (II( R ,C 1+11! R—2\ S I (3M(R)+I ,C.— i 1-4-Hf R —2 \ S t ’ i ’1( ~?)~ I
17501 0+1 )— 3\ Ut  R—2\ S I  GH( R)+ 1 , C ) ) :
iico” IF OEM FV~~ L 0 T H E M  ‘10 TO liii :

02:: M l-JM/l)EM;
110 TO L24:

179[” O 1,D4 :OEM : :(Ut R ,C1+ U( R— 2 \ S I G ~’( P)+l ,C— I ’ 1 + ’ I t P - . E 1 0 ’ I ( 2 — l )
+ P I G ’ l ( I — P ) ,C 1—3\ ?I1 ’~-.2\SIO’I(R)-f I ,C ) ) :

IPI0~ IF O E M  F.?~L 0 T H E M  GO T O L f ) I :
1q00? 02:: Ml j~ /flE~.J;

GO TO 124: -

L0 5 : I F i I t R —2 \ S I 1 9  ( )+I ,C + I I L F O  ! ? t R 2 \ S I ’ 0 ~i(9 ) + I ,C1
THE9 00 TO LOP:

i~~600 PE’ I := ( ( , ( R ,C1+ IJ( R—2\S IGM ( R) + I ,C+I J — 2 \ U [ R— 2 \ S J 0 ’ l
10700 (R)+ i , C 1) :

I F  O E M  FIlL P THEM -Or) TO Li1~02:: ML I ” l/ O E M ;

- - 19000 GO Ti L2 4:
191 07 t.fl~~:DEN::(IifR ,C1+ lIt R—SIGN (R I)+SI0N(i—P ),C1 2\
19200 I I I R— 2 \ S ! G M ( R) + I ,C ] ) ;
1 9300 IF DEM FIlL 0 THEM Of) TO LIII:
19400 O2:~ NUM/DEN :
19500 0(1 TO 124:

107: DEN:  : ( lit R ,C 1+ Ut R— 2 \ S I G N ( R  )+I ,C— I )— 2\ l I (  R— 2 \
1 9700 SIG’~(R)+i ,CI):
19000 IF O E M FOL 0 THEM GO TO LII :

a 1~~ 01 02:: 9lI~ /DF M:20000 00 TI) 124:
20100 Lfl~: DEM: -( 1II R,C I — I J t R— 2\ S IGN ( R) + i ,CI) :
20200 IF DEN FIlL 0 THEN GO TO LOl;
20300 02:: MUM/OEM;
20400 GD TO L24i
20500 LIII : Q2: :0:
20520



20G00 12 4 : I F  l i t  R ,C+T i t~~ 4 ~~~~~~~~~~~~~ ~~~~~ T~~~~L2~~~;

20700 IF  U(R ,C1 IF’) UI R ,C+t  I THEM GO TO 129:
20000 9! l cl::O( R ,C + I 1\ ( 1 i t R ,C 1~~IJ1 R ,C + i ] ) \ S r i R T ( i i E R ,C+I)/ l I 1 R ,C) ) ;

I F  l i ( R — 2 \ S I I I M ( P ) + l , C + I  I LEO I1( R ,C+I I THE M GO T O 130;
21020 IF t J ( R + 2 \ S I ( 3 N ( M — 9 )— l ,C+I I LEO i I (R ,C+I I T HF” GO T O 131:
21110 I~~ U ( R ,C+3 \ S I0M(~~— I — C ) — 1  I LEO ii( 2 , C+l I THE ” (if) T i’) L32:
2122”  DEI’ i : : ( i i( R,CI+iJ( 9—2 \ 010M 9)+1 ,C+1 + I I IR+2\SIGM(! 1—R)
2131” — I , C+1 )4- U1 R , C+3 \ S I 0 M ( M — I — C ) — 1 l — 4 \ l i [ 9 , r~+1 I);
7t4 ’~2 IF OF” FCL 0 THEN 110 TO L29:

173:: M !~M/flF’i:
21 6”' GO Tf )  L33:
2 1 ,7”7 l.3O : I~ ’ Il( R+2\SIf 1”( ’~— P ) — I,C+I 1 LEO 11(9 , 0 + 1 1  T u FM

(10 I f)  134:
21007 IF il(P , C + 3 \ S I 0 ’ J ( J— l — C ) — I )  LE O l i t  R ,C+ II THEM GO TI) 135:

OF’!: : (lIt 9 0 1+i.Jt R-4-2\SI GM(’-l—R )— I C+I 1+11(8 , C+3\
2 2 I ~~0 S I G ” ( ’ J — i— C ) — I 1 — 3 \ i J I R ,C+ I I 5:
22211 IF DEM FOL I THE’! (10 TO 129:

13:: Nll ~~/ OE r ’ 1:
22A0 7 (10 TO L33:
225” ’  L3 i : I F  l ( R  C+3 \S I0’~O I — 1 — c ) — 1  1 f F 0  T ( ~~ 0+ 1 )  Tl4 F~ On
22671 i’i L30:  

-

227”” OF”::(IJE ”,C )+IJI R—2\SIri’l(R)+ i ,C+II+Ii (R ,C+3\0IGr.I
( M — I — C ) — I  )— 3\ I J f  2 0+1 I)~220’ ’  ~F O ’-T2 FIt.  0 THE’) ‘10 f2  129:

2.3 ” -’” “3::
V 23l~~” fl ,’) Ti L33:

0 3 2V~~~’ L32:nE~::(iJ( R ,C1+ llt R—2\EIG’! (2)+1 ,C+t1+IIE P+2\SIGM
2 3 3 ’ 0  ( N 1 — P ) — I , r +i  l—3\ IJ I R ,0+1 1) ;

IF OEM ElI “ THFM (if) Tr) 129:
23~~O’ “3:: MfJ”1/iF’4:
23 ’2”'  00 II 133:
“37” ’  l,3~~: iF If R ,P+3 \ SIGM( ’— l — P ) — l  I I.F”' III R,C+1 I T ” FM

~ 0 T o 137:
230”” 0 0 1 ?:  (11 19 ,0 1+11! R ,C + 3 \ S I i M ( ’ i — i — C ) — i  )— ? \ ! ‘ f  9 ,2+! I):

I~
’ PE~ OI l  P THF F-l GO TO L2~0:V 

- “~~i’~’ fl3~~: ‘!If~ /PEM:
24””  if)  Ti  L33:
2430” L35:PFP’::(Ut 2,C1+ III R+2\s109 ”1—9 —l C+11—2\ T119 0+ID;
241” F DEH FIlL 0 THEM (10 TI 129:

173:: ‘ I I J’ ~/ f lE 9 :
GO TO L33:

24720 L3~~:DEN::(UrR ,CI+U1 R—2 \SI GN(R)+1 ,C+1 )—2\U( R ,C+ 1 f l ;
V 24000 IF P E N FIl L 0 THEN GO TO L2 9;

24900 03:: MUM/DEN;
25020 GD TO 1,33:

L3 7: DEN: = (UI R , C 1 — h f  R ,C+1 I)
0~2” c’ IF DE’? F O L  0 THEM GO TO L29;
25,310 03:: NIJM/1’)EM;
25400 00 TO 133;

- 
~ V 255~ 0 129: 93::0:

133:IF IJ t R+2 \S I’ IM (~1 — R ) — t , C l  LE” C’ T HEM 00 T” L3” ;
2570” IF ill 9 C I  LE O 111 R + 2 \ S I G M ( M — p ) — 1  ,fiI T If F”  GO TO L3~ ;‘HIM:: O~ R + 2 \S I 0 l ( M_ 0 )_ I  ,C I \ ( U ( R ,C I — I I ( 2+2\FIGM~~~— P )
25900 _ l ,C l ) \ S O P T ( l l f R + 2 \ S I G * ( T _ P ) _ l ,P1/i lt P,C I) ;

• 2~ 000 IF i( R+2\SI’i ’ i(M— P — I ,C+I I LEO Ll(R+2\SIfiM (r~’—P )—1 ,01
- THE9 GO TO 139:

2620” F Iit0 +2\~ I0’~l~~i~ P )_ 1 ,r _ I 1  L0” ll[2+2\SIi9(” —~~~ I ,PI
“ 1 2~3”” THE’) (10 TO L4’~:2~4oo IF J(9+6IiiI (”I~~1~ p )_cI9M(R+!_Ni) C) LF° It R+2 \ SI ’ 1 i

2~501 (‘1—P)—I ~~C ) THEM 0O. T~ L4 1 ;



0FN::(~itR ,C )+Ilt R+2\(’I O’i (M—~~) ,C+I )+Ii!R+SIri ’l(r’~— l — R )
GI0M ( R+ I M) ,C l 4 \ l f 1R+2\SIGM(’~1..P)_ I C l) ;

F TIE’I F”I, 0 THEN 00 I”) L3~~;
04:: Mh 1~l/flC’ l:

V (10 1’) 142:
2711” L3~~: IV  lit R+i~\SI i~’(M—P)— I ,C+ 1 I LEO IIt’1+2\S II) M(M— R)
27200 — l ,C ) THEM GO TO 1.~3:
273”” iF ti t 2+n IGM(~1~~I_ P ) _ G I Q ~UR+I_ M ,c1 LEO IJER+2 \GIrlN (rl’— R )
27~ oo — J , C I )  THE” !)~ l iT’ 144:

OF”: : ((It 9 ,01+111 9+2\SI O’J(ii—”)— I ,C— I 14-lit 2-4-SI G~~ ’1—1— R V

2760” —5 1(1 ’-l ( R+ I— M ) ,C1—3\ ! f f R+2 \ SIG f y( l1— R)—j  C] ) ;
27702 IF O E M  FIlL 0 THEM 00 TO L3~:04:: M!Y1/DE”:

(10 TI’) 142:
20071 l.40:IF l l tR+ SI ( iM ( M— t~ 9 )_ S I0M( P+I_ ~~~,rI LEO ?I (f l +2\ SI OM
29 100 (M~P)~~t ,C )  THE” GO Ti’) L45:

DEN::( U( R ,C)+lI( R+2.\ S I G M ( M — P ) — 1 ,C+1 1+ib( R+SION ’ l—I — P )
• Q3f ~~

n 
- — S I f N C 9 + I — M ) ,C I.3\h)1 R+2\S IGM(M~R).I ,C)) :

I F  ~~F, ’J FIlL THEM GO TO L3~; 
-

20500 04:: ~T U’~/flEM:
00 Ti) 142:

2~ 700 L4 i :DFN: : (U(R ,C]+U( 2+2 \S IGN .~ — R ) — i ,C+I 1+ 1IC R÷2\
V 2~~~0l SI (1M(~!— R ) — l ,C — i I—3\ i I ( R+2\SIO’ i(M— ~~) — I ,C ) ) ;

~F PEN EOL C’ THEM Of) TO 130:
“0100 24:: MUM/DEN :
29101 GO TO 142:
20201 L23 :IF IJ( 9 +SIGM ( M_ 1_ P )_ SIG hJ ( R+ 1_ M ) ,C) LEO UtR+2\SIGII
29301 ( M _ P ) _ 1 , l ) )  THEM GO TO L4~~:

OEM:: ( 1f f  8 , C J+ III 9+61 G’I(~ — I — P  )—6 ~~G’ l ( R+ l—M ) ,C )— 2 \ !J 1
29500 R+2\S I i 9 ( M — 0 ) — l ,Cfl:
29~ o0 IF liEN FOL 0 THEM ‘10 TO 130;
2~70O 04 :: lJ f j M / P E M :

GO TO 142:
299 00 L44 :DF.M::(UIR,C 1+IJt R+2 \ S IGN ( M— R)—I ,C— i )— 2 \ U IR+2\
30000 S I 0 9 ( M — R ) — 1 ,0 1); -

30100 IF OEM E0L 0 THEN GO TO 130;
F 30200 04:: ‘1MM/DEN :V 

30300 0(1 TO L42: -

30400 L45: DFN::(U1R ,C)+ IIIR+2\S IGM (’ 1—R)— l ,C+1 1 2\U(9+2\
30 500 S I G N ( M — P ) — I  C I ) ;
30~ 0Cl IF DEN FIlL -0 THEM GO to L30;
30700 04::NIIM/DEM:
30000 (10 TO L42;

L4~~:flEMI:(1J( R C ] —IJ t R+2\S IG N ( M—R )— 1 ,C J) ;
3J000 IF DEN FIlL 0 iHEN GO TO 130;

~ ,.: 3 1100 04 :: M U M /DE N;
31 200 GO TO L42;
31300 130:04 1:0:
31400 L42 :Qt R ,CJ::IlI +Q2+’~3+Q4:
31500 L10:~ Ntl; -3 1S00 EN D;
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31700 FOR R: :0  STEP 1 tI M TIL A , T+ 1 STEP T UNTIL ~~~~
3I~~”” 9F,G I ’~3 100 0 IF iIt R ,2 1  LEO P THE M ID TO L4~ :
32000 IF 11(9 ,11 LEO 0 THEM GO TO 140:
32110 00 TO I F  hI ( R , I I GIR IJ ( R ,2 )  THEN L47 FLOE L~~ :32 110 L47:IF U (R+ I ,2] OTR IJE R ,21 THE M (30 T~ 161;32 120 IF litR—2\SIGII(R)+ 1 ,2) IT R IJ IR ,2 )  TH EN GO T O L62:
32 122 f l ( R ,I) : :0(2 ,2 1\6 2 9T ( l i ( 8 ,21/ ’J ( R,Il):
32124 J IRI: :O IP , I J\5 .93~ 5\S0 RT ( U( R , I
32126 GO TO L52;
32130 L 6 1 : I F  II (9—2\SIG’i(9)+ 1 ,21 GTR iJ (R ,2) THEN GO TO 163:
32200 Ilt R ,1 ]::OtR ,2 )\(t’t 8,11— li t 9,2I )/(IIIR , I l+il( R+ I ,2)—2\ I i
3221 o t R ,2 ))\SOPT(IIt R , 21/Ill ~,I1);32300 J( R 1: :it R , I I \ 5  .93’~5)\ SOR TUl( R, I I )/H *3:
32407 “30 TO L52 ;
32 4 17  L62 :O( 2 , 1]:: (O (  2,2 1\(!It 9, 1 1— lit R,2 I) 1(11! R , 1 1+111 R— 2 \ S I G N ( R ) + 1  , 2 1 R
32470 I J [8,21))\SORT (IJt R ,2)/IJI R ,1)):
32430 J(O1::’)(~~,I I\5.93~ 5\SflRT (!1tR ,11)/H*3;
32447 ‘11 TI L52;
37150 163:0(8 II:: (11 R ,2 J\(U( R, 1 1 — l I  R ,2 fl/ UI R , 1 )+IJIR-4-l ,2 )+ I J f

8— 101 R )+1 ,2 1—3 \1JF R ,2 1)) \SIlRT ( Ii IR ,2 I/li t
3247” ,11P1:: ’ ) t P l l\S .9 3 0 5 \ S Q RT ( IJ t R ,II)/H*3:
324~ 0 GO 1” 152:
32~~’i” L4~~: “I R 1 1:: ~~

377~~~ 152: ~ fl:
3 2 71”  F07 9:: A+I ,V4- I,rl+ 1 ,F+1 P1)
3 27””  OFfIIM
32737 IF tIt~~,I I LE O P T H E N  GO TO 157:
32747 F 1119— 1 ,1 1  LE O P T H E M  GO TO 157:
3’~7~~2 On TO IF It 8—1 ,1 1  OTO 119 , 11 T H E M  L50 ELSE L57;
327c” L’~I’: “T::O( R , I l\S O RT(t l t R , I l/ ’J( R 1 ,1 1):
32770 “(8— 1 ,1 l::It R— 1 , 1 14-lIT;
327~ 0 JIP— I 1::O!9— 1 ,1 1\5.93~~5\SflRT(lJt R— 1 ,I1 )/H*3;
32791 1.57: END ;
32~~PC’ FIR “::T ,W F,fi 02
3290” OEOI ”
3300 ” IF  U t  ~,1 ) LF7 I T H E M  ~‘3’) T O  L53
33I0o IF Ut’ 9+ 1 ,I I L E -” “ THEN (II TO 1,53;
33200 (10 TO IF iit R+ 1 ,1) GIR IJtR ,11 THEN L54 ELSE L53:
33311! L54: OT::” (R 1 l\Sl’IPT (Ut9 ,I 1/111 94- I 11):
334~0 O(9+ 1 ,I1::’)l~ +1 ,11+’)T:
33500 J ( R+I l : :Ot R+ I,1 1\( 5.93’~5 ) \ SO R T (U( R+ 1 ,I~~~/H*3:
33600 153: E N D;
33700 AV : :9/ ( M\ M) ;
33R00 GO TI) IF AV LEO 0 .00000~ T H E N  L4~ ELSE Li:
33900 L49: IV:: !h’3::IS::IA::0;
33950 “RITE (TYPE ,FI2 ,ITER ,AV);
34000 ‘4RITE(TYPF ,FP);
34 10 0 FOR R::~ + 1 STEP I I IN T IL P DO

2
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34200 O V G T I J
34300 W R I T E ( T V PF , F3 ,J ( R I ) :
34400 IV::IV+JER1\H*2:
34 c 0 7  

~T” P;
34600 ‘4D IT E (TY PE ,F9):
347”” FIR R::0 STEP I u NTIL A ,T+ I STEP I UNTIl . V D O
34001 T ’ ) EG I’ I
34900 “RITE (TYPF.,F3 ,l(R)):
35000
35 11” EMD;
35201 “RITE (TYPE ,F1-0);
35300 FIR R:: ”H- j STEP I u NTIL 0 DO
354”7 ~E0I M
35 ’~~0 ‘ I I T F ( TYPF T , F3 ,J ( R ) ) :
35600 IS ::IS+J(R)\H*2 :
35710 !‘lD;
35~ P0 ‘~RITF (TYP!,FI i):
350”7 F19 R::E+I STEP I U N T I L  F D O
~~~~~ IF -O I l ’
36100 ‘~‘R I T F  ( T Y P E , F3 , J ( R I ) :
362 ’C’ I A : : I P + J ( R ] \ H *2 :
3c37”  EN D;
36470 “IOITE (TYPE ,F4)•
3c~ -,” l 7 I T ~~ (T YP! , F3 , I M ) :
3660 ? W RIT E(T Y P E ,F5);
367” I  “RITE (TYP E ,F3 ,i’ fl) :
3’~~ ’~’ ‘ 21 T9  ( T Y P F , F 6) :
3 ç0 ” o ‘“ ' l I E  ( TVP E , F3 , I S ) :
37’!’10 ‘JRITF ( TY P F , F7) :
371” “lilT9 (T V 0 ’ ,F3 ,IA ) :
37200 W~~ITE (T V P E ,F13) :
37221! “PIT FT (T Y P E , F15 1E V , 11 ,111 1), I i , It “1, 1 1):
3724 0  F ‘-!iP EV iL ~ TH~~M 00 TO L51:
37322 ‘lOTTE (TY P!E ,F2 ,FI2 2::” ST EP I UNTIL M D O t FOR C::? STEP I UNTIL
37400 4 Di ( l i t  R ,C I I I) :
375” '  IF ‘-‘R I Eli. C’ T HEM 01 TO 19:
3760~ ‘-7ITF (T Y P F ,F2 , F-OP 2~~= ’1 ST~’P I IJMTII. M ROE FOR C::5 ETEP 1
37700 I’JT IL ‘

~ RO ( ! l t R ,C 1 1 1) :
37077 LI:IF ‘J PP FV O L P THEN 02 T O L51:
37900 “IIITE (TY PF ,F14) :
30000 ‘( P I lE  (TY °E , F2 , FOR R : 7  STEP I UNTIL M D O t FOR C::! STEP 1
30 I0 ’~ U N T I L  5 DI (0 ( 9,0 111):
3070 0 L5’: IF (23 E V IL P THEM 01 TI 1.51;
3030” ‘PIT! (TYPE ,F2 ,FOR 2::’’ STE P I U N T I L  M D Ot F-ID C: :( 1 TEP I
317400 l11$TIL 10 22 (0120 111) :
3F5’P L51:~~~4 FIM !
3q60” END ,

- 
- E N O  P!J’IC H 10 .5 SEC .

V 
IIISA PM-93 77
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