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Using Equation (12),corrected potentials are calculated for all of the
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) ABSTRACT

Coplanar electron tubes consisting of emitting, controlling and
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-haives 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
substrates for these devices. Single crystal alumina (sapphire) was found
to be 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 results warrant, the construction of such a device, .
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THE COPLANAR ELECTRON TUBE
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INTRODUCTION

The coplanar electron tube was proposed as the active element in an
integrated vacuum circuit (IVC) by Dore, Geppert, and Mueller while
working at Stanford Research Institute., Information on the device was
obtained primarily by private ?ommunications 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 high 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 coliector
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 ~oplanar tube design.

BACKGROUND

The thermionic electron tube has evolved considerabiy 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 obeés the Child-Langmuir space charge reiationship originaliy
derived by Child“ for a vacuum diode:

2
I, =G Ed 3/ (1)
: where Iy = the current to the anode
. G = a constant designated perveance
g By = equivalent diode voltage
b 1. B. Dore, D. Geppert, & R. Mueller, "Low Temperature Thermionic
Emitter," NASA Contract No. NAS 12-607.

2. C. D. Child, Phys Rev., 32, pp. LS8, (1511),
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The equivalent diode voltage is in its simplest approximation:

E, = uEg * B (2)
where Eg = Voltage on the grid (negative for equation (1) to be accurate)
u = Amplification constant
Eb = Voltage on the anode.

The ampiification constant can be further defined by combining equations
(1) and (2) and differentiating with respect toZEg , holding the plate
current constant.

oE
0 = —3-{-“
oE
g
oE
b
B ook 3
Eg

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

1
R 3y _ 3 uG (ME_ + Eb) /2
s S
g
1/
ol I 3
but (UE+Lb = _2_
1/3
& al UG(Ib>l/3 = 2 u(c*m) (4)
or m = 2 < 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 y of a triode are related to each other
through the relationship:

I E dEp
% a b (s)
g Ty %,
or Gm T, =W (6)
where rp = plate resistance




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

Of the three characteristics the transconductance is the most important
one with respect to the bulk of applications of the triode as a power ampli-
fier., Tt 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-
tional to the two-thirds power of the perveance constant G, which in turn
is directly proportional to the area and inversely proportional to the in-
terelectrode spacings, high transconductance can be achieved by increasing
the area of the tube or decreasing the spacings. This cannot, however, hbe
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 tri- ‘
ode (or tetrode or pentode). The ratio, R, is |

=G_m_2u_G2/3 (7)
Ib e Ib

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 ievels
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 fusrther
limited by the peak current density capability of the cathode. These as=

pects of the problem have not been discussed in the previous 1iterature.3’h

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. Since 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 appreach 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. 19L3).

L. G. R. Kilgore, "Beam-deflection Control for Amplifier Tubes," RCA Rev,
8, pp. 4B0-505 (Sep 1947).




Since debugging of the compiex program by someone other than the author was
difficult 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

Theoretical 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 1b shows a tetrode design.

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

. UNIT SECTION CATHODE

y o Ny GRID
R 1 N W B 1B BJ awonE

p [[] screen GrID

Figure 1b, Coplanar Tetrode Showing Grid, "Screen" Grid, and Anode
Sections Surrounding a Central 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
of the dashed line serving as the anode for the next triode section as shown
in Figure 2.
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Figure 2. The Coplanar Triode with a Second Cathode Stripe Surrounded
by Grid and Anodg.

For the configuration shown in Figure 2 there are two additional triode
sections or the total current, Ip,

where CS = Calculated section cathode current/unit length

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 the electrodes and the spacing between them could be 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
cover a pentode form with a repeller beyond the anode in order 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 Pentéde, 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-

'3 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 has

: been written. They are as follows:

& 1. The thickness of the metal electrodes is automatically one matirix
i unit high, (the dimension of the matrix is an inputted variable) except for
3 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 assumption, but greatly sim-
plifies the calculation process. The program could be refined to take into

5




account the dielectric constant of the substrate and the actual potential
of various parts 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
time permitted 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 asymptotic 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, therefore, 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 i2,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.

Level

Currenc

12 No. of Row Matrix Points

Figure 3. Calculated Current as a Function of Matrix Points Above Plane.
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y The first iteration of the program calculates the matrix point poten-
! tial in the absence of space charge (the Laplace solution). A calculation
is then made of the current drawn from the cathode based on the assumption
that equation (1) is obeyed for the planar diode consisting of the cathode
and the first set of matrix points immediately facing the cathode.

Instead of calculating exact electron trajectories from a reasonably
large number of points at the cathode, the program then proceeds, by assum-
ing that the charge at any given matrix point will flow to adjacent matrix
points at a higher potential than the matrix point being checked, with 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 L, are used
to derive a typical charge flow expression.

10 ‘j?
o1 1 > 1
12 22

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

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

E21-11
¥21-11 + E12-11 + B10-11

Q21(11) o Q11

‘ B
s 21-11
Q1(11) 7 N O P oIEOLI
. B
: o 21-11
- Q1(11) ¥ Ez1-11  + Eyo-11 *Eo1-11 i
- E21-11
e Qu(11) ¥ %1 Eyg; * EFiw
B 8 E21-11
21(11) 2 @1 Fx_17 + Flo-11
or E 21-11
Qi11) ¥ Al T Foint
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where Q Amount of charge flowing to point 21 from

21(12) point 11
E21_11 = Electric Field between points 21 and 11
E1o11 = Electric Field between points 12 and 11
fy0-11 = Electric Field between points 10 and 11 etec.

The equation selected would be determined by which of the neighbor
points were positive with respect to point 1l.

Since Esjoy; = _VZ]._;_VLI_
where Vo1 = the potential at point 21
Vi1 = the potential at point 11 ;
d = the matrix spacing (constant for all points) |

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

(Vp1- V11
Y1) ¢ U Thp ¢ (- ) ¢ o V)

9 S (V21 - V17)
i 21(11) 11 V1 + V35 + V0= 311

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




Il 21 L 7 P
Fi1'ny = Pry(11)V21
Qu1Vv 11 Q231120

v 'Vll
Q11 .Gl.]; = Qll ,V—
21 \i 21

Current flowing from 11 to 21

1(11)

n

Jhere lll > 2

day = 11 = Current arriving at 21 trom 11
Y11 = Velocity of electrons at 11
Va0 = Velocity of electrons at 21

his assumes that electrons left the cathode at zero veloci
vshere the current divides between two or more points,

q i Yy [ (Va1 - 1)
cRCiE] ) Al TR T R T O T
nd similarly for all the other possibilities of Equation ().

tinally,the total charge at Qg3 for the flow conditions sio
is calculated for Equation (11),

1 = Qzp(n)y * Son(eey ¢ i(s1) ¢ Qan(z2)

After the total equilibrium charge flowing through caci |
second potential calculation iteration can be performed it
rutential at each point being calculated based on the efiects

«eighbor potentials and space charge reduction of potential, «

Electronics, pp. 165, John Wiley & Sons, (1967).
9

ierived by a number of authors.> Pa1h2

: % 1
[ v Vi1 +V0 + V31 + Vpp + —E1

i 21 = T

n - Q27

8 yoadk e Tem y Nay it ps . Qe

: g I

i where E = Permittivity of vacuum

3 Py = Charge density at 21

i h = Distance increment between poiuts
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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 iteration
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 = O from Equation (i) and (2), we obtain

I, = GEd3/2 =G (LLEg + Eb)3/2 =0
uEg + By =0 (13)
|
W =-‘E§ = :E
Eg g .

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

Gm:Lw;_&:%&ggI_b\ (1h)
Eg2 = Egl Eg 1 dEg ) Ey,

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 currents therefore, ars, calculated using a value of
1.0 volt for the anode voltage and zero volts for the cathode voltage. All
other electrode notentials are scaled relative to 1.0 volt. The coplanar
tube thus obeys the Child-Langmuir equation as described by Equation (1).
To obtain the actual current at a specific voltage, we use

; 3/2
Lact = lealc v (15)
4 1 volt

The only scaling law to be derived from the program,then,was the depen-
dence of the perveance constant, G, on the geometry and spacing. Data was
collected using the program written for the triode but with no grid present,
rhe data is tabulated in Table 1, An examination of the data indicated that

« the current passed through a maximum valve as the cathode size .was increased
¢ 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 conclusions
drawn below from the derived equation apply only for relatively small
cathode sizes.

10
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TABLE 1. VARIATION OF ANODE CURRENT AS A FUNCTION OF CATHODE
AD AIIODC SICZIC AND CATLIODI TO ANODE SPACING

Cathode Size I L L g N 3 2 1
Anode Size 8 T 6 5 L ly L L
node Current y

;‘N 1x10° | Tx10° |1x10° | Ix10°| 1x10°] 1x10°| Tx10°| Tx10°
8 - - - - 8.8 9.6 | 10.L4 | 10.1
7 - = - = lhah 15.? 17.0 16.7
6 - o= Loy = 23‘7 25.9 28-2 2709
5 L2.2| L2.0f L1.7| LO.9| 39.5 | L3.2| L7.3| L7.6
L 70.9| 70.6]| 70.0| 68.8] 66.5 | 72.9| 80.5| 82.9
3 120.8| 120.3 | 119.4 117.4 | 113.6 124.9 | 139.4 | 147.7
2 208.5| 207.7 | 206.21203.0| 196.7| 216.7 | 2LL.9 | 269.0

1

* dpk = number of units spacing between plate and cathode.

Cathode and anode size are normalized.
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The data was fitted to the following equation with anode voltage = 1 volt.

(kAcbl Ap b dpkb3).

I

or Int

where Ak

A

kK, by,by,by

ing results

Ink + bylnAy +b21nAp + b3 1nd

L.25 AP‘OB Ak' -7

rk

Cathode area in (matrix units)2
Anode area in (matrix units)2

Coefficients to be determined by statistical analysis.

Using the techniques of method of moments6 for the analysis, the
following results are obtained.

009

x 1077 P amps (16)

This form of the equation is not of general use.
therefore, repeated for an actual set of areas and spacings with the follow-

1.32

dok

matrix unit of length

The correlation was,

v the difference in spacing.

.002  ,0005
L.89 Ap Ay x 10-8 v3/2 Ampa (17)
§'33 Cm of Tength

where Ap and Ay are now expressed in cm2 and dpk-in i

The perveance is, thus, not a very strong function of the electrode
areas and varies inversely with the );/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,and the
1 4 actual utilization varies with spacing and size to compensate somewhat for
' As a consequence of this non-uniform utilization,
one must be sure that the maximum current density is not exceeded along the
leading edge of the cathode.

Insufficient data was collected during the course of the program to per-
. mit a similar calculation of perveance of a triode to be made.
automatically substitute an equivalent diode voltage for the triode case as

One cannot

6. M, Ezekiel, Methods of Correlation Analysis, pp. 190-201,

John Wiley % Sons, (19L8),
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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 undersigned conceived the idea that it would be possible to construct a
"coplanar" 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, and
transconductance 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.

RESISTIVITY OF SUBSTRATES AS A FUNCTION OF TEMPERATURE

In order for the coplanar concept to be successful, it is necessary
that the substrate used have a high resistivity at the operating temperature
in order that bias potentials can be maintained on contrgl electrodes.

Kohl” reviews the data originally published by Campbell,” for a number of
ceramics, Based on this data, only alumina and beryliia, of the ceramics con-
ventionally used as electron tube envelopes, have a high enough resistivity
at 700°C to be considered. The data shown for beryliia 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 coplanar
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 contscts 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
(99.5 percent purity)and of beryllia(95.5 percent purity),were performed.The
results are shown in Figure 5. Tests performed on the alumina included a com-
parison of the use of chemical clearing of the substrates 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 Technology, dJohn Wiley & Sons (1956).
13
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cleaning but before pattern evaporation. The following conclusions can be
drawn from this series of experiments.

Limitations Due to Thermionic Emission Capabilities of the Photo-
Iithographic 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
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.

. 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 approximation 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, time did not permit a comparison of non-air-fired material, which
might 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 thermionic 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 metallic cathode substrate, the carbonates are
placed in a binder of a photographically developable resist (KTFR) instead
of the conventional amyl-acetate and nitro-cellulose binder usually used.
In order to determine the effects of this binder and to verify the claims
of low temperature emission capabilities,?! a separate program was established
to evaluati the cathode. The test program is covered in separate
reports,9, 0 and will only be briefly summarized here. The major results 1
have been: :

(a) Tests on conventional nickel sleeve cathodes have shown useful
emission capabilities in the 650°C region. While this is not quite as low
as the 600°C quoted by Dore,Geppert, etc.! it still represents an improve-
ment in low temperature operation over either standard oxide cathodes or the

1+« B. Dore,. D. Geppert, & R. Mueller, "Low Temperature Thermionic
Emitter," NASA Contract No. NAS 12-607.

9. B. Smith, "Thermionic Emission from Oxide Coated Cathodes at Low
Temperatures," USAECOM Technical Report, ECOM-3585, June 1972.

10. B. Smith. "Low Temperature Thermionic Cathode," Proc. IEEE-AGED Conf.
on Electron Device Techniques, May 1973.
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carium tungstate cathode., Life of over 5600 hours at a temperature of
509 and an emission current density of 300 mA/cm2 has been demonstrated.

5(

(b) Delineated cathodes on coplanar substrates have been operated for
over 5000 hours at a peak current density of 100 mA/cm®., This operation has
been obtained using a curve tracer as the operational test set. The sub-
strate was fabricated by an outside source, but mounted and activated at
this Laboratory. Substrates manufactured and activated by the existing
sonrce have been life tested under dec conditions at low current densities
(tests were designed to detect charging effects in the substrate, which have
not been observed) with no change in tube characteristics after 5000 hours
of 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
electrode.

Limitations Due to Unwanted Thermionic 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-
mary emission from control electrodes or 'from the anode wiil be experienced.
To minimize this problem, we chose to use titanium as the eiectrode material
for both the grid and the anode, while tungsten was used as the cathode
material. Titanium has the property of reducing barium oxide that comes in
contact with it, absorbing the oxygen, and releasing the barium which may
then be deposited on a cooler structure., It should, therefore, be free from
primary emission problems in the temperature range of the device. Although
many problems with reverse grid current were encountered, these were ail
identified as leakage currents. No evidence of unwanted emission was noted.
On the substrates and devices purchased for evaluation, which used a propri-
etary alloy for the control and collector electrodes, there also were no
signs of unwanted-emission. It is, therefore, considered highly feasible to
fabricate coplanar devices and only obtain emission from the desired
surfaces. i

Triode Design and Performance

To verify the design of the coplanar triode,two types of tubes were
planned. One was a simple triode whose basic purpose was to verify the com-
puter 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.

The triode design chosen to check the computer program consisted of a
device with four cathode stripes, a meanderline grid with eight full legs,
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
input and a double diode (i.e., resistive) plate coupling, these features
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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

Cathode Cathode
Connector Tab

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. TRTODE DESIGN FABRICATED

Riement Length (in.) Matrix Units( A= 6.35 X IO-Sm)
% Cathode 0.005 2
Cathode to Grid Space 0,015 6
Grid 0.005 2
Grid to Cathode Space 0.010 L
% 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 u (amplifi-
cation factor) of the tube, which in turn results in the computer program
giving greater weight to values of negative blas on the device than is
actually encountered in the tube (the computed ® is approximately 5.8 for

. the geometry constructed, while the measured u detemined 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
: alumina ( at least of the two types tested) that makes the material unsuit-
able for coplanar tube construction. Successful devices were constructed on
polycrystalline beryllia so that the failures in alumina cannot be attributed
to the polycrystallinity ditself, but perhaps to the materials present at

the grain boundaries in alumina compared to beryllia., The scope of the pro-
gram did not permit further study of this problem.
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The Trough Strip Line

Farly 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
transmission line was designated the "Trough Strip Line," and is
shown in Figure 8 in three embodiments.

> "2 e

| i
:://' /////'
e
DIELECTRIC A 8a. Standard Trough

t :::: € = €p Strip Line.
JL //A

At Ezi:::///r
E 2 5 =
8b. Elevated Dielectric
‘//<:::::: Trough Strip Line.

E 3 L
% 8c. Elevated Trough
// : Strip Line.

Figure 8. The Trough Strip Line

11. C. P. Wen, "Coplanar Waveguide: A Surface Strip Transmission Line
Suitable for Non=Reciprocal Gvromagnetic Device Applications," IEEE
Trans. on Microwave Theory and Techniques, (Dec. 1969).
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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 B8a and 8b
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 that 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 requirements, it was proposed to build a
tube using the trough strip line by combining a number of such lines to form
a pair of unit tube sections as shown in Figure 1l.

--cathode stripe
/
’

grid stripe .. 7

screen grid stripe ‘

——— - —— / /

’ ;
/
/ ,I

Nes

unit tube section

NS
X
\

Figure 11. Trough Strip Line Tube Showing Two Tube Sections
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wit always equal to one plus the number of input
lines le lines are used.they would be diverged from the input
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on shown in Figure 12,so that a single

ingle output line could be used.

'jepure 12 is illustrative in nature. If additional lines are required
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For the wide band trough strip line tube the following relationships apply

Gain = Zo (19)
Zi
where Z, = Output line impedance
Zy ™ Input line impedance
and 2z, = é; (20)
where G, = Transconductance

Equation (19) determines the input impedance required for a given out-
put impedance (50 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
;00,000 wmhos.

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 OBJECTIVES

Factor Symbol Objective Unit

Peak Power Output Po 150 w

Duty Du 0.06

Output Impedance Z, 50 a

Gain G 20

Input Impedance Zi 2.5 n

Transconductance (1) Gm(1) 1,00,000 umhos

Transconductance (2) G (2) 800,000 umhos
25
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A
Tn Table 3 the transconductance calculated from Equation (20) is listed as
Gmn (1). A value of twice this value must be achieved at the peak current
level in order to meet the gain requirements at the fundamental frequency
when operating as a single-ended Class B amplifier. This value is listed
as Gp (2). The design computation and the equations used to make them are
summarized in Table L for a tube operated as Class B amplifier,

A1l of the computations included in Table L are self-explanatory except
for the calculation of minimum plate swing. This calculation uses the com-
puter generated tube characteristics to determine the 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 G to current
ratio.

= GOp /uni (21)

where 1 = current for unit length

but  Gm e A (22)
unit length de i
(-. ¢ ) Eb \AeC/Emin
Let Ale, = f Eyi, where f is a standard small fraction of the constant

plate voltage, Eyin.

Substituting (22) in (21) we have
R= & ) (23)

Solving for Emin

The Ai/i values can be taken directly from computer tabulations which are
made at an arbitrary voltage of 1.0 volt. The value of E;;, tabulated is
based on a unit geometry as shown in Figure 13.

Half-Cathode Grid Half-Anode
%l =% L~ e L~

(g e I b IR [p) [ R |

Figure 13. Unit Sectﬁon Geometry. Each box is equal to
2.0 X 1072 centimeters.
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As can be seen,this is a triode geometry, At the time these computations
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 final 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
length be obtained. We can select either a long device with a minimum num-
ver of input and output lines or a short device with a large number of
lines. The long tube would provide a satisfactory solution at low frequen-
cies only, however, where the wavelength is much greater than the required
active length of tube. To achieve our objective of operation through 1500
MHz would require a length which is small compared to 20 cm., i.e., on the
order of 1/1p or 2 cm. Using this length with the geometry calculated
would result in approximately 660 tube units or 330 input lines, While “his
may not be any 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-
put line would require an impedance of 50 X 330 = 165,000 ohms in order to
achieve the desired 50 ohms output impedance.

The proposed coplanar design with its evaporated electrode fabrica-
tion technique, lends itself readily to an alternative arproach, i.e., the
tapered~-line impedance, distributed amplifier originally proposed by
General Electric to improve distributed amplifier efficiency. Normally,
the output line of a distributed amplifier must be terminated with its
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 thS
output end, the efficiency of the distributed amplifier can be doubled.’
With the higher efficiency 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 trough strip line by one of two
methods or a combination of the two., The two basic methods are illustrated
in Figure lLk. 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 L must be determined.

13 12. Final Report, Contract DA 36-039-SC-$07L43, "Distributed Amplifier
Tube," General Electric Company.
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Front End View Top Vieﬁ Back End View

Figure lla. Constant Thickness Variable Strip Width Impedance Tape.

Top View
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> Figure 1Lb. Constant Strip Width Variable Thickness Tape.




To analyze this effect let

current per unit element at one volt in uA,

i =
Igg = (1/d) (50) 3/2 uwA/cm = current per cm at 50 volts
d = dimension of unit element
A
i = required peak current in amps
A A
G . = required transconductance at i in mhos
A
Em = voltage required for i (Emin)
L = length of active area
Yo = (i/d)(Em)3/2 %% - current per cm at Emin

From the total peak current required and the peak current achievable at
Emin for each centimeter length (Iem),we can determmine the total length of
cathode required, i. e.,
A

A
i am :
L -, p = L = (25)
(Tem) £ 107° ampfen (1/d) (Bm)-72 x 1076 €

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
transconductance per unit length.

A

AT -6

G '

Wy | SRR

or 6
A XA & (1 (26)
Gm E

but AT = (II-IQ)

and Tem =~ I1 when the change in E is small

s I, - I 5
therefore Gy = ( lI 2 ) 1em(L) X 10" oo
C e ;
Ee El

where 0Oe is the standard change in voltage used compared to 1.0 volt

in the computer calculations,and AE = Ae Em.

A
But Tem(L) = i X 1070




: Bty )
or G-m e Il

A e Em

solving for Em and using the actual computer computations 11, is in the
normalized current ratio

il . 12> fi
il (28)

ANegG
[] m

Substituting (28) in Equation (25) we have

e
L siledold (08 (29)
(i
d il

A
Using the values i = 6.93 amperes

A

Gm = 0.8 mhos

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

run-offs Equation (29) becomes
1

96.1 d (i1) e
: (30)

@y - 1) 32

Equation (30) is plotted in Figure (15) for a unit spacing of 1.015 X 1073
cm for a number of values of Ai = il - 12. These are equivalent to specific
values of transconductance at the woltage of 50 volts and the current drawn
at that voltage. The values of transconductance per centimeter of
length are also shown on the figure. Also shown are lines of constant R,
where R is a figure of merit arbitrarily taken at the 50 volt condition and
equal to

Gm
50 umhos -
So HA

R = T

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 Gmgp = 1742 imhos/cm at an iy current

of 7.1 X 10" amps per unit element was observed. The R value is far below
the 150 umhos/mA level included in the figure. The required length of
active device to achieve the peak current and Gm required was 571 centi-
meters. In contrast to this, the same geometry, except that the grid was
elevated off of the plane by one matrix unit, gave a A i of .000151, and a
Gmgo = 2090 wmhos/em at an i1 current of .16 X 1078 amps per unit element.
The R 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 10-3 cm,one could design an elevated grid, trough strip line

tube that was 13.9 cm long using LO tube units (20 output lines) for a

total active tube length of 558 cms at a characteristic impedance of the
strip line of 1000 ohms, compared to a non-elevated grid tube 1L.5 cm

long using 80 tube units (LO output lines) for a total active length of |
1124 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.

Tt should be pointed out that one cannot simply design for the highest
possible R 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 detemmined by the peak cur-
rent density capability of the tube, it can be shown chat the higher R is
the higher the value of Empin and, therefore, the lower the efficiency of
the device. This is not obvious from Equation Zh, which seems to indicate
the opposite result. From Figure 15, however, we can see that as R in-
creased Ni/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 cf poiycrystalline alumi-
na using evaporation and etch techniques developed by Heynick and co-
workers.13 Since the polycrystalline alumina failed to provide satisfactory
triodes as discussed above, it was not considered worthwhile to attemmt
actual construction of the multiple element, trough strip line tetrode.

CONCLUSIONS AND RECOMMENDATIONS

The coplanar tube investigation was terminated based on the results
described above for the following reasons: (1) While the reasons given
for initiating the program, control of spacings and high temperature
operation were verified, the tubes actually tested and the designs calcu-
lated from the computer programs did not show promise of exceedingly high
performance devices. Indeed, the scaling law derived indicated that both
1 tube element area and tube element spacing would play a lesser role than

13. Heymick and co-~workers, Final Reports DA 28-0);3-AMC-01766, "Applied
Research In Thin Film Field Emission Tubes," and DA 28-0)3-AMC-
01261(E), "High Information Density Storage Surfaces," Stanford
Research Institute.
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that experienced in conventional tube design; (2) The wideband tetrode,lh
for which the coplanar tube was being investigated as a driver tube, was
found to be less practical than projected at the start of this program,

Although the program was terminated 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 general
pody of scientific knowledge.

a., The resialts on ths high temperature resistivity of the insulators
investigated supplement the available information and point out the need
for explicit inzlusion in the literature of the conditions used for treat-
ing the samples used for test purposes. The experiments performed here
should be repsated with more standardizad slectrods configurations to pro-
vide greater confidence in the absolute number calculated for resistivity.
The role of active materials on polycrystallinz alumini surfaces in deter-
mining resistivity should also be determined.

be The trough strip line developed for this program should have
application 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 con-
struction than distributed amplifier tubes previously developed.

c. The computer programs developed for the purpose of this effort may
be of use in future coplanar programs, which are initiated to take advan-
tage of the radiation immunity characteristics of the device, which were
not particularly pertinent to existing Army requiremsants.
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[IEST
$SA STARTI
i ek b~ TR
TCA START?
INTEGER R, G,8,2 P T, U, 6D E F A ™ % [TTER, YRL WR2 WR3 STT, DO, NE
h) o ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’
ATAY T”'P’U'PYF']V'[Q'!A ni N2 n3 ””M,Iq,pt” AH,FT:
DEA]. ARRAY ”f?:‘ﬁ'-° 2§ n[n.aa q.oﬁ] Jle507s
L ARE] Ll,L‘,L‘,L7,!”,IQ,ld7 !49 ‘4“,1",L51,L‘ W53 e 155156
1I57 LSQ,L59,!'“ l<l ,L62,1.858
FORMAT F1.€™ TYPE M ﬂ.A.WT,V.W..‘<<<l<<]<]:ZLVK?|.”?2,“°3,"):
FORMAT F2 (‘rlb.s,/):
FORMAT F3 (E14.6,7)¢
ENAMAT F4 (™IX If")-
ROBMAT (FS0 6”16 18" e
EARMAT E5 (IS IS T
EORMAT BT LA TSN )
FNRMAT F& (" J¥ IS™):
FORMAT FS (706G LS™)e
EARMATSEN@S O ISEITS S
EORMAT Bl T ARG
FORMAT Fl2 (*ITERATIONS = =, 14 X5 =0ys, CHANGE=" Fl15,€)¢
FORMAT F13.(¥27, " Unl.TAGE MATRIX™)s
EARMAT El4¢X2@. “CHARGE MATRIX™ /e
ENPMAT F15(Y%5 '---_-l“,lz"'!«‘4.?'ng:_ﬂ);‘:--'FA.Q'NF_';)_:",F’A.')):
WRITE (TYPE, Fl)is
nran (yuqu MoNCALB PLT U WD PR DE, R FGH, WRe ”“l,”°2,MPS):
RZAN (»\T‘ Fn2 Be=p &TEP [ [NTIL #m DA[ FIR Ci=0 STEP | UNTIL M
BRI R Gl
\'T"'ﬂ.:f‘=
i e :
C::'\t
ISR = R R
FOR Rz STEP I WNTIL ™ BE
"".-"]Vll
1.437], 1,841,182 1A
IF 9 LEO A THEM GO 0l lLALs
IF R LER B THEN GO To lLA2s
IFE R L P THEN GO T0 LALS
IF R LEC T THUEN GO TO LA2:
IE RULER Ve THEWN GO Tatlale
IF 2 LEQ W THEN GO TO LA2: .
IF R LE2 D THEN GO To Lals
LK 2 L6 DR THENSGH T 1a2e
IF R LEA DE THEMN GO TN LAL:
IF ? LEQ FE THEN GO TO LAZ:
IR R LER F THEY GO TO LAls
IF R LEM G THEHN GO TO LAZ2:
IF 8 LEG® M THREN GO TO" LAl
Lale FOR Ce=22 STER ) WATIL Nel DO
"\L-f;II'

Tie= (UL RP=2NSIGMC(RI+1,C I+ Ul R+2\STIGN(M=P )= CI+!I[R, C=11+II[R,
=afR,C1/(2.¢ P457=12)) /42
DIFs=ABS(TU=UIR,CI)¢
Se=S+DIF:
HER,C1e=Tle
E4De

-1 N

C+1)
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GO TO LA3s

LA2¢ FOR €
RFSIN

=] STEP | UNTIL N=1 DN

THaz ([ R~1,C14+U0+1,C1+ 1R, C=1 WUIR,C+11=0(R,C1/ (2, ,R468=]12)

) /4
NIFe= ABSCTIH=1{R,C1)¢
Se- Bk DERS
HUERS G = Tlls
ENDs
). A3 THDe
HOR Ra=BH S EERSISNTERIAR S0
"U.‘"ru
GO TO IF (ILR,2] GTR ULR, THREY L5 TLSF LAe
1.5:90R °]'-(3 Qbﬁ-l°)\(H[° 21=HLR, | 1) \Hs
|[”1"“[R 2 INGSTe Q‘“*)\ﬁ"”T(d[’ "l-WIR,ll)/”*S:
BONTO TS
By B8R 2 1isife
LTe =D
FOR Re= B+l STEP | UNTIL P-1 RO
QF("IRI
IENHEREY 20 GTRANER2SEHENSGONTNEL 55
IF UiR=1,27 GIR ULR, 27 THEY 50 TO LS59%
LSS T E UnR=1-20 GIR TR G20 THEN GOF TOT 1Sy
QIR+ 1.2 1e=QLR+1 , 214+ R, 2 INCBIR+1 2 1=-1I[R 2 1) /Ul R+1 2]
+ LR, 37-2\ULR, 2 ID\NSARTCULR,2 1/ R+1,21)
6o TQ LS8
LSQ:ﬂf?-l,QI::QIP-l °1+(“!° SINCUTR=T-21= 1 RE2 ¥/ U =i 2
HHER S I=2NIER "]))\C”"T('HD 51/ 3= 1 °1):
#0 TA 1,58
LS AR+ | ”J::f)[R-H 2 HCACR, 2 INCUL R+ ,21=HER 2 1) /CHIR+L |
+‘H°-l,? +ULR, 1—‘\”[? °]))\q“?T(W[° 2R L 28
AER=1", A Ts=alR= "}l—("[W ”]\(J["-l ”]-‘I(R ”1)/("[‘?+l oo
”-l ”]+'l[Q 31=3 \U(? °]))\°09T(H[R 91/”(7-1 ”]\-
LQG:F”“-
FOR Re=a@ SsTap [ SINTEL M D6

(o Brip
= 1;‘!

LABELLREES2 S ERS

ULR . -2 1
AR =l
ok ) LEQ A THEN G0 TN LBILe

IF R GTR B THEN GO TN 1.33¢

B2 s Sl Te=iiehs

GO T9 LB4a:

LB3: IF R GTR P THEN GO TO 1.85:

SETs=3?

50 TO LB4s

LB5: IF R LFQ T THEN GO TO LB2:

IF LEQ YV THEN GO TN 1.81¢

IF LEQ W THEM GO TN LB2:

IF ILEQ D THEN GO T0O LBl

1F LEQ DD THEN G0 Tn 1.B2:

IF LED DE THEN GO T0 1.Bl:

IF LLEQ E THFN GO TN LB2:

1F LEN F THEN.GO TN LBl

IF R LEQ G THEN GO TO LB2:

LBl: STT:=2%

LBA: FNR C:=STT STEP | UNTIL N=I D0 3

e Jiste = e o Mo e o O |

37
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e BRGLE
19330 IE HER.CT EEQ @ THEN 6o TA L Las
{Aamn IF (R.C-11 1.0 4 THEN G0 T0 Lils
18509 IF LRV LEQ IR, =111 THEN B9 -T0" 1.1 1
|25 MMz =O[ R, C=1 INCUIR, CI=ULR, C=1 ID\SCRTCHIR,C-11/U(R, C1)g
iATep IF HIR=-2\SIGN(R)+| C~11 LEA {[R,C=11 THEY GO TO L12¢
| aidsle LF H[D+2\<IGW(“-°)11,C-II LEOLUER C=1]) THEN 60 T9 L13¢
1 Aan IF ULR,6=2) LE@ LR, C=11 THEN 60 TO L1432
1o DEMe= CHER, CI+1IER=2\NSTEGNIRI+ L, C=1 1+ R+2\ST GHNCY=-R)
11100 =1, C=11+HIR C=2 1=aA\U[R C=11)3
L1oan IF DFY E0L & THFEN 50 T0 Lilg
1i3ee lie = MM EREN:
11420 80 TO L15¢
11500 Li2: IF HERF2\SIGN(M=-R)=1 C=11 LEQ l[R C=11 THEY GO TO LL6
115722 IF WER, C=21 LEQ Wl R, G=13 THEY GO T0 LLT:
11770 DEMs = (IILR, C1+I R+2\SIGN (M-R)-1 C=1 1+U[R,6 C=2)
l11ean =3\ULR,E 1)
119ar IF DEN EQL 2 THEN GO TO Liis
12322 Qle= NUM/DENS
12120 GO TO L1'5¢
122an LG (EEIER (C~2NNIEER T ROC=1L THEN 60 T0O L1Zs
12370 DENs = CULR,CI+II[ R=2\SIBN (R) +|,C~11+U[R,C-2]
12430 =5\ R, C=11)s
12520 IF DENM FOL @ THE™ 60 T9 Lile
12539 Nle= MYM/ZDENe
12700 GO TO Li5e
12ean Li4s DEMeSCUER,C I+ UL R=2NSIGNCR)+1  C=1 HIIL R+2\SI GN
12900 (=B = C=11=S\UI R, C=11)3
13600 IF DEYN EQL @ THEN &9 T0 Llls
131723 Rles= MUMZDEN:
13229 GONTONL 15
13300 LIS TEIER G2 REEqRIERS =l STHENS 600 Ti0: L19s
13429 DENe = CULR,CTHUI R C=2 ]SZNIIR, C=1 1)
13503 LEDEN EQL @t FHENSGORT a1 e
13600 Qle= NUM/DEN:
L3 7 GO TO LIS¢
13820 L17¢ DENs= CULR,CI+ULR+2\SIGN(M=R)=1 C=11-2\U[P,C=11)¢
13920 PERDENCEQL ANEHEN S GOST N e
147202 Nle=MUM/DE Y
14129 60 TN LISe
14293 L18s DENe= CULR,C 1+ UL R=2\SIGNCR)+1 ,C=11=2\U[R,C=11)3
14322 IF DEN EQL @ THEN GO T9 Ll1ls

4 14400 Rle= NUM/DENS

3 14520 GO 10 LIS

: 14600 L19¢DENs=CUIR, CI-UIR,C=11)2
14720 IF DEN EQL A THEN GO TO LIl
14800 Qle= NUM/DEN:
14900 GO TN L15¢

B lSHﬂﬂ_' LIle Rle=pe
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-a;.d5H!-IIIII-IIIIIIII-l-I----u--I-!-llI--l-U'..-

15729 TLISTBERIT T o e e

15040 REAL NUMER,K DENOM:
15260 LARFL LDI,LD2, 1.D3,LD4,LDS, LDS, LD7, LDP;
15102 IF ULR=2\SIGN(R)+1,C1 LEQ @ THEN G0 Tn LDIg
15290 17 ULR,C1 LED ULR=2\SIGN(R)+1,C) THEN 60 T0 LDl3
15300 NIMe = Of R=2\SIGN(R)+1,CINCUIR,CI=-UI R-2\SIGN(RI+ 1, CI)\
15400 , SQRT(ULR=2\SIGN(R)+1,C1/U(R,C1)s
1550A7 IF ULR=2\SIGY (R)+1,C=11 LEN ULR-2\SIGN(RI+! C1 THEN
15500 60 TN 1.D2:
15700 IF HER=SIGN(R=1D+SIGNCI=-R),C] LEQ ULR=-2\SIGN()+1,0)
15892 THEN 60 TN L.D3:
15947 IF IIR~2\SIGN(R)+1,C+1 ] LEN [ R=2\SIOGN(D+1 €] THEN
153800 GN TN L.DAe
16100 DENg= (UL R, CI+UIR=2\STGNC(RI+1,C- | W U[ R=5TGH (= [ )+
15200 SIGN(1=R),CI+UIR=2\SIBN(R) ,C+]1 1=4\I[ R=-2\S1 7Y
15300 (R)+1,C1)e
15400 IF DEN EQL. @ THEM G0 T0 LDI:
15530 f2:z NUM/DEN:
15500 G0 TN 124
15703 LP2eIF ULR=-SIGNCR=1)+SIGN(I=R),C1 LEQ ULR-2\5IG%(+1,
15200 C] THEN GO T0 LDS:
159na IF NIR=2\SIGN(RY+1,C+1 71 LED ULR=2\SIGN(R)+1,C]1 THEH
17800 G0 TO LD6:
17027 DEN2= (ULR,C 1+ U R=STAN(R=1)+SIAN(1=R) ,CH+ UL R=-2\
17247 SIGNC(R)+1,C+1 1=3\UL R=2\SIGN(R)+1,C1)¢
17282 IF DEN EOL.2 THEN G0 TO LDIg
17080 022 NUM/DENS
17100 GO TO L24:
17200 LD3:IF ULR-2\SIAN(RI+1,C+1) LEA ULR-2\SIGN(RY+], C)
17300 THEN GO T0 LD7:
17400 DENz= CULR,C I+ ULR=2\SIGN(R)+1 C=1 HULR=-2\SIGN(RI+ I,
17500 C+1 1=-3\UIR=2\SIGN(R)+],C1)s
17500 IF DEM FQL @ THEN G0 TO LDIs
17700 n2:= NUM/DENs
17203 G0 TN L24:
17900 LDA2 DENe= (UL R,C )+ Ul R=2\SIGN(R)+1,C-11+!I[R-SIGI(R=-1)
12p0n +SIGMC1=R),CI=3\U[R=2\SIGN(R)I+1,01)¢
18120 IF DEN EQL @ THEN G0 TO LDIs
18200 nN2s= NUM/DEN:
1e33¢ GO TN L243 -
12420 LD5:IF ULR-2\SIGN (R)+1,C+1 ] LED ULR=2\SIGN(R)+1,C)
12500 THEN 50 TO LDR:
18600 DENs= (UTR,C I+ UL R=2\SIGNC(R)+1 ,C+1 1=2\U[ R=2\S1 6N
12700 (R)+1,C1s
12200 IF DEN EQL @ THEN G0 TN LDI¢
12942 ot 022z NUM/DENS
19007 GO TN L24:
19132 LDE:DENe= (ULR,C I+ UL R=SIGN(R=1)+SIGNCL=P) CI=-2\

E » 19202 ULR=2\SIGN(R)+1,C 13

& 19300 IF DEN EQL @ THEN GN TN LDis

Er 19470 02:= NUM/DENs

‘ 19502 GO TO L24:

K 19600 LD7eDENz= (UL R,C 14+ ULR=2\SIGNC(R)+1 ,C=1)=2\U[ R-2\
19720 SIGN(RI+1,C1)e

& 19800 IF DEN EQL @ THEN GO T0 LDl

E:" 19922 QA2s= NUM/DFMe

; 20000 GO TN L24:
23100 LDR: DENs=(U[R,CI=ULR=2\SIGNC(R)+1,C1)s
20200 IF DEN EQL @ THEN G0 TO LDls
20300 e= NUM/DENg
20400 GO TO L243
20500 LDl: Q2:=0s
20520 ©NDg
3
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20600
23704
272200
2289520
21020
21108
212092
21320
214722
215an
21800
21783
21200
21990
220an
22122
22200
223a0
22472
22520
22800
22700
Lol X datel
£2en9
23007
23102
23200
23330
23 470
23504
23690
23707
o32mn
23971
24427
24102
24290
24300
24707
24500
24677
24700
24800
24920
25090
2510n
25200
25300
25400
25504
254870
257727
P @ 25200
| 25900
E i 28000
| 25100

B 25200
xS 26377
26409
265A

124:IF ULR,C+T) TEQ @ THENW "H“T T1L29s
IF ULR,C] LEN ULR,C+11 THEN G0 TO 129:
nUMe=A( R, C+1 INCUL R ,C1=ULR C+1 D\SARTCULR,C+11/U[R,CI)3
IF ULR-2\SIBN(RY+1 r+11 LED ULR,C+1 ] THEN GO To 1373
IF ULR+2\SIGN(M=R)=1,C+1] LEA UER,C+17 THEN GO TO L3l
IF ULR,C+3\SIGN(N=-1-C)=11 LEQ U[R.C+11 THEY 6n Tn L323
DFM::(H[R,C]+U[R-Q\SIGN(9)+I,C+1}+U[R+?\SIGN(W-R)
=1,C+] HULR, C+3\SIABN(N=1=C)=11=-4\U[R, C+]1 s
IF DEM EQL @ THEN GO TO L29:
N3:= NUM/DEM:
GO TO L33:
L300 IF [ R+2\SIGN(M=P)=] C+1] LED U[R,C+1] THEN
GO TN L34
IF ULR,C+3\SIGH(N=-1=C)~1] LEN UIR,C+1) THEN G0 TN 1.35:
PEYe = (([R LCI+ULR+2\STGN(M=R) =1 C+|}+H[R C+3\
SIGNEN-1-C)=11=-3\U[R,C+1]
IF DEN FOL @ THEM GO T0 L.29:
N3s= NUM/DEN:
GO TN L33:
L312IF HIR C+3\SIGN(N=1=C)=1] LFEO UI[R,C+1 ) THEN 6O
o L35
DFMe= (UIR,CI1+ 1 R=2\SIGN(R)+1,C+1 HUIR,C+3\CIGN
(N-1-C)=1 J=3\U[R . C+I s
F Drw FOL @ THEY 60 Tn 129:
Ie= NUM/DEN:
60 TN L33
L322 DENs = (UL R, CI+UIR=2\SIGH (R)+1,C+1 WU R+2\SIGN
(M=P)=] ,C+11=-3\UIR r+11):
IF DEN S0L 2 THFEN GO T0 1.29:
A3:= NUM/DENS
6N TN L33
L324:IF IR C+3\SIGNCN=-1=-0)=11 LFN UIR,C+1) THEY
GO TO 1.37:
DTNz (ULR,01+UIR, C+INSIGH(N=1=C)=11=2\II[R, C+]1 D)2
IT DEY Saf. @ THER G TN L29:
'So— l'?fM/pL"\’l
60 TO 1.33¢
L35eDEMe= (UL R, CI+UIR+2\STGN(M=P)=1 C+1 1=-2\II[ R, C+1 )3
IF DEN EQL 0 THEN 60 TD 1.29:
N3s= NIM/DEN:
GO TN L33:
L36:DENs= (ULR,CHULR=-2\SIGNC(R)+1,C+1 1=2\U[R,C+1 )3
IF DEN EAQL ¢ THEN GO TO L29;
Q3:= MUM/DEN:
GO TO 133¢

D -

“L37¢DENs= (ULR,CI=ULR,C+11)

IF DEN EQL @ THEN GO TN L29:

N3s= NUM/DEN:

GO TO L33

L29: 03:=07¢

L33¢IF ULR+2N\SIGN (M=R)=-1,C1 LEQ @ THEN GO TN L3%:

IF LR . C] LEQ U[R+°\§IPH(M-P)-I C1 THEY GO T0 L3Rs

WUM::QfR+2\€I”“(M-°)-| +CINCUL R, C]-H[?+?\¢IPM(M—P)

-1 C1)\€°?T(U(?+°\€IF“(”-P)-! LSRG TE

1F H[R+°\<I"ﬂ(”-P)-l ,C+1 1 LEQ U[?+?\<IGH(M-P)-1 ied]
THEN A0 TO 1.39¢

Ir MER+2\SIGN(M=P)=] C=11 LER Ul 3+2\SIN(M=R)=1 0]
THEN GO TO L4ars

IF U[P4+SIAN(M=1=R)=SIGN(R+1=-M) ,C1 LEQ HIQ+?\QI”W
(M=R)=1,C) THEN GO. ThH Lale

o ————— — — - y—— -vn-—“j




28600 NENg = (ULR, CI+UIR+ANSIAN(M=R) C+| HUIR+SIRN(M=1-R)
287Ap ”I”"(q+l-“) ,Cl1= 4\Uf°+9\§I'”(M-P)-I ,C1)s¢
28202 IF DEN FAL @ THF"J G0 TN 1.32¢
26907 Nag= NUM/DFY:
27222 - GO TN 1,42
27 a0 L39:IF ULR+2\SIGN(M=R)=1, 0411 LEQ [ R+2\SIAN(M=R)
27220 -1,C) THEN GO Tn 43¢
271347 IF H[R+°IPH(“-I'P) ~SIGNC(R+1=-M ,C1 LEQ UIR+2\SIGN(M=R)
21400 -1,C1 THFM 69 Tn 144
27520 DEMs = (UL R F]+U[?+”\”Y”ﬂ(V-P)-l ,C=1 HU[R+SIGN(M=1=R)
2T783R -QIPﬂ (R+1=M) ,C1= K\U[P+?\QI”N(M-R)-I ,€1)3
27722 IF DEN EQL A THEM GO TONLERe
27200 Nas= NYM/DFNe
27907 GO TN L.42¢
28409 LAAsIF [ R+SIGN(M=1=-R)=SIGN(P+1-™ C] LFQ UL R+2\ST 5N
221 a0 (M=RY=1 1 C )" THENSGO! TH1LAS'
28290 DENe = CULR,CI+ U R+2\SIGN(M=2 ) = | ,C+]1 HUIR+SIGN(M=1=R)
22300 : -’I:P(Q+I-”) ,Cl= 3\U[?+?\€IGM(M-Q)-I . 102
22407 IF DEY EQL @ THR=Y PO T0 1L38s
28570 N4e= MUM/DEN:
LYY 50 TO LA2: _
22720 La1eDFNe= (ULR,CI+ULR+2\SIGN(M=R) =1, C+1 H Ul P+2\
2220n qIPH(M-P)-l F-l]-S\H[Q+°\°I””(M-°)-l ,C1 3
22900 IF DEN ENL {# THEM 50 TN L3R%s 3
29ann N4s= NUM/DEN:
29100 GO TO LAa2:

: . 29274 La3sIF NIR+SIGN(M=-1=R)=SIGN(R+1-M) C] LEQ U[R+2\SIGN
29322 (M~R)=~1,C] THEN GO TO LAG'
29472 DEMe=ClI[ R, P]+lH?+qIG’(“-I-P) =SIGN(R+]1=M) ,C1=2\!I
29530 R+2\§I"“(M-P)-l ,C1)¢
29K87nN IF DEN EOL @ THEN GO TO L3&:
28700 NAs= NUM/DEN:
298nnA GO TO LAa2:

‘ 2992n La4a:DEN:s= (ULR,CI+ UL R+2\SIGN(M=R) =1 C-l]~g\U[R+2\

1 30000 SiG W(W-R)-l ,C1)s
32100 IF DEN ENL @ THEN G0 TO 1.383
32290 N4as= “HM/DEN'
3323 GO TO L4a2
3PA%Q LAaS: D’N::(U[? C]+H[R+°\GIGN(ﬂ-R)-l C+1 1=2\ULl R+2\
30500 GIPN("-P) 1,C1s
30640 IF DEN EQL @ THEN GO TO L3R
32729 Nas=NUIM/DENS
30800 GO TO LA2g

Ei ‘3p902 L46e DEN:'(U[R Cl=Uf R+2\SIGN(M=R)=1,C1)¢

k. 31002 IF DEN EQL @ tHEN GO TO L38;

| 3 31100 Q4s= NUM/DENs

| 31200 GO TO L42;
31300 L3R Q4=
314ap L42:Q[(R,C12=Q1+Q2+Q3+Q4¢
315002 L1@s ENDs

fy 31600 ENDg
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31790
31220
31900
32000
3217
32110
321292
32122
32124
321258
32130
32200
32217
3230R
32400
32410
32420
32437
32447
32450
32458
32477
32480
32597
312520
527mn
32717
32720
32130
32740
32759
327580
327710
3272n
32792
32202
32900
33a0n
33iap
33209
33320
334hp
33500
33600
33707
33200
33900
33952
34000
341070

FOR R:=@ STEP | UNTIL A, T+1 STEP T OWTIL & P9
BEGIN

IF U[R,2] LEQ 2 THEY 50 T0 L.4%:
IF UCR,1] LEQ @ THEY G0 TN 148:
60 TO IF UCR,11 GTR ULR,2) THEN L47 ELSE L47:
LAT:IF ULR+1,2) GTR ULR,2) THEN GO TN L6ls
IF U[R-2\SIGNCR)+1,21 STR ULR,21 THEN GN Tn L623
O[R,11:=0(R,2 NSARTCUIR,21/ULR, I D¢
JIRTs=NCR, 11\5.93795\SARTCUIR, | 1) /Hx33
Go T0 L523
L61:IF ULR=2\SIGN(+1,2] GTR UIR,2) THEN GO T0 L633
QCR,11:=0[R,2 INCUIR, 11=U[R,21)/CULR, | HU[R+1,21=2\U
[R,2 D\SARTCI[R,21/102,1 13
JIRI:=AlR, 1 IN(5.9375)\SNRTCULR, 1 1) /Hk32
G0 TO LS2¢
LS2:0IR,1)2=(RIR, 2 INCUIR, 1)=-1U(R,21) /CULR, 1 1+U[R=2\SIGN(R)+1,2]-8
UER, 21))\SORTCULR, 2 1/UIR, 1 )3
JIR1E= AR, 1 1\N5.9375\SNRTCUIR, 11) /H¥33s
50 TN L523
L§32QIR, 1= (AR, 2INCULR, 11=UIR,21) /(UL R, 1 +UIR+] 2 )4+1[
R=2\SIGNCRI+1,21=-3 \ULR,2 DINSORT(UIR,2)/UIR, 1 D3
J{P12=A0R, 1 1\5,9305\SARTC(UL R, 11) /H3s
GO TN L5232
1LAZO(R, | 12203
JIR]1s=aAs
1502 FND;
FOR Rez A+1, V&1 ,D+1,F+1 DO
SEGIN
IF ULR,1] LEQ @ THEN GO TO LSTs
IF U[R=-1,1] LFA @ THEN 60 T2 L57;
GO TO IF ULR=1,11 GTR UIR, 1) THEN LS® ELSE L573 |
L52:NTe=NlR, | INSARTCULR, 1 1/UIR=1,11)2 ;
OCP=1,11:=0[R=-1,1 QT3 |
JER=112=0[R=1,11\5,9335\SARTCUI R=1,11) /H*33
157 END3 s
FOR Re=T,W,E, 6 DO !

BEGIN : »
IF UIR,11 LEQ @ THEN GO TO L53% '
IF ULR+1,11 LEQ 2 THEN GO T0 1.533
G0 TO IF ULR+1,1) GTR ULR, 1] THEN L54 ELSE LS33
L54s ATe=0[R, 1 INSQRTCUIR, 11/ULR+1,1 D)
QfR+1,11e=QlR+1,1 +AQTs
JIR+11e=AIR+1, 1 IN(5,9375)\SQRTCUIR+1,1 1) /Hx33
1532 ENDg

AVs=S/(M\N)s

GO TN IF AV LEG A,202025 THEN LAS ELSFE LI

LA9: IKe:=1Gs=1Ss=1As=0s

WRITE (TYPE,fFI12,ITER, AV)¢

WRITECTYPE, FR)s

FOR Re=B+]1 STEP | UNTIL P DO

[ OOUPTREIREEE




33207

34300
34420
245730
34603
347727
34207
34970
35002
35140
3520
35303
35490
35500
35627
35700
35807
35977
35002
35100
3622¢
3837
384720
35502
35627
38700
35807
359072
37200
37109
372724
ST228¢
37247
37300
3742¢
37522
3T
377927
37802
37990
32Aa0
38102
32200
32302
3RACO
38502
g6

FORTH
WRITE (TYPE,F3,J[R1)¢
IKs= IK+J[ RINHk 23
£ADs
WRITE (TYPE,F9)s
FOR R:z@ STEP | UNTIL A, T+l STEP | UNTIL V D0
REGIY
WRITE (TYPFE,F3 JIR1):
162z TG+JIRINHR s
D3
WRITF (TYPE,F12)s
FOR Rez'| STEP | UNTIL D DN
nESIN
WRITF(TYPE,F3,JIR1):
1Ss=IS+JIRI\HKk2s
EMNDs
WRITF(TYPE,F11)s
FOR R:=F+1 STEP 1 UNTIL F DO
BEGIN
WRITE (TYPE,F3 JIRI):
IAs=T1A+J[RI\Hk2:
ENDs
YRITE (TYPE,FA):
WRITE (TYPE F3,61¥)s
WRITECTYPE, F5)3
WRITE (TYPE,F3,10):
YRITE (TYPZ,F§):
WRITE (TYPT,F3, 15):
WRITF (TYPE,FT)s
NRITE (TYPE,F3 TA):
WRITE (TYPE,F13)s
MRITE (TYPE FI5 ULV, 13, ULD, 11,104, 11
IF WRe E0L & THEN GO TH 151
WRITF (TYPE,F2 FOR R:=f STEP | UNTIL ™M DO [FOR
4 D0 CULR,C1ID)s
IF WR1 FAL ¢ THEM G0 TN L9
URITF (TYPE,F2, FOR Re=n STEP | UNTIL ™ DO[FOR
HNTIL 9 DOLUCR,CIID)e
LS:IF WR2 EQL & THEN 30 T0 L57:
YPITE (TYPE,Fla)s
YPITE (TYPF,F2 FOR Re=@ STEP | UNTIL M DO [FOR
UNTIL 5 DO [AIR,C11D)s
L57: IF YR3 ENL A THEY AN TN L51:

Ces=@ STEP 1 UNTIL

Ce=5 STED 1

Cs=1 STEP |1

WRETE CTYPE FZ,FOR Re=@ STEP It UNTIL M DOUEOR Ci=6 STSP 1

UNTIL 1@ DO [QIR,C111):
L51:$%A FINI
END,

END PUNCH 10,5 SEC,

e —— es— -
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