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THE ENHANCED-SCAN, POST-ACCELERATION
KINESCOPE*

By

H. B. Law, L. DAVNE, aAND E. G. RAMBERG

RCA Laboratories
Princeton, N J.

Summary—An experimental deflection system is described in which a
spherically curved mesh is placed in a conventional black-and-white tube
at the position where the neck joins the fummel of the tube. It is shown
that by operating the mesh and the deflection region of the tube at low
potential, the scan power required is much less than that required in con-
ventional systems. Scan sensitivity, raster distortion, resolution, contrast,
and brightness available with the experimental kinescope are discussed, and
the data obtained is compared to that of a conventionally operated black-
and-white tube.

Best resolution is obtained with magnetic focus. The effect on contrast
of secondary electrons scattered by the mesh is minimized by applying a
bias voltage which tends to draw the secondary electroys toward the gun.
A small residual effect is substantially eliminated through the wuse of
specially shaped apertures in the mesh. The brightness potential of the
tube is reduced by the interception of beam electrons by the mesh.

INTRODUCTION

7 u Y HE trend in kinescope development is toward shorter tubes,

larger deflection angles and higher phosphor-screen potential.

With conventional deflection means, increased deflection power
is required to bring about these changes. Technical as well as cost
problems are encountered. The actual power required becomes of
importance, especially where battery-operated portable television sets
are concerned, because of weight and playing-time consideration.
There is need, therefore, for a deflection system that requires lower
power.

Many arrangements have been proposed and some are in limited
use at the present time. For example, oscilloscope tubes with the wall
coating in the form of a spiral of resistive materjal are available
commercially. A voltage difference established across the spirgl pro-
vides an electric field that permits deflection of the electron beam to
occur at a voltage lower than that on the phosphor screen. Recently

* Manuscript received October 28, 1960.
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a spiral coating has been combined with a mesh to achieve improved
sensitivity as well as other desirable performance characteristies.!

Another type of post-acceleration tube employs a low-potential wall
coating with a mesh located close to the phosphor screen. The phos-
phor screen operates at high potential and produces an acceleration
of the beam from the mesh to the screen.

A magnetic scan-enhancement method has been described? in which
the divergent lens action of a quadrupole arrangement of permanent
magnets produces scan boost directly in the horizontal direction. At
the same time the converging lens action for vertical beam displace-
ments is of such magnitude that a crossover is formed very close to
the lens. Divergence beyond the crossover results in a large scan
boost.

The same paper? describes a negative electrostatic gauze lens, with
full rotational symmetry, that is formed by inserting a flat, fine-mesh
gauze in the neck of the tube. The screen, wall, and neck coatings are
operated at high potential. The fine-mesh gauze, operating at low
potential, is immersed in the high-potential region to form a negative
electrostatic lens that effectively produces a symmetrical scan boost.

The present paper describes another approach to scan power reduc-
tion. The tube described employs a fine mesh, but in an arrangement
differing significantly from that referred to above.

GENERAL DESCRIPTION

The enhanced-scan post-acceleration kinescope is similar in some
respects to the post-acceleration tube mentioned above in which the
wall coating and a mesh mounted close to the phosphor screen are
operated at a potential which is low compared to that of the screen.
In the enhanced-scan post-acceleration tube, however, the mesh is much
smaller and is not located adjacent to the screen but is at the point
where the neck joins the funnel as shown in Figure 1. In this case
the screen and funnel coating are at high potential while the mesh
and a thin metal cylinder to which it is attached are at lower po-
tentials.

The mesh and cylinder are small enough to fit through the neck
of the tube. The metal cylinder is located under the yoke and made
of nichrome 1 to 2 mils thick to avoid eddy-current loss of deflection

1 K. Schlessinger, “Electron Trigonometry, a New Tool for Electron
Optical Design,” 1960 Electron Devices Meeting, Washington, D.C.

2D. W. Taylor, N. W. Parker and H. N. Frihart, “Application of
Rotationally Non-Symmetrical Electron Lenses to TV Image Reproduction,”
1959 IRE Convention Record, Part 7, pp. 93-102.
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Fig. 1—Enhanced-scan post-acceleration kinescope.

power. Separate leads are brought out for the mesh and nichrome
cylinder to permit the mesh to be operated at a lower potential than
the cylinder. By this means most of the low-velocity secondary elec-
trons that originate at the mesh can be drawn toward the gun rather
than be accelerated to the screen, where they would lower contrast.

The mesh is spherically curved with the bulge toward the screen.
A diverging electrostatic field is formed beyond the mesh that aug-
ments the magnetic deflection. An optical analog of the electron-lens
system is shown in Figure 2.

Both magnetically and electrostatically focused guns were used.
In the case of electrostatic focusing, unipotential as well as direct and
inverse bipotential lenses were tested as described later.

DEFLECTION

Secan Sensitivity

In a conventional kinescope the yoke current required for full
deflection is proportional to the square root of the screen potential.3
Figure 8 shows the curve for a 14-inch 90° rectangular tube in which
V,/V, is plotted against (I,/I,)2 V, is the screen potential and I,

SCREEN

Fig. 2—Optical analogy of electron-lens system.

3V, K. Zworykin and G. A. Morton, Television, 2nd Edition, John Wiley
and Sons, New York, N.Y., 1954, p. 554.
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the horizontal yoke current required for full scan. V., and I, are
potential and current values for normal black-and-white-tube opera-
tion, employed as standard of reference.

A similar curve may be obtained for the enhanced-scan post-
acceleration kinescope. For comparison with operation of a standard
black-and-white tube, it is convenient to maintain the screen at the

1.2
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14" 90° TUBE
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o] 2 .4 6 .8 1.0

(I /I)°
Fig. 3—Yoke current versus screen potential for conventional kinescope.

normal potential, V,, and to plot V,,/V, versus (I,/I,)2, where V,, is
the mesh potential. The curve for a typical enhanced-scan tube com-
pared with that for the standard tube is shown in Figure 4.

It should be emphasized that, for the standard tube, the ordinate
in Figure 4 represents a change in screen petential with a consequent
change in light output; for the enhanced-scan tube, the screen remains
at high potential so that high light output is maintained as the mesh
is lowered to achieve increased scan sensitivity. Therefore, the two
curves do not show a comparison of scan sensitivity of the standard
and enhanced-scan tubes for the same light output, but rather under
the condition where the screen potential in the standard tube is low-
ered in the same manner that the mesh potential is lowered in the
enhanced-scan tube.



ENHANCED-SCAN KINESCOPE 607

1.2
1.0—
8- ENHANCED - SCAN OPERATION
14" 90 TUBE
K=Y nd
>C
< STANDARD TUBE OPERATION
& (SCREEN POTENTIAL = MESH
> 5 POTENTIAL, SEE FIG.2)
a4t
2+
1 1 1 L L
0 2 .4 6 .8 1.0

) 2
(I, /1y

Fig. 4—Comparison of yoke current Krequired for enhanced-scan and
conventional operation.
The results obtained may be compared with those of calculations
(described in greater detail in the Appendix) of electron paths in

simplified electrode systems roughly approximating those of the en-
hanced-scan kinescope. Figure 5 shows paraxial paths for electrons

SCREEN —*|

~—Vs Vm=0.33 Vo,V5=5Yg Vs —»

Vm=0.5Y,Y5=5Y

Vm=Yo.Ys*5V0

GUN CYLINDER

1 |
2" N ) W 2" 3 3" 5

Fig. 5—Electron paths diverging from fixed deflection center in idealized
enhanced-scan kinescope (calculated).



608 RCA REVIEW December 1961

diverging with the same angle of elevation from a common center of
deflection when the mesh potential V,, is equal to V, 0.5 V,, or 0.333 Vo
where V, is the potential of the final anode cylinder of the gun. V, is
held at 5 V,. It is seen that there is a scan enhancement produced
by refraction of the rays by the equipotential surfaces equal to 1.66
for V,, = V,, 2.11 for V,, = 0.5 V,, and 2.23 for V,, = 0.333 V,. When
Vm = Vo, the required deflection current is reduced by a factor of
0.69 for V,,/V, = 0.2 in Figure 4. If the deflection took place entirely
at the potential V, the current-reduction factor would be 1/1.66, or
0.60 (see Figure 5). The somewhat larger value of the deflection
current actually required is readily explained by the fact that the
deflection takes place, in part, at a potential higher than V, For
similar reasons, namely that part of the deflection takes place at poten-
tials lower than V,, the preceding figures for V,, = 0.5 V, and 0.333
Vo can be expected to underestimate the scan enhancement over and
above that resulting from lowering the voltage in the deflection plane
from V, to V. Thus lowering of the mesh voltage alone should be
much more effective in increasing the raster size for given deflection
current than is indicated by the figures given.

To provide an indication of the effect of mesh position on scan
sensitivity, measurements were made in a demountable 110° 21-inch
rectangular tube using different mesh structures. In one case the
mesh was a hemisphere with a diameter of 54 inches mounted against
the bulb wall. Another arrangement employed a nearly hemispherical
mesh % inch in diameter that would fit into the tube neck. With the
smaller mesh, scan-sensitivity measurements were taken as a function
of position of the mesh in the tube neck. This preccedure also per-
mitted the determination of the range of position for the smaller mesh
that would result in full scan without shadowing of the beam by the
mesh frame or bulb wall. The results are plotted in Figure 6.

The influence of mesh shape is indicated by comparing curves
obtained with a hemispherical and a flat mesh. The results are plotted
in Figure 7, which shows that the curved mesh results in a consider-
able increase in scan sensitivity.

The curves in Figure 7 were obtained with tubes having identical
geometry, except that in one case the mesh was stretched flat across
its mounting ring while in the other case the mesh was nearly hemi-
spherical in shape. The beam travels a somewhat longer path at mesh
potential in the hemispherical case than in the flat case and would,
therefore, be deflected through a larger angle. Perhaps more import-
ant is the direction of acceleration of the beam as it leaves the mesh
in the two cases. Experiments were performed in which it was ob-
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Fig. 6—Influence of mesh position on yoke current for enhanced-scan

operation. Mesh-frame to reference line distance: curve 1—.55 inch; curve

2~ .80 inch; curve 3-1.050 inch. Preferred distance is .67 inch (no beam

shadowing) ; the curve for this case lying slightly below curve 1. (5%-inch
mesh gives same curve as 1.)
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Fig. 7T—Influence of mesh shape on yoke current for enhanced-scan
operation.
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served that the electrostatic field between the mesh and screen tends
to decrease the picture size when a flat mesh is used and to increase
the picture size for an hemispherical mesh. The data were taken by
measuring the picture size as a function of screen potential with the
mesh potential held constant. The results are given in Figure 8.

13-

T

€
T

14" 90° TUBE

SCREEN POTENTIAL IN KV
~
I

(MESH POTENTIAL HELD AT 1.0 KV)

w
[

[T
T

l | | L .
P 10 n

Y
HORIZONTAL RASTER SIZE

Fig. 8—Raster size versus screen potential for constant mesh potential and
constant scan power.

Raster Distortion

Pincushion distortion has been observed in enhanced-scan tubes for
both flat and hemispherically curved meshes. A study of the effect of
mesh curvature on raster distortion was made by photographing a
crossline pattern reproduced by tubes using meshes of various curva-
tures. As a result of these observations, a qualitative description of
the effect of mesh curvature on raster distortion was arrived at.

Figure 9 illustrates a flat mesh with equipotential lines sketched in.
Three beam paths are estimated as shown. Above the mesh, the paths
are curved because of the magnetic deflection field. As the beam elec-
trons penetrate the mesh, the paths are bent strongly toward the axis
of the tube by the electric field. Since the force on the electrons is
normal to the equipotential lines, the bending soon becomes radially
outward instead of inward because of the changing slope of the equi-
potential lines.

The ultimate landing position of the electrons on the phosphor
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screen is thus determined by the resultant action of an initial inward
force and a subsequent outward force on the beam electrons. The
inward force just beyond the mesh overrides the later outward force
for a flat mesh as illustrated by the curve in Figure 8. That is, the
picture size is reduced as the screen potential is raised above the mesh
potential.

The predominance of the inward force becomes less with increasing
radial distance from the tube axis as evidenced by the fact that the

- BuLB wALL

EQUIPOTENTIAL
LINES

Fig. 9—Effect of flat mesh on raster distortion.

raster shows pincushion distortion. A plot of the pincushion radius
of curvature near the edge of that raster as a function of the ratio
of screen potential to mask potential is shown in Figure 10.

Figure 11 shows an estimate of the beam paths when the mesh is
spherically curved. It is seen that the beam approaches the mesh
almost normally, so that the initial radial force inward on the beam
as it penetrates the mesh is quite small. Hence the outward radial
force as the beam crosses equipotential lines predominates. This is
shown in Figure 11 where it can be seen that for a hemispherical mesh,
the picture size increases as the screen-to-mesh potential is increased.
Some pincushion still exists, as can be seen in Figure 10, although
it is less than for a flat mesh.
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Fig. 10—Pincushion distortion versus sereen potential/mesh potential.

BULB WALL
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Fig. 11—Effect of curved mesh on raster distortion.
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RESOLUTION

For usual types of electron guns, the gun—anode potential available
in the enhanced-scan tube is the mesh potential, which may be as low
as U5 the screen potential. Tests with a standard black-and-white-tube
gun operating at 4 kilovolts showed only a small deterioration in
resolution at 100 microamperes beam current. Therefore, low-voltage
gun operation is not a major factor affecting resolution in the
enhanced-scan tube at beam currents of 100 microamperes or less.

A more important influence on resolution is the lens action of
individual apertures in the mesh. On the gun side of the mesh, there
is essentially a field-free space that extends to the region under the
yoke. Between the mesh and screen there is an accelerating field that
makes each aperture an electron lens.

Mesh aperture focus may be observed experimentally as a func-
tion of the ratio of screen voltage to mesh voltage, V,/V,,, and thereby
an estimate may be made of the effect of aperture focus on resolution.
In one experiment an unfocused or spray beam from the cathode was
used without scanning. At V_/V,, = 1, no mesh pattern was resolved
at the screen because the source of electrons was too large to produce
a shadow of the fine-mesh wires. A mesh with 500 wires per inch was
used. At a ratio of 2, the mesh pattern appeared. Best focus was
obtained at a ratio of about 6, while at 8 or 9 the mesh pattern
appeared to reverse polarity (white wire image) because of the over-
focus condition. Lack of smoothness in the mesh made it difficult to
determine a precise focus ratio because field strength at the mesh is
dependent on surface irregularities such as slight dents. It was found
that the ratio for focus was about 6 whether using the 5%4-inch-
diameter or the smaller %-inch-diameter mesh.

This can be readily understood by considering mesh focusing for
a concentric mesh and screen, with radii of curvature R,, and E,, re-
spectively. The path equations for such an electrode configuration
(Equation (13) of Reference 4) lead to the following focusing condi-

tions:
v, R, \¢
—=(142 — .
Vs R,

Thus, sharp mesh focusing would be expected at

4. B. Law and E. G. Ramberg, “The Reflected-Beam Kinescope,”
Proc. IRE, Vol. 48, pp. 1409-1417, August, 1960.
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Ve/Vi=9, for R,/R,,=1; (flat mesh and screen)
Vo/V,w=6, for B,/R, =1.9;

Vo/Vu=5, for R,/R,, = 2.6;

V/V,,=4, for R/R, =4;

Ve/V,=38, for R,/R, =17.5.

The agreement with observation for the large-radius mesh is reason-
ably satisfactory. For the small-radius mesh, conditions clearly deviate
too much from radial symmetry to make the analysis applicable.

The mesh pattern may be observed while the beam is scanning if
the beam is focused in the deflection plane. Mesh-aperture focus occurs
at nearly the same voltage ratio, although the imagé is not as sharp
as the image obtained with an unscanned spray beam.

The fact that the focusing ratio is nearly the same with the beam
focused in the deflection plane as for the spray beam suggests that
the deflection imparted by the aperture fields is large compared to the
angle subtended by the aperture at the source, even when the latter
is in the deflection plane. The reduced sharpness, on the other hand,
must be attributed to the fact that the angle subtended by the source
at the apertures is much larger for focus in the deflection plane than
for the unfocused spray beam.

It is probable that a voltage ratio of less than 6 would be used
in an enhanced-scan kinescope, and therefore the aperture lenses
would be underfocused. Experimental tubes were built in which the
diameter of the ring on which the mesh was mounted was 54 inch.
The length of the intersection of the spherical surface with a plane
through the axis was 34 inch. Mesh with 500 wires per inch was used
so that the vertical height scanned on the mesh was about 225 aper-
tures. A limit of about 450 television lines of resolution is observed
at a voltage ratio of 6. The use of a lower voltage ratio or finer mesh
would raise the limit.

Thé resolution of an enhanced-scan 21-inch 110° rectangular tube
was measured at various values of V,/V,,. A 5%-inch-diameter spherical
mesh with 500 wires per inch was mounted on an einzel type gun as
shown in Figure 12. The data obtained are plotted in Figure 13.

As can be seen, the resolution falls off markedly as the ratio is
increased. However, to maintain focus as the mesh potential is
lowered, the einzel gun focus cylinder must be made increasingly more
negative to strengthen the lens and overcome the increased diverging
action of the field beyond the mesh.
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Fig. 12—Experimental gun and mesh assembly for 21-inch 110° kinescope.
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Fig. 13—Experimentally determined resolution in enhanced-scan kinescope.
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To eliminate the einzel lens, the tube was magnetically focused.
The focus electrode was tied to the anode cylinders and resolution read
as a function of V,/V,. At 100 microamperes the resolution did not
drop below 450 lines for a ratio of 5.

The tube was tested while the gun was operating in two different
ways, electrostatic focus and magnetic focus. Although a restricted
voltage range was necessary in operating the tube because of arcing
difficulties, the following sets of conditions both resulted in 500-line
resolution at 100 microamperes beam current.

2nd Anode
1st Anode (Mesh) Sereen
Focus Type (kv) (kv) (kv)
Electrostatic .63 3 12
Magnetic 3 3 12

In neither of the tests was the mesh pattern detectable.

At currents above 100 microamperes, the resolution falls rapidly
because of spoc blooming. In either case, resolution would deteriorate
rapidly for operation of the mesh below 3 kilovolts.

CONTRAST

Beam electrons that strike the mesh will produce secondary elec-
trons. Some of the high-velocity secondaries may pass through the
mesh and be accelerated to the screen, thus reducing contrast. How-
ever, the relative number of secondaries that have high velocity is
not large, and only those high-velocity secondaries that originate from
bombardment of the sides of the mesh wires will have a good chance
of striking the screen.

Of more concern is the relatively large number of low-velocity
secondaries that are liberated from the mesh. Some of these will go
through the mesh. Since the accelerating field between the mesh and
screen is divergent, these secondaries tend to form an enlarged image
of the mesh area from which they originate.

Figure 14 shows photographs of a small raster, the first with
normal exposure and the second overexposed. The screen potential was
15 kilovolts and the mesh potential 3 kilovolts. It appears that second-
ary electrons originate from the entire mesh even though only a
small area of the mesh is scanned by the beam. It is likely that the
strong curvature of the mesh permits low-velocity electrons emitted
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in a back direction to reach all portions of the mesh with a good ehance
of being accelerated through the mesh to the screen.

One method of improving contrast that has proven successful is
the acceleration of the low-velocity electrons toward the gun by appli-
cation of a potential, positive with respect to the mesh by 45 to 300
volts, to the cylinder facing the mesh on the gun side. A large

(2} (3)

Fig. 14—Small scan raster on 90° 14-inch enhanced-scan tube; phosphor

screen 15 kilovolts, mesh 8 kilovolts: (1) normal exposure, no suppression

voltage; (2) same as (1) but overexposed to show patterns caused by

secondary electrons; (3) same as (2)d but 300-volt suppression voltage
applied.

improvement in contrast is obtained as indicated in the third photo-
graph in Figure 14, where a bias voltage of 300 volts was applied.
The exposure times for photographs 2 and 3 were the same.

In the operation of sealed-off tubes in which low-velocity second-
aries were accelerated back to the gun, it was noted that not all the
secondary electron effects on contrast are eliminated by applying even
500 volts to the nichrome cylinder. This can be seen in the third
picture in Figure 14 which shows a diffuse raster displaced radially
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outward from the true raster. Overexposure has greatly accentuated
the diffuse raster intensity. In the first photograph (which was made
with normal exposure) neither the diffuse raster nor the low-velacity
scatter is visible, even though no suppression voltage was used.

Since the field at the mesh is in a direction to accelerate electrons
away from the mesh on both sides, there will be areas on the sides
of the mesh wires subject to beam bombardment where low-velocity
secondaries may still be accelerated to the screen. Low-velocity elec-
trons from the mesh must be the cause of the spurious pattern in the
third picture; this is evident from the fact that the pattern disappears
whenever the difference in potential between the screen and mesh is
less than the stopping power of the aluminum film on the phosphor
screen, regardless of the screen-voltage-to-mesh-voltage ratio or actual
values of potential.

ELECTRON
BEAM

V0

\_/\_A\\bw

Fig. 15—Mesh with knife-edge apertures.

The beam electrons may be prevented from striking the sides of
the apertures by tapering the aperture holes as shown in Figure 15.
The knife-edge side of the mesh is toward the gun, and the taper is
made sufficient to prevent the beam from striking the aperture sides.

A mesh was made with tapered knife-edge apertures by etching
holes from one side in a thin piece of supernickel and then forming
the thin metal mesh into a hemisphere with a diameter of Y%-inch.
The holes were 6 mils apart and arranged in hexagonal fashion; that
i, each hole surrounded by six equally spaced holes.

Contrast was measured using the knife-edge aperture mesh in a
21-inch 110° tube. For V,/V, = 3, the contrast was measured to be
300 to 1. A 2 x 2-inch raster displaced to the edge of the screen
was used and measurements were taken on and just off the raster
where the secondary pattern appears. For comparison, similar meas-
urements were taken using electrolytic-type mesh with 500 wires per
inch. A contrast of 70 to 1 was measured.
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Further contrast measurements were made with the tube having
the knife edge apertures by using a 6 x 6-inch raster in the center
of the tube and measuring 2 inches inside the raster and 2 inches off
the raster. Readings of contrast as a function of V,/V,, were made
for three conditions — with no bias on the nichrome cylinder, with
the cylinder 300 volts positive with respect to the mesh, and with the
cylinder 300 volts negative with respect to the mesh. The results are
plotted in Figure 16.

WITH SECONDARY
12— SUPPRESSION (300 V)

o CONTRAST IN KNIFE EDGE

e APERTURE TUBE

(09 ENFEGIEEEL 6" X 6" RASTER ON 2)” TUBE, READING
2"ON RASTER AND 2" OFF RASTER.

SCREEN POTENTIAL/MESH POTENTIAL

ACCELERATION OF
SECONDARIES TO
SCREEN

| | | 1 | | | | |

(o] 20 40 60 80 1GO 120 140 160 180
CONTRAST RATIO

Fig. 16—Contrast in knife-edge-aperture tube.

BRIGHTNESS

The brightness capability of the enhanced-scan tube is lower than
that of a conventional tube because the beam must pass through the
fine mesh located in the tube. Experimental tubes were made in most
cases by using 500 wires per inch electrolytic type mesh with about
50 per cent transmission. Metallized Corning Pyroceram® mesh or
etched mesh might be used, but it is unlikely that a transmission
appreciably greater than 50 per cent could be realized in any case.
The brightness would then be limited to one half that of a conven-
tional tube operating at the same voltage and current.

* Registered Trademark
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An experiment was performed to determine whether the power-
dissipation capability of the mesh would limit the brightness of the
tube. A 2I-inch enhanced-scan tube using 500 mesh of the electrolytic
type was scanned with a .14 x .14-inch raster on the mesh. The
mesh and screen were operated at 10 kilovolts. It was found that at
160 microamperes beam current the mesh underwent a slight deteriora-
tion after 10 minutes bombardment. If a value of 100 microamperes
were taken as a safe current, then % watt would be dissipated, assum-
ing the transmission of the mesh to be 50 per cent. Under the condi-
tions of the test, about 1/12 of the screen area was scanned, so that
roughly 1 milliampere beam current could be used safely with the
mesh at 10 kilovolts.

In practice the mesh would likely be operated at 5 kilovolts or less.
The beam current could then reach 2 milliamperes or more without
exceeding the permissible dissipation value. It is concluded, hence,
that power dissipation in the mesh would not limit tube brightness.

FABRICATION OF THE MESH

Electrolytic type mesh was used in the enhanced-scan tube. This
mesh is made by a plating technique® that was developed for producing
very fine mesh with high transmission. The mesh is very fragile and
has insufficient body to permit severe drawing operations. It was
necessary, therefore, to devise a means other than drawing to give
the initially flat mesh a hemispherical form.

A successful technique for forming the mesh to the desired shape
was developed by utilizing the shrinking action on the mesh® of
surface tension forces at high temperature as well as the yielding of
the mesh when tension is applied. Successful application of these
two processes for forming a nearly hemispherical mesh depends on
mounting the mesh between two rings with the correct amount of
looseness or excess mesh. The excess mesh is evenly distributed
around the mounting ring in the form of very fine overlaps.

Smoothing out of the mesh to a curved shape is completed as
follows. The assembly of mesh sandwiched between two rings is
placed on an oxidized, chrome-plated ball. The rings are weighted
slightly to cause some tension on the mesh and then the assembly is
heated to 950°C for 25 minutes in a hydrogen atmosphere. This treat-

5H. B. Law, “A Technique for the Making and Mounting of Fine Mesh
Screens,” Rev. Sci. Instr., Vol. 19, pp. 879-881, December, 1948.

6 H. B. Law, U.S. Patent No. 2,654,940, October 13, 1953.



ENHANCED-SCAN KINESCOPE 621

ment causes the combination of stretching and shrinking to occur
simultaneously. The resulting spherical shape obtained is uniformly
smooth provided the initial amount of material within the rings was
neither too much nor too little. Where an excess of material is pro-
vided, the retaining ring will seat on the ball but the mesh will not
attain the spherical shape. If insufficient material is provided, dis-
ruption usually occurs unless weighting by the rings is reduced.

CONCLUSIONS

It was demonstrated that the scan power required for a black-and-
white kinescope may be greatly reduced by placing a spherically curved
mesh in a conventional tube at the position where the neck joins the
funnel; the mesh and the deflection region of the tube are then oper-
ated at low potential. Best resolution was obtained when using mag-
netic focus.

The effect on contrast of secondary electrons scattered by the mesh
was minimized by applying a bias voltage which tended to draw the
secondary electrons toward the gun. A small residual effect could be
substantially eliminated by the use of specially shaped apertures in
the mesh.

The brightness of the tube is reduced by the interception of beam
electrons by the mesh.
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APPENDIX—COMPUTATION OF PARAXIAL RAYS IN ELECTRODE
CONFIGURATION APPROXIMATING THAT REALIZED
IN THE ENHANCED-SCAN KINESCOPE

The assumed electrode configuration is shown in Figure 5. It is
treated analytically by assuming that the potential distribution to
the left of the mesh is that within two coaxial equidiameter cylinders
of diameter D, with the left cylinder (z < 0) at the potential V4 and
the right cylinder (z > 0) at a potential V’ such that the equipotential
with radius of curvature p has the prescribed potential, V,. If dis-
tances are measured in units of D/2.63, the potential distribution
along the axis is given by
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V' 4V, V-V,
¢ = + tanh z, 2 < 2y,
2 2

and the radius of curvature by

Hence
2Vup— (1—p)V,

7

pt+1

The field to the right of the mesh is assumed to be that in the
neighborhood of a circular aperature of diameter D, with zero electric
field at large distances to the right of the aperture and the field E at
large distances to the left; E is established such that the equipotential
with the curvature 1/p of the mesh has the potential of the mesh, V,,.
In the same units as before, the potential distribution along the axis
is given by

Ez Ez z 1315 F

¢ =V, 4+ ———arctan 5 2> 2y,
T 1.315 T

2.637 [‘ < z 2 z 2
p= 14 > 14 : >
4 - 1.315 1.315
2 z 2z
1 ——arctan —
T 1.315 1.315=

The value of z must be found for which p = coth z. This is fulfilled
for z,, = 0.87, p = 1.43. The condition that ¢(z,,) = V,, finally,

and

leads to £ = — 6.88 (V,,— V,). Ray paths can now be integrated
by the well-known equation
3 / ¢'\?
RM=——(—) R, R =r¢l/n
16 \ ¢

taking due account of the continuity of 7 at z = Zpye



THERMAL EMISSIVITY AND CONDUCTIVITY
OF ALUMINA HEATER COATINGS*

By

N. RupNick? AND J. J. CARRONA?

Summary—The experimental determination of the thermal properties
of alumina heater coatings is described. Inconsistencies between observed
thermal behavior in electron-tube heaters and the behavior predicted from
a consideration of published conductivity and emissivity values are elimi-
nated by the establishment of new values of spectral and total emissivity.
An analysis of the transfer of heat from the electron-tube heater to its
cathode shows that the predominant mechanism is thermal radiation from
the alumina.

An analysis is made using the new low-emissivity values which indi-
cates that significant improvements in the rate of heat transfer may be
expected if the emissivity of the alumina coating is increased. Experimental
confirmation of such improvements is described. With graphite coatings
on alumina (emissivities four times that of alumina), the heat transfer is
increased by a factor of four.

INTRODUCTION

ture of about 1000°K to provide the electron emission required

for proper functioning of the device. The power required to main-
tain this temperature is supplied by passing an electrical current
through a coil or series of folds of tungsten wire enclosed by the
cathode and electrically insulated from it. The insulation is generally
provided by a coating of sintered aluminum-oxide particles on the
wire. Because heat transfer is quite poor, the heater wire must
operate at temperatures of 1500 to 1800°K to keep the cathode tem-
perature at the required level.

I[N most electron tubes, the cathode must be operated at a tempera-

These high operating temperatures limit the useful life of the
heater. High diffusion rates permit alteration of the tungsten-wire
structure which weakens and deforms it. Cyclic operation produces
thermally induced stresses between the coating and the wire which
exceed the strength of the weakened tungsten and cause failure. It is

* Manuscript received 6 October 1961.
¥ Formerly RCA Electron Tube Division; now with Gulton Industries.
1 RCA Electron Tube Division, Harrison, N. J.
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known that heater life is exponentially dependent on temperature and
that a small decrease in heater temperature can extend life many
times. A study of the mechanism of heat transfer in the heater—
cathode system was undertaken with the expectation that means could
be developed to provide reduced heater temperatures and enhanced
heater reliability.

During this study, a number of uncertainties were uncovered con-
cerning the thermal properties of the alumina heater coating. This
paper describes the measurements performed to resolve these uncer-
tainties,

THEORETICAL CONSIDERATIONS

Heat is transferred from the tungsten heater wire to the surround-
ing cathode sleeve almost totally by radiation. The power P in watts
(9.48 X 10—* BTU/sec) which is transferred is given by

5.6TAy (Ty*—TxYH)
1 Ag /1
—_—t———1
EH AK EK
where ¢y and ¢, are the total emissivities of the radiating surface of
the heater and of the inner cathode surface, respectively; A, and Ay
are the effective radiating surface area of the heater and the inner
surface area of the cathode in square centimeters; and T, and T,

are the temperatures of the radiating heater surface and of the
cathode in degrees Kelvin.

X 10—12 (1)

Thus, the dominant heater characteristics affecting power flow are
temperature, emissivity, and surface area. All three of these char-
acteristics, however, are based on measurements of doubtful accuracy.
Some of the factors questioned in this survey are discussed below.

Transparency of Alumina Coating

Because sapphire, a pure aluminum oxide, is sometimes used as a
window for infrared radiation, it is often assumed that these alum-
inum-oxide heater coatings are also largely transparent to heat radia-
tion. If this assumption were true, the heater—cathode heat flow would
consist of radiation directly from the heater wire rather than from
the coating surface. The amount of heat radiated would be determined
by the wire temperature, surface area, and emissivity, and Ty, 4,,
and ¢; in Equation (1) would refer to the wire rather than the coat-
ing. Improved heat transfer could then be achieved by altering the
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wire characteristics. The coating would serve only as electrical insula-
tion and participate in the heat flow mainly by furnishing small con-
duction paths at the scattered points of contact with the cathode.

The alumina heater coating is, however, a sintered ceramic material
rather than a clear crystal-like sapphire. Even if individual crystal
grains were transparent, the multiple reflections and refractions within
the ceramic might result in effective opacity. In this event, heat
would flow by conduction from the wire through the coating, and then
be radiated from the coating surface. Radiation would be determined
by the emissivity, temperature, and area of the coating surface. An
increase in heat output at a given temperature, or the ability to radiate
the required heat at a lower temperature, would then be attainable
only through an increase in the emissivity or effective surface area of
the coating.

Thus, the transparency of the alumina coating must be established
before Equation (1) can be used.

Total Emissivity

The total emissivity of a surface is its relative capacity to radiate
energy at a given temperature as compared with a hypothetical “black
body.” The black body emits the maximum possible energy per unit
area at a given temperature. Total emissivities of both tungsten and
aluminum oxide are given in published tables, but these values refer to
specially prepared specimens. Because smoothness, color, cleanliness,
and other factors exert a strong influence on emissivity, published
figures are not necessarily applicable to a practical situation.

For example, commercial tungsten wire retains marks from the dies
through which it has been drawn, an oxide film of variable degree
depending on the history of the wire, and other contamination from
various sources. Published aluminum-oxide emissivities are usually for
the oxide formed on smooth metal rather than for a ceramic. Even
values for the ceramic may not be valid for a porous heater coating.
In fact, as discussed in the previous section, the coating might prove
to be transparent.

It is important to know how much the heater differs from an ideal
black body to estimate the extent to which temperatures may be
reduced by “darkening” the emitting surfaces.

Spectral Emissivity

The spectral emissivity of a surface is also a comparison between
the amount of radiation from that surface and the radiation from a
black body, but consideration is restricted to energy lying within a
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narrow band close to a particular wavelength. Because it may vary
with wavelength, spectral emissivity must be specified in association
with a specific wavelength.

Spectral emissivity is important in the present work because of the
use of optical pyrometry. Because all work in this field deals with
heater temperatures at which visible radiation is involved, optical
pyrometry is a conventional method used for temperature measure-
ments. However, an optical pyrometer reading must be adjusted in
accordance with the spectral emissivity of the surface being tested;
therefore, the spectral emissivities of heater materials must be known.
Large errors in temperature data may result from inaccurate emis-
sivity values.

The same shortcomings of published values mentioned above for
total emissivities also apply to spectral emissivities.

Temperatures of Heaters

The operating temperature of heaters ranges from about 1500 to
1800°K. Because of the difficulties in using thermocouples within an
evacuated glass bulb on bodies of such small mass, only two methods
are feasible for determining temperatures in this range: (1) optical
pyrometry, and (2) resistance thermometry in which the tungsten
heater wire is itself the sensing resistor.

These methods have been used in the past with sometimes conflict-
ing results. Thus, it was necessary to investigate the use of these
methods and the extent of disagreement between their results.

Thermal Conductivity of Alumina Coatings

Temperature differences of as much as 200°C have been reported
between heater wire and coating surface. The temperature of the
coating surface depends on the conductivity of the particular alumina
structure involved. Thermal conductivities of alumina ceramic in the
temperature range from 1000 to 1500°K vary from 0.013 to 0.018
calorie per centimeter per degree Centigrade per second, as reported
by Kingery et al! for zero porosity. For an average conductivity at
zero porosity of 0.015 and an estimated actual porosity of 50 per cent,
the coatings might be expected to have a conductivity of 0.0075
cal/em/°C/sec or about 0.03 watt/em/°C. The temperature drop AT
(°C) across the coating is given by

!'W. D. Kingery, J. Franel, R. L. Coble, and T. Vasilos, “Thermal Con-
ductivity: X, Data for Several Pure Oxide Materials Corrected to Zero
Porosity,” Jour. Amer. Ceram. Soc., Vol. 37, p. 107, February 1, 1954,
Part II.
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P D,
AT=————In—ro, (2)
k2L D,

where P is the power flowing through the coating in watts, k is the
thermal conductivity in watts/cm/°C, L is the length of the heater in
centimeters, and D, and D; are the outside and inside diameters of the
coating, respectively.

In a relatively extreme example, the tube type 6DQ6A, heater
power of 7.55 watts is delivered by 20.4 centimeters of folded wire.
The outside and inside diameters of the coating are, respectively, about
17 and 5.8 mils. For a thermal conductivity of 0.03 watt/em/°C, the
drop across the coating would be approximately 2°C. Thus, the tem-
perature difference between wire and coating should be negligible even
at many times this power input.

The discrepancy between the expected and observed temperature
drops could be caused by an effectively lower thermal conductivity than
the published figure, due either to a difference in character between
the porous coating and a conventional ceramic or to the existence of
a thermal barrier at the wire—coating interface. Otherwise, either the
temperature measurements or their interpretation must be in error.

Large temperature differences between wire and coating appeared
to oceur in two situations. In one case, the wire was exposed by a
chip in the coating, and the temperatures of the exposed wire and the
intact coating were measured by an optical pyrometer. In the second
case, a bare and a coated wire having the same base-wire dimensions
were heated to the same resistance (i.e., mean temperature), and the
temperatures at the mid-points of both wires were measured optically.
In both these cases, the apparent temperature drop depended on the
accuracy of optical pyrometer measurements, which, in turn, were
reliable only insofar as the assumed spectral emissivities of wire and
coating were reliable.

Another possible area for misinterpretation lay in the geometry of
the arrangements. The wire exposed at the chip lacked the cooling
influence of the coating, which could dissipate more heat than the bare
wire by radiation from a relatively larger surface. The chip thus
tended to produce a higher temperature in the bare wire than if the
coating were not broken away. Moreover, the slight rise in wire tem-
perature produces a rise in local electrical resistivity which, for a
given current, increases the power converted into heat in that region
and further increases the temperature. The extent to which the tem-
perature of the expased wire may exceed the temperature of neighbor-
ing coated regions is moderated somewhat by the increasing ability to
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lose heat by enhanced radiation (which rises as the fourth power of
temperature) and by thermal conduction of heat from the hot spot
along the wire to cooler portions.

It was shown by W. H. Fonger? that this wire temperature rise
due to a chip in the coating could be high enough to account for part
or most of the reported observation. He also pointed out that the
measurement of an apparent temperature drop across the coating was
actually a comparison of the wire temperature at the bare hot spot
with the temperature of the coating over a cooler section of wire away
from the exposed portion. That is, what was observed was, to a large
extent, a lateral rather than a radial temperature drop.

In the second instance, involving one bare and one coated wire, the
temperature distribution along the length of the coated wire was
different from that of the bare wire. Thus, although the mean tem-
peratures were the same, the temperatures at particular points might
differ.

If the apparent temperature drop across the coating were a true
one, it would impose a serious limit to the reduction of heater tem-
peratures through improvement of heater—cathode heat transfer.

TRANSPARENCY OF ALUMINA COATING

For the investigation of the transparency of the aluminum-oxide
heater coating, three types of heaters were mounted in dummy bulbs
in the form of single straight lengths of about 8.5 centimeters. All of
these heaters were from the same spool of tungsten wire, and were
first cleaned in line hydrogen at 1650°C for five minutes. The three
types used were as follows:

1. Bare wire, 3.7 mils diameter.

2. Wire cataphoretically coated with alumina and fired in line

hydrogen at 1750°C for five minutes; outside diameter was 17.5
mils.

3. Bare wire threaded through a loose sleeve of alumina. The
sleeve had an inside diameter of 11.6 mils and an outside
diameter of 25 mils, and was made by cataphoretically coating
molybdenum wire, firing as for type 2, dissolving out the base
wire with acid, washing, and baking dry. The sleeve was fragile
and was actually made of about five long pieces.

The cold resistances were tested at 20.5°C by measuring the voltage

?W. H. Fonger, RCA Laboratories, Princeton (Private Communica-
tion).



ALUMINA HEATER COATINGS 629

drop across each heater with 1.5 milliamperes flowing through it. D-C
voltage was then applied to each heater from a battery source until
the resistance increased to approximately 4.6 times the cold resistance.
(According to the Jones and Langmuir table? this is equivalent to
about 1010°K.) The results of these measurements are given in
Table 1.

Table I—Effect of Wire-Coating Contact on Radiation from
Single-Strand Heaters

Type of Heater Length Resistance Voltage Current Power

(mm) (ohms) (volts) (amperes) (watts)
cold hot
Bare wire 38.0 0.375 1.73 1.15 0.664 0.76
Alumina-coated
wire 35.0 0.346 1.61 1.60 0.995 1.6
Bare wire within
alumina sleeve 32.5 0.336 1.54 0.900 0.585 0.53
Mean Temperature (all cases): 1010°K
Base-Wire Diameter (all cases): 3.7 mils
Coating Diameter (coated wire): 17.5 mils
Sleeve Dimensions (sleeve wire) : 0.D. 25.0 mils; I.D. 11.6 mils

The cold resistances varied because of differences in heater length.
Figure 1 shows the temperature distributions as measured by an
optical pyrometer. The readings were not corrected for spectral emis-
sivities, which were assumed unknown at that time. Despite the wide
variation in brightness temperature along each heater, 1010°K repre-
sents the mean true temperature because of the almost linear relation
between resistance and temperature for tungsten. There is no con-
tradiction in this value even though the peak brightness temperatures
are 1060, 1160, and 1350°K, and the true temperatures must then be
even higher. Because the wires were short, the temperatures were not
uniform, but ranged from the relatively cold temperatures at the
heavy stem leads to the peaks at the centers. When temperatures vary
so extensively, the maxima might be expected to exceed the means by
a considerable amount.

Even without knowledge of the true temperatures, it is possible to
draw valid conclusions. For example, the alumina is not transparent.

3 Properties of Tungsten, Handbook of Chemistry and Physics, p. 2457,
33rd Edition, Chemical Rubber Publishing Co., Cleveland, Ohio (1951-1952).
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If it were, the radiation from the wire in all three cases would emerge
relatively unimpeded and there would be only small differences among
the three filaments. The large differences observed demonstrate that
the coating is an active participant in the thermal transfer.

The input power represents the rate at which heat must be gen-
erated electrically to replenish losses by radiation and end conduction

MEAN TRUE TEMPERATURE A, 10I10° K

TYPE OF | POWER | LENGTH
CURVE WIRE '(WATTS) (MM)

L BARE | 0.76 38
1900 5 | coaven | ie 35
3 |sieevenl o.53 32.5
|
1300 // \E\

1100 // / \

BRIGHTNESS TEMPERATURE — °K
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PER CENT OF HEATER LENGTH

Fig. 1—Brightness temperatures; short wires variously covered.

and thus to maintain the wires at equilibrium temperatures. The bare
wire required a power input of 0.76 watt. The coated wire, in which
the tungsten was at the same mean temperature as the bare wire,
required over twice this amount. When the coating was in the form
of a loose sleeve, with conduction paths between wire and alumina
almost completely absent, the power requirement fell sharply to 0.53
watt. Because the heat losses to the stem leads could not have differed
drastically among the three cases, the differences in power levels must
reflect, primarily, differences in radiated power. If these unknown,
but large, stem-lead heat losses (large because of short wires and
heavy leads) could be subtracted from the total powers, the remaining
radiation losses would actually vary by much larger ratios than the
gross power figures.
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The fact that the radiation from the sleeved wire was much less
than that from the bare wire indicates that the alumina sleeve is not
transparent; the outflow of heat was diminished by its presence. The
radiant energy emitted from the two tungsten surfaces was a function
of their temperatures, which were approximately the same. (The effect
of differences in temperature distribution is discussed below.) In the
case of the bare wire, this energy was lost irretrievably. In the case
of the sleeved wire, some of the energy was returned to the tungsten
surface by reflection and by re-radiation back from the sleeve. The
difference between the input power levels for the bare and sleeved
wires must then denote the fraction of the primary radiation returned
by the sleeve and absorbed back into the tungsten.

These results do not prove that the alumina is totally opaque; how-
ever, the large power difference between the sleeved and bare wires is
inconsistent with any great degree of transmission.

Much greater radiation was emitted from the coated wire, in which
there was an extensive conduction path between wire and coating.
This increased radiation can result only from a greater emissivity, a
larger emitting surface, a higher temperature, or a combination of
these factors.

As regards emissivity, it is conceivable that the process of applying
and firing the coating can so alter the tungsten surface as to raise its
emissivity. However, such a hypothetical tungsten emissivity could not
have affected the results because, as described above, the alumina
sleeve, and therefore the alumina coating as well, blocked radiation
directly from the metal. Thus, the governing characteristic was the
coating emissivity. The emissivity of the coating may be higher or
lower than that of tungsten, but it is improbablé that it could be so
high as to account for the observed radiation from the coated wire.

However, as a consequence of the opacity of the alumina, the emit-
ting surface was increased to the area of the coating surface, almost
five times that of the bare wire. This change could easily explain the
larger amount of radiation.

Finally, with respect to temperature, the differences are such as to
reduce radiation rather than increase it. First, the conduction of heat
from the base wire to the coating surface must have been accompanied
by a temperature drop. (Whether this drop was large or small is
discussed later.) Therefore, the radiation originated at a surface
which was at a lower temperature than that of the base tungsten.
Second, although the wire under the coating was held at the same
mean temperature as the bare wire, the temperature-distribution curve
for the coated wire was flatter than that for the bare wire, as shown
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in Figure 1. It can be demonstrated mathematically that a surface
having such a narrow temperature spread radiates less energy per
unit time than a second surface which has the same area, total emis-
sivity, and mean temperature, but has some portions hotter and some
cooler than the mean. The enhanced radiation from the hotter regions
more than offsets the diminished radiation from the cooler regions.
It can be concluded, then, that the coated wire radiated so much more
heat than the bare wire mainly because of a greater emitting surface.

In Figure 1 there appears to be a large difference between the mid-
point temperatures of the bare wire and of the coating on the coated
wire. The temperatures plotted have not been corrected upward for
spectral emissivity. Because the spectral emissivities of tungsten and
alumina are not likely to be the same, the required corrections may
be widely disparate. Part of the apparent difference might therefore
disappear if the true temperatures could be determined. Part of the
difference is also due to the dissimilarity in temperature distribution.
Although both wires were at the same mean temperature, the coated
wire had a smaller dispersion of temperatures and therefore a lower
maximum temperature at the center than the bare wire. It would be
premature to speculate about the magnitude of the temperature drop
across the coating in the coated wire on the basis of such uncertain
data.

The results of these tests show (1) that the alumina insulation is
largely opaque to radiation at the wavelengths involved, and (2) that
the heat transfer includes conduction from base wire to coating sur-
face and radiation from the coating surface.

RESISTIVITY, EMISSIVITY, AND TEMPERATURE OF TUNGSTEN

The results described thus far are essentially qualitative. Fila-
ments were too short for accurate measurements, end losses were too
high, and temperatures were too variable from point to point. There-
fore, a more appropriate test filament was made by stretching a ten-
inch-long tungsten wire taut along the axis of a special glass tube
12 inches long and 1% inches in diameter, with an eight-pin button
stem sealed into each end. The ends of the filament were welded to
stem leads at the ends of the tube. Pairs of thermocouples were also
welded to these same stem leads, one couple at each filament junction,
and one added couple further down on each of the two stem leads.
The remaining leads of the stems were used as auxiliary feedthrough
conductors for the thermocouple wires. Because the 4-mil chromel-
alumel thermocouple pairs were thin compared with the 30-mil nickel
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stem leads, they had little effect on end heat losses. The tube was
baked and evacuated, and a getter was flashed at each end.

The spacing between the thermocouples permitted measurement of
the temperature gradients along the nickel filament supports, and sub-
sequent calculation of the heat lost by end conduction. No thermo-
couple compensation or special reference junctions were used because
only temperature differences were important. The couples at the fila-
ment-stem-lead joints were used to determine the temperatures of the
weld points, but accuracy was not critical.

Table I1—Electrical Measurements on Bare-Tungsten Long Filament
(Length = 26.27 ¢m, Diameter = 2.83 mils = 7.19 X 10—2 ¢m)

Approx. Temp. Voltage Current  Resistance  Power End Loss
°K) (volts) (amps) (ohms) (watts) (watts)
1200 4.37 0.2400 18.2 1.05 0.06
1400 8.00 0.3487 22.9 2.79 .10
1600 11.70 0.4384 26.7 5.12 0.13

The wire was heated by direct current to three temperatures, in
the neighborhood of 1200, 1400, and 1600°K. Currents, voltages, and
thermocouple outputs were then recorded, and optical pyrometer read-
ings were made along the length of the wire. A red filter was used
which had characteristics such that the effective wavelength of the
radiation seen by the pyrometer was approximately 0.65 micron. Di-
mensions of the wire and electrical measurements are shown in Table
II. The end losses, Py, in watts were calculated from the relation

AT
PE':2kNAN_’ (3)
AX

where ky, the thermal conductivity of nickel in watts/em/°C, is 0.59;
AT/AX is the temperature gradient along the stem lead in °C/cm,
and Ay, the cross-sectional area of the stem lead in square centimeters,
is 4.56 X 10—3.

The factor 2 in Equation (3) represents the contribution of both
ends of the filament. Temperature gradients at the two ends were in
close agreement.

Brightness temperatures for these filaments are shown in Figure 2.
Temperatures at the ends are actually true temperatures, as measured
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1
:by a thermocouple, but would be close enough to brightness tempera-
tures in this low region to make little difference in the curve.

A first approximation of the true temperatures was made by using
.the published value of spectral emissivity for tungsten at 0.65 micron
.between 1200 and 1600°K, which ranges from 0.44 to 0.45. In trans-
mission through the glass bulb, eight per cent of the radiation is lost
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Fig. 2—Brightness temperatures of long wires; bare tungsten.

by reflections from the inner and outer glass surfaces, and the ap-
parent emissivity is reduced to 0.92 X 0.45, or to between 0.41 and
0.42. Corrections for an effective emissivity of 0.42 yielded new tem-
perature distributions with plateau temperatures of 1172, 1419, and
1599°K true, as compared with 1120, 1341, and 1501°K brightness,
respectively.

The wire was then considered as divided into segments with
associated temperatures equal to the mean of the temperatures at the
segment endpoints. Each large central region of constant tempera-
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ture was considered as a single segment, and the regions of rapidly
changing temperatures near the stem leads were divided into 0.5- and
1-centimeter segments. The electrical resistivity for each tempera-
ture was determined from the Jones and Langmuir table. The expected
total resistance R in ohms was then calculated from the relation

1
R:—ZPTAZ, (4)
A

where A is the cross-sectional area in square centimeters, pp is the

Table I1I—Representative Data and Resistance Calculation for
Bare-Tungsten Long Filament

Measured Data Caleculations
Segment Al Tmean pr pral
Position 7T:" Tr** (microhm- ¢mierohm-
(em) (°K) (°K) (em) (em) (°K) em) em?)
0 R 341 0-1.0 1.0 769 18.08 18.08
1.00 1141 1197 1.0-1.5 0.5 1264 32.93 16.46
1.50 1265 1332 1.5-2.0 0.5 1350 35.60 17.80
2.00 1297 1368 2.0-2.5 0.5 1388 36.82 18.41
2.50 1334 1409 2.5-3.5 1.0 1414 37.64 37.64
3.50 1341 1419 3.5-22.77 19.27 1419 37.80 728.40
13.13 1341 1419 22.77-23.77 1.0 1410 37.50 37.50
22.77 1341 1419 23.77-24.27 0.5 1395 37.03 18.52
23.77 1326 1401 24.27-24.77 0.5 1353 35.70 17.85
24.27 1316 1389 24.77-25.27 0.5 1248 32.47 16.24
24.77 1252 1317 25.27-26.27 1.0 762 17.85 17.85
25.27 1125 1179
26.27 o 344 SprAl = 944.7
944.7 X 10—8
R = — 23.2 ohms
4.07 X 10—5

* Brightness temperature.
** True temperature based on effective emissivity of 0.42.

resistivity at the temperature of the segment in ohm-centimeters, and
Al is the length of the segment in centimeters.

Table 11T shows a representative calculation based on this method,
and Table IV compares the calculated resistances with the measured
resistances of Table II. The agreement is very good between resist-
ances based on the Jones and Langmuir data and published spectral
emissivities for tungsten and resistances based on a simple measure-
ment of current and voltage. Although this agreement does not con-
stitute rigorous, absolute proof, it makes reasonable the assumption
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that the book values of resistivity and spectral emissivity accurately
describe the characteristics of clean tungsten wire. Therefore, if the
clean, bare wire is visible, its true temperature may be measured with
confidence by optical pyrometer. If it is not visible, its temperature
is represented by its resistivity. However, unless the temperature of
the wire is uniform, or nonuniformity can be accounted for, the resist-
ance method may not be practical.

Table IV—Comparison of Calculated and Measured Resistances of
Bare-Tungsten Long Filament

Approx. Temp. R cale. R meas. Deviation
(°K) (ohms) (ohms) (%)
1200 18.2 18.2 0
1400 23.2 22.9 1.3
1600 27.0 26.7 1.1

For example, if the temperature distribution of the bare wire
under discussion were not known and the wire were assumed to be at
a single, uniform temperature, the resistivity p in ohm-centimeters
for a temperature of 1400°K (center temperature 1419°K) would be
calculated as follows:

RA 229 X 4.07 x 10-3
p=—= =35.5% 10-¢, (5)
L 26.27

where R is the resistance in ohms (volts/amperes), A is the cross-
sectional area of wire in square centimeters, and L is the length of
wire in centimeters.

In the resistivity-temperature table, this resistivity corresponds to
a temperature of 1347°K, which is 72°K less than the true plateau
temperature. This difference reflects the influence of the cooler ends
of the wire on the average resistivity.

When the true temperatures are known, the total emissivity may be
calculated. The most direct way is to consider the center of the wire.
Because the wire is at thermal equilibrium, the power generated per
unit length equals the power lost per unit length. Also, because the
temperature gradient along the wire is zero on the central plateau, no
heat is conducted along the wire from the center. Thus the power
generated per unit length equals the power radiated per unit length
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at the center, as shown by the following equation:
I?p
—— =5.67T¢ A, T* X 10—12 watts/cm, (6)

¢

where I is the current in amperes, p is the resistivity at center tem-
perature in ohm-centimeters, A, is the cross-sectional area of the wire
in square centimeters, ¢ is the total emissivity of the wire, A, is the
surface area per unit length in square centimeters per centimeter,
and T is the temperature at the center in °K.

This equation may be rewritten

I?p

= x 1012, N
5.67 A A,T*

€

Table V—Total Emissivities of Bare-Tungsten Long Filament

True Temp. Current Resistivity Total Emissivity
(°K) (amps) (microhm-cm) cale. published*
1172 0.2400 30.18 0.176 0.139
1419 0.3487 37.80 0.218 0.178
1599 0.4384 43.53 0.246 0.207

* American Institute of Physies Handbook 1957.

Then, the terms A, and 4, can be combined;

D2 72D3
AA, = X 7=
4 4

cm? (8)

where D, the diameter of the wire in centimeters, is 7.19 X 10-3.
Equation (7) for total emissivity ¢, may then be rewritten

1.92 I%p

€= X 1077,
T4

Table V compares the calculated results with published values of
total emissivity for tungsten. Although there is fair agreement be-
tween experimental and book values, the consistently higher experi-
mental values suggest that the surface of factory wire is not as clean
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and/or as polished as the specimen used in obtaining the published
emissivities. A test wire was oxidized almost to blackness by heating
to a red glow in air and its emissivity was then measured near 1200°K
by the technique described above. The emissivity was found to have
risen to 0.68. Apparent values of 0.3 and 0.4 have been recently
reported by other workers. These high values were probably also due
to surface imperfections or contamination, or possibly to some gas in
the tube used. The spectral emissivity appears to be relatively insensi-
tive to minor surface variations.

These results demonstrate that the resistivity—temperature table is
consistent with published values of spectral emissivity when both are
applied to tungsten heater wire. The total emissivity values derived
from temperatures based on these characteristics agree approximately
with published values for clean, polished tungsten, and deviate only
as might be expected. It is reasonable to assume, therefore, that the
properties of the wire are well defined, and that wire temperatures
can be arrived at with assurance.

EMISSIVITIES AND TEMPERATURE OF ALUMINA COATING

The spectral emissivity of the alumina coating can be found if both
the true and the brightness temperatures are known. The brightness
temperatures can be measured by optical pyrometer. The true tem-
peratures must be deduced indirectly. Brightness temperature, Tp, and
true temperature, T, are related by the following equation:

T = , )]

l+———  T,lneg
1.438 X 10¢

where X is the wavelength in microns corresponding to the pyrometer
filter, and e, is the spectral emissivity at this wavelength. For wave-
lengths near 0.65 micron, as is usually the case, this equation becomes

Ty
r=—— (10)
TB In €\
R
22,120

This equation is plotted as a family of curves for easy reference in
Figure 3. Although a wavelength of 0.665 rather than 0.65 micron was
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used in the preparation of these curves, the temperature difference
rarely amounts to more than a few degrees.

True temperatures are also needed for the calculation of total emis-
sivity from the dimensions of the coating and the radiated power by
means of Equation (6). True temperatures of the alumina coating
were obtained by an indirect approach. From the same spool of 2.83-

1000, ) 5

V2. 7 2 k)
000 : SZ O e
600 |

400

200

CORRECTION — °K

WAVELENGTH=0.665 MICRONS

| = e e—— o P
800 1200 (600 2000 2400 2800 3200 3600 4000
0BSERVED TEMPERATURE — °K

Fig. 3—Corrections to brightness-temperature determinations.

mil tungsten wire used previously, two more types of ten-inch-long
filaments were made. First the wire was drag-coated with alumina
and fired to a diameter of 9.2 mils. One ten-inch length of this coated
wire was then mounted in a long, glass tube exactly as described be-
fore. The second piece of coated wire was dipped in a lampblack (dag)
graphite dispersion diluted with methanol. This process deposited a
very thin film of graphite on the alumina surface without appreciable
change in the coating diameter and without penetration of the coating
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which might have altered its electrical or thermal conductivity. The
ten-inch length of black-coated wire was then mounted exactly like the
others. The tubes were baked with the filaments glowing to drive out
gas and volatilize any remaining vehicle and binder in the graphite.

The graphite provides a su#face of high emissivity, both total and
spectral. Surfaces of high emissivity are more likely to correspond to
published radiation characteristics than a white or metallic surface.
Also, the difference between true and brightness temperatures becomes
very small for higher emissivities. At 0.76, the listed spectral emis-
sivity of graphite, the difference is only 35 degrees at 1600°K. Thus,
even a relatively large discrepancy between the actual behavior of the
graphite film and the published emission characteristics introduces only
small errors in the estimation of true temperatures.

Table VI—Electrical Measurements—White- and Black-Coated
Long Filaments

Approx,
Temp. Voltage Current Resistance Power End Loss
(°K) (volts) (amps) (ohms) (watts) (watts)

white black white black white black white black white black

1200 870 159 0.4780 0.8844 18.2 18.0 416 141 0.09 0.22
1400 13.6 27.7  0.5800 1.176 23.4  23.6 7.89 326 014 036
1600 17.4 36.7 0.6540 1.374 26.6 267 114 504 019 0.50

White: Length = 25.54 ¢m, Diameter = 9.2 mils.
Black: Length = 25.33 em, Diameter = 9.2 mils.

The white and black heaters were then raised to temperatures close
to 1200, 1400, and 1600°K, based on the resistances expected for those
temperatures, as done previously with the bare wire. Results are
shown in Table VI and Figures 4 and 5.

The results show that the black heater radiates three to four times
as much heat as the white heater of the same dimensions when the
enclosed wires are close to the same temperature. If the brightness
temperatures of the black heater are corrected for a spectral emissivity
of 0.76 (less eight per cent for loss by reflection from the glass bulb,
for an apparent emissivity of 0.7), the true plateau temperatures be-
come 1170, 1442, and 1600°K, as compared with brightness tempera-
tures of 1148, 1407, and 1558°K, respectively. Several facts testify
to the accuracy of these true temperatures. First, they agree very
well with the temperatures previously calculated for the bare tungsten
wire (1172, 1419, and 1599°K). Second, if the spectral emissivity
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e |
were higher (e.g., unity, as for a perfect black body), the error would

be only 42°K at worst; it is certainly much less than this figure. The
true temperatures for a black body would be the same as the brightness
temperatures. Third, if the emissivity were much less than the as-
sumed value of 0.76, the calculated true temperatures would appear to
be high as compared with those of the bare wire; it is inconceivable
that the coating temperatures would exceed those of the wire.

3
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COATING: 9.2 MILS
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Fig. 4—Brightness temperatures of long wires; alumina coated.

This agreement between the coating-surface temperatures and those
of the bare wire suggests that there is no large temperature drop
across the coating. In testihg this conclusion, it was assumed that the
observed coating temperatures on the black heater were also those of
the wire underneath. The resistances expected of the wire at these
temperatures were then calculated, using the same procedure as for
Table III. These calculated values agree very well with the actual
measured resistances, as shown in Table VII. It may be concluded,
therefore, that the assumed spectral emissivity is substantially correct
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and that, even at these high power levels, there is very little drop in
temperature across the coating thickness.

Equation (7) was used to calculate the total emissivities of the
black coating at the centers of the plateaus of temperature. If the
value =D = 0.0735 centimeter is substituted for A,, the coating sur-
face area per unit length, the total emissivity ¢ is given by

5.90 I2p
¢ = ——— X 1017, (11)
T4:

Total emissivity values calculated from this equation for the graphite-

Table VII—Comparison of Calculated and Measured Resistances for
Long Filament with Graphite on Alumina Coating

Approx. Temp. R cale. R meas. Deviation
(°K) (ohms) (ohms) (%)
1200 18.3 18.0 1.6
1400 23.6 23.6 0
1600 26.8 26.7 0.4

covered alumina were 0.75, 0.72, and 0.74, respectively, for tempera-
tures of 1200, 1400, and 1600°K. These values are very close to the
spectral emissivity, as might be expected for relatively black surfaces.

Because the power flowing from the base wire to the white alumina
surface in the case of the conventionally coated heater is less than
one third that for the black heater, the temperature drop must be less
in the same proportion. Therefore, the wire and the white coating
are at essentially the same temperature. This temperature must be
close to that of the black-coated wire because both have almost exactly
the same length and hot resistances. In the black heater, however, the
temperature plateaus are broader. Thus for a given hot resistance,
or average temperature, the plateau temperature of the black heater
may be expected to be slightly less than that of the white heater.

At a first glance, therefore, the spectral emissivity of the white
alumina coating must convert brightness temperatures of about 1070,
1256, and 1385°K to true temperatures of about 1172, 1419, and
1599°K, respectively. A suitable value of ¢, was calculated to be 0.15.
However, when this value was used to calculate expected resistances
for tentative true temperatures of tungsten, agreement between cal
culated and measured resistances was not as good as that found for
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Table VIII—Comparison of Calculated and Measured Resistances for
Long Filament with White Alumina Coating
(Assumed ex = 0.13)

Approx. Temp. R calc. R meas. Deviation
(°K (ohms) (ohms) (%)
1200 18.2 18.2 0
1400 23.1 23.4 1.3
1600 26.4 26.6 0.75

the bare wire and the black-coated heater. A value of 0.12 was found
to yield good agreement, as shown in Table VIII. This calculation
corresponds to an actual value of 0.13 because an eight-per-cent differ-
ence is assumed for transmission loss in the glass bulb.

The true plateau temperatures of the white heater are then 1196,
1429, and 1595°K. Total emissivities for these values calculated from

LENGTH—25.33 CM
DIAMETER—WIRE: 2.83 MILS
COATING: 9.2 MILS
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Fig. 5—Brightness temperatures of long wires; graphite over alumina
coating.
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Equation (11) (which is the same for the black and the white heaters
because their dimensions are the same) were 0.20, 0.18, and 0.17,
respectively. These emissivities are about one-fourth that of graphite.
A graphite-coated heater thus radiates heat at a rate four times that
of a white heater having the same dimensions and the same tem-
perature.

Previous corrections of optical pyrometer sightings on alumina
coatings were made for a spectral emissivity of 0.30, the number listed
in the American Institute of Physics Handbook as the probable value
for the oxide formed on the smooth metal. This value yields a true
temperature of 1640°K for a brightneés temperature of 1500°K. The
calculated spectral emissivity of 0.13 yields a true temperature of
1760°K. The difference of 120°K emphasizes the importance of
accuracy in spectral emissivity values.

A search of the literature had uncovered no information on the
emissivity of heater coatings. A further search in other fields, how-
ever, yielded at least partial corroboration of the results of the present
work. The diffuse reflecting power of aluminum oxide pigment is
given in the Handbook of Chemistry and Physics as 84.1 per cent at
0.6 micron and 87.7 per cent at 0.95 micron. For opaque bodies, the
sum of reflectivity and emissivity is unity. Thus, if the reflecting
power is taken as a measure of reflectivity, the spectral emissivities
for alumina pigment are 0.159 at 0.6 micron and 0.123 at 0.95 micron.
The value of 0.13 determined in the present work for alumina coatings
at 0.65 micron falls in this range. In a paper on alumina propertiest
there is reference to measurements of the emissivities of alumina
ceramic bodies by various workers. The variation of total emissivities
is shown in Table IX. The spectral emissivity was reported by one
group as 0.15 at 0.655 micron from 1000°C to 1600°C. These figures
are in reasonable agreement with the results in the present paper. The
published emissivities, both spectral and total, are slightly higher.

THERMAL CONDUCTIVITY AND THE TEMPERATURE Drop
ACROSS THE COATING

The data presented above show a very small temperature drop
across the coating. Because the determination of the temperature
drop was admittedly not direct, but was reasoned from sensible as-
sumptions about the resistance of the wire and the emissivity of
graphite, there is considerable uncertainty about the exact magnitude

+ A. S. Russell, et al., “Alumina Properties,” Technical Paper No. 10
(Revised), Aluminum Company of America, Pittsburgh (1956).
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of the drop. The fundamental assumption was that the difference in
temperature between the wire and the surface of the coating was too
small to be detectable within the limits of the experimental technique.
Because the agreement between measured wire resistances and those
calculated by an assumption of zero temperature drop in the coating
was better than 2 per cent, it might be supposed that 2 per cent is
approximately the maximum temperature drop that might actually
have existed. At 1600°K, this drop would be 32°K.

Table IX—Total Emissivity of Alumina Ceramict

Temperature Emissivity

(°C) (°K)

100 373 0.9

400 673 0.8

750 1023 0.5
1000 1273 0.3
1600 1873 0.18
2760 3033 0.12

Equation (2) may be rewritten as a formula for the thermal con-
ductivity k, as follows:

pP D,
k=———I1In .
2xATL D,

12)

For an outer coating diameter of 9.2 mils, a wire diameter of 2.83
mils, and a temperature drop of 32°C, Equation (12) becomes

p
I = 0.0059 , (13)
L

where P/L is the radial power flow per unit length. At the midsection
of the filament, this factor is equal to the power generated per unit
length of wire, i2p/A4,.. At 1600°K, p = 43.55 X 10—¢ ohm-centimeter.
A,, the cross-sectional area of the wire, is 40.6 X 10—°% square centi-
meter. The current i was 1.374 amperes for the black coating. Because
of its greater power flow, 2.03 watts per centimeter, this coating would
be expected to exhibi* the greater temperature drop. The calculated
thermal conductivity for the graphite-covered coating was 0.012 watt
per centimeter per degree centigrade, which is lower than the figure
of 0.03 watt per centimeter per degree centigrade based on published
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ceramic data and an assumption of 50 per cent porosity. However,
the assumed temperature drop is an extreme estimate; the porosity
may differ from 50 per cent, the contact between wire and coating
may not be uniform, and the alumina coating might be expected to
be different from the bulk ceramic in some respects. Therefore, it may
be concluded that the conductivity values are in fair agreement. In
terms of tube operation, where powers are usually less than 0.35 watt
per centimeter, the difference is negligible, e.g., the temperature drop
is typically under 2°C for a conductivity of 0.03, as compared with
8°C for 0.012.

Thus, the following conclusions can be drawn: (1) the published
thermal conductivities for alumina ceramic are applicable to heater
coating; (2) there is a negligible temperature difference between
heater coating and heater wire (except where the coating is in direct
contact with the cooler cathode); and (3) the apparently large tem-
perature drops observed previously were not in fact large, but were
misinterpretations based on inadequate emissivity data and misleading
geometry.

CONCLUSIONS

The spectral emissivity of alumina heater coatings at 0.65 micron
in the temperature range of heaters is close to 0.13. The total emis-
sivity is between 0.17 and 0.20.

The spectral emissivity of bare tungsten heater wire is 0.45 at 0.65
micron at typical heater temperatures and is relatively insensitive
to contamination of the wire surface. The total emissivity of bare,
clean wire rises with temperature from about 0.18 at 1200°K to 0.25
at 1600°K, and is more dependent than spectral emissivity on the
conditions of the surface, generally increasing with contamination or
roughness.

There is very little difference in temperature between the heater
wire and the heater-coating surface except at points where the coating
is cooled by contact with the cathode. Thus, there is no serious obstacle
to the reduction of heater temperatures by an increase in the coating
emissivity. The emissivity of white alumina is so low that a great
increase in radiation efficiency may be achieved by darkening the
coating either in bulk or merely on the surface.

The alumina coatings are largely opaque to heat radiation. Heat
is transferred almost solely by conduction from the base wire to the
heater-coating surface and by radiation from there to the cathode.

"Temperatures determined by optical pyrometry with proper emis-
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sivity corrections agreed within two per cent with those determined
from the electrical resistivity of the heater wire.

Since the completion of this work, the application of these princi-
ples has resulted in the improvement of the emissivity of heater
coatings in presently produced electron tubes with a substantial
increase in heater life.
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THE EFFECT OF A D-C MAGNETIC FIELD ON
THE UHF PERMEABILITY AND LOSSES OF
SOME HEXAGONAL MAGNETIC COMPOUNDS*t

By

R. L. HARVEY, I. GORDON, AND R. A. BRADEN

RCA Laboratories,
Princeton, N. J.

Summary—The properties of ‘certain ferromagnetic materials having
a hexagonal crystal structure are described with particular reference to
their use as tuning elements at frequencies above 200 megacycles. Tuning
s accomplished by varying the permeability by means of an adjustable
biasing magnetic field. This paper discusses the nature of the materials,
the method of evaluation, and the magnetic properties at frequencies from
250 to ‘1750 megacycles. In this frequency range the hexagonal crystal
materials are found to be superior to the better known cubic ferrites.

INTRODUCTION

ERRITE MAGNETIC COMPOUNDS have relatively high per-
Fmeability and low losses at high frequencies, and have made a

major impact on the design of some electronic components and
systems. However, ferrites have an inherent upper frequency limit of
usefulness because of a magnetic resonance associated with the domain
walls.

In 1957 a group of magnetic compounds was described by workers
at Philips Laboratories.2 These compounds, although similar in many
respects to better known cubic ferrites, have a different crystal struec-
ture. They crystallize in the form of hexagonal plates. Their chemical
relation to better-known oxidic magnetic compounds is illustrated in
Figure 1. The ferrites are composed of Fe;0; and MeO. (The symbol
Me represents any combination, in suitable proportions, of the divalent
elements listed in the figure.) The permanent magnet compound
(PM) contains only Fe,O; and BaO. The hexagonal materials are

* Manuscript received 15 May 1961.

T This work was carried out under contract with the U. S. Army Signal
Research and Development Laboratory.

! R. L. Harvey, “Ferrites and Their Properties at Radio Frequencies,”
Proc. 1953 N.E.C., Vol. 9, p. 287 (1954).

2G. H. Jonker, H. P. J. Wijn, and P. B. Braun, “Ferroxplana, Hex-
agonal Ferromagnetic Iron-Oxide Compounds for Very High Frequencies,”
Philips Tech. Rev., Vol. 18, p. 145 (1956/57).
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specific compounds of Fe,0,, BaO, and MeO. They may be classified
in three subgroups which, following the Philips Laboratories nomen-
clature, are known as W, Y, and Z compounds. In some of the com-
pounds the hexagonal crystal structure causes the magnetic anisotropy
to be very high. In the Y compounds and some of the W and Z com-
pounds the basal plane of an individual crystallite is an easy plane of
magnetization, and the crystal axis is difficult to magnetize. This
characteristic makes it possible to orient the individual crystallites

Fe, Oy

PERMANENT
MAGNET (PM)

Me = Mn, Co, Ni, Cu, Zn, Mg, Fe

FERRITE cusIC Me O- Fea O
PM HEXAGONAL Ba O-6Fe, Oy
w HEXAGONAL Ba 0-2MeO-8Fe; Os
Y HEXAG ONAL 2Ba 0°2Me O 6Fee Os
Z HEXAGONAL 3Ba O-2Me O- 12 FeeOy

Fig. 1—Compositional arrangement of the ferrites, permanent magnets,
and W, Y, and Z hexagonal compounds.

magnetically while forming the core so that its nature approaches that
of a single crystal. Some of the interesting properties of these com-
pounds are enhanced by magnetic orientation.

The work on which the present paper is based is part of a continu-
ing investigation of hexagonal magnetic compounds, the primary
purpose of which is to discover compounds which may be useful in
electrical circuits, especially for military applications. This investiga-
tion is very broad in nature, covering both a wide range of compo-
sitions and a wide frequency range (from d-c to microwave frequen-
cies). One area on which attention has been focused is the ultra-high-
frequency region (800-3000 megacycles). In this frequency range
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there is need for high-permeability cores for inductance coils. Ferrite
cores cannot be used above the lower part of this frequency band,
because of the magnetic resonance which occurs in the material, as
mentioned above. In the hexagonal compounds, however, the magnetic
resonanee occurs at a higher frequency, and useful values of perme-
ability have been found over the entire UHF range and beyond.
Obviously, the characteristics required for high-frequency inductance
cores are high permeability and low loss. In some applications a
circuit is tuned by applying a biasing magnetic field to the core so
as to reduce its permeability. This adds the further requirement that
there be a large change of permeability brought about by a relatively
small d-c field. The evaluation of materials to determine their appli-
cability to fixed and variable tuned circuits, and some of the results
obtained, are discussed in this paper.

EXPERIMENTAL APPARATUS AND TECHNIQUES

The complex permeability, u” — 7u”, is measured by a slotted-line
method. The sample, in the form of a toroid, is placed against the
shorted end of a coaxial line connected to a slotted line. The voltage-
standing-wave ratio and the position of the voltage minimum are
measured with the slotted line, first without the sample, and second
with the sample in place. The real component of permeability is caleu-
lated from the shift of the voltage minimum position, and the imagi-
nary component from the change in voltage-standing-wave ratio. Then,
if (a) the thicknes of the sample is much smaller than a quarter
wavelength in the material, (b) the sample fits the inner and outer
conductors perfectly, and (e¢) the voltage-standing-wave ratio is not
smaller than about 10, the following simple formulas® may be used.

:Uv’ =1 P = ’
T
( 1 1 > Ao
lu'” =\ - )
S, Sy / 22T
where -
D = displacement of voltage minimum when sample is inserted,
T = thickness of sample,

3G. T. Rado, R. W. Wright, and W. H. Emerson, “Ferromagnetism
at Very High Frequencies. III. Two Mechanisms of Dispersion in a
Ferrite,” Phys. Rev., Vol. 80, No. 2, p. 273, 1950.
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S;= VSWR (with sample),
S, = VSWR (no sample),
Ao = free-space wavelength.

If the sample does not exactly fit the concentric line holder, the
following relations may be used to obtain the true values of w” and ,.”:

do
In—
d;
lut, —1= (,LL,", —1)
dy
In
d;/
do
In—
d;
e = (/'Lm”)
dy
In
d;/

where

u = true permeability,

.y = measured permeability,

d,= diameter of outer conductor of sample holder,
d, = diameter of inner conductor of sample holder,
dy’ = outside diameter of sample,

d/ = inside diameter of sample.

If the VSWR of the sample is low, or if the thickness approaches
a quarter wavelength, a more exact set of expressions must be used.*
The Q of the sample is defined by the simple relation

Tor the measurement of p” and p” in the presence of a d-c magnetic
field, the sample holder shown in Figure 2 was designed. Direct cur-

41, Bady and R. Franklin, “Measurement of Permeability and @ of
Magnetic Materials over the Frequency Range of 50 to 500 Megacycles,”
Engineering Report 1959, Signal Corps Engineering Laboratory, Ft. Mon-
mouth, N. J.; or IRE National Convention Record, Part 5, p. 137 (1957).
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rent up to a maximum of 200 amperes flows along the inner conductor,
as indicated by arrows in the figure. This produces a circumferential
magnetic field in the core, the intensity of which can be easily calcu-
lated. The sample holder was designed for use at 250 megacycles.
The shunt stub through which the current is introduced is resonant
at this frequency so that it presents a high impedance to the slotted
line. Measurement can also be made at odd multiples of 250 megacycles.

fie —
N SUSIS
Hpc
2Nt
CONE
+
L‘[——-
TO -—
SLOTTED LINE ——— \ g
L{'l'l
STORAGE
(2 1 BATTERY
\RF SHORT CIRCUIT

MAGNETIC
SAMPLE

DIRECTION OF
RF AND DC FIELD

Fig. 2—Special sample holder for measuring &’ and #” in the
presence of a d-c field.

EXPERIMENTAL RESULTS

The data to be presented were obtained on toroidal cores which
were magnetically oriented so that the plane of the toroid was the
plane of easy magnetization. In the sample holder, both the r-f and
the d-c magnetic fields were in the easy plane. The measurement pro-
cedure comprised four operations, as follows:

1. The VSWR and voltage minimum position were measured before

the sample was inserted.

2. The sample, in a completely demagnetized*® state, was inserted,

and the above measurements were repeated.

* Demagnetization was effectcd by heating the sample to a temperature
above the Curie Temperature.
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3. A d-c current of 200 amperes was applied and then removed.
This put the sample into the remanentf state. The VSWR and
voltage minimum position measurements were made.

4. The VSWR and voltage minimum position measurements were
repeated with various values of d-c current flowing in the
sample holder.

During the last operation the higher values of magnetizing current
were applied only during the actual measurement, so as to avoid
heating the sample holder and thus changing the temperature of the
sample. This was necessary because the permeability would be in-
fluenced by a temperature change.

Table I shows the experimental data on some of the compounds.
F is a quality factor chosen as a means of comparing the various
samples with respect to their performance as inductance coil cores.
It is defined by the equation

, o’
F=p, Qo S
K40

where

ps = 1’ in the remanent state,
Q,= @ in the remanent state,
iy’ = 1/ with an applied magnetic field of 40 oersteds.

The data in the table are grouped to show several trends with respect
to composition, orientation, firing temperature, ete.

(1) Cores 1-4 and 8-10 show how variations of the Me constituent
influence the measured properties. In general, the values of
s (po/pso’), and F can be optimized to maximum values
by varying the composition.

(2) Cores 11-13 show how the firing temperature influences the
properties. As the firing temperature increases {within
limits), the values of u/, p,” and (no’/ps”) increase, but
Q diminishes. The values of F and (ny/Q,) pass through a
maximum value.

(8) Cores 6 and T, which are of the same composition, may be

¥ The remanent state has been found to be very reproducible. Irre-
spective of the value of the biasing field, the same values of # and r” are

found when the field is removed.
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compared to show that a substantial improvement results
from orientation.

(4) Cores 8-15 represent compositions in which the Me component
is a mixture of three of the permitted divalent elements.
Obviously, a very large number of compositional variations
are possible.

(5) When the magnetic material is changed from the demag-
netized state to the remanent state, the permeability (u”) is
always reduced. The Q increases at operating frequencies
below the magnetic resonance frequency.

The values shown in Table I include some of the best aehieved
to date. Sample No. 6 is thought to have at least twice the F' value
at 250 megacycles that can be achieved using cubic ferrites. At higher
frequencies the hexagonal compounds are more advantageous.

250 MC

0 DC FIELD W TO RF FIELD

Q K IN EASY PLANE
100 20

90 I8
80 IG\

70 4

60 12 a 7
50 10 r/
40

40 OE

8

30 6
20 4 [

2

0

10
0

) 10 20 30 40 50 €0
Hpc - OERSTEDS

Bay{C0yCupy)s FeaqOy
1230°C- 2 HOURS- 0,
ORIENTED TORUS

Fig. 3—u’ and @ as a function of d-c bias field.

In addition to the bias-field arrangement employed in the tests
described above, two other configurations of the d-c magnetic field
are possible. The bias field may be parallel to the axis of the torus,
or perpendicular to it. Both of these arrangements were tested and
the effects obtained were very similar to that illustrated in Figure 3;
however, a large external field is required to effect the same change
in permeability. The circumferential field arrangement is thought to
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be more suitable for investigatory purposes, since it permits accurate
calculation of the field intensity in the sample without the complication
of demagnetizing factors.

Figure 4 shows p’ and p” as a function of magnetization state and
frequency for the composition (Co 45Zn ;5) ,Z. The maximum value of
p” occurs at the frequency of magnetic resonance (probably domain
wall resonance). At frequencies sufficiently below the resonance fre-
quency, p” has a constant value, although some of the curves do not
extend far enough to show this. As the resonance frequency is ap-
proached, the value of p’ falls, then rises again at still higher fre-
quencies. Increasing the applied d-c magnetic field moves the resonance
to a higher frequency. In the particular composition of Figure 4, a
field of 18 oersteds placed the resonance at 1750 megacycles.

X‘ Ba3(CossZngs),Fezs Ou

12 L
o AT LA

8 Lx
"
S 74 \
4 / / L~
o / /
= + DEMAGNETIZED STATE
0 < L o REMANENT STATE
« 10 OERSTEDS DC FIELD
25—\ » 40 OERSTEDS DC FIELD
20 _\
‘ _\\
F7A ) <
o Lo—r—uu1 N -
5

N

o200 300 500 700 (000 [500 2000
FREQUENCY - MC

Fig. 4—u and #” as a function of frequency and magnetization state.

The compositions already discussed are Z-type materials and are
the most suitable for tuning where the core is subjected to a varying
d-c field. The Z-type compounds have a relatively poor temperature
coefficient of permeability and may require temperature control in
actual use. The temperature coefficient of permeability of the Z-type
compounds is found to range from -+0.1 to 0.5 per cent per degree
centigrade.

Two Y-type compounds are shown in Table I as cores 16 and 17.
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While the Y-type compounds are not as attractive as the Z-type com-
pounds from a tuning viewpoint, they can be synthesized to have a
good temperature coefficient of permeability (0.01 per cent per °C).
In some applications, where a limited tuning range is acceptable, the
Y-type compounds should be used.

The work to date has included only a small effort on the W-type
compounds; however, preliminary indications are that these materials
will have low values of permeability.

CONCLUSION

The oxidic compounds with a plane of easy magnetization possess
improved properties for inductance coil cores at frequencies above
200 megacycles.

The Z-type compounds have been found to undergo a large change
of permeability when the material is subjected to a biasing magnetic
field. In the frequency range above 200 megacycles, this permeability
change is greater than the change that can be obtained by using pre-
viously available materials if the condition of equal dissipation in the
compared materials is imposed.

The large number of compositions which are possible, coupled with
variation in processing parameters, give a wide range of selections
with respect to tuning range and losses.
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TRANSFLUXOR FREQUENCY MEMORY *t
By

A. G. SAMUSENKO

RCA Laboratories,
Princeton, N. J.

Summary—It is possible to change the frequency of an oscillator by
changing one or more of the circuit parameters. This paper describes the
use of a transfluxor as the frequency-control component of a magnetically
coupled multivibrator. Several modes of operation are possible. One mode
uses a base-band input to set the frequency of the multivibrator to a new
value. Another mode wuses a periodic input in which both the amplitude
and the frequency of the input are instrumental in determining the new
frequency of the multivibrator. Still another mode uses both the base-band
and the periodic input to control the frequency of the multivibrator.

The analog storage characteristics of the transfluxor permit one to
set the frequency of the multivibrator to any value within the frequency
range. Improvement in the frequency-control characteristics of the multi-
vibrator is realized by use of two transfluxors in the complementary mode
of operation.

INTRODUCTION

found wide application in various electronic circuits. A number

of oscillators described in the literature make use of the properties
of the square-loop magnetic cores to vary the frequency.* The
frequency of the oscillators is varied either by changing the voltage
across the oscillator or by varying the flux conditions in the core.2?
In order to maintain a given frequency of oscillation, the variable
circuit parameter must be maintained at the proper level. The removal

I[N recent years cores made of square-loop magnetic materials have

* Manuscript received 28 August 1961.

T This material was presented at the AIEE Winter General Meeting,
New York, N. Y., January 29-February 3, 1961.

! G. H. Royer, “A Switching Transistor D-C to A-C Converter Having
an Output Frequency Proportional to the D-C Input Voltage,” AIEE
Trans., Part I, Communications and Electronics, Vol. 74, p. 322, July, 1955.

ZR. L. Van Allen, “A Variable Frequency Magnetic-Coupled Multi-
vibrator,”” AIEE Trans., Part I, Communications and Electronics, Vol. 74,
p. 356, July, 1955.

®A. J. Meyerhoff and R. M. Tillman, “A High-Speed Two-Winding
Transistor-Core Oscillator,” I.R.E. Wescon Convention Record, Part 5,
Instrumentation and Telemetry, Vol. 1, p. 106, 1957.

¢D. H. Schaefer, “Magnetic Core Event Counter for Earth Satellite
Memory,” Elec. Eny., Vol. 77, p. 52, January, 1958.

658
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of the input will cause the oscillator to assume its natural frequency.
With the introduction of the transfluxor,® it has become possible to
utilize partial switching in a ferrite core to store analog information
nondestructively. This analog storage characteristic of the transfluxor
has been utilized to build several variable-frequency oscillators, e.g.,
two-winding magnetically coupled multivibrators and sine-wave and
blocking oscillators. A descriptive name—transfluxor frequency mem-
ory—has been adopted to denote this class of oscillators.

CONTROL _WINDING
30 TURNS

CONTROL
SOURCE

LEG |

Fig. 1—Transfluxor frequency memory circuit.

The characteristics of a single circuit comprising a transfluxor
and a two-winding magnetically coupled multivibrator (Figure 1) are
discussed here. The nonlinear characteristics of the transfluxor and
the transistors in the circuit make the experimental approach manda-
tory in the analysis of the circuit. The circuit is viewed as a four-
terminal network, and the transfer characteristics between the input
and the output terminals are studied.

Basic CIRCUIT

A qualitative understanding of the circuit operation can be obtained
from the approximate calculations of the frequency dependence of the
multivibrator on the flux conditions around the small aperture of the
transfluxor. The ON-OFF action of the multivibrator produces an
alternating magnetomotive force (mmf) around the small aperture.
For proper operation of the device, the magnitude of the alternating

5J. A. Rajchman and A. W. Lo, “The Transfluxor,” Proc. I.LR.E., Vol.
44, p. 321, March, 1956.
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mmf can assume any value between two limits. The lower limit is
established when the alternating mmf cannot overcome the coercive
magnetic intensity, H,, of the ferrite. The upper limit is reached when
the alternating mmf begins to switch flux around the large aperture.

The frequency of the multivibrator can be approximately deter-
mined by assuming that the counter electromotive force (emf) pro-
duced by the ON section of the multivibrator equals the power supply
voltage, V, or

V=N—, (1)

where N is the number of winding turns. Integrating over period T,
the time the ON section of the multivibrator remains ON, and between
two states of flux, *=¢,,

t ?,
det:de¢. (2)
1] —,

Since V remains constant over the period T,
VT =2N¢,, (3)

where 2¢, is the flux switched by the ON section of the multivibrator.
For the symmetrical output of the multivibrator, the frequency is

1
f=—. (4)

Substituting Equation (4) in (3),

1%
4Ny,

(5)

As shown in Equation (5), the frequency of the multivibrator can be
varied either by changing the supply voltage, V, or by changing the
flux, ¢,, switched by the multivibrator. In a sense, the multivibrator
acts as a read-out circuit for the flux available for switching around
the small aperture of the transfluxor. The frequency control is exer-
cised by varying the flux available for switching around the small
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aperture while V is kept constant. The flux around the small aperture
of the transfluxor is a function of the flux condition around the large
aperture. This flux condition can be changed by the application of
current to the control winding. The two terminals of the control
winding constitute the input to the circuit; the frequency of the multi-
vibrator constitutes the output.

DIRECT-CURRENT TRANSFER CHARACTERISTICS

As a preliminary step, a large (blocking) pulse is applied to the
control winding to orient the flux around the large aperture in one
direction. The frequency of the multivibrator at this point of operation
is given by

14

f= . (6)
4N,

where ¢, is the flux switched by the ON section of the multivibrator.

Due to the unidirectional flux orientation around the large aper-
ture, the amount of flux switched by the multivibrator is low. In order
to increase the flux available for switching, a direct current of opposite
polarity with respect to the blocking pulse is applied to the control
winding. The mmf produced by this direct current causes the flux
around the innermost portion to reverse first. This flux reversal around
the large aperture increases the amount of flux available for switching
around the small aperture. If the increase in the available flux is
denoted as A¢,., then Equation (6) becomes

V
AN ($y + Adyc)

Upon increasing the direct current in the control winding, a pcint is
reached when all the flux in leg 2 of the transfluxor is reversed. At
this point the frequency of the multivibrator is a minimum. Further
increase of direct-current input reverses the flux in leg 3 of the trans-
fluxor, which, in turn, results in a decrease of available flux and, there-
fore, increases the frequency of the multivibrator.

In Figure 2 three different transfer characteristics for the trans-
fluxor frequency memory are shown. The frequency of the multi-
vibrator for the control characteristic shown by the curve was deter-
mined with direct-current input present in the control winding. The
memory characteristic curve shows the frequency of the multivibrator
after the direct-current input was removed. The frequency difference
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between control and memory characteristics stems from slight “non-
squareness” of the square-loop magnetic material of the transfluxor.
By denoting the flux switched by the ON section of the multivibrator
after direct current input was removed as (¢p + A¢,,), one finds that
the flux difference caused by removing the input is

A¢ = ¢’b + A¢¢Ic - ¢’b - A‘l’m = A¢dc - A¢m- (8)

In order to obtain the setting characteristic curve of Figure 2, the
multivibrator was disconnected from the power supply. The frequency

9]
°©
o

800

LEGEND:

—o— CONTROL CHAR.
—o— MEMORY CHAR.

—0O— SETTING CHAR.

600

400

200

FREQUENCY OF MULTIVIBRATOR IN kc

1 1 1 1
(o] 5 i 1.5 2 2.5 3 3.5
CONTROL WINDING mmf IN AMPERE-TURNS

Fig. 2—D-C control, memory, and setting characteristics.

of the multivibrator was measured after a given direct-current input
was applied to the control winding. The absence of the alternating
mmf produced by the multivibrator during the setting of the trans-
fluxor increases the reluctance around the large aperture of the trans-
fluxor. For the control characteristics, the presence of the alternating
mmf around the small aperture makes it possible for a given control-
winding mmf to reverse more flux. This difference in required control-
winding mmf between control and setting characteristics is due to the
interaction that exists between control-winding mmf and alternating
mmf produced by the multivibrator.

It should be observed in Figure 2 that the frequency control for
the region of the control winding mmf between 0 and 0.7 ampere-turn
is unidirectional. That is, if the input current is removed, the circuit
“remembers” the frequency of oscillation, and if the amplitude is in-
creased, the frequency can only be decreased. In order to increase the
frequency of the multivibrator and thus be able to exercise bidirec-
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tional control, the polarity of the input signal must be reversed;
furthermore, the amplitude of the input signal must be increased to
about the previously held value before the increase in the frequency
will take place. (This effect is due to the square-loop hysterisis of the
ferrite material of the transfluxor). Practical application of this form
of the bidirectional frequency control imposes some difficulties.

Another mode of the bilateral frequency control can be achieved
if, before the application of any new input, the circuit is reset by
the blocking pulse. In a sense, this form of frequency control satisfies
the basic characteristics of the term “memory”. “Memory” implies
the ability to “erase” and to “write in” information at will. In the
transfluxor frequency memory, the blocking pulse acts as an ‘“‘erase”
signal. The input applied to the control winding “writes in” desired
information. In order to write in a certain frequency with a small
error, the amplitude of the base-band input must be precisely controlled
(in order not to overshoot), or some kind of feedback mechanism
is required. In the subsequent discussion, a novel means to write in
a given frequency is discussed, wherein the amplitude and the fre-
quency of the input is instrumental in determining the new frequency
of the multivibrator.

LEGEND
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Fig. 3—Unipolar square-wave control and memory characteristics.

UNIPOLAR SQUARE-WAVE TRANSFER CHARACTERISTIC

If a unipolar square-wave input is applied to the control winding
instead of direct current, completely different transfer characteristics
are obtained. In Figure 3, control and memory characteristics for a
300-kilocycle unipolar square-wave are shown. The control winding
mmf was limited in Figure 3 to 0.8 ampere-turn to obtain better
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resolution of the characteristics. As the amplitude of the square wave
is increased above 0.1 ampere-turn, the frequency of the multivibrator
assumes different states of synchronization with respect to 300-kilo-
cycle input frequency. The transition between states of synchronization
is abrupt. For different frequencies of the unipolar square wave
applied to the control winding, similar transfer characteristics are
obtained. For any input frequency in the range of the frequency
variation of the multivibrator, it is possible to synchronize the output
frequency to the input frequency. If the input frequency falls outside
the range of frequency variation of the multivibrator, the output
frequency assumes either a harmonic or a subharmonic state of
synchronization.

Memory characteristics follow the control characteristics closely.
The frequency difference between control and memory characteristics
during synchronization to the input frequency is a function of the
amplitude of the unipolar square wave. At the beginning of synchroni-
zation the frequency difference is rather large, but as the amplitude
is increased, the frequency difference diminishes. The minimum
frequency difference occurs just before a jump to a subharmonic
frequency takes place.

Preservation of constant multivibrator frequency over large varia-
tions of control-winding mmf in the synchronization regions suggests
that the flux switched around the small aperture by the multivibrator
remains constant. The mechanism of constant-flux preservation is of
interest. It should be observed that the current in the control winding
for the unipolar square-wave input is turned ON and OFF every cycle.
Due to some nonsquareness in the characteristics of the magnetic
materials of the transfluxor, the flux available for switching around
the small aperture changes every cycle as shown in Equation (8).

Adp = Adgo— Ay,

In this case, however, A¢ is a function of input frequency, or Ag,.
If A¢, is inserted into Equation (7), the new relation becomes

v
f= , €))
4N(¢h + ‘—\¢d(: £ A(j)f)

where ¢ = flux switched by ON section of the multivibrator after
a blocking pulse has been applied to the transfluxor,

A¢g, = additional flux switched by the ON section of multi-
vibrator which is a function of the amplitude of the
unipolar square wave,
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A, = additional flux switched by ON section of the multi-
vibrator caused by periodic input current.

The existence of a pulsating flux around the large aperture of the
transfluxor causes the free-running multivibrator to be synchronized
to the input frequency. The constant frequency is preserved by varia-
tion of A¢; as the amplitude of the input is increased. At the beginning
of the synchronization, a large value of A, together with (¢, + Adg,)
establishes the given frequency of oscillation. As A¢,, is increased,
A¢; decreases to preserve the constant flux switched by multivibrator.
Two experimental facts seem to support this contention:

1. The frequency difference between control and memory charac-
teristics is large at the beginning of the synchronization;

9. The time coincidence of input and output waveforms changes
as a function of input amplitude. At the beginning of the synchroni-
zation to the fundamental, the two waveforms are in phase. As the
amplitude of the input is increased, the two waveforms move cut of
phase. A jump to a subharmonic occurs when two waveforms are more
than 180° out of phase.

In comparison with the direct-current control characteristics, it is
easier to write in a desired frequency with the unipolar square-wave
input. Inasmuch as the frequency of the multivibrator remains con-
stant in the region of synchronization, the adjustment of the unipolar
square-wave amplitude does not have to be as precise as the magnitude
of the direct current. An application of a short-duration burst of a
given frequency and amplitude will lock the frequency of the multi-
vibrator to the input frequency during the duration of the burst. The
removal of the input signal will cause the output frequency to shift
slightly.

SINE-WAVE TRANSFER CHARACTERISTICS

The sine-wave transfer characteristics do not differ substantially
from the unipolar square-wave transfer characteristics. In Figure 4,
control and memory characteristics for a 300-kilocycle sine-wave input
are shown. Similar transfer characteristics were also obtained for
sine-wave inputs of different frequencies. The regions of synchroniza-
tion to harmonic, fundamental, and subharmonic frequencies are much
more pronounced for the sine-wave input. This is believed to be due
to an increase in the value of A¢; switched by the sine wave. Inasmuch
as the sine wave has both positive and negative portions, some flux
around the large aperture is reversed every cycle by the negative
portion of the sine wave. This increases the magnitude of control-
winding mmf required to obtain a given frequency for sine-wave input.
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Fig. 4—Sine-wave control and memory characteristics.

The memory characteristics for the sine-wave input differ some-
what from the unipolar square-wave memory characteristics. Zero
frequency difference between control and memory characteristics
occurs in the middle of the synchronization range. This makes it
possible to write in a given frequency without any error using sine-
wave input; however, strict control of the input amplitude is required.

MuLTI-INPUT CONTROL

If, instead of one input, two or more inputs are applied to separate
windings wound around leg 1 of the transfluxor, the transfer charac-
teristics will be modified. Figure 5 shows measured control charac-
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Fig. 5—Effect of bias mmf on the unipolar square-wave
control characteristics.
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teristics for a 300-kilocycle unipolar square-wave input and d-c bias
mmf’s of +0.15 ampere-turn, 0 ampere-turns, and —0.15 ampere-turn.
The experimental data suggests that the mmf necessary to obtain a
given frequency is constant. The required mmf equals the sum of the
d-c bias mmf and the control-winding mmf. Similar transfer charac-
teristics are obtained when a unipolar square wave is used as a bias
mmf while the control function is established by direct current.

CONTROL 2
SOURCE 1
L

Fig. 6—Complementary operation of transfluxors.

There is also the possibility of obtaining a number of outputs for
a single input to the transfluxor frequency memory. If a multiaperture
transfluxor is used, with an identical multivibrator for each small
aperture, and each multivibrator is energized with a different voltage,
then for a periodic waveform input applied to the control winding, it
is possible to obtain, simultaneously, harmonic, fundamental, and sub-
harmonic frequency outputs for a given frequency input.

COMPLEMENTARY OPERATION OF TRANSFLUXORS

A smaller frequency difference between control and memory char-
acteristics for all transfer characteristics shown in Figure 2, 3, and 4
was observed when two transfluxors were used in the transfluxor fre-
quency memory. The winding arrangement around two transfluxors
for the complementary mode of operation is shown in Figure 6. After
a blocking pulse has been applied to the control windings, the flux
around the large apertures of two cores will be oriented in opposite
directions with respect to each other. It is believed that due to the
opposite orientation of flux in the two transfluxors a smaller flux
change around the small aperture results as the input is removed.
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For the single ON section of the multivibrator, the decrease in the
available flux for switching around the small aperture in one core is
countered by an increase in flux in another core. This complementary
action reduces the frequency difference between control and memory
characteristics.

CONCLUSIONS

An important property of the transfluxor frequency memory is its
ability to adjust to and “remember” the input frequency. The flux
switched by a multivibrator around the small aperture of a transfluxor
assumes definite states which are determined by the frequency and the
amplitude of input waveform. In contrast to voltage-controlled oscil-
lators, the input signal can be removed without causing substantial
frequency change. Unlike the closed-feedback-loop frequency-control
systems, where the difference between the input frequencies and the
oscillator frequency are used to change the frequency of the oscillator,
the frequency adjustment in a transfluxor frequency memory is
internal, and therefore requires no external circuitry. The versatility
of the characteristics and the simplicity of the transfluxor frequency
memory circuit offer new application possibilities.
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HIGH-SPEED LOGIC CIRCUITS
USING COMMON-BASE TRANSISTORS
AND TUNNEL DIODES*

By

J. AMODEI AND W. F. KOSONOCKY

RCA Laboratories,
Princeton, N. J.

Summary—A complete set of logic circuits intended for operation at
speeds of 100 megacycles or higher are described. Emphasis is placed on
circuits that take maximum advantage of the logical features of both
devices as a means of achieving simplicity even in the realization of more
complex logical functions. The paper discusses the operation of the circuits,
gives results of experimental tests and outlines analytical methods and
models of evaluating their performance. The logic circuits included are
basic gates, inverters, complementary gates, registers, and adders. The
results of a tolerance analysis of the basic gates and the full binary adder
are presented to demonstrate that these circuits are capable of operating
under realistic conditions. Finally, the paper gives an evaluation of the
circuits performance aspects as compared to conventional logic circuitry.

INTRODUCTION

possibility of utilizing the features of each device to greatest

advantage in the realization of high-speed computer circuitry.
When complementing each other, the devices are capable of achieving
functions and performance features which could not be realized by
either device alone without extreme complexity or prohibitive tolerance
requirements.

In high-speed switching applications, the utilization of the tran-
sistor for current gain inescapably results in slower circuit perform-
ance regardless of the configuration in which the transistor is oper-
ated. The common-base configuration, which has no current-gain
capabilities and, as a result, is the fastest choice available, is not
practical since the lack of current gain is incompatible with the fan-out
requirements of logic circuits. The choice of tunnel diodes for pro-
viding the current gain eliminates this difficulty and, further, results
in circuit current-transfer parameters that show very small variation
from one device to another.

In the circuits described in this paper, the transistor operates

7 ,[ N HE combination of transistors and tunnel diodes offers the

* Manuscript received 11 July 1961.
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between two definite OFF and ON states, thus standardizing the
output-voltage levels and avoiding high dissipation and stabilization
problems inherent in the operation of transistors in the active region.
The flexible current threshold of the tunnel diode combined with the
current-routing properties of the transistor, as a three-terminal device,
iIs shown to permit the realization of very complex logical functions
with exceptional simplicity. The decoder and adder circuits discussed

Et
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|
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Fig. 1—Basic circuit.

in the text illustrate this. The voltage gain provided by the transistor
permits the use of coupling resistances that impose negligible loading
on the inputs of the driven stages, thus permitting the achievement
of close to maximum theoretical gain from the tunnel diode, and com-
plete isolation between stages.

Basic CIRCUIT

Figure 1a shows the basic connection of transistor and tunnel diode
with some of the parameters which are used. The static characteristic
curves governing the operation of the circuit are shown in Figure 1b
with the two positions of the load line C, and C,’ corresponding to the
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OFF and the ON states, respectively.! C; represents the static volt—
ampere curve for the tunnel diode which, together with its shunt
capacitance, completely characterizes the device for this application.
C, is the static emitter-input characteristic for the transistor inverted
about the current axis and shifted vertically by the net current enter-
ing the node from the bias supply and input terminals. An approximate
equivalent circuit to characterize the transistor input impedance under
dynamic conditions is given in Figure 2. An ideal diode, D, is shown
in the circuit, to account for the emitter-to-base conduction voltage.

Fig. 2—Approximate equivalent for common-base emitter input impedance.
(re = emitter resistance, r,’ — base resistance, C =— diffusion capacitance,
and L=r»vC.)

This circuit was derived from the small-signal equivalent circuit?
by assuming that

TG
11— K ,
Iy

and proved very useful in predicting the switching performance of
the combination. It also gives a good qualitative picture of the param-
eters that influence the speed and stability of the circuit. Using Figure
2, the dynamic path followed by the circuit during switching from
point (1) to point (2) in Figure 1b can be traced as shown by the
arrows in Figure 1b. It is assumed that the tunnel diode is capable
of switching well within the ,’C time constant of the transistor, which
is usually the case. It can be shown within the framework of the
above assumptions that the performance to be expected from the
transistor driven by a tunnel diode is the same as that to be obtained

1 For a discussion on the use of nonlinear load lines for determining the
logical properties of circuits, the reader is referred to M. H. Lewin, Ph.D.
Thesis, Princeton University, University Microfilms, Inc., Ann Arbor,
Michigan.

2 Shea, Transistor Circuit Engineering, p. 40, John Wiley and Sons,
New York, N. Y., 19567.
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when the transistor is driven by a current step provided that the
following condition is satisfied:
E;,=FE,+ (I,—1,)r,
where
E ;= conduction knee voltage of the tunnel diode,
FE, = conduction voltage of the transistor,
I, = total current entering the input node during switching,

I, = tunnel-diode valley current.

(Q) OUTPUT FOR CURRENT STEP

2NSECy
1V./DIV.

(b) OUTPUT WHEN DRIVEN BY
TUNNEL DIODE

Fig. 3—Waveforms for current step and tunnel diode driven 2N769.

In other words, the intersection of the switching load line and the
tunnel-diode characteristic, point (2) in Figure 1b, must occur within
the valley of the tunnel diode. This is significant since a current source
gives optimum switching time in this configuration and the above
inequality is easily satisfied when operating at reasonably low current
levels. Figures 3a and b show a comparison of switching times of a
2N769 transistor gate when driven by a tunnel diode and by a current
step.

The basic AND and OR gates are obtained from the circuit shown
in Figure la by properly choosing the bias current according to the
function to be performed and the number of inputs to be handled. The



HIGH-SPEED LOGIC CIRCUITS 673

' — E
RESET -
I Iy o

T\Is

-

v T

L

Fig. 4—Basic resistive gate.

general configuration is shown in Figure 4. The method of biasing the
resistive OR gate is demonstrated in Figure 5. Here it is assumed
that there are = inputs, and Ig flows out of the node through each
when the gate is not energized. The effect of a pulse at any of the
inputs is to increase the current input to the node by I, thus raising
the load line to position C”; and the circuit proceeds to the high state
(point (2)) in which all the input current, except for the small tunnel-
diode valley current, flows into the emitter of the transistor. The
output current when in this state will be a times the emitter current
shown in Figure 5.

As illustrated by the above example, and following from the choice
of the tunnel diode as the logic threshold element, current is the
variable that carries the information in such a system. Therefore,
by implication, the current outputs of each stage must be standardized
and prevented from being a function of the number of inputs present,
as would be the case in the above circuit. In order to achieve this,
the gates should be designed to reach saturation at the smallest toler-
able value of output current. The storage time resulting from satu-
rated operation of these circuits does not have the usual serious
consequences for two reasons:

(a) The magnitude of the storage time resulting under normal
operating conditions is quite small, of the order of 4 to 5 nanoseconds
when using 2N769 transistors. (This assumes a rather pessimistic

Fig. 5—0OR-gate biasing.
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case which would require a five-input OR gate with all inputs present
at once.)

(b) 1In all the circuits except inverter and the complementary
output gates, the storage time does not slow down the transfer of
information. Indeed, under normal circumstances it is significant only
if it becomes longer than the prescribed resetting interval, which is
of the order of 5 nanoseconds in the circuits proposed. In the inverter
and complementary gates described later, the degree of saturation does
not depend on the number of inputs present, and therefore can be
accurately kept to low values by proper biasing.

nlg

A\

Fig. 6—AND-gate biasing.

The biasing method for AND gates is illustrated in Figure 6. Note
that I, is not dependent on the number of inputs to the gate, although
n does determine the position of the quiescent point (1). Although an
AND gate is illustrated, it should be apparent at this point that a
general threshold device® where %k out of n inputs are sufficient to
activate the gate can be realized without difficulty.

Description of digital circuits would not be complete without report-
ing the tolerance requirements on the components. The uncertainty
of the logical threshold of the basic gates depends on the variation of
the tunnel-diode peak current as well as that of the input and bias
currents. The ON and OFF output levels for the gate correspond
respectively to the transistor in saturation and in cutoff. For an OR
gate, the variation of the collector resistor and voltage supply of the
driving stages must be included in the uncertainty of the input signal.
In the case of AND gates, the maximum number of inputs is deter-
mined mainly by ratio of the variations of the collector saturation
voltage, AV,, to the collector voltage swing, V., The results of the

3R. O. Winder, “Single Stage Threshold Logic,” AIEE Conference
Paper 60-1261, QOctober 1960.
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Fig. T—Transistor-coupled OR gate.

worst-case analysis of the basic gates which are given include inde-
pendent variations of all voltage supplies of individual circuits by
+2 per cent and variation of peak current of the tunnel diodes by
=5 per cent with a peak-to-valley current ratio of at least 10:1. Under
these conditions, the OR gate of Figure 5, for fan-in = 2 and fan-out
= 2, requires tolerance on the individual resistors of no more than
=3 per cent. The two alternate circuits for the OR gate that are
shown in Figures 7 and 8 will relax the above requirements to =+=6
per cent for the same fan-out but independently of the fan-in, which
could be large. The tolerance requirement for the resistors of the
AND gate for a fan-out = 2 is =5 per cent assuming AV,/V, = .05,
and fan-in = 4.

The rise time of the output current is mainly dependent on the
current step response of the transistor and the output capacitance
between collector and ground; with voltage swings of the order of

Fig. 8—Diode-coupled OR gate.
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a2 A IV./DIV,

wne e gitprna. -+

2 NSEC./DIV.

Fig. 9—Output of four cascaded OR gates.

2.5 volts, rise times of less than 2 nanoseconds were achieved. The
total delay per stage is the sum of the tunnel diode and the transistor
turn-on delay and the output rise time. Figure 9 shows the outputs
of 5 consecutive OR gates with fan-in of two and fan-out of two,
illustrating the total delay per stage.

Fig. 10—Inverter.

INVERIER AND COMPLEMENTARY GATES

The circuit utilized to provide inversion is shown in Figure 10, and
its operation will be explained by referring to the characteristic curves
of Figure 11. The characteristic curve that describes the static be-
havior of the tunnel diode in series with the transistor is obtained
by adding the two independent I-V curves along the voltage axis.! A
silicon diode, D, serves as load line and, as shown in Figure 11, is
nonconducting when the circuit is in state (1). When the current
entering the input node is increased beyond the tunnel-diode peak

SERIES COMBINATION
OF TRANSISTOR AND

oA TUNNEL DIODE
/
0
if
©
Y W

Fig. 11—Inverter biasing.
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Fig. 12—Generalized complementary gate.

current, the circuit switches to its second stable point (2), and all
but tunnel-diode valley current is steered into the diode. The circuit
will remain at point (2) until reset by a negative pulse applied as
shown in Figure 10 or by a positive pulse applied at the emitter of
the transistor.

Transistor and tunnel-diode action can be combined very efficiently
to provide the simple but highly useful circuit shown in its more basie
form in Figure 12. In such a circuit the state of the tunnel diode
determines which of the two loads will be energized. When the tunnel
diode is in the low-voltage state, the transistor is not conducting and
the bias current flows through the tunnel diode into “load 1.” When
the tunnel diode is in the high-voltage state, the transistor conducts
and virtually all but valley current flows into the emitter and out the
collector into “load 2.”” Under the conditions shown in Figure 12, there
is a limitation to the size of the impedance that can be used for “load
1” without hampering the operation of the circuit. Figure 13 shows
an alternate form of the circuit that provides two comiplementary
outputs of the same impedance level.

[

_/—oTRUE ouUTPUT

\f—c INVERTED OUTPUT

Fig. 13—Complementary gate.
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The multiple threshold decoder shown in Figure 14 can be realized
thanks to the unique current routing properties of the circuit just
described. For proper operation of the decoder, the peak current of
each successive tunnel diode must be higher than that of the previous
one by the same amount, and the valley current of any of the tunnel
diodes should not exceed the smallest peak current of the diodes in the
string. If these conditions are met, each time that a diode switches to
the high-voltage state the current will be routed into its corresponding
output, and the tunnel diode immediately below will switch back to
the low-voltage state. This insures that only one input will be ener-
gized at a time.

INPUT _/—oouwm*‘n
_/—oouwm“n-l

I ol OUTPUT#|

Fig. 14—Decoder.

REGISTERS

In present-day computers, most tasks requiring temporary storage
are fulfilled by flip-flops in which memory is achieved by the use of
regenerative feedback. The hybrid basic and complementary gates are
natural registers that utilize the inherent memory of the tunnel diode,
and, when operated as registers, they retain the ability to do their own
gating thus permitting a substantial savings in circuitry. The hys-
teresis properties of the basic gate are illustrated by the static
characteristic shown in Figure 15, and the emitter current versus input
current plot derived from it is shown in Figure 16. This plot indicates
that once the input current has been increased beyond I,,, the tunnel
diode will not return to the low-voltage state, and thereby turn off the
transistor, until the input current is decreased below I,.

These plots assume that the transistor is fully characterized by its
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Fig. 16—Register biasing and dynamic performance.

static I-V curve and, therefore, only hold for very slowly varying input
currents. If an abrupt decrease in input current should occur when
the circuit is at point (1), Figure 2 shows that the transistor would
be better characterized by a resistance of magnitude r,” whose slope
is shown by the dotted line in Figure 15. Under these conditions an
abrupt decrease of Al in input current would be sufficient to reset the
register. This difference between the static and dynamic reset current
requirement should be taken into account to avoid designs that would
result in a possibility for spurious reset. Although this difference did
not present a practical limitation to the use of hybrid gates as regis-
ters, it could enter the picture if registers utilizing relatively slow
transistors are to be driven by ‘“set” pulses that have very steep fall
times. The basic and the complementary gates used as registers can
be set and reset in a total intervals of 5 nanoseconds.

®
14
Imax-1v
Imin. Imox.
lin—

Fig. 16 —Static hysteresis plot for common-base register.
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INPUT

Fig. 17—Binary counter.

COUNTER CIRCUITS

A close relative of the register, the counter, must be capable of
being set and reset by the same polarity pulse and must produce an
output that can drive a similar stage. One candidate for this applica-
tion is the circuit shown in Figure 17. This circuit is essentially a
complementary gate with an inductance added in series with the
emitter of the first transistor as a means of achieving counter action.
The circuit can be preset by a negative pulse so as to start with the
tunnel diode in the low-voltage state and the bias current flowing into
the bottom transistor. The first of a train of positive pulses slightly
longer than the inductive time constant will cause the tunnel diode to
switch to the high-voltage state diverting the current from the bottom
to the top transistor. The next pulse will find the tunnel diode in the
valley region, and during its duration it will increase the current
flowing through the inductance; when the pulse is terminated, the
current through the inductance must decrease rapidly to its original
value and in so doing will generate a back voltage that triggers the
tunnel diode back to its low-voltage state.*

Some preliminary results obtained with this circuit can be seen
in Figure 18 which shows its performance when being set and reset

VERTICAL: IV./DIV.
HORIZONTAL: 5 NSEC./DIV.

Fig. 18—Counter output during set and reset.

* A similar principle was first utilized by A. I. Pressman and H. Dit-
kovsky to design a hybrid gate with self-resetting properties.
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by two closely spaced positive pulses. In accordance with these results
the circuit should be able to operate at pulse repetition rates as high
as 200 megacycles.

ADDER CIRCUITS

The flexibility of hybrid circuits permits binary addition to be
performed by several alternate configurations with an improvement
in speed and savings in components over conventional circuitry. The
circuit shown in Figure 19 is a half adder that utilizes the tunnel
dijode threshold to detect the presence of two inputs and originate a

CARRY

SUM

Fig. 19—Half adder.

carry output. The bias arrangement shown in the figure assumes that
the circuit is being driven by resistive hybrid gates so that a positive
bias current is provided which offsets the quiescent input current flow
to provide zero net current when both inputs are zero. When either
input becomes one, i.e., Iy drops to zero, a net current Iy flows into the
node through the tunnel diode and out the collector of the sum tran-
sistor. When both inputs are high, the current into the node is 215,
the tunnel diode peak is exceeded, and it switches to the high state,
routing all but valley current into the carry transistor. Thus, the
requirement of half binary addition is fulfilled with sufficient gain at
the carry terminal to drive another stage. It can also be seen from
the method of biasing used that these circuits return to their quiescent
state when the inputs are removed, without the necessity of being
reset.

With a very slight increase in the complexity of the circuit used
for performing half addition, the much more useful function of full
binary addition can be realized. The circuit of Figure 20 makes use
of a second current threshold, the saturation current of the carry
transistor, to detect the presence of a “one” in a third input and
re-energize the sum output. The operation is similar to that of the
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SUM

Fig. 20—TFull adder.

half adder up to the point where two inputs are high and 2I4 flows
into the carry transistor. When a third input goes high, requiring a
carry and a sum output of “one,” the collector current of the carry
transistor, which was set to saturate at a value somewhat lower than
2I4, can increase no further. The third unit of input current is thereby
routed through the base of the carry transistor and the tunnel diode
and into the sum transistor, giving a sum of one as well as a carry.
The storage time resulting from the saturated operation of the carry
transistor does not slow down the carry ripple through time and there-
fore has little significance. The speed capabilities of the circuit are
illustrated in the photographs of Figure 21 which show a total carry
delay time of the order of 3 nanoseconds.

ONE INPUT
TWO INPUTS

VERTICAL: 0.6 V./DIV.
HORIZONTAL: 5 NSEC./DIV
(a) sum outpuT

ONE INPUT
TWO INPUTS
THREE INPUTS

VERTICAL: 0.6 V./DIV.
HORIZONTAL: 5 NSEC./DIV.

(b) CARRY ouTPUT

Fig. 21—Full-adder sum and carry outputs for three input combinations.
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Fig. 22—Seven-bit full adder and decoder.

The principle of operation of the full binary adder can be extended
to a multiple input adder capable of giving full sum and carry terms
for two binary numbers of two or more bits and a carry. This can be
achieved by weighting the inputs and using a plurality of stages which
provide outputs in powers of two. Figure 22 shows how this can be
realized for the case of two 2-bit numbers which could be two of n
corresponding bits of numbers A and B. The peak current of TD, is
chosen greater than one Ig unit and less than two. The saturation
current of T, again is set at two Iy units. The peak current of TD,
is set greater than 3Iy but less than four and, finally, the saturation
current of T, is set to be equal to 4l4. The inputs are weighted in
such a way that voltages representing bits of higher order produce
twice the current as those of lower order. The circuit offers consid-
erable advantage in speed and savings in components at the expense
of tighter tolerance requirements than the three-input adder.

One of the circuits that was utilized for providing reset pulses is
shown in Figure 23. The circuit consists essentially of a tunnel-diode

TRIGGER
INPUT

RESETTING
PULSE

+E2

Fig. 23—Reset pulse generator.
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blocked oscillator driving a transistor out of saturation for a short
period of time, thus producing a negative spike of current which is
used to reset five hybrid gates. Depending on the system organization,
the circuit may be used to amplify a central clock pulse or to generate
a locally controlled reset signal. The pulse widths obtained from the
above circuit were of the order of 5 nanoseconds and amplitudes were
sufficient to reset five hybrid gates in parallel.

CONCLUSIONS

It is felt that the significant improvements in speed and simplicity
which are achieved by using the basic common-base hybrid gates de-
scribed instead of conventional circuitry are well worth some of the
added complexity introduced by their inherent memory. Furthermore,
the simplicity and reliability with which the hybrid circuits could
perform the more complex operations of registering, counting, and
binary addition with no additional burden on peripheral circuitry
cannot be matched by any other device or combination known at
present.



AN ELECTRICAL ANALOG FOR
ELECTROLUMINESCENT LAYERS*

By

S. M. THOMSEN

RCA Laboratories,
Princeton, N. J.

Summary—An analog for EL (electroluminescent) layers can be devised
using only capacitors and neon glow lamps. This suggests that a “break-
down’ current, limited by capacitive impedance, flows in each light-emitting
glow spot. This current is presumably delivered within the EL phosphor
particle from internal electrodes formed during the phosphor synthesis.
The deterioration of brightness during the operating life of an EL layer
can be attributed to the electrical erosion of the internal electrodes.

INTRODUCTION

correlation of the electrical properties of EL (electrolumi-

nescent) layers. One such circuit! employs only linear com-
ponents (capacitors and resistors). Another? includes nonlinear com-
ponents (diodes). However, the usefulness of an equivalent circuit
of this type for EL layers is rather questionable.

Nonlinearity is not the only impediment to the derivation of a
simple, conventional equivalent circuit. Complexity, or heterogeneity,
of the EL layer is another impediment. Suppose that for a particular,
sufficiently small area of EL layer a simple equivalent circuit could
be derived having fixed component values. Suppose further, that for
all other such small areas of the layer, similar equivalent circuits
could be derived, identical in configuration, but with a wide range of
component values. Tt does not then follow (indeed, it is unlikely) that
any simple equivalent circuit would fit the large composite aggregation
of these small areas, which constitutes an EL layer of moderate area.

The search for an equivalent circuit is facilitated by dividing the
properties of an EL layer into two categories—intrinsic and extrinsic.
The intrinsic properties (for example, the color of the emission), like

s NUMBER of equivalent circuits have been proposed for the

* Manuscript received 28 August 1961.

1 A. N. Ince and C. W. Oatley, “The Electrical Properties of Electro-
luminescent Phosphors,” Philosophical Magazine, Vol. 46, p. 1081, 1955.

2P, Zalm, G. Diemer, and H. A. Klasens, “Electroluminescent ZnS
Phosphors,”’ Philips Research Reports, Vol. 9, p. 81, April, 1954.
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their counterparts in CL (cathodoluminescent) phosphors, are deter-
mined principally by the nature of the emission centers in the phos-
phor. The extrinsic properties (for example, the amount of power
drawn), properties which have no counterparts in the CL phosphors,
are principally determined by the EL layer structure and its inherent
circuitry. The intrinsic properties result from the way the emission
center converts electric energy into light; the extrinsic properties
result from the way energy is taken from the electric field, processed,
and delivered to the emission centers. This paper does not deal with
intrinsic properties; it is assumed that the light emitted is propor-
tional to the current that actually flows in the emitting phase (phos-
phor).

With due recognition of the complex or composite character of an
EL layer, a useful composite analog circuit can be devised to simulate
the extrinsic EL properties. It consists of an aggregation of simple
analog circuits, each of which represents a functional EL unit. The
term “analog” is used instead of “equivalent” because these circuits
are somewhat unorthodox—they employ neon glow lamps. The more
efficient an EL layer, the better the agreement of EL properties with
those of the analogs.

ANALOG CIRCUITS

The emission from an electroluminescing phosphor does not come
uniformly from the whole phosphor particle, but only from small glow
spots. Each spot is reported® to glow only once per cycle, while the
composite EL layer glows twice per cycle. Therefore, presumably
about half the spots glow on one half-cycle, and the remaining spots
glow in the second half-cycle. These glow spots are more or less
randomly distributed, possibly on, but probably within the phosphor
particles. The phosphor particles, in turn, are more or less randomly
distributed in an ambient dielectric (ceramic or plastic), between two
electrodes.

The EL layer may be considered to consist of many small elements,
situated side by side, all connected in parallel electrically, and each
functioning substantially independently. The simplest such EL element
is presumably one containing just two glow spots, the two glowing
alternately, one each half cycle. The term “EL unit” will be applied
to this structure of two glow spots and the associated capacitances.

The EL unit, with its two spots glowing alternately is suggestive
of an a-c operated neon lamp. The possibility exists that the glow

8J. F. Waymouth and F. Bitter, “Experiments on Electroluminescence,”
Phys. Rev., Vol. 95, p. 941, August 15, 1954.
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spot undergoes impedance-limited breakdown as does the neon gas in
a normally operated glow lamp. This suspicion is supported by a
report® that the glow spots show a voltage threshold, and show a
brightness proportional to the voltage increment above the threshold.
Contrariwise, it has been reported* that a glow spot shows an emission-
versus-voltage curve like that of the EL layer itself. Furthermore, the
current—voltage characteristics of breakdown current in CdS single
crystals are reported® to be similar to those of gas discharges. The
term “threshold voltage” is used here for the lowest voltage that will

Xy NEON
T \g?/l LAMP

Fig. 1—Simple analog circuit of single “EL Unit.”

maintain the breakdown current. The small difference, for neon
lamps, between the firing voltage and the voltage as just defined, is
ignored in this discussion. This difference does not generally exist for
solid-state breakdowns, such as in Zener diodes.

A single EL unit will be represented by the simple analog circuit
of Figure 1. This circuit consists of a voltage divider, C, and C,, with
a neon glow lamp connected across C,. The EL glow spot pair is
represented by the combination C, and the lamp (pure capacitance
until the lamp ignites). C; represents dielectric material, both zinc
sulfide and the ambient ceramic or plastic outside the glow spots. C,
is both the driving capacitor and the limiting impedance. Substitution
for the glow lamp of a pair of back-to-back Zener diodes gives an

4P, Zalm, G. Diemer, and H. A. Klasens, “Some Aspects of the Voltage
and Frequency Dependence of Electroluminescent Zine Sulphide,” Philips
Research Reports, Vol. 10, p. 205, June, 1955.

5 G. Diemer, “Electric Breakdown and Light Emission in CdS Single
Crystals,” Philips Research Eeports, Vol. 9, p. 109, April, 1954.
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electrically equivalent circuit, but without the useful light-emitting
feature.

The simple analog responds to d-c applied voltage, but only with
a transient flash. To “sustain” the glow requires cyclical variation in
the applied potential difference, and the glow then consists of two
flashes per cycle, one from each electrode. For a particular lamp and
specified values of C, and C,, a certain minimum swing in potential
difference is required. This will be termed the “peak-to-peak threshold
voltage”; it is normally independent of the wave form of the applied
voltage, because the maximum capacitor charge is determined by the
peak voltage.

In the special case of sinusoidal a-c, it may be more useful to use
the r-m-s threshold voltage. In either case, the threshold voltage is
higher for the analog circuit as a whole than it is for the lamp itself,
because the voltage applied to the analog divides between C, and C,.

An EL layer is then represented by a composite analog, consisting
of many parallel-connected simple analogs. The threshold voltages of
these simple analogs extend over a wide range, having an unspecified
distribution which might be either random or Gaussian.

PARTICLE STRUCTURE

Before proceeding to compare the properties of EL layers with
those of the analogs, the “internal electrode’ hypothesis® of EL par-
ticle structure will be reviewed; it is consistent with the analogs, and
is useful in correlating various EL properties.

By this hypothesis, zinc-sulfide EL phosphors contain a second ma-
terial phase, composed of conducting copper sulfide. This conducting
phase distinguishes EL phosphors from CL phosphors and is vital to
field excitation (electroluminescence) ; the distributed conducting phase
constitutes electrodes which supply current carriers, and produce high
local fields.

In the preparation of EL phosphors, the product that has been
fired, but not yet washed in a potassium-cyanide solution, is a rather
dark gray. At this stage the product may have 104 to 106 times the
conductivity that it has after the cyanide wash. The surfaces of the
particles are covered with a thin layer of copper sulfide. Inclusions
of copper sulfide within the particles must also be expected, perhaps
in the form of thin sheets on the crystal interfaces of the polycrystal-
line particles.

8 W. Lehmann, “Contact Electroluminescence,” Jour. Electrochem. Soc.,
Vol. 104, p. 45, January, 1957.
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The cyanide wash, in addition to greatly reducing the conductivity,
removes nearly all grayness. The finished, washed phosphor is brighter
in emission and far more efficient than the dark gray product. Al-
though the grayness disappears and the color lightens almost immedi-
ately as a cold 10 per cent cyanide solution wets the dark product, a
more thorough treatment is required to develop the highest efficiency.
There is no evidence that the cyanide treatment can be overdone;
complete removal of the surface conductor appears to give the highest
efficiency. The cyanide wash leaves only that small fraction of the
original copper sulfide that is within the phosphor particle, to which
the cyanide solution has no access. Any copper sulfide left on particle
surfaces is probably harmful: it may shield the useful internal struc-
tures from the field; it may cause parasitic discharges through the
weaker (lower breakdown strength) ambient dielectric; it may con-
tribute to wasteful leakage conductance from electrode to electrode;
and it may absorb some of the light emitted from the interior of the
particle.

Thus, an efficient EL particle is free of conductor material on its
surface, but has an internal electrode system to pick up energy from
the electric field and deliver this energy to high-field regions within
the particle. Such a particle can be considered a ‘“‘device,” in contrast
with a particle of CL phosphor, which is merely a piece of homogeneous
material.

The special particle structure required for high EL efficiency has
not been achieved for oxygen-dominated phosphor host materials.
What is presumably required for each such host is a conductor mate-
rial that can, without poisoning luminescence, dissolve in the host
during firing and segregate within the particle to form appropriate
structures during cooling, and that can be removed from the surfaces
of the fired particles.

D-C TRANSIENT EFFECTS

For the simple analog, as a sufficiently high d-c voltage is applied,
a flash appears at the first electrode of the lamp. After the voltage
source has been disconnected, a flash at the second electrode can be
obtained by shorting the circuit. Reversing the voltage also produces
a flash at the second electrode.

For the composite analog, only a fraction of the lamps will flash;
this fraction increases as the voltage is raised.

For an EL layer, a flash appears, as with the analogs, as a suffi-
ciently high d-c¢ voltage is applied. A second flash appears as the
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voltage source is disconnected. Shorting is not required to produce
the second flash, because the internal conductance of the EL layer is
high enough to produce a rapid discharge.

RECTIFIED A-C

For either analog, the interposing of a rectifier between the a-c
supply and the analog reduces the light emission to a single flash. The
capacitor system becomes charged to the peak voltage within a few
cycles, and holds this charge in the absence of a discharge circuit. If
a suitable resistor is connected across the analog, a sustained glow
results. A suitable resistor is one which reduces the time constant
for the circuit to the time of a half cycle or less.

For EL layers, using the same rectifier arrangement, the inherent
conductance will usually provide a time constant low enough (e.g., 0.01
second) so the layer will glow at low frequencies. At high frequencies
(e.g., 10 kilocycles) an efficient EL layer will not glow unless bridged
by a suitable resistor. The more efficient the EL layer, the higher the
time constant, and therefore the lower the frequency must be to
produce a glow. This provides a simple and quick method of estimating
the efficiency of an EL layer.

BRIGHTNESS VERSUS VOLTAGE

For a neon lamp, the light output is proportional to the charge
passing through the lamp. Consequently, the average emission in-
tensity is proportional to the average current through the lamp.

For the simple analog the charge per unit time, or average cur-
rent, passing through the lamp is proportional to the difference be-
tween the peak applied voltage and the circuit threshold voltage. The
average emission intensity therefore increases linearly with peak
applied voltage above the threshold.

For the composite analog, all lamps will glow at a sufficiently high
applied voltage. In this case, the increment of light output, AL, will
be, as with the simple analog, proportional to the increment of the
applied voltage, AV ; the value of n in the relation, AL = AV", will be
unity. Gradual reduction of the voltage applied to the composite analog
will cause a progressive extinction of the lamps. With each succeeding
decrement of voltage, the percentage of lamps extinguished increases,
and the value of % increases, ultimately approaching infinity.

For EL layers, the brightness, B, shows the same trend as does
the average light emission of the composite analog; the value of # in
the relation, AB = AV™, rises as the applied voltage is reduced. How-
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ever, the range of n values is more limited. Destructive breakdown
intervenes at high voltages before all potential EL units achieve
emission, and therefore n values below about 2 are not generally ob-
served. At the other extreme, as the applied voltage is reduced, n
values above about 8 are not generally reached before the brightness
becomes too low to be measured conveniently.

BRIGHTNESS VERSUS FREQUENCY

For both the simple analog and the composite analog, the light
output per cycle remains constant as frequency is changed; the aver-
age light output is therefore proportional to frequency.

For EL layers, the light output per cycle is nearly independent of
frequency below about 1 kilocycle. As the frequency is raised above
1 kilocycle, the light output per cycle falls off so that at 20 kilocycles
it is only about one-tenth that at 0.2 kilocycle. This fall-off does not
occur in the analog, and is therefore presumably attributable to
changes within the glow spots, changes that progress as the current
density increases.

DISSIPATION FACTOR VERSUS VOLTAGE

The dissipation factor, D, is equal to the ratio of the watts con-
sumed to the reactive volt—-amperes drawn. At low values, D is nearly
equal to the power factor.

For the simple analog, as the voltage is raised, D remains at zero
until the threshold voltage is reached and the lamp ignites. Then D
rises rapidly as the conductance of the lamp rises, reaching a maximum
as the lamp conductance equals the susceptance of capacitor C, in
parallel with it.

For the composite analog, consequently, the value of D will rise
with the voltage as long as the voltage increments cause more lamps
to ignite.

For an EL layer, the value of D rises with voltage, as it does for
the composite analog. The principal difference is that the EL layer
has a residual value of D of a few per cent at very low voltages
where no light emission is evident. The residual power loss presumably
results from current flow in the copper sulfide structures within the
EL-phosphor particle.

DisSIPATION FACTOR VERSUS FREQUENCY

For both the simple and the composite analogs, change of frequency
produces no change in either the charge transfer per cycle, or the
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voltages appearing across any of the components. Consequently, both
the watts consumed, and the volt-amperes drawn, are proportional to
frequency. The dissipation factor, D, is therefore independent of fre-
quency. D remains unchanged, as frequency is changed, because the
voltage drop across the lamp is constant in spite of the variation in
the current.

For an efficient EL layer, D is very nearly constant over the fre-
quency range from 0.2 to 20 kilocycles, as shown by the data in
Table 1. This relationship apparently cannot be duplicated by any

Table I—Properties of an Efficient EL Layer (area 2.27 em?; thickness 50
microns; both electrodes transparent; phosphor ZnS:Cl:Cu, green at 0.2
kilocycles, blue at 20 kilocycles; dielectric, Aritemp® (epoxy)).

Frequency (kilocycles) 0.2 2.0 20
Applied Voltage

(Volts) 100 200 300 100 200 300 100 200 300
Brightness

(Foot-Lamberts) 04 35 8 1.3 14 55 2.6 45 100
Current (ma) .035 .08 .135 37 .80 1.23 36 7.7 115

Capacitance (upf) 326 354 384 296 319 347 286 308 336
Dissipation Factor .06 .11 .13 .04 .10 .15 .05 .09 .13
Lumens/watt 10 105 74 4.0 43 5.0 0.77 1.6 1.156

equivalent circuit using linear elements for the power load. If a
resistor and a capacitor are in series, D is proportional to frequency;
if they are in parallel, D is inversely proportional to frequency. This
frequency sensitivity of D persists in more complex networks; con-
stancy of D can be achieved only over limited frequency ranges.

For EL layers of lower efficiency, the internal leakage conductance
(nonlinear) provides a greater additional load extraneous to the
emission process. The greater this internal leakage becomes, the
more D becomes dependent on frequency, rising as frequency is dimin-
ished, as expected for a parallel-connected resistor—capacitor combina-
tion.

CAPACITANCE VERSUS VOLTAGE

In the simple analog, the capacitance below the threshold voltage,
is that of C; and C, in series. Substantially above the threshold volt-

* Registered trade mark.
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age, C, is shorted out by the lamp conductance, and the capacitance
for the circuit rises to a value nearly that of the driving capacitor,
C,, alone.

For the composite analog, the capacitance must rise progressively
with the voltage, because additional lamps ignite, and conductance
rises for those already glowing.

For EL layers, the capacitance rises with the applied voltage, as
with the composite analog. However, EL layers show abnormal capaci-
tance even at voltages so low that no emission is apparent. This ab-
normal capacitance is about double that of an EL-type layer, made
with a non-EL phosphor. The greater capacitance can be attributed
to the conductive copper sulfide structure within the EL-phosphor
particles. These structures, though small in total volume, are pre-
sumably so arranged, either as thin sheets or thin needles, within the
particle, that the average line of force travels only half of the layer
thickness through dielectric; the other half of the way it follows a
conductor.

CAPACITANCE VERSUS FREQUENCY

For both the simple and the composite analogs, the capacitance is
independent of the frequency. For the EL layer (Table I) the same
is very nearly true. A small trend toward lower capacitance is ob-
served as the frequency is raised. This is to be expected in a heteroge-
neous material in which a wide range of conductivities occur among
the many microvolume regions. As the frequency is raised, the cross-
over frequencies are passed for the various regions, the susceptivity
overtakes the various conductivities, and these regions are in turn
converted from series conductors to series capacitors.

EMissioN WAVE ForM

For the simple analog, the duty cycle and, consequently, also the
wave-form for the emitted light will depend on the magnitude as well
as on the wave-form of the applied voltage. For simplicity, this dis-
cussion is limited to sinusoidal excitation. For an applied voltage just
above the threshold, the duty cycle is low, and the light from each
electrode is only a small pip emitted just as the voltage approaches
its peak. As the voltage is raised, the duty cycle increases. Beyond
voltages several times the threshold value, the emission wave-form
approaches that of a complete half-cycle of sine wave, with its peak
90° ahead of the voltage peak. Thus, both the shape and the phase
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relation change as the ratio of applied voltage to threshold voltage is
changed.

In the composite analog, the emission wave form will be the sum
for all the lamps. At any one applied voltage, a wide range of
applied-to-threshold voltage ratios will exist, and duty cycles will
range from near zero to near one half. The composite wave-form is
not easily predicted, although its peaks should lead the applied voltage
peaks somewhat, generaly by about 45°.

For the EL layer, two principal features of the emission wave forms
are the same as those of the composite analog. There are two peaks
of light per cycle, and these peaks do lead the applied voltage peaks.
A third feature, the rise in the troughs as the frequency is raised,
is attributable to the afterglow of the phosphor, and has no counter-
part in the analog. A fourth feature, observed occasionally, is the
secondary peak. Such peaks become less prominent as the EL layers
become more efficient, and the simple analog suggests no mechanism
for them. These secondary peaks presumably arise by the interaction
of a nonemitting process competing with the EL emitting process.
Except for the elevated troughs, and perhaps the secondary peaks, it
may well be that every published emission waveform comprises a
summation of many different duty cycles of assorted intensities. If
80, such emission wave forms are not promising data for deducing
the details of the emission process within the glow spot.

EMIssION COLOR VERSUS FREQUENCY

Although the analogs do not undergo appreciable change in emis-
sion color, the current-density changes that occur within the lamps
are useful for correlating the emission color changes that do occur
for some EL phosphors.

In the simple analog, increase of either the applied voltage or
frequency increases the current through the lamp without appreciably
changing the voltage drop across it. In spite of this similarity be-
tween effects of voltage and frequency changes, a difference becomes
apparent in the composite analog. At a given voltage, a certain frac-
tion' of lamps will glow; increasing the frequency does not change
this fraction, but does increase the current density within those lamps
which are glowing. At a given frequency, however, an increase in
voltage not only increases the current density of lamps already glow-
ing, but also ignites additional lamps. The newly ignited lamps will
be operating at low current density, because the applied voltage is
not far above threshold for each. Voltage increase therefore probably
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does not greatly increase the current density averaged for all glowing
lamps.

In an EL layer whose phosphor has two emission bands, color shift
towards the higher energy band can be produced by raising the fre-
quency, but not by raising the voltage. If the color shift arises from
increase in current density within the phosphor, as it does with
cathode-ray excitation, there are two reasons why frequency change
is more effective than voltage change in producing the color shift:
(1) voltage can be increased only by a ratio of about 4 from threshold
brightness to maximum brightness before breakdown, while the
frequency-range ratio can be at least 1000 (e.g., from .02 to 20 kilo-
cycles), and (2) voltage increments, while increasing current density
in some glow spots, also ignite additional glow spots, which will
initially be low in current density.

BRIGHTNESS MAINTENANCE

The properties of an EL layer change with time during its oper-
ating life; the most conspicuous change is the deterioration of bright-
ness. The fraction of original brightness remaining after a specified
duration of operation (brightness maintenance) depends’ more or less
upon such diverse factors as the procedure used in preparing the
phosphor, structure of the layer, and operating conditions. This
brightness deterioration can be attributed to damage of the vital
internal electrodes as indicated by the following evidence.

High ambient humidity often results in abnormal deterioration.
If, for example, the EL layer is contained between two sheets of glass,
it is well protected except at its edges. In this case the abnormal
deterioration starts at the edges, and the dark edge progressively
widens. The internal copper-sulfide electrodes are probably being
electrolytically destroyed, and traces of water-soluble electrolytes are
probably present to facilitate the process. This abnormal deterioration
can be avoided by proper protection of the layer.

A much slower normal deterioration takes place in layers well
protected against humidity. During this deterioration process, the
response to ultraviolet excitation does not suffer appreciably.” This
indicates that the phosphor phase is not being damaged, and therefore
probably the internal electrodes are being damaged. Also, as the
brightness falls the power consumption falls nearly proportionately.

"W. A. Thornton, “Electroluminescence Maintenance,” Jour. Electro-
chem. Soc., Vol. 107, p. 895, November, 1960.
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This, too, indicates that the electrodes are failing in their function of
transmitting power from the field to glow spots.

The copper-sulfide electrode system constitutes only about one part
per thousand of an EL phosphor. If it consisted of randomly distrib-
uted spheres, it could not be expected to have much electrical effect
in the phosphor. It seems likely, therefore, that it takes the form of
thin sheets or needles, having sharp edges or points. Furthermore,
the power is consumed in small glow spots, all of which taken together
constitute only a small fraction of the entire volume of an EL layer.
Consequently, when such fragile electrode structures are called upon
to deliver relatively enormous power densities to the glow spots, it is
to be expected that the electrodes will be damaged or eroded. Raising
the frequency shortens the life of an EL layer, not only in time dura-
tion, but in number of cycles.” This indicates that the internal electrode
erosion rises even faster than the current density. But, in contrast,
raising the applied voltage is almost without effect on the life of an
EL layer.” This is in agreement with the earlier analysis of the
analog, showing that voltage increases do not appreciably increase the
average current density within the glow spots.

As the proportion of EL phosphor to plastic is increased in an EL
layer, the life is shortened.” This again involves an increase in current
density. At low phosphor proportions, the phosphor particles are in
an ambient of low-dielectric-constant plastic. As the phosphor pro-
portion is increased, the average dielectric constant rises. Thus, the
field within the particles rises, and the current density rises in the
glow spots. In terms of the analog, the driving capacitor becomes
larger.

As the ambient temperature is raised, the life of an EL layer
diminishes.” This suggests that high local temperatures in the glow
spots are largely responsible for the erosion of the electrodes. Perhaps
some of the erosion consists of redissolving some copper sulfide into
the zinc sulfide because of these high temperatures.

Constant-current operation, instead of constant-voltage, achieved
by connecting to a high-voltage source through a large external im-
pedance lengthens the life of an EL layer.” Voltage rises automatically
during operation as the impedance of the layer rises. In this case, a
rise in the threshold voltage of an EL unit because of electrode damage
does not necessarily result in its extinction.

Deterioration at a fixed voltage is selective; the deteriorated layer
will operate at a somewhat higher voltage without much evidence of
having deteriorated.” The higher voltage not only puts into service
many other EL units that did not function at the original voltage, but
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perhaps also puts back into service some whose threshold voltage had
risen too much to permit them to continue to function at the lower
voltage.

Within limits, the life of an EL layer improves with increasing
copper proportion in the EL phosphor.” This could be the result of
dividing the electrical load within the phosphor among more EL units
since more electrodes result in more glow spots. Or alternatively, it
may be that the electrodes are thicker and sturdier. The fall-off in
brightness at the higher copper concentrations’ may result from in-
creased shielding or bypassing of an otherwise useful EL unit by a
nearby conductor.

Higher phosphor firing temperatures improve EL layer life.” For
higher firing temperatures, more copper sulfide presumably dissolves
in the zinc sulfide and segregates as the phosphor cools. This could
provide thicker, sturdier electrodes, and consequently slower erosion.

Larger particles would presumably have proportionately larger
electrode structures. Because they are thicker, these electrodes would
erode less rapidly, and deterioration of brightness would be slower
for larger particles, as reported.” Furthermore, these electrodes would
probably be more extensive in area or length and therefore do a better
job of concentrating the field, leading to higher brightness for larger
particles, particularly at the lower voltages, as reported.’

Practical EL phosphors are limited to zinc sulfide and selenide as
host materials. Zinc-selenide EL phosphors have a longer life than
the commoner zinc-sulfide EL phosphors.” This must be attributed to
their having internal electrodes of copper selenide, which for some
reason are more durable than those of copper sulfide.
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OPTIMUM BINARY FM RECEPTION USING
DISCRIMINATOR DETECTION AND I-F SHAPING#*}

By
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Summary—The purpose of this study was to determine means of lower-
ing the received carrier threskold in the detection of binary FM. Com-
parisons are made on the basis of received carrier power required to
achieve a given error. probability per pulse. The basis of evaluation of the
detection under consideration is an ideal curve of error ‘probability versus
a normalized parameter, the ratio of energy in a signal element and noise
power per cycle of bandwidth.

A large part of the paper is devoted to the derivation of the error
probability relationships for discriminator reception with an i-f “filter so
narrow that the modulating pulses are shaped thereby. The results show
that with a proper choice of parameters, this system requires only ‘about
2 decibels more received carrier power than the ideal. For comparison,
another detection method, the use of a nmarrow ‘mark or space filter, is
analyzed.

INTRODUCTION

HE problem examined is the achievement of better threshold

l lperformance for binary FM transmission than that obtained

with present systems. The basis of comparison is the required
received carrier power for a given independent bit-error rate.

The relationship of error rate and a normalized energy ratio for
an ideal system has been presented in the literature. For example,
Turin! and Lawton? give this relationship for a binary system involv-
ing unique mark and space wave forms having the same energy per
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signal element (bit). The best results achievable with such a system

are given by
1 1 E
Po=———erf —_—
2 2 Mo

where P, is the probability of error per signal element, E is the energy
in a signal element, and n, is the white noise power per cycle of band-
width. This equation is given as curve A of Figure 1.
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Fig. 1—Comparison of systems.

In the situation where continuous frequency modulation is allowed,
although the energy in all signal elements is the same the actual r-f
and i-f wave forms can vary from pulse to pulse. The modulating
pulses are always one of two unique wave forms, but phase continuity
of the carrier implies that the starting phase of each signal element
can have almost any value. However, if the modulated carrier is re-
garded as a succession of equal-length signal elements, the actual
wave form for any given signal element proceeds from that point in
one of only two ways. Hence, the ideal relationship holds here too
(as an upper bound on system performance).

THE SYSTEM

Consider a radio transmission system as represented schematically
in Figure 2. The message supplied to point 1 is a random succession
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of equal positive or negative impulses with regular spacing of % sec-
onds. In passing through the low-pass network, the pulses become
shaped at point 2 where, if the form of one pulse is f(¢), the signal is

o0

s(b) = 2 = f(t—nh). (1)
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Fig. 2—Radio system and waveforms.
A carrier is frequency modulated by s(£) to produce

t

g(t):Acosl:mOt+¢+27rfs(x)dx]. (2)
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Flat Gaussian noise with density n, watts per cycle of bandwidth is
added at the receiver. The carrier level and noise density are referred
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to the receiver input, although we are interested in their relative
effects at points in the receiver after amplification has taken place.
Thus n, = kTF, where k = Boltzmann’s constant, T = temperature in
degrees Kelvin, F =noise figure. Let the received carrier amplitude
be Q,, and its power be P,. The sum of the modulated carrier (3)
and the noise (4) is passed through a band-pass filter, which produces
the wave form (5) with reduced carrier amplitude, @, at the centers
of the modulating pulses. The instantaneous frequency deviation is
also affected. The function of the limiter and discriminator is to
produce the instantaneous frequency of the composite input signal.

The purpose of the receiver is to recover the transmitted sequence
of marks and spaces® with a probability of error below an assigned
limit, while keeping the required energy per signal element as small
as possible. Only the ratio of carrier power to noise power is im-
portant, not their absolute values; thus a quantity proportional to
Py/(bgny) will be a significant parameter, where b, is the equivalent
noise bandwidth.

The energy in a signal element, E, is Pyk, so that the parameter is

E

K .
hbyn,

However, kb, is constant for equivalent systems differing only in scale.
By choosing K = hb,, the parameter is

E P

7o 7o

Thus the same results can be achieved by increasing pulse power or
spacing, or by decreasing noise density (noise figure) by a given
factor. Studies of ideal systems in the literaturel? are based on this
parameter.

In this analysis there is no receiver base-band shaping. That is,
the mark or space decision is made directly at the output of the dis-
criminator or after a flat base-band amplifier. It will be shown later
that performance approaching the ideal is achievable without such
shaping.

The decision is made by measuring the instantaneous discriminator
output at the pulse centers. Perfect video synchronism is assumed.

* The designations “mark” and “space” are used for convenience even
though the space is not literally that.
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In practice, such synchronism is easily derived from the pulse train
itself whenever the error rate is reasonably low. For example, a
system which would be unusable for bit-error rates exceeding 1 in 108
would typically not show lack of synchronism until the received level
is low enough to produce 1 error in 104.

The analysis here does not involve the ordinary FM concepts of
high deviation, great bandwidth or restriction to operation above
threshold. Instead, the FM treatment is kept as general as possible,
and indeed the results indicate that best binary reception is obtained
when some of the usual rules-of-thumb are violated. For example, the
peak deviation limits can be well outside the relatively flat part of the
i-f pass band.

ERROR RATE

Under the conditions stated, and with a symmetrical i-f bandpass
characteristic the probability of error, as derived in Appendix I, is
given by

e—p et
F(p,G) =— - {-’o(é) + 2L+ Gp) 1, (D) + 1,(D] } du
2 (1 4 p2)372
0

l: (/H-G)”:I
where Z———
1+ p2

p= = = the signal-to-noise ratio at the detector,
2n0b0 nob,

3)

bo= | w(f)df,
J

where w(f) is the dimensionless bandpass power characteristic. G,
the generalized deviation, is defined by

5
G =228, 1/ ° . (4

where S,, is the peak instantaneous frequency deviation and
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e \

by = (21)? [ W) (f— o) df, (5)

0

where f, is the carrier frequency.

All of the parameters involved here appear at the input to the
limiter—diseriminator combination after the bandpass filtering has been
accomplished. As plotted in Figure 3 the curves of F(p, G) can be
used to find the error rate if the various parameters at that point are
known. If, as is usually the case, a minimum of carrier power is
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Fig. 3—Computed curves of F(p,G).

required at the receiver input, the error probability must be referred
to py, defined as

Q¢?
Po—

- 2n4b, '

(6)

In the process, it will usually be advantageous to plot F (p,G) versus
po, taking into account that the amount of carrier reduction at the
pulse centers depends on G, which is proportional to frequency de-
vi‘ation.

-L,The procedure can be illustrated by considering a system in which
the carrier is modulated by impulses, that is, the carrier phase is
instantaneously shifted by = b radians. The video shaping network
of the transmitter is omitted in this case. Let the receiver bandpass
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be Gaussian in shape,

o { (f —fo)? } 0
w =expq ———— .

2
Oy

Find the value of b which requires least received carrier power for a
given error rate.

Although the passage of FM through a frequency selective network
has a nonlinear effect on the modulation, so that superposition does
not hold, we assume here that the multipulse train behaves about the
same as the sum of the individual pulses as far as peak deviation is
concerned; that is, any given pulse peak is not appreciably altered by
the presence of other pulses. It is also assumed that inter-symbol
interference is no worse than it would be if the impulses were applied
directly to one-half the bandpass network acting as a low-pass filter.
The magnitude of the pulse peak itself, however, is computed on a
true basis, taking the FM distortion into account. The parameters
work out, as shown in Appendix II, to give

2 b
G= _tan—, b<m, (8)
Vo 2

while the reduction in carrier amplitude at the pulse center is given by

Q b 1
—=cos—=————— 9)
Qo 2 =
1+ —@G?
4
Then
P 1
—_—=— . (10)
Po 77'
14+ —G2
4

In order to replot the error curves with respect to p, it is only
necessary to translate each constant-G curve to the right by the ap-
propriate number of decibels, in accordance with Equation (10). The
result of this process is given in Figure 4. To obtain the minimum
more clearly, p, versus G is replotted for a given error probability in
Figure 5; it is found that G =1 is very close to the minimum value,
and so will be used here. Then, by Equation (8),
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/

7
Fig. 4—Curves of F(p,G) plotted against p,= <1 + — G2> p.
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™
b=2tan-1 = 83.2°,
2
Also,
Qq?
h
2 1 Ph 1
Po = = , (11)

Mg boh %o  boh

where k is the reciprocal of the pulse rate. The first factor of the
right member of Equation (11) is thé ratio of energy per signal
element, Pyh, to noise power per cycle, and is thus the normalized
parameter used by Turin and others. The second factor, byh, depends
on the tolerable intersymbol interference. In the Gaussian bandpass
case, b, = (rf\/;r_, as shown in Appendix II.

Table I—Representative Values of Intersymbol Interference

€ hﬂf
.001 591
.01 482
.02 446
.06 .390
1 342
2 286
3 247
5 187

Computations of the response of bandpass networks to FM by
single pulses consistently show pulse outputs with greater peaks and
smaller tails than the pulses out of an equivalent low-pass network.
The greater peaks are taken into account as in Equation (), where
the equivalent low-pass network would give G =b/\/7. The exact
effect of the smaller tails would be difficult to compute, so the probably
conservative assumption is made that the intersymbol interference is
as given by the equivalent low-pass filter acting directly on the pulse
train. Then the interference by one adjacent pulse, as a fraction of
the peak, is e =exp (—2720,2h2). Table I is a list of representative
values.

A reasonable value of ¢ is 0.05, giving a total for the adjacent two
pulses of 10 per cent of the tolerable interference; that is, 10 per cent
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of the pulse peak itself. The corresponding reduction in allowable
noise will not be taken into account now in computing the required
carrier power, for it complicates the analysis and can be allowed for
later by providing slightly more carrier power.

For e=0.05, ho; = 0.390, so that for an error rate of 1 in 108,
where the minimum p,= 15 decibels from Figure 5, the required
energy ratio is Pgh/ny = po\/who;, or 154 2.5 —4.1=13.4 decibels.
This result is quite general, being applicable to all pulse rates and
noise figures. As an example, consider a pulse rate of 500,000 per
second (h =2 microseconds), and a noise figure of 10 decibels. The
required carrier level is (Pg)g =—114 410 —3 4 13.4=—93.6 dbm.
This is the minimum value for the conditions stated and is about 3
decibels lower than the value required by previous design.

The transmitted spectrum for impulse modulation will be broader
than it is when shaped pulses are used, but the corresponding nar-
rower receiver bandwidth will tend to mitigate this effect as far as
mutual interference of channels is concerned.

The case in which the transmitter low-pass and receiver bandpass
networks have the same Gaussian parameter has also been worked out
(Appendix III). In this case, the required p, is about 1/2 decibel less
than for impulse transmission. However, for the same over-all inter-
symbol interference, the receiver bandwidth, measured by ¢/, is greater
by the factor /2, so that the required carrier power is greater by
1.5 — 0.5 = 1 decibel. Thus the impulse case is 1 decibel better. With
equal Gaussian shaping, no simple expression has been found which
relates b, the total phase deviation of one pulse, and G, the frequency
deviation parameter after the bandpass. Therefore, the relation was
established graphically after a point-by-point numerical integration.
Figures 5, 6, and 7 pertain to the equal-shaping case.

Networks other than Gaussian can be treated in the same manner.
In general, numerical integration will be required when the modulating
pulses are not impulses. Perhaps the best procedure to obtain com-
parisons for non-Gaussian networks is to use impulse modulation, in
which case the b, G relationship can be found easily.

An interesting point is that the curve relating p, and error rate
for the optimum G in the best case thus far treated, namely modula-
tion by impulses with Gaussian bandpass in the receiver, falls very
nearly along the curve for differentially coherent reception as given

by Lawton :2
1 —F
P,=—exp ’
2 N,
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Fig. 6—G versus b for equal shaping.

where P, is the probability of error, E the energy in a signal element,
and N, =noise power per cycle. This relation is shown as curve B
in Figure 1. Conveniently, the only G curve known in a simple closed
form is the near-optimum G = 1. The expression is

——1G=0.3
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Fig. 7—F (p,G) plotted against p, as given for equal shaping.
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e—p
F (Prl) =
2

which, with Equation (10), becomes

1 Po
F(pl) =—exp ———— > , (12)
2 14+ (x/4)
or, by Equation (11),
1 Pyh 1 1
F(p,1) =—exp {-— l . (13)
2 n, boh 1+ (x/4) )

The term Pyh/n, in Equation (13) is identical with the term E/N,
in Lawton’s expression. Since

1 1 1 1
= = 0.81,
boh 1+ 7/4 V7 (.390) 1+ x/4

it is seen that the carrier power for modulation by impulses with
Gaussian bandpass in the receiver must be about 1 decibel higher than
in the differentially coherent system. This result is shown in Curve C
of Figure 1. An additional allowance of about 1 decibel should be
taken to compensate for the reduction in noise margin due to inter-
symbol interference. A better choice of ho; can probably be made to
bring the results closer.

Furthermore, the differentially coherent result is, as pointed out
by Lawton, only slightly poorer than in the ideal coherent situation,
curve A, which is the true optimum. Thus, we are within about 2
decibels of the ideal.

FM THRESHOLD

An interesting feature of the results shown by the curves of error
probability versus carrier level is the lack of the sharp-breaking
threshold usually associated with FM reception. The only threshold
here is the carrier level required to yield the assigned maximum
tolerable error probability.

The concept of an FM threshold as the carrier level below which
a linear relation between carrier/noise and signal/noise no longer
holds is not valid here. Attempts to apply program broadcasting and
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direct voice channel techniques to the digital case can lead to erroneous
results. The main differences are in the detected noise. In voice-~
channel transmission, the noise part of the output signal-to-noise ratio
is taken with the signal absent. The noise statistics can then be
handled easily, particularly above threshold. The effects of post-detec-
tion filtering are easily determined.

In digital-transmission, it was seen that the noise had to be evalu-
ated at the sampling instants with signal present. In fact, the proba-
bility density function integrated in Equation (3) pertains to the
combined output. If the noise-free signal value is subtracted from
the composite output, a different amount of residual noise would result
for each signal value on the pulse curve. The effects of low-pass filter-
ing on such a varying kind of noise do not appear easy to determine,
but it would be interesting to have such information.

RELATIONSHIP TO PHASE-SHIFT KEYING

Frequency modulation by impulses is equivalent to phase-shift key-
ing. It is interesting that the optimum phase shift found here is very
close to the value =90° used in PSK to make the two possible shifts
as far apart as possible. Since quaternary PSK employs phase shifts
of =45° and =135°, it is probably best to use these values for quater-
nary transmission even with discriminator reception.

PRACTICAL CONSIDERATIONS AND TYPICAL DESIGN

In the realization of a system employing FM by impulses, certain
practical considerations should be taken into account. First, it must
be decided how closely the modulating pulses should approximate im-
pulses. It seems reasonable to require that the peak deviation be
significantly greater than half the equivalent noise bandwidth of the
receiver bandpass network. The pulse width would then be chosen to
produce the required phase deviation through the entire pulse.

A second consideration is the sensitivity of the output to mistuning
or drift in the receiver. A related problem is the inclusion of an order-
wire signal, as required with most radio relay equipment. A voice-
frequency signal added directly to the pulse trains would act for short
periods of time like a mistuning. The subject of order-wire is com-
plicated enough to require a separate investigation.

Although the use of impulse modulation has been demonstrated to
be better than equal shaping from the standpoint of required received
carrier power, some of the practical considerations above, together
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with the fact that present designs are closer to equal shaping, lead to
a design utilizing equal-shaping Gaussian filters.

It has been found that the best results occur at G = 1. From Figure
(6), b = 2.8 radians or 132°. From Equations (58) and (64), of
Appendix III, the peak deviation of the transmitted signal is

b 1 b oy,
fpr(0) == — = ==0.9170;,. (14)
2 0:1\/5 N

The intersymbol interference criterion given before, = 0.05, is
suitable here, so that ho,= 0.390, where o, is the over-all shaping
parameter. With equal shaping, o, for one of the filters is \/2 oy For
example, with 12-channel 6-digit PCM, h = 1/576,000 second, so that
o, = 225 kilocycles and o, = 318 kilocycles.

The over-all 3-decibel-down frequency is faq, = VIn 2 o; = 187 kilo-
cycles, while for each filter the 3-decibel-down frequency is 265 kilo-
cycles. From Equation (14), the peak deviation is = 290 kilocycles.

For an error rate of 1 in 106, p, must be 13.1 decibels, from Figure
7. The required received carrier power, Py = pofoby = ponoa,-l\/;, which
is 18.1 —144 + 10 + 25 + 2.5 =—93.4 dbm, with a 10-decibel noise
figure. An allowance of 1 decibel should be made for intersymbol
interference.

For other values of k, the frequency terms and P, vary inversely
with k. Thus, a 48-channel PCM system requires four times the band-
width, deviation, and power.

For reasons of frequency-drift and order-wire allowance, one may
want to increase the bandwidth. If all the relationships are main-
tained, the required power will vary directly as the bandwidth. The
peak deviation must be increased appropriately. Incidentally, the inter-
symbol interference will be reduced.

NarRrOW FILTER TUNED TO MARK OR SPACE FREQUENCY |

- b

In binary frequency-shift transmission a mark is transmitted at
frequency B and a space at frequency ». Wide-band flat Gaussian noise
of power 7, watts per cycle is added. The receiver is essentially a very
narrow filter tuned to 8. These frequencies can be in an intermediate-
frequency range, having been translated from the actual transmitted
frequencies.

The incoming signal is fed into the filter from the beginning to
the end of each signal element, with gating and discharging circuits
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ensuring the mutual independence of all signal elements. At the end
of each signal element, the envelope of the output is examined and a
mark or space decision is made based on a threshold level. Simulta-
neous mark and space filters can be used in two receiver paths, in
which case the outputs are subtracted and the decision threshold is
zero.

Assume a filter as shown in Figure 8, with R, > R. Using Laplace
transforms,

EO(s) s+a0
. =g e . (15)
E(s) (s+a)2+ B2

R
. ‘ e,
|
€ ¢ R
T .

Fig. 8—Filter.

where ¢ =1/RC, ay=r/L, a= (g + a,) /2, and

= ,‘// —aog—— (9—ap)? .

For an input whose transform is
2
1] "
Ei(s) = ; (16)
82 + o?

the output envelope, E, becomes, after some manipulation,

g
Ee=—(22+a?)—% (1 + e—2a —2¢—atcos xt)?, amn
2

with x =w —8, and q,, 2, « K 8.

These results apply to a sinusoidal input of amplitude unity. The
actual input will consist of a sinusoid of amplitude K, plus noise. The
available carrier power, P,, is K2/(8R). That part of the noise lying
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in a band of width df can be represented by a sine wave of amplitude
M, such that M2/(8R) = nydf.

Then K =\/8P,E and M =\/8n,Rdf. The total noise power out
after time h is (suppressing the load resistance, Ep)

o ook [
NTE/ dnyR [E (x) 12df = / [E(x)1%dx
g2nyR
o (1 — e—2at), (18)
2a

which approaches g2hin,R as a—> 0.
The signal power at t = is, since x =0,

K2 P,Rg?

P,=—E2(0) = [1— e—en]2 = P _Rg2h2. (19)
2

a2

The ratio of this signal power and the noise power at the end of the
signal element is then P,h/n,, which is just the energy ratio.

If the space frequency is chosen so that z is a multiple of 2xn/h,
the output space signal amplitude will approach zero as a— 0. Thus
the FSK problem is reduced to an on-off keying problem where the
mark frequency corresponds to “on’” and space frequency corresponds
to ‘“‘off.”

Montgomery? has treated the on—off keying problem; the probability

of error for a space is
P, = e—Ful4, (20)

where R, is the carrier-to-noise ratio. For a mark, the probability of
error is very nearly

1 3vR, VR, VR,
Py=—| erf —erf erf . 21
2 2 2 2

The average probability of error, since equal mark and space prob-
abilities are assumed, is

3 G. F. Montgomery, “A Comparison of Amplitude and Angle Modu-
lation for Narrow-band Communication of Binary Coded Modulation for
Messages in Fluctuation Noise,” Proc. IRE, Vol. 42, p. 447, February, 1954.
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1 1 3VE, VR, VR,
P,=—e—B/t | erf —erf erf
2 4 2 2

(22)

In the case under consideration, R, is the energy ratio P.h/n,. Fur-
thermore, for any R, of reasonable size, the first term dominates, so
that the approximate formula, plotted for comparison as curve E of

Figure 1, is
1 P.h
P,=—exp < — (23)
2

4n,

which is 6 decibels worse than differentially coherent detection.

The use of both mark and space filters will result in a 3-decibel
improvement. Suppose that a mark is sent. Then, the probability
density function of the envelope, M, of the sine-wave-plus-noise output
of the mark filter is given by*

M M2+ Q2 MQ
p(M) =—exp l:———————-:, I, < , 24)
Yo 2y, Yo

where ¢, is the mean square value of the noise, and Q is the peak value
of the sine wave. Similarly, the envelope, S, of the noise output of the
space filter has a probability density function

S S2
q(S) :-—exp|:— :I . (25)
Yo i 2y,

In operation, the outputs of the two filters are subtracted, and a
decision for mark is made when this difference is greater than zero.
Thus, if a mark was sent, an error occurs whenever M — S < 0; the
error probability is

w 8 w M

P,= f{ p(M)q(S)deSZI—ffP(M)Q(S)deM, (26)
0 0 O

which reduces to

4S. O. Rice, “Statistical Properties of a Sine Wave Plus Random
Noise,” Bell Syst. Tech. Jour., Vol. 27, p. 109, January, 1948.
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Pezl—e—Ruf (1—6—3)6—310(2\/R—()ac)dx, 27)
0

where z = M2/(2¢,) and R,= Q2/(2¢;). Through use of a standard
integral,® the result becomes

1
P,=— e-R2, (28)
-2

which, by symmetry, holds for spaces as well as marks, and is thus
the complete expression. As before, R, is simply the energy ratio, so
that this case lies midway (in db) between curves B and E of Figure 1.

CONCLUSIONS

A study of detection of binary FM signals has been made on the
basis of received carrier power required to achieve a given bit error
rate threshold. The results show that, in the presence of white noise,
discriminator reception with i-f pulse shaping can, with proper choice
of parameters, be superior to other practical methods and that it ap-
proaches within about 2 decibels of the ideal represented by phase-
coherent correlation detection. Curves and techniques presented in
the course of the derivations are suitable for the design of systems
to achieve the near-ideal performance.
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APPENDIX I—DERIVATION OF EXPRESSION FOR PROBABILITY OF ERROR

Ricet derives a formula (No. (5.4)) for the probability density of
§’, the derivative of the phase angle of a fixed sine wave plus random
noise for any power spectrum of Gaussian noise. From this formula,
an expression can be derived for the probability of error in discrimi-
nator detection of binary pulses frequency modulating a carrier, when
the receiver bandpass characteristic is symmetrical about the carrier
frequency.

5 Grobner and Hofreiter, Integraltafel, Zweiter Teil, Bestimmte Inte-
grale, Springer-Verlag, 1950, p. 198, formula 5.
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Rice’s result is not immediately applicable to the problem consid-
ered here, since he assumes a carrier of fixed frequency and amplitude.
To see the true relationship, it is first necessary to review some of
the earlier development in Rice’s paper (Section 8) on the definition
and simple properties of R and 6, which are defined by

Rcos§=Q+1,
Rsind=1, (29)
where the sine wave is @ cos gt and the noise is

Iy=1,cos gt — I, sin qt

o
I,=2 ¢,co8 [(w,—q) t — ¢,]

fiem]

M
I,= Zl ¢y 8in [ (0, —q) t —é,].
- (30)

The ¢, are given by the spectrum of the noise, while the ¢, are random
variables distributed uniformly over (0, 27). A continuation of Rice’s
development gives

d Is (Q+10) Ia,_IsIc,
6’ = —tan—1 = (31)
dt Q+1, Q+1)2+12

where @ and q are constant.

In relating the present case to Rice’s work it is observed first that
samples regularly spaced by A are of interest. It is assumed that the
variations in the ¢, are such that their values at any sample are inde-
pendent of their values at any other sample, while in a small neigh-
borhood of any sample these values are fixed. Since the ¢, are chosen
at random and uniformly from (0, 27), any other phase angles can be
added without affecting the statistics. It will be convenient to add, in
the neighborhood of each sampling point, t;, the value which

t

¥ (t) EZn-fs(x)dx—Zn-s(tk) t (32)

—0

takes at that point. Furthermore, the expansion for the noise will be
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taken with respect to the angular frequency:
q=qo+ 27s (),

where s(f;) is the same, S,;, for all marks.

With the assumption of variable @ and ¢, a new instantaneous
phase-angle derivative may be written:

(Qecos A+1,) (QA’cos A +Q’'sinAd + 1))

9 =
(QecosA+1)2+ (@sinAd +1,)2
(@sind +1,) (—QA’sinA +Q'cos A +1))
(QeosA+1)2+ (@sinA +1,)2
(33)
with A=y (t) —¢(ty) (34)
=9 (ty) + ¢, (35)
M
L= c,cos [ (v, — @)t —,] (36)
n=1
i
I,=2 c,sin [(o,— )t —,]. (37)
n=1
At t=t, A=A"=0, so that
@Q+1) 1 —(@Q@+1)) 1,
’tk = . (38)

Q+1)2+12

Except for the @’ this is just the result that Rice uses. It is seen,
then, that the form of s(¢) does not matter; only the value of s(%)
at the sampling time must be incorporated into the frequency, q. In
the case of a symmetrical filter, Q" is zero at the peaks of the output
pulses when the modulating pulses are symmetrical.

For all peaks of transmitted marks (or spaces), then, the dis-
tribution of 6’ is the same as if there were a steady carrier at an
angular frequency ¢, + 27 Sy, with additive Gaussian noise sym-
metrical about ¢, as illustrated in Figure 9.

Rice’s formula for the probability density function of 6’ is
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1 2 172 y—e¢
Py =— (y+1) 1,
8a \abyB 2
Yy—¢ ct+vy bobyp
+v1 €xXp -
2 2 B

(39)
w(f)
q_‘o.' :—%-&S“ f
Fig. 9
where
bo= [w(p) af
0
’ q
i . 27
(1]
(40)
; g \*
bp= (2n)2 wf){ f—— ) df
. 27
[1]
(by —2b, 6" + b, 672)
a=
2B
B = by by — b2
b2
Y=
a
(41)
X Qb —b,8)

2B
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I,(x) and I, () are modified Bessel functions of the first kind. Every-
thing here is referred to the carrier angular frequency, ¢, which is
taken to be ¢, + 2r Sy, in accordance with the above discussion. In
order to refer the results to the unmodulated carrier frequency, ¢,
at the center of the network, the b, may be written in terms of the
corresponding quantities, b/, referred to g, Thus

bo = by,
J go + 278y
by = 2= w(f)| f—— af
5 27

=b,"— 27 Sy by,

(42)
o0
qo + 27TSM 2
by = (2m)% w(f)| f—- — - af
or
0

= bg’—‘47r SM bl, + 471'2 SM2 bO'

For a symmetrical network, b,” = 0. Therefore b, = —2m Sy bo,

and by, = by’ + (2m Sy)2 by. An error occurs for a transmitted mark
whenever 6’ < —2x S, Thus the probability of error when a mark is
sent is

—278,,

P, = fp(@’)d 0. (43)

-0

Performing the various substitutions, with

p 1—G (G +2u)

g

2 14+ uzu_ ’
bo

_ 271' SM’

by’

bo
u=—{ G+ —00 ),
by

G
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results in

1 2\ 2 du
— e —
8a \ ab,B 2 (1 +u2)3/2

Y = 2{ + G?p,
(44)

y—e¢

= g;

2
[+ + Y b2 'bO p g
— =Z—p.
2 B
The integral then becomes
0
e—r e$ du

P,=F(p,G) =— I (D) + (2L +G%) [I,(0) + (1) - ——
2 . (1 + u2)8/s2

(45)
By symmetry, the same result holds for spaces as well as marks.

Evaluation of F(p, G) for ranges of values of p and G has been
done by machine computation. Some properties of F are:

1
F(O,G) :F(P,O) =

-]

F(p,—G) + F(p,G) =1,
F(w,G@) =0; G>0,

F’(p,OO) :O’

(46)
1
F(P’ 1) = e~p,
2

APPENDIX II — FM BY IMPULSES THROUGH BANDPASS NETWORKS

The result of passing a carrier, exp(juwot), on at all times, fre-
quency modulated at ¢ = 0 by an impulse, through a bandpass network
is given by Gumowski.® For a symmetrical network, the result can
be written

v () = e’ [A(0) + (e —1) h(t)], (47)

¢I. Gumowski, “Transient Response in FM,” Proc. IRE, Vol. 42, p.
819, May, 1954.



OPTIMUM BINARY FM RECEPTION 721

where b is the phase shift corresponding to the impulse in frequency
and % (t) is the step-function response of the low-frequency translation,
with transfer function 4 (v), of the bandpass network. The transfer
function is normalized so that A (0) is unity, and it is observed that
for a symmetrical filter, 2 (0) = 1/2. Also,

h(—x) =0,
h(e0) =1,
Then
v (t) t = gyt
t>o00 (48)

v(t) | = eflottd
t>o0

v(0) = /2 cos b/2.

Thus the carrier amplitude at the center of the pulse is reduced
from its undisturbed value of Q, by the factor cos(d/2). The instan-
taneous angular frequency of »(t) is found by taking the derivative
of the phase angle;

d h(t) sind
v4(t) = —tan—1
dt 14 (cosb—1)h(t)
h’(t) sinb
= . (49)
RO+ [1—hr@)12+20)[1—R(t)]cosd
At t =0, the center of the pulse,
b b
2k (0) sin — cos —
h’(0) sind 2 2
24 (0) = = (50)
1 1 b
— 4+ —cos b cos? —
2
or
b
2mSy = W (0) 2tan —. (51)
2

This shows that the output increases with b at a greater than linear
rate. For a Gaussian filter,
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1 (0) = op\ /2,

wz
where A(0) = exp <— > . (52)

871'20',2

From Equation (7)

(f — fo)?
bo—/W(f)df /exp{ - \Ldf (53)

Since f, > o; this is effectively unchanged by extending the lower
limit to —e0. Then.

0

bo = o f e~ dx = op/7. (54)
Similarly, -
8 (F—fo)?
vy = (27)2 exp ———— (f—Ffo)2df
o or
~ O'fa\/; (27)2

~o3(2m)?2 22 e—12 dp — . (55)

2

-_0

With the above results, Equation (4) yields

2 b
G =—tan—. (56)

VT 2
APPENDIX III—EQUAL SHAPING

Impulses of content +b are applied at point (1) in Figure 2, so
that at (2) there is the superposition of time functions of the form
*ba,(f — nh), where a,(r) is the response of the transmitter shaping
network to a unit impulse. One pulse, *ba, () centered at ¢ = 0 will
be examined going through the FM path to detection.

The transmitter is frequency modulated by =+be,(¢), so that its
output is proportional to
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fr(t) = exp {joot} exp { =+ ib fal(x)dx}. (57)

The actual instantaneous frequency deviation in cycles per second is

fDT_———— +b /al(x)dx]—+—a1(t) (58)
27 dt

In the receiver, all filtering is assumed to be accomplished in the i-f
where the symmetrical bandpass network, given by w(f) = [W(0)]?,
acts on the received modulated wave. Let ¢ (+) be the impulse response
of this network. Then the output can be found from the superposition
integral

eo(t) = ffT(r)a(t—r)dr. (59)

The problem can be referred to the associated low-pass network by
setting W (0) = X (0 —wy). Then

7]

1 g efTw,
a(r) =— / W (o) efrode = / X (o) eiTv’de’” = efto,a, (1),
27 27 .
—

o (60)

where a.(r) is the impulse response of X (o). Then, substituting
Equations (57) and (60) into Equation (59),

eo(t) = f exp {jwot} exp{ *+7b fa'] (z)de } exp {j(t —7)wo} @y (t —1)dr

= exp {joot} f ax(t—1) exp{ =+ jb fal(x)d:c } dr. (61)

This expression consists of a carrier term multiplied by a complex
quantity which contains information as to the instantaneous phase.
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The function of the diseriminator is to extract the derivative of this

phase angle;
faQ(t—r) sinl: b fal(x)dx :l dr

d el

eg(t) =+ ——tan—1
faz(t—T) cosl: bfal(x)de dr

dt
- (62)

Another important quantity from Equation (61) is the change in
carrier power with respect to the unmodulated case. That is

p(t) { S f 2

= / ay (t —7) sin|: b/al(m)dx :l dr
Po o L

0 T ) r 0 o
+{/a2(t—r) cosl: bfal(x)dw:l dr} i/al(t—f)df}

(63)

Since the detection sampling occurs at the pulse center, we are inter-
ested in the quantity at £ =0, and we also must see that its derivative
at this point is zero in order for the results of Appendix I to be
applicable. Taking the derivative of Equation (63), setting t =0, and
assuming a,(r) is an even function, p’(0)/py=0.

Equation (62), in general, has to be evaluated by numerical inte-
gration. This was carried through for the case of equal Gaussian
shaping, for several values of b. Equal Gaussian shaping implies that

1 72
a1 (1) =ay(7) =———exp{ — . (64)
oy, V2T 2042

The evaluation is simplified by performing the inner integrations from
0 to = instead of from —oo to r. That this procedure does not change
eg(t) is seen by adding —b/2 to the inverse tangent;
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d d ( b
e (t) == — {tan-1X} =+ — i—— + tan—1 X} (65)
dt dt 2

where X is the argument of the arctan in Equation (62). To show
this, let

b ~
Y=——+tan—-1X;
2
b
X —tan — " (66)
2
tanY =
b
14 X tan —
2

Again, for @, (+) an even function,

b b

sin — /a2(t——7) cos Zdr + cos — /‘ag(t——ﬂ sin Zd+
2 2
b b

cos — @, (t —7) cos Zdr — sin — a.(t—7) sin Zdr
2 2

T

where Z:bfal(x) (dx). When this is substituted into Equation
(1]

s

(66),

faz(t——r) sin|: b fal(x)dx:]dr
(1]

—c0

tanY =

0

a,(t— 1) cos |: b a, (x) dx:] dr
| J

— 0

Thus, e;(t) is unaffected by the change of limits.

For convenience in performing the numerical integration this
expression is written, by change of variable,
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0

f—r
[ 72 b 22
exp { — sin exp { — dx ] dr
2oy ? o, V2w 2o, 2
v

— 0

© t—r
[ 72 b
exp JL = cos / exp
2'0"12 J ‘Tt,\/ﬂ
” .

Furthermore, let z = t/(\/ia,l) and £ = 1/ (/2 7))

/ e—$ gin /e—’ “dx :l d¢
. 2 \/77

— 0

tanY =

dr

tan Y =

) s—{
b 2
e~¥cos| —— e~odr | dl
. 2 \Vr,
—s 0

With the normalized variable z, a single set of curves holds for all
pulse widths. A typical result of the evaluation is given as the dashed
curve in Figure 10, where Y in radians is plotted as e, () against z
for b = 4. The solid curve e, (t) is the result of a video approxima-
tion; that is, the integral of the impulse response of two identical low-
pass filters in cascade.

The slope at the center, z = 0, is a measure of the peak frequency
deviation out of the filter; that is,

1 dY 1 dY dz 1 dy

for=8y=——=———= _

27 dt 27 dz dt 2\/2x oy, dz

(67)

Equation (4), together with the computations of Appendix II, shows
that

Do V2 1 dY dY

bg' 27 or \/§0t1 dz dz

=0

The values of G are therefore obtained by finding the slopes at z = 0
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of the Y curves. This was done by dividing the first computed value
of Y by the corresponding value of 2. The resulting curve of G
versus b is given in Figure 6. Now, if a relation between p(0)/p,
and b can be found, it will be possible to relate carrier reduction and
G, and then plot F (p, G) versus p,, as desired. To that end, for equal

-28 <24 20 <18 -2 -B - 4 12 16 20 24 28 32

S
e,
s &

b=4
/' - e, () ==== ]
/| e, ) — __ |
// -4 2
A 16
/IA

Fig. 10—Phase angle,

symmetrical shaping, Equation (63) can be written, recognizing that
the denominator of the right member is unity,

0

p(0) [ 2
=4L/a2(r)sin|:b/a2(x)dx:|dr
Po o A
( 00 T 2
+2L/a2(r)cos|:b/a2(x)dxi|drl
J J

The main integrands are the derivatives of
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T

1 B m
——cos| b /az(x) dx
b L -

—_—o0
and
-

1 _ —
—sin| b / a,(x) dx ,
b L -

— 00

so that
p(0)

= i———[cosb—l]} +£L—s1nbl :—(Z—ZCOSb)

Thus the carrier power is reduced, at the time of the pulse center by,

p(0)  sin2b/2
= . (68)

Po (b/2)%2

Corresponding to each value of G in Figure 8, the value of b is
found from the FM curve of Figure 6, and the value of p(0)/p, is
computed from Equation (68). Expressed in decibels, this is numer-
ically the amount each curve of Figure 3 was shifted to the right to
produce Figure 7.

It is seen that, as in the case of all shaping in the receiver, the
best value of G is again unity, and a confirmation of this reading is
obtained from the solid curves of Figure 5.

It is interesting to observe that while b must always be less than
= radians for impulse modulation, for equal shaping the results are
continuous to 2x radians.



AN AUTOMATIC-FREQUENCY-CONTROLLED
PHASE-SHIFT-KEYED DEMODULATOR#*

By

W. HANNAN AND T. OLSON

RCA Defense Electronic Products,
Camden, N. J.

Summary—The principles of binary phase-shift-keyed (psk) demodu-
lators are reviewed with regard to their use in airborne or satellite com-
munication systems where large frequency errors due to doppler shift and
oscillator drift are unavoidable and short lockup time is essential. A
comparison of the possible demodulation techniques indicates that a phase-
multilock demodulator in which all filtering is accomplished by a two-mode
phase-locked-oscillator circuit, known as a quadricorrelator, offers the best
performance. In this circuit, noise bandwidth is sacrificed during the
lockup period so that wide pull-in range and short lockup time can be
realized. After lockup the noise bandwidth is automatically narrowed.
Design equations are given which indicate the trade-offs between pull-in
range, noise bandwidth, and lockup time. "Experimental results are given
which show that: (1) probability of error wversus signal-to-noise ratio
within 1 decibel of the theoretically ideal PSK demodulator can be realized,
and (2) the use of a quadricorrelator enables the phase-multilock demodu-
lator to tolerate frequency errors as large as 20 kilocycles at an inter-
mediate frequency of 200 kilocycles while maintaining lockup times of less
than 1 millisecond.

INTRODUCTION

(PSK) demodulator which will tolerate the carrier frequency

errors inherent in airborne and satellite data links is to main-
tain lockup times which are a small fraction of the message length
and a narrow noise bandwidth. In a typical airborne data link oper-
ating in the VHF band, for example, frequency errors may be as large
as *10 kilocycles and message length may be as short as 15 milli-
seconds.

Conventional PSK demodulators can neither tolerate frequency
errors as large as this nor provide short enough lockup times without
a severe sacrifice of noise bandwidth. The automatic-frequency-con-
trolled PSK demodulator described in this paper overcomes these
deficiencies by utilizing a two-mode phase-locked-oscillator circuit (a
quadricorrelator) as a filter. The phase-locked oscillator is more
advantageous than passive filters because it enables the demodulator

@NE OF THE major problems in designing a phase-shift-keyed

* Manuscript received 1 August 1961.
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to tolerate much larger frequency errors for a given noise bandwidth.
However, noise bandwidth, lockup time, and pull-in range of a phase-
locked oscillator are related such that the noise bandwidth is increased
if either the lockup time is shortened or the pull-in range is widened.
Once lockup is achieved and pull-in range and lockup time no longer
restrict the circuit parameters it is possible to change the circuit
parameters so that noise bandwidth is reduced. Thus, the two-mode
phase-locked-oscillator circuit improves system performance.

PHASE MULTILOCK

In the phase-multilock circuit! shown in Figure 1 the phase refer-
ence is derived from the received signals by doubling the frequency

x2—-ﬁ+2\—l

PHASE
iNECT DETECTOR S

Fig. 1—Phase-multilock demodulator.

of the received signals. This eliminates the binary phase modulation.
The multiplied signal is then divided by 2 to produce the phase refer-
ence. Ideally, a phase reference generated in this manner will be
either in-phase or 180° out of phase with the received signals. (To
eliminate the initial phase ambiguity, it is possible either to use
differential PSK or to transmit a phase reference prior to each
message.)

The effect of frequency errors must be considered. Because multi-
plication and division circuits employ analog circuits for smoothing
noise and harmonics, frequency errors cause phase errors in the
generated phase reference. If filtering is accomplished by a single
tuned cireuit, for example, phase error and frequency error are related
by the @ of the filter. The universal resonance curve, Figure 2,
illustrates this relationship. For example, if the phase error is not
to exceed 25°, then the phase-versus-normalized-frequency curve indi-
cates that the bandwidth, B, required to restrict the maximum phase
error to 25° is

1 C. Crafts, “Phase Multilock Communication,” Conf. Proc. 2nd Na
tional Convention on Military Electronics, p. 262, 1958.
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B = 4Af. (1)

Even if an “ideal” filter (i.e., a filter having constant gain and zero
phase shift over the passband and infinite attenuation outside the
passband) were realizable, the bandwidth of the filter would still have
to be at least as large as the expected frequency error.

With a passive filter, therefore, the maximum tolerable frequency
error is directly proportional to filter bandwidth and the bandwidth

1.0
0.8 100°
e o
L=¢
l(# / -
r4 o}
Q08 50°u
3 .
o - o4
w h O‘z’
2 | =3
S04 / ! 0
: | 24
@ ! u.r‘zI
! ~ta
1 @
0.2 | 50°W
X i &
i w
_/—/ ' ©
1811
) » ot
& 2 i o] i 2 3 BW

FREQUENCY BELOW RESONANCE FREQUENCY ABOVE RESONANCE

Fig. 2—Universal resonance curves.

of a single tuned filter must be on the order of 4 or more times the
expected frequency error. Unfortunately, this leads to a conflicting
situation. On one hand, the filter bandwidth should be as large as
possible to make the phase-reference circuit insensitive to frequency
errors, while on the other hand the bandwidth should be as narrow
as possible to make the phase-reference circuit immune to noise. In
other words, the price which must be paid to enable this PSK de-
modulator to tolerate larger frequency errors is a reduction in noise
immunity.

AUTOMATIC-FREQUENCY-CONTROLLED
PHASE-SHIFT-KEYED DEMODULATOR

The automatic-frequency-controlled PSK demodulator shown in
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Figure 3 is the same as the phase-multilock demodulator previously
described except that a phase-locked oscillator is used in place of
passive tuned circuits to filter the 2f component from the frequency
multiplier. This filtering technique enables the demodulator to tolerate
large frequency errors without sacrificing noise immunity.

In this case, the price which must be paid for improved perform-
ance is increased lockup time. That is, for a given pull-in range, noise
bandwidth cannot be reduced without sacrificing lockup time. In order
to specify the tradeoffs between these parameters, the basic theory
of phase-locked oscillators is reviewed briefly.

PHASE -LOCKED OSCILLATOR

___________ — —
! I
| . |
| » NOW) |
| FILTER |

|

! [

: 90° 2f |

PHASE VOLTAGE

—» X2 te—1 PHASE |
] DETECTOR SHIFTER ngER |

| |

e ] L

+2
INPUT
!
OUTPUT
PHASE o
DETECTOR

Fig. 3—Automatic-frequency-controlled phase-shift-keyed demodulator.

An oscillator can be phase locked to an input frequency through
the use of a phase detector which generates a voltage proportional to
the phase difference between the oscillator and the input frequency;
this voltage is then used to force the phase of the oscillator to coincide
with the phase of input frequency. McAleer? and Sonnenfeldt? have
shown that an oscillator can be phase-locked even though the osecillator
frequency, f, differs from the input frequency, f,, by many cycles.
When a frequency difference exists, the error voltage from the phase
detector is a distorted sine wave at the difference frequency, Af. This

2 H. McAleer, “A New Look at the Phase-Locked Oscillator,” Proc.
LR.E., Vol. 47, p. 1136, June, 1959.

8R. Sonnenfeldt, “Automatic Phase and Frequency Control,” RCA
Lecture Notes, Lesson No. 44, January, 1957.
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error-voltage frequency modulates the local oscillator. Among the
sideband components of the FM spectrum are f — Af and f + Af, one
of which must equal the input frequency, f,. The phase detector then
generates a d-c voltage proportional to the phase difference between
the two frequencies which, in turn, shifts the local-oscillator frequency
toward £, until lockup occurs. The d-c voltage from the phase detector,
however, indicates that a phase error exists. This “static” phase error
is inherent whenever the local oscillator is locked to a reference fre-
quency which is different from its unlocked frequency.

Gruen® has shown that the relationship between static phase error
¢, initial frequency error Af, and loop gain f, is

Af

sin ¢, =

(2)

g

Since the maximum value of f, sin ¢, is f,, the maximum frequency
error, Af, .., that the automatic-phase-control (a-p-c¢) loop can tolerate
is f,. Further, since ¢, must be small (< 25°) to be of practical in-
terest, the static phase error for given deviation Af is

Af
be == . (3)
fo

In the design of an a-p-c loop the maximum frequency error that
the circuit must tolerate and the corresponding maximum static phase
error are usually specified. Subject to these restrictions, the loop
gain f, must be at least large enough to satisfy the conditions imposed
by Equation (3).

Richman5® has shown how the ability of an a-p-¢ loop to follow
phase error depends on N (jw) in Figure 3. The anti-hunt (or phase-
lag) filter shown in Figure 4 is often employed for N. A good com-
promise in this circuit is to design for critical damping. If the ratio
of ac-to-de loop gain, which from Figure 4 can be expressed as
m = x/(1 4+ z), satisfies the condition

4+W. Gruen, “Theory of AFC Synchronization,” Proc. I.R.E., Vol. 41,
p. 1043, August, 1953.

5D. Richman, “Color-Carrier Reference Phase Synchronization Accu-
racy in NTSC Color Television,” Proe. I.R.E., Vol. 42, p. 106, January, 1954.

6 D. Richman, “The DC Quadricorrelator: A Two-Mode Synchroniza-
tion System,” Proc. I.R.E., Vol. 42, p. 288, January, 1954.
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4
m=—-, (4)

a Ve f, T

where T = RC, then the system will be critically damped.

If

1
fo> (5)

2 T(x+1)

4+ Nljw)
R

O N~ , O

C

v

Fig. 4—Anti-hunt filter.

and the a-p-c loop is critically damped, the noise bandwidth f,, is

given by
27 f,
fon=1.25 _— (6)
L 1+=zT

Also, if m < 1 the noise bandwidth is approximately
fun == 2mf,. (N

Richman® has shown that the lockup time is virtually instantaneous
if

Af < mf, (8)
and that if the frequency difference falls within the range
mf, < Af < f.\/2m, 9)

the lockup time, T, is given by
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Af \%
Ti=aT o (10)

1 <Af 2
1] —— | —
2m fc)

The maximum pull-in range is the frequency deviation Af,,. at
which the lockup time is infinite. It follows from Equation (10) that

Afmax = fo V2m. (11)
B % N
e
N /
2
LOCKUP (ay) /
PRACTICALLY Tf=XT ; UNLOCKED
INSTANTANEOUS 1--L y2
\2"‘
MAX PULL-IN RA&—-’
X
N ~poll
ysm y=VZm ¢

Fig. 5—Pull-in range of a phase-locked oscillator.

If the frequency difference is well within the pull-in range, i.e,,
[af] L fov2m, (12)

then the lockup time can be expressed as

Af \2
T, = 2T <—-> . (13)

mfe

These relationships are illustrated in Figure 5.

QUADRICORRELATOR

Because there are so many variables in an a-p-c loop, each design
must be tailored to suit the needs of the system in which it is used.
Compromises must be made in order to optimize the design. Usually,
the four most important objectives are lockup time, pull-in range,
noise bandwidth, and static-phase error. These are given by Equa-
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tion (138), (11), (7), and (38), respectively. In a conventional, or
single-mode, a-p-c loop, all four objectives are related to m and T, such
that it is not possible to improve one parameter without degrading
one or more of the others. For example, both pull-in range and
lockup time can be improved by increasing loop gain; however, the
price that must be paid is an increase in noise bandwidth.

INPUT CHARACTERISTICS

I. FREQUENCY : f+ Af <f+ Af  (PULL-IN RANGE)
2. PHASE : O

VOLTAGE -TO -
FREQUENCY &
PHASE CONVERTER

QUIESCENT FREQUENCY : f

OUTPUT REQUIREMENTS OUTPUT REQUIREMENTS
I. FREQUENCY : f + Af INITIALLY (T) NOT IN CONTROL
2. PHASE: < $g 100 I. FREQUENCY: f + Af
3. LOCKUP TIME =T, 2. MINIMUM LOCKUP TIME (FOR
4. NOISE BANOWIOTH = B, GIVEN PULL-IN RANGE)

SUBSEQUENTLY (TI) IN CONTROL
3. MINIMUM NOISE BANDWIDTH

(A) SINGLE MODE PHASE - LOCKED (B) QUADRICORRELATOR
OSCILLATOR

Fig. 6—Single-mode phase-locked oscillator cireuit (A) compared to
quadricorrelator circuit (B).

Richman® has shown that a two-mode a-p-c loop, known as a
quadricorrelator, can be designed in which the first mode is used to
give a large pull-in range and short lockup time, and once lockup is
achieved, the second mode, in which one or more loop parameters have
been changed, is used to narrow the noise bandwidth. A comparison
of single mode and quadricorrelator circuits is illustrated in Figure 6.

From the equations for lockup time, pull-in range, and noise band-
width, it is evident that either the loop gain, fe or the ratio of ac-to-dc
loop gain, m, (or both) can be varied to achieve the desired result.
Figure 7 shows how these techniques can be implemented. Actually,
best performance is realized when both f, and m are varied such that
critical damping is maintained for both operating modes. In this
paper, however, only the variable-ratio-type quadricorrelator is con-
sidered, because of its simplicity as compared to the variable-gain type.
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NOT IN LOCK
TO VOLTAGE
FROM CONTROLLED
DETECTOR OSCILLATOR
Low
GAIN
AMPL | IN LOCK
(a)
FROM TO VOLTAGE
PHASE  ——»| AMPL > CONTROLLED
DETECTOR 1 OSCILLATOR
NOT IN LOCK
IN LOGK
(b)

Fig. 7—Quadricorrelator circuits: (a) variable-gain quadricorrelator,
and (b) variable-ratio quadricorrelator.

A quadricorrelator employs two phase detectors commonly known
as the I (or in-phase) detector and the Q (or quadrature) detector.
The output signal from the Q detector controls the local oscillator,
and the output signal from the I detector controls the mode of opera-
tion. Figure 8 shows a block diagram of a quadricorrelator circuit

ANTI-HUNT
FILTER

VWA
: 1
PH(A)SE ‘——]
DETECTOR

90° PHASE xR
SHIFTER

—

o—| T =

VOLTAGE
CONTROLLED
OSCILLATOR

e —J e
DETECTOR J

MODE
SWITCH' ~___|

Fig. 8—Variable ratio quadricorrelator circuit.
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employing variable-ratio modes of operation. When no signal is ap-
plied to the input, the average output signal from both phase detectors
is zero; when the system is phase-locked the output voltage from the
Q phase detector is virtually zero, and the output voltage from the I
phase detector is —FE volts. The circuit is designed such that —FE
volts is more than sufficient to drive the mode switch transistor into
saturation, thereby shunting resistor 2R with another resistor. The
result is an effective reduction of m and, therefore, a decrease in the
noise bandwidth.

DESIGN OF AN A-P-C LoopP rOR TIME-DIVISION DATA-LINK SYSTEMS

Consider now the design of an a-p-c loop for use in a time-division
data-link system.

The particular system under consideration is an airborne time-
division data link. Each message consists of a sequence of binary
bits in which the words, labels, and parity checks, have a specified
format. Usually, messages are not transmitted continuously or in any
particular time sequence. For this reason, the data-link receiver
must process each message independently.

The lockup time must be a small fraction of the total message
duration. Since message length is usually on the order of milliseconds,
the short lockup time which must be achieved represents a rather
severe design objective for the PSK demodulator.

Another factor which is troublesome, particularly in airborne data
links operating in the VHF band, or higher, is frequency error due
to oscillator instability and doppler shift. The a-p-c loop must be able
to tolerate deviations in frequency of at least 10 kilocycles.

Finally, the noise bandwidth must be a fraction of the message
bandwidth.

Example of a Typical Design

Consider a data link subject to the following operating conditions:
1. bit period = 40 microseconds, bit rate = 25 kilobits/second

2. maximum frequency error = 10 kilocycles

3. message length = 15 milliseconds = 3875 bits.

First, a suitable noise bandwidth must be established. The desired
bandwidth will depend upon the probability of bit error to be satisfied
and the compromise between lockup time and pull-in range that can
be made. To begin with, let the noise bandwidth equal one-fourth the
message bandwidth. Since most of the energy contained in the message
is restricted to =1/ either side of the carrier frequency (i.e., the
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major lobe of the sin z/z spectrum produced by a single message
bit), where r is the message bit duration, the noise bandwidth is

fan= = 12 kilocycles.

1 2
4 T

With the noise bandwidth established, the circuit must then be
designed to provide the desired lockup time and static phase error. If
both lockup time and noise bandwidth cannot be satisfied with the
same circuit values (which is the usual case), the quadricorrelator
technique must be employed.

As a first approximation, let the maximum pull-in range be 10
times greater than the maximum expected frequency error;

10Af = Af nax
= f/2m. (14)
Since a short lockup time and minimum final phase error are of

primary interest, the loop gain must be such that, from Equations
(3) and (13),

(15)

fe=

emax
af

foz VaT- . (16)
m\/T,

If the steady-state phase error is not to exceed 5°, the minimum
loop gain specified by Equation (15) is

10,000
27

5°( ——
360

For an a-p-c loop operating at 400 kilocycles, a loop gain of 150 kilo-

cycles can be realized without too much difficulty. With a loop gain
of 150 kiloeycles, Equation (14) gives

fo= =110 kilocycles.

m = 0.22,

and it follows that
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The lockup time must now be specified. It will be assumed that 5 per
cent of the message period, or .75 millisecond (18 bits), can be used

for lockup time. Since Af is one-tenth of feV2m, the lockup time

can be approximated as
Af\2
Tj=oT|—|) . (13)

mf,
In turn,

T,(mfc 2
r=ro=-—" >
x \ Af

Substituting the values of m, z, f,, Af and T,
RC = 0.027 second.

For B = 4700 ohms, then, C = 5.7 microfarads. All the circuit
parameters have thus been specified, and for this particular design
the noise bandwidth is

fon == 2mf, = 66 kilocycles.

The noise bandwidth so obtained is, obviously, much larger than
the desired value of 12 kilocycles; indeed, it exceeds the message band-
width. To obtain the required noise bandwidth while satisfying the
pull-in range or lockup time requirements, therefore, a quadricorre-
lator will be employed. With the variable-ratio quadricorrelator, m
can be reduced after lockup to

fm

2f,

m = = 0.040,

with a corresponding value for x of 0.042. Repeating the foregoing
procedure to obtain the required RC-time constant after lockup, the
two-mode filter shown in Figure 9 results. The magnitudes of the
errors introduced by using approximate formulas and circuit non-
linearities are indicated in the following section where experimental
results are given for a system using these design values.

EXPERIMENTAL RESULTS

A breadboard model of the system shown in Figure 10 was con-
structed to measure the performance of a phase-multilock demodulator
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R=47K
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C=5.7 uF
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NOT IN LOCK
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Fig. 9—Two-mode filter.

employing a quadricorrelator to filter the phase-reference signal. For
convenience, 200 kilocycles was chosen for the carrier frequency.
Figure 11 shows the major components of the demodulator and typical
waveforms associated with this circuit. Multiplication by 2 of the
input signal is accomplished by the full-wave rectifier circuit shown
in Figure 12. The second-harmonic component of the rectified signal
is filtered by the phase-locked-oscillator circuit containing the oscilla-
tor, the phase detector, and the d-c amplifier shown in Figures 13,
14, and 15, respectively.

As previously mentioned, the quadricorrelator employs two quadra-
ture phase detectors. The signal from the quadrature, or Q, detector
controls the local oscillator and the signal from the in-phase, or I,
detector controls the mode switch. The mode switch effectively changes
the filter characteristics in accordance with the locked and unlocked
states of the demodulator. Two quadrature signals are generated by
shifting the phase of the signal from the local oscillator by 90° before
it is applied to the phase detector. The broadband phase shifter
shown in Figure 16 insures that an accurate 90° phase shift will be

TRANSMITTER

200 kc PHASE-SHIFT
OSCILLATOR KEYER
BINARY }
INPUT
APC .
x2 LOOP e
RECEIVER
PHASE o
DETECTOR

Fig. 10—Experimental system.
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IN 200 ke | |
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S IS _
_ oo ke
© 400 ke
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ouTPUT i2
@® 200 x¢
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Fig. 11—Waveforms in experimental demodulator.

realized over the entire frequency range of the local oscillator. This
broad band 90° phase shift could also be achieved by a phase-locked-
oscillator circuit, but the simple passive circuit shown proved to be
adequate. (If the phase shift were a function of frequency, the
ability of the demodulator to tolerate frequency errors would be
restricted.)

The mode switch and anti-hunt filter associated with the quadri-
correlator are shown in Figure 17. When phase-lock occurs the output

TYPICAL VALUES

b 0,0, INIOO
: R 1000 OHMS
INPUT
OoUTPUT
03 §R|

Fig. 12—Full wave rectifier and doubler.
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Fig. 14—Phase detector.

QUTPUT TO

OSCILLATOR
INPUT

FROM
FILTER

Fig. 16—D-C amplifier.
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OUTPUT

Fig. 16—Broadband 90° phase shifter.

signal from the I phase detector is a negative voltage sufficient to
drive the transistor T, into saturation, thereby reducing the value
of (zR;), which effectively reduces the noise bandwidth.

To insure that no frequency-dependent phase shift is introduced
when the oscillator signal is divided by 2, the sinusoidal output signal
from the local oscillator, which is virtually noise free, is sent through
a symmetrical clipping circuit where it is converted into a square
wave. The transitions of the square wave correspond to the zero axis
crossings of the input sine wave. This square wave is fed to the +2
multivibrator shown in Figure 18 which is operated such that it
“flips” every time the input signal undergoes a positive transition.
Thus, the output signal from the local oscillator is divided by 2 with-
out introducing phase shift. The signal from the =2 multivibrator
is the phase reference used to demodulate the received signal.

INPUT OUTPUT
o~ AMN— 0
Ry
4.7K 4,7 uFO
xR.,
2K
INPUT FROM
PHASEO—
DETECTOR
o O
L

Fig. 17—Anti-hunt filter and mode switch.



PHASE-SHIFT-KEYED DEMODULATOR 745

PERFORMANCE MEASUREMENTS

Gain of A-P-C Loop

The gain of the a-p-c loop is equal to the product of the gains of
the phase detector, the d-c amplifier, and the voltage-controlled oscil-
lator. Figure 19 is a plot of the measured characteristics of the phase
detector. The gain of the phase detector is equal to the slope of this
characteristic curve:

Ry3 Rig
2.7K 2.7k
ANA- — AN
-v
D7 Dg
K- ]
INIOO INIOO
1 —_—>”
Cio Cn
75 ppFD 75 LUFD ouTPUT
AL —N\N\— Q
Rig Rig
15 K 1803
& R
17 B
3.3»? Ta Ts § K
5 Rig R20 b
9 68K 68K 10
INIOO INIOO
INPUT FROM R .
LOCAL OSC. 12 +Vv 3
8 LIMITERS /I»\33/»’~/»’~FD j\.’:.’://.p.ro
Oi
© T °

Fig. 18—Divide by 2 multivibrator.

dE,
dé

Similarly, the gain of the voltage-controlled oscillator, 8, is equal to
the inverse slope of its characteristic curve, Figure 20, which is

= 0.3 volt/radian.
$=90°

p‘:

df
IB—

= , = 10.8 kilocycle/volt.
dEy 1 1=400 xe
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Fig. 19—Phase-detector characteristics.

The gain of the d-c amplifier shown in Figure 15 is 46. Thus, the
gain of the a-p-c loop is

f. =46 uf = 149 kilocycles.

Hold-in and Pull-in Range

Theoretically, the maximum hold-in range is independent of the
filter and is equal to the gain of the a-p-c loop. It was not possible

IGF

@ " FTEST RANGE LIMITATION (114 voLTs) | |/
3,o| | PUE TO dE AMPLIFIER DYNAMIC RANGE
>
2 /
uw
W
g /
Se
o
g S
-
o
o
Za EE 2 VOLTS
8
fo- 21.6 ke
] 21.6KC _ 15 gke/v
Ly 29

[¢]
340 360 380 400 420 440 460
OSCILLATOR FREQUENCY (KILOCYCLES PER SECOND)

Fig. 20—Voltage-controlled oscillator characteristics.
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to realize this range experimentally, however, because the voltage
from the d-c amplifier was limited by its power supply to a 13-volt
range which, in turn, limited the voltage-controlled oscillator to a
344-t0-456 kilocycle frequency range. The measured hold-in range was

H
—— = 56 kilocycles,
2

where f is the total frequency range over which phase lock is main-
tained.

48

A

W
/ C=0.1 #FD

4.7 uFD

D)
IS
o]

32

Ml

R= 47K

PULL-IN RANGE (KILOCYCLES PER SECON

FILTER
o |
(0] 400 800 1200 1600 2000 2400
xR (ohms)

Fig. 21—Pull-in range of experimental system.

The pull-in range is a function of the a-p-c loop filter. Theoreti-
cally, it is given by

Af max = fov/2m. (11)

Figure 21 gives the measured pull-in range for various combinations
of filter constants. Note that the hold-in range is always greater than
the pull-in range. Therefore, once an a-p-c loop is locked to an input
signal it will be able to follow slow frequency variations that are
wider than the pull-in range.
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Fig. 22—Pull-in-time test circuit.

Lockup Time

Theoretically, lockup time is given by

Af \ 2
T, =T < > (13)

mf,

The lockup time of the experimental system was measured using the
test circuit shown in Figure 22. The following procedure was used
to make this measurement. First, the unlocked frequency of the phase-
locked oscillator was measured and the frequency of the input signal
was adjusted to give a known frequency error. The input signal was
switched on and off by an electronic switch driven by a square wave
having a repetition rate low enough to insure that the voltage-con-
trolled oscillator reached its steady-state unlocked frequency before
each burst of the input carrier signal. Figure 23 is a typical oscillo-

LOCKUP
TIME

LOCKED
FREQUENCY

Tz 1 MILLISECOND
PER DIVISION

EXPANDED SCALE

Fig. 28—A-P-C loop pull-in performance.
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scope picture of the lockup behavior of the a-p-c loop. This picture
shows the signal that appeared at the output of the I phase detector.
When there is #o input signal the output of the phase detector is zero.
When an input signal is applied, the output of the phase detector
fluctuates in accordance with the relative phase of the input signal
and the voltage-controlled oscillator signal. Figure 23 shows that the
experimental circuit required approximately 1 millisecond to establish
the proper phase reference signal.

200 | T I
C=4,7uF0 | oW ——T —°
L R=47K

100P A= 60 ke ] ¢

50 l xR
3 C=4% FILTER
250 A'= 40 ke
(&)
(7]
20
= ]
3 C=.l LFD
s Ag= 60ke ]
=35
: C=.IpFD
s 2 Dy=40ke ~d

1
] \
S |
(o33
Q.5

.2

A

300 500 700 900 1100 1300 1500

xR (ohms)

Fig. 24—Lockup time versus filter time constants.

Figure 24 shows the experimental curves which relate lockup time
and filter time constants. It ean be seen that increasing either the
filter time constant or the initial frequency error causes an increase
in lockup time. A comparison of the experimental and theoretical
curves relating lockup time and initial frequency error is given in
Figure 25. Considering the approximations involved in deriving useful
design equations and the nonlinearities in the actual circuits, the
difference between the experimental and theoretical curves are rea-
sonable.

Figure 26 shows improvement in system performance due to use
of the quadricorrelator. The experimental curves show that the a-p-c
loop with the quadricorrelator provides a much shorter lockup time
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than the a-p-c loop without the quadricorrelator. In operation, the
mode switch effectively reduced the filter resistor zE from the un-
locked value of 2000 ohms to the locked value of 400 ohms, thereby
providing short lockup time and narrow noise bandwidth.

Probability of Error

Probability of error was measured using the test circuit shown in
Figure 27. The generally accepted definition of signal-to-noise ratio,’
E/N, which is signal energy per bit to noise power per cycle of band-
width, was used for this measurement.

SIGNAL
BINARY | BAND -PASS PHASE
™ Data ENDRNOISE FILTER LOCK LOOP
ADDER
NOISE
GENERATOR
S /N
ERROR
L | messase PHASE
GENERATOR L DETECTOR [

ERROR COUNTS

Fig. 27—Circuits for measuring probability of error.

To measure noise power per cycle of bandwidth accurately, a filter
having a known bandwidth (which was wider than the spectrum of
the input signal) was used to filter the input signal, which was con-
taminated with noise. N is equal to the noise power at the output of
the filter divided by the filter bandwidth. Signal energy per bit, E,
is equal to the signal power at the output of the filter times the bit
period. In terms of the r-m-s signal, S, and r-m-s noise, N, the
signal-to-noise ratio is

E S 2 B = 104 kilocycles
—_ BT
N Nyms T = 42.1 microseconds.

In the experimental demodulator, the constants of the filter were
C = 4.7 microfarads, R = 4700 ohms, and xR = 400 ohms, correspond-

7J. Lawton, “Comparison of Binary Data Transfnis_sion Systems,”
Conf. Proc. 2nd National Convention on Military Electronics, p. 54, 1958.
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Fig. 28—Probability of error versus ratio of signal energy to noise power.

ing to the curve shown in Figure 25. To evaluate the over-all per-
formance of this demodulator, its performance was compared to the
performance of a theoretically ideal PSK demodulator. Figure 28
shows that the performance of the experimental demodulator is within
1 decibel of the theoretical limit.



ANALYSIS OF DOUBLE-STREAM INTERACTIONS
IN THE PRESENCE OF A FINITE
AXIAL MAGNETIC FIELD*

By
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Summary—In a magnetically focused electron beam there are, in addi-
tion to the well-known space-charge waves, other modes of propagation
which are associated with the cyclotron resonance of the electrons. The
present study indicates that coupling, not only between space-charge waves
but also between a space-charge wave and a cyclotron wave, and between
cyclotron waves, may lead to exponential growth of the signal along the
stream. In comtrast to the plasma frequency of an umneutralized beam,
which is limited by space-charge depression, the cyclotron frequency con
easily be adjusted by the external magnetic field to cover the entire micro-
wave range.

INTRODUCTION

of propogation along a plasma column situated in an axial
magnetic field. In addition to the well-known waves associated
with the plasma resonance, they have found waves which are associated
with the cyclotron resonance of the electrons. Some of the authors*

RZCENTLY a number of workers® have investigated the modes

* Manuscript received 15 September 1961.

1R. W. Gould, A. W. Trivelpiece, “A New Mode of Wave Propagation
on Electron Beams,” Electronic Waveguides, Polytechnic Press, p. 215,
April 1958, N. Y.

2W. O. Schumann, “Uber Wellenausbreitung im Plasma Zwischen Zwei
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Magnetfeldes,” Zeitschrift fiir Angew. Phys., Band VIII, Heft 10, p. 482,
Oct. 1956.

3B. Agdur, “Notes on the Propagation of Guided Microwaves Through

an Electron Gas in the Presence of a Static Magnetic Field,” Electronic
Waveguides, p. 177, Polytechnic Press, April 1958, N. Y.

4 L. D. Smullin, P. Chorney, “Propagation in Ion-Loaded Waveguides,”
Electronic Waveguides, p. 229, Polytechnic Press, April 1958, N. Y.

5 H. Wilhelmsson, “On the Properties of the Electron Beam in the
Presence of an Axial Magnetic Field of Avbitrary Strength,” Trans. of
Chalmers University of Technology, Gothenburg, Sweden, No. 205, 1958.

6Y. B. Fainberg, M. F. Gorbatenko, “Electromagnetic Waves in a
Plasma Situated in a Magnetic Field,” Soviet Phys. Tech. Phys., Vol. 4,
No. 5, p. 487, November 1959.
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have pointed out that growing waves can be obtained by interaction
of these cyclotron waves with a second beam.

Unfortunately, the use of plasmas for amplification of microwaves
is still impractical, because present-day plasmas are never fully ionized
and scattering of electrons by neutral molecules causes a large noise
modulation on the signal” and reduces available gain. However, it has
been shown®!° that the cyclotron waves also exist in unneutralized
electron beams in much the same way as in neutral plasmas.

In the following discussion, a neutral plasma will be assumed,
because the plasma analysis is somewhat simpler and the propagation
constants do not differ greatly from those of an unneutralized beam.
First, the dispersion equation of a system consisting of two inter-
mingled cylindrical beams immersed in an axial magnetic field is
derived. Second, the important special case of a single electron beam
is discussed. This discussion is concerned with the o—B diagram, reduc-
tion factors, and the excitation problems. Third, the available inter-
action possibilities are discussed qualitatively using the concepts of
coupling of modes and the kinetic power theorem. Fourth, some quan-
titative results, obtained by solving the dispersion equation by means
of a digital computer, are given. The detailed derivations of the dis-
persion equation, excitation of the beam, and gain of a TWT using
the slow cyclotron wave are given in the Appendixes.

DERIVATION OF THE DISPERSION EQUATION

In deriving the dispersion equation, the following assumptions are
made:

(1) The phase velocity of the waves is much smaller than the
velocity of light (v,, < ¢).

(2) Only first-order perturbations are of interest (small signals).

(3) The thermal velocity spread is negligible.

(4) The system is a finite symmetrical cylinder containing two
intermingled electron beams immersed in a finite axial magnetic field.

?G. D. Boyd, L. M. Field, R. W. Gould, “Interactions Between an
Electron Stream and an Arc Discharge Plasma,” Electronic Waveguides,
p. 367, Polytechnic Press, April 1958, N. Y.

3R. H. C. Newton, “Cn Space Charge Waves,” Journ. Electronics and
Control, Vol. 5, p. 510, December 1958.

9 F. Paschke, “The Propagation of Perturbations Along Magnetically
Focused Electron Beams,” RCA Review, Vol. XX, No. 2, p. 254, June 1959.

10D, H. Trevena, “On Space Charge Waves,” Journ. Electronics and
Control, Vol. 6, p. 50, January 1959.



ANALYSIS OF DOUBLE-STREAM INTERACTIONS 755

From Maxwell’s equations, the linearized equations of motion, and
the equation of continuity, and with the perturbation assumed to be
of the form expj(wt —nf — Bz), the following wave equation for the
axial component of the electric field is obtained (the detailed derivation
is given in Appendix A):

2?E, 1 2E, n?
TR 4+ ——+y2 ] E,=0, (1)
or2 r or r2

where E, = the axial component of the electric fleld,

r = radial coordinate of the cylindrical coordinate system
(r, 8,2),

7 = an integer,

v = the radial propagation constant, which is given by

Iv)p|2 tl)p22
. _ .
(0 —Bvy)? (0 — Bvs)2
42 = —p2 (2)
wpy? 0po?

1— — -

(0—Bo)2— g  (0—B5)%—o0?

where B = axial propagation constant,
v, = Dlasma frequency of beam #1,
v, = drift velocity of beam #1,
wp = plasma frequency of beam #2,
vy = drift velocity of beam #2, and
w, = cyclotron frequency of the electrons.

The general solution of Equation (1) can be expressed as follows:
E,=[AJ,(y7) + BN, (yr)le=7", (3)

where J, is a Bessel function of the first kind of nth order, and N, is
Neumann’s Bessel function of the second kind of nth order. The
constants A and B in Equation (3) must be determined from the
boundary and initial (or excitation) conditions. Three possible con-
figurations for the formulation of the boundary conditions are indi-
cated in Figure 1. The configurations indicated in Figures 1(a) and
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1(b) are the main concern of this study, and the investigation is
restricted to circularly symmetric modes 9/26 = 0.
Boundary Conditions

(1) Beams partially filling the drift tube.

Denoting the perturbations inside of the beams with the subscript
I and those outside of the beams with the subseript 11,

Ezl(b) :Ezll(b), (4)

Erll(b) = E,-] + ’ (5)
or [Hyp(b) = Hy, + i (b)), ] ’

E,(a) =0, (6)

L6 )

Fig. 1—Possible configuration for the formulation of the boundary value

problem: (a) The case of beam partially filling the drift tube (b/a < 1);

(b) The case of beam filling the drift tube (b/a=1); (¢) The case of an

annular beam drifting between the inner and outer conductor of a coaxial
line.

where ¢ = pr(b) is a-c surface-charge density, and ir(d) is an a-c
surface current per unit length.

The conditions expressed in Equations (4) to (6), and Equation
(2), and the solution of the wave equation for the region IT lead to
the following equation relating y and B:

0p1® wpg® J1(yb)
T —— (vb)
(a)—ﬁ’vl)2—-a)c2 (4.)—,(3‘1;2)2—%2 Jo(yb)

Iy(Ba)
I,(Bb) + ——— K, (Bb)
o(Ba
=— (Bb) (T
I,(Ba)
Iy (Bb) ————— K, (Bb)
K(

o(Ba)
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where I, I, K,, and K, are modified Bessel functions.
(2) Beams filling the drift tube (¢ =2").

From Equation (7), introducing the condition @« = b, one obtains

Jo(yb) =0, (8)
which yields
yb = 2.405. (9)

This last condition, which has been obtained as a special case of
Equation (7), can also be derived directly from the boundary condition

E, (b)) =0 10)
since
E,=AJy,(yr). 1n

(B =0 for convergence of the field at r - 0). At »r=2>, Jy(yb) =0
and E,=0, which yields Condition (9).

Equation (2) must be solved in connection with Equation (7) or
(9) to obtain the dispersion of the system. Further detailed consid-
erations will be restricted to the case of beams filling the drift tube,
i.e., to the solution of Equation (2) in conjunction with Equation (9).

The double-stream dispersion equation investigated by Nergaard,
Pierce,’? and Haeff!3 is a special case of the Equations (2) and (9)
for o, = o0 and b = .

DISPERSION OF A SINGLE BEAM

The dispersion of a single beam filling the drift tube is obtained
from Equations (2) and (9) by setting wpe = 0, and reducing Equation
(2) to

op1?
A (o—Boy)?
y2i=—02 0 (12)

2
Wp1

(0—Bv1) 2 — o2

1

1—

117, S. Nergaard, “Analysis of a Simple Model of a Two-Beam Grow-
ing-Wave Tube,” RCA Review, Vol. IX, No. 4, p. 585, December 1948.

12 J. R. Pierce, “Double-Stream Amplifiers,” Proc. I.R.E., Vol. 37, p.
980, Sept. 1949.

13 A, V. Haeff, “The Electron-Wave Tube—A Novel Method of Genera-
tion and Amplification of Microwave Energy,” Proc. LR.E., Vol. 37, p. 4,
January 1949.
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For v, = =, Equation (12) reduces to the dispersion equation for the
Hahn-Ramo!415 gpace-charge waves.

It is useful to normalize Equation (12) in the following form:

B2
)
(yb)2 3= (Be—B)2
= — , (13)
(Bs )2 (Be)* By?
(Be—B)2—B2
where b represents the beam radius. and
3] (1)‘,1 (l)c
Be:—"’ sz'—"" Bo=—.
v v, v,
It is now easy to consider two interesting limiting cases:
b — oo (thick-beam case), and
b— 0 (thin-beam case).
Since b is finite and is given by Equation (9), for b — o,
vb/B.b — 0. Equation (13) yields the following solutions:
B1,2=0, (14a)
Bs.a = B, B, (space-charge waves) (14b)
Bs,e = B, + B, (cyclotron waves). (14c)

For b — 0, vb/Bb — . In this case Equation (13) yields the
following solution:

31,2 = F o, (15a)
Bs,4= B, (synchronous waves) (15b)
Bs.e = Be = VB2 + B,% (cyclotron waves), (15¢)

14'W. C. Hahn, “Small Signal Thoory of Velocity-Modulated Electron
Beams,” Gen. Electric Rev., Vol. 42, p. 258, June 1939.

15 8. Ramo, “Space Charge and Field Waves in an Electron Beam,”
Phys. Rev., Vol. 56, p. 276, August 1, 1939.
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In Figure 2 some «—8 diagrams for the general case (b = finite)
are indicated.

It is easier first to construct the »—f diagram for the stationary
beam case (v; =0). The «—f8 diagram for the case v, % 0 can be ob-
tained from the above case by application of the Galilean transforma-
tion;

o =0+ By, (16a)

B =8 (16b)

B

Fig. 2—w—-8 diagrams of an electron beam (corresponding to case (b) of
Figure 1) immersed into a finite axial magnetic field.

Reduction Factors for a Cylindrical Beam in a Drift Tube Immersed
in an Axial Magnetic Field

Defining
(186 - 18) 2 .

By?

and introducing this into Equation (12), one obtains

p2
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2

1 ‘”02 1 %2 2 (Up2
pr=— +1>I /‘/— +1 _ amn
2\ o,? 4\ o,? (yb)2
+1

(Bb)?

In Figure 3, |p| is plotted as function of Bb. w,/w, and (yb) are
parameters and they are assumed to be given. The behavior of this
reduction factor, for a neutralized beam in a finite magnetic field, as

Bb

Fig. 3—Redu_ction factors for a finite cylindrical electron beam in a
magnetic field as function of normalized beam radius Bb.

a function of the normalized beam radius (8b) does not differ essen-
tially from the behavior of the reduction factor of an unneutralized
beam in a finite magnetic field.?

Excitation of the Beam

If the dispersion equations of a single beam and of a double-beam
system situated in a finite axial magnetic field are rationalized, it is
found that the resulting equations are of sixth and tenth degrees in B,
respectively. This means that, in general, six and ten variables are
necessary to describe the excitation of the beam; e.g., v,, vy v, p, E,
and Ez! and Vr1s Vg1 Va1r P15 Vias Vga, Vpoy Py Er! and Ez

Since the slow-wave assumption is made, the cutoff waveguide
modes can be neglected, and the excitation of the beam can be described
by four variables, such as v,, vy, v, p. These three a—c velocities and
the a-c space-charge density are given by the following relations:

2 Y (“’_:81‘.7) )
=>4 Y Ty () exp (ot —B)),  (18a)
=1 By (0—Bwg)2— o2

Z Kl Ty (yr) exp {j (ot —Bz)}, (18b)

i=1 :81 (0—PBi) 2 — w,?
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n
vy=  jA—————J, (yr) exp (i (ot —B2) ), (18¢)

1=1 (m—B{UO)

X 50"’])2 Bi . 72 t:0“’1)2
p= —JA; Jo (y9) A — —————————Jy (y7)
U (0—Bwy)? B;i (0=—Bvp)? — o

exp {j(uot—B2)}, (18d)

w

N

T

where
A, = amplitude of the fast space-charge wave,
A, = amplitude of the slow space-charge wave,
A5 = amplitude of the fast cyclotron wave,

A, = amplitude of the slow cyclotron wave,

B; = B, — »B, = propagation constant of the fast space-charge wave,
B2 = B, + »B, = propagation constant of the slow space-charge wave,
Bs = B, — aB, = propagation constant of the fast cyclotron wave,

Bs= B, + ¢B, = propagation constant of the slow cyclotron wave.*

Two excitation cases have been investigated:

(1) The case of radial-velocity modulation:

at 2 =0: Vp = Uy,
vy =0,
v,=0,
p=0. (19)

(2) The case of axial velocity modulation:

at 2=20: v, =0,
v =0,
V2 = Vz00
p=0. (20)

“In. general, reduction factors for fast and slow waves are different.
Here it is assumed that p; = p. = p for space-charge waves, and ¢r =¢, = ¢
for cyclotron waves.
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Introducing, in turn, the conditions (19) and (20) into Equations
(18) and solving these equations for the wave-amplitudes A,, the
following results are obtained.

In both radial and axial velocity-modulation cases, all four waves
of the beam are excited. In both cases, the space-charge waves are
excited with equal amplitudes, i.e., A, = —A,. The same is also true
for the cyclotron waves, i.e, 4; = —A,.

It is further found that in the case of radial velocity modulation the
cyclotron waves are dominant, while in the case of axial veloeity modu-
lation the space-charge waves are dominant (See Appendix B).

QUALITATIVE DISCUSSION OF THE INTERACTION PROBLEM

The interaction problem can most conveniently be discussed by the
theory of coupling of modes,® in connection with the kinetic power
theorem.2 The kinetic power theorem expresses the power flow
along an electron beam associated with signals. It has been shown!?™2°
that the kinetic power flows associated with the fast waves of the
beam (i.e., the fast space-charge wave and the fast cyclotron wave)
are positive. On the other hand, the kinetic power flows associated
with the slow waves of the beam (i.e., the slow space-charge wave and
the slow cyclotron wave) are negative. This means that it is possible
to remove energy from the electron beam by increasing the ampli-
tude(s) of the slow wave(s). Similarly, increasing the amplitude of
the fast waves requires the addition of kinetic energy to the electron
beam.

The basic idea of the theory of coupling of modes is that a system
can be divided into a number of subsystems, such as a beam and a
structure or a beam and a second beam, whose propagation character-
istics can first be studied for no coupling. When a slight coupling is
introduced, interaction will occur if the field distributions of the sub-

1 R. W. Gould, “A Coupled Mode Description of the Backward-Wave
Oscillator and the Kompfner Dip Condition,” Trans. I.R.E. PGED, Vol
ED-2, No. 4, p. 87, October 1955.

17 W. H. Louisell, J. R. Pierce, “Power Flow in Electron Beam Devices,”
Proc. I.R.E., Vol. 43, p. 425, April 1955.

18 H. A. Haus, D. L. Bobroff, “Small Signal Power Theorem For Elec-
tron Beams,” Journ. Appl. Phys., Vol. 28, No. 6, p. 694, June 1957.

1P, A. Sturrock, “In What Sense Do Slow Waves Carry Negative
Energy?,” Jour. Appl. Phys., Vol. 81, No. 11, p. 2052, November 1960.

20 A, E. Siegman, “Waves on a Filamentary Electron Beam in a Trans-
verse-Field Slow-Wave Circuit,” Journ. Appl. Phys., Vol. 31, No. 1, p. 17,
January 1960.
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systems are similar. Thus the phase velocities of the subsystems have
to be approximately the same. A growing wave may result if the
power flows of the interacting modes have opposite signs,16.17.20
Figure 2 shows the dispersion (w—B diagram) of an electron beam
situated in an axial magnetic field. It has been indicated earlier that
the kinetic power flow is positive for the fast waves and negative for
the slow waves. Thus the slow waves are capable of delivering energy
when coupled to the fast waves of another beam or to a proper circuit.
Figure 4 shows «—8 diagrams of two intermingled electron beams
of different drift velocities situated in a finite axial magnetic field.
These dispersion curves have been obtained through the use of the

(c) Bottom

Fig. 4—Dispersion diagrams of two intermingled electron beams of different
drift velocities and situated in a finite axial magnetic field: (a) v+> 0 and
va>0; (b) ».>0 and v2=0; (¢) v:>0 and v.< 0. Interaction areas:
(I) Interaction of the fast cyclotron wave of beam 2 with the slow space
charge wave of beam 1; (II) Interaction of the fast cyclotron wave of the
beam 2 with the slow cyclotron wave of the beam 1; (III) Interaction of
the fast space charge wave of the beam 2 with the slow cyclotron wave of
the beam 1; (IV) Interaction of the fast space charge wave of the beam
2 with the slow space charge wave of the beam 1. FCW, = fast cyclotron
wave of the faster electron heam; FSCW, = fast space-charge wave of the
faster electron beam; SCW: = slow cyclotron wave of the faster electron
beam; SSCW,—slow space-charge wave of the faster electron beam;
FCW; =fast cyclotron wave of the slower electron beam; FSCW,— fast
space-charge wave of the slower electron beam; SCW. = slow cyclotron wave
of the slower electron beam; SSCW. = slow space-charge wave of the slower
electron beam.
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theory of coupling of modes gnd the kinetic power theorem, and they
indicate the general behavior to be expected from the double-stream
system under consideration.

Table I summarizes the interaction possibilities existing in a
double-stream system situated in a finite axial magnetic field and gives
the devices based on these interaction possibilities.

QUANTITATIVE RESULTS

In the first section the dispersion equation of a double-stream
system was derived and in the third section the interaction problem
was discussed in a qualitative manner. In this section quantitative
solutions to the dispersion equation are given. It has been shown¥
that the solution of the dispersion equation by itself, without inquiring
into the initial conditions, will yield areas of amplifying and evanes-
cent waves.

In order to obtain a quantitative solution, it is useful to normalize
the dispersion Equation (3) in the following form:

op \ 2 <mp2 2
We We

<m ,3>2 <w ?12,3>2
<7b> <:8 )2 W¢ B Wg 71 Be
— )= — , (21)
Bcb <“’p2>2
<w B)’ (w vzﬁ>2
— ) -1 (== —1
¢ :80 Wg 7)1180

o/w, = normalized frequency (normalized with respect to
cyclotron frequency of electrons),

where

B/8. = normalized propagation constant (8, = e,/v;),
op1/w, = normalized plasma frequency of beam 1,

0,2/v, = normalized plasma frequency of beam 2,

21 P, A. Sturrock, “Kinematics of Growing Waves,” Phys. Rev., Vol
112, No. 5, p. 1488, December 1, 1958,
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a = v,/v; = normalized velocity parameter.

vb/(B.b) is a parameter which is related to beam diameter:

o"’illxlln TS N T W S |

1 1 1
0 2 4 6 83p 10 2 14 6
BB

Fig. 5—Calculated w—8 diagram of two intermingled electron beams, showing
different interaction areas: ¢ — v:/vy = 0.8; (Wpn/0c)? = 0.5; (wpe/w;)*=0.T;
(Yb/B:6)2=10.8. (See Figure 4 for definitions of curve designations.)

Using (op1/w0.), (wp2/w,), (v2/vy), and (yb/B.b) as parameters, the
dispersion equation has been solved with the help of a digital computer.

Figures 5 through 16 show some of the results obtained for various
sets of parameters. These calculations (Figures 5, 9, 13) confirm the
qualitative picture developed on the basis of the theory of coupling

of modes and the kinetic power theorem.
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1B/ Bc¢lreaL

Fig. 6—Normalized gain per unit length as function of the normalized
propagation constant (which is proportional to frequency) for the param-
eters: v2/v1=0.8; (0u/w)?*=10.5; (wpe/w,)?=0.7; (vb/B.b)*=10.8.

Figures 5, 9 and 13 represent calculated dispersion diagrams (or
parts thereof) for various ratios of drift velocities (« = 0.8; 0.5, and
0). For « = 0.8 (Figure 5) all four possible interactions can take
place. On the other hand, for « = 0.5 or 0 (Figures 9 and 13) the
interaction between the space-charge waves (interaction area IV) does
not occur. This indicates the critical effect of finite beam size and of
the ratio of ‘drift velocities for this type of interaction.

Depending on «, the various interactions occur over different fre-
quency ranges. In Figures 6, 10, and 16, the imaginary parts of the
propagation constants (gain parameter) for various interaction areas
and various sets of parameters are plotted as functions of the real
part of the corresponding propagation constants. These latter quanti-
ties are proportional to the frequency. The proportionality factors can
be obtained from Figures 5, 9, and 13. Therefore Figures 6, 10, and

187 Bclimas

o) [ L s L
(¢] 2 4 6 8 1O 1.2 14 16 1.8 20 22

Beb

Fig. 7—Normalized gain per unit length as funetion of B8.b for different

interaction areas. (I) w/w.,="17.9; (II) w/w,=9.9; (III) w/w.=8.1; (IV)

w/w, = 5.8; common parameters for all the curves: (wu/w,)?=0.5; (@p/w,)?
= 0.7; v2/v. = 0.8.
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187 Bclimas

187 Bclimac
o

o] 2 4 B 8 1.0 1.2 1.4
Wpplg

Fig. 8—Normalized gain per unit length as function of normalized beam

densities (@p/w, and wp/w.): (1) 0/0.=17.9; (II) @/6,=9.9; (III) w/w.

= 8.1; (IV) w/w, = 5.8. In both (a) and (b), vo/v: = 0.8 and (Yb/B.b)2
= 10.8; in (a) (wp/w.)2 = 0.7 and in (b) (w;/®w.)2 = 0.7

0 L L L ' L 1 L
6
B/B¢

Fig. 9—Dispersion diagram of two intermingled electron beams: wv./v:
=0.5; (0p/0)?=0.5; (¢pe/0:)?=0.7; (Yb/B.b)*=10.8. (See Figure 4 for
definitions of curve designations.)
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16 are essentially gain-versus-frequency curves for various interaction
types.

As indicated earlier, for « = 0 the interaction areas I and II be-
come backward-wave type. In these areas the solutions of the disper-
sion equation are no longer complex. On the other hand, the interaction
of the fast wave of the electron beam with the backward-wave mode of
the nondrifting plasma lead to an evanescent type of coupling (area V
in Figure 13) and the dispersion equation yields complex roots in this
area. The imaginary part of this root is also given as a function of

(B/B¢)imas.
=
U

<

Fig. 10—Normalized gain per unit length as function of the normalized
propagation constant, for different interaction areas: v./v:=0.5; (@n/@,)?
=0.5; (@p/0)*=0.7T; (Yb/B:b)*=10.8.

various parameters in Figures 14, 15, and 16. These curves, which are
designated V or V’ should not be confused with the gain parameters
due to interaction types I to IV,

In Figures 7, 12, and 15, the normalized gain parameter is repre-
sented as a function of the normalized beam radius 8,b for various sets
of parameters. Figures 8, 11, and 14 show the same quantity as funec-
tion of normalized densities o,1/0, Or wps/w,.

Since the frequencies and propagation constants corresponding to
interaction areas I and III are very close and to a great extent over-
lapping, in calculating gain parameter as a function of another param-
eter in one area, one can easily go into the other area. This happened
several times in the course of the calculations, the results are indicated
in Figures 7, 8, and 12.
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{a)

181/ B¢ imas.
184/ B¢ imas.

wp,/w

Fig. 11—Normalized gain per unit length as functions of normalized beam

densities for different interaction areas: (I) w/w.=2.7; (II) w/w,= 3.4;

(III) w/w. = 2.1. In both (a) and (b), ve/v. = 0.5 and (Yb/B b)? = 108
in (a) (wp/w:)? = 0.7 and in (b) (wn/w.)2=0.5

Di1scussiON AND CONCLUSIONS

The analysis of double-stream interactions in the presence of a
finite axial magnetic field indicates the possibility of a number of
double-stream amplifiers and oscillators. These are based on the inter-
action of the fast waves (fast cyclotron and fast space-charge waves)
of the slower electron beam with the slow waves (slow space-charge
and slow cyclotron waves) of the faster electron beam. Depending on
the relative velocities of the interacting electron beams, the possible
devices are either of the forward-wave type or of the backward-wave
type.

The currently very popular problem of an electron beam interacting
with a stationary plasma is included in the analysis as a special case.

Some of the double-stream devices which the analysis predicts seem

1 —1

1 —=1I

1B1/B¢ 1mas.

B.b

Fig. 12—Normalized gain per length as function of Beb for different inter-
action areas: v:/vi=0.5; (wn/woe)?=0.5; (wpa/w,)*=0.7; (I) w/w,=2.7;
(Il) w/w,=8.4; (III) w/w,=2.1
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20r

0O 4 8 12 16 20 24 28 32 34
BB

Iig. 13—Part of the dispersion diagram of two intermingled electron beams:
Vo/v1 =03 (0p/0:)* = 0.5; (wp/w;)*=0.7; (vb/B:b)*=10.8.

187 Bclimas.
i
:

18/ Bclimac.

Wpa/ we

Fig. 14—Normalized gain per unit length for interaction area III and the

normalized imaginary part of the propagation constant for interaction

area V (interaction of the fast-charge wave of electron beam with the

backward-wave mode of the stationary plasma) as function of normalized

beam and plasma densities: (III) e/w,=0.26; (V) «/w,=1.11; (V') w/0,

— 1.05. In both (a) and (b), v2/v. = 0 and (yb/B.0)2 = 10.8; in (a)
(©p2/ ®,)2 = 0.7 and in (b) (©,/w.)2 = 0.5.
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18/B¢! imac.

Fig. 15—Normalized gain per unit length for interaction area III, and

normalized imaginary part of the propagation constant for interaction area

V (see Figure 14 as function of Bcb: v2/vi=10; (0p/ws)?= 0.5; (wp/w,)?
=0.7; (III) w/w.=0.26; (V) w/w.=1.11; (V') w/w, = 1.05.

to be promising for high-power amplification and generation at micro-
wave and millimeter-wave frequencies. The calculations presented in
Figure 6 indicate the possibility of extremely wide-band double-stream
amplification. Several modes take part in this amplification. The fast
cyclotron wave and the fast space-charge wave of the slower beam play
the role of the “circuits.”” The slow space-charge wave and the slow
cyclotron wave of the faster beam supply the energy for gain. The
interaction of these four modes results in four interaction areas. If
the beam parameters are chosen properly, the transition from one
interaction area into the next can be made smooth. In addition, the

L 1
8 {0 12 i4 16 18
(B/Bc)rea

Fig. 16—Normalized gain per unit length for interaction area III, and
normalized imaginary part of the propagation constant for interaction area
V (see Figure 14) as function of the normalized propagation constant (or
frequency: wx/vi=10; (9u/w)*=10.5; (©,2/0,)2=0.7; (Yb/Bcb)>=10.8.
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realization of this wide-band amplification scheme requires proper
wide-band multimode input and output couplers.

It is interesting to compare the dependence of gain parameter in
various interaction areas:

(a) On the normalized beam radius B,b, and

(b) On the normalized densities wy/w, and w,/w, Figures 7, 8,
11, 12, and 15 show the dependence of the normalized gain parameter
on either B,b or wy;/w, and wys/w,. The data contained in these figures
indicate the usefulness and the practical limitations of devices which
might be based on various interaction possibilities.
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APPENDIX A — DISCUSSION AND DERIVATION OF THE
DISPERSION EQUATION

The assumptions made have been stated in the text. In this ap-
pendix a heuristic derivation of the dispersion equation is given.

Several authors!3¢ have derived the dispersion equation for a sta-
tionary nonthermal plasma. For instance, starting with Equation (16)
of Reference (1) and writing it in the following form

2
®p

2
(53}
P =—p e, (22)

W< T W

and applying to it the Galilean transformation (0o = o + B'vy and
B =8"), one obtains the dispersion equation of a drifting beam in
an axial magnetic field;

v2=—p2 . (23)
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Then, for a system consisting of n intermingled electron streams, the
following dispersion equation results:

2

1— > o
=1 (0—Bv)?2
v =-—p2 " . (24)
Op;

1—

,x
IIM:
i

(0— B2,)2 — a2

The case of n=2 yields the dispersion equation of a double-stream
system in the presence of a finite axial magnetic field;

1 (l)p12 u)p22
(0 —Bv,)2 (0 —Bvy)2
y2 = —@2 . (25)
(l)p12 (l)p22

1— —
(“’_:8'01)2_“’02 (w_lev2)2_“’c2

If the left-hand side of Equation (25) is written in the form (yb/b)2
(where b =beam radius and yb = constant from Equation (9), the
limiting cases result:

(1) b—> 0, w,—> % (thick beam in an infinite magnetic field).
This yields the dispersion equation investigated by Nergaard, Pierce,
and Haeff for purely space-charge wave interaction;

(2) b—0, o, = finite (thin beam in a finite magnetic field). This

results in the following dispersion equation for cyclotron wave inter-
action:

2
®p wpo?

+
(6 —=PBv)2—0r  (0—pBv)2—o0?

=1. (26)

Thus in the case of thick beams, the space-charge waves are dominant,
whereas in case of thin beams, the cyclotron waves are dominant.

If the slow-wave assumption is omitted, the dispersion equation
takes the following form (for the case v, =0 and a single beam) :

€2z

yi=— B2+ “’2.‘"0€zz¥ (27)

€rr

where
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2
Wp
&r=¢l1l———
(1)2—(1)62
2
@p
€=¢| 1— o
D)
2

2__ 4,2
[ [P
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(28)

(29)

(30)

The more general dispersion equation, considering both TE and TM
waves for the above case is given in References (2), (3), and (5).

APPENDIX B—EXCITATION OF THE BEAM

Neglecting the cutoff wave-guide modes and considering only circu-
larly symmetric mode TM,,, there are four variables to describe the
excitation of the beam. These are v,, vy, ¥, p as given in Equations
(18). Assuming at 2= 0 and t =0

Vp = Vros

Vg = Vgos

Ve = V05

P = Po

for the space-charge wave,

B1= Be—pBD’
B2 = B.+ pIBD;

for the cyclotron wave,

Bs=B.— B
Bs= B, + aB..

(31)

(32)

(33)

(34)
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The analysis will be restricted to two important excitation cases:

(1) The case of radial-velocity modulation:
at 2=0

V=7 V=0, v,=0, p=0. (35)

(2) The case of axial-velocity modulation:
at 2=0:
v,=0; v,=0; wv,=v,; p=0. (36)
Introducing these conditions into Equations (18), the following
result is obtained:

In the case of radial velocity modulation,

v"Opo :86
—Ay=Ay = N (37)
/1 (y7) 1 q
2 ——m— = P
Va B. —1
1—
P2B,2
A A erch 186
—A;=A4, = — . (38)
yJ1(yr) 1 q?
29 —m—— - —
Vo 1 1802 q2 —1
p2B,2
or
Ay =—A,=FpB, (39)
Ag=—A,=FyqB,. (40)

Since ¢ > p (¢ > 1, p < 1) and assuming w, > o, (8, > 8,), the con-
clusion is then clear that, in the case of radial velocity modulation, the
cyclotron waves are excited more strongly than the space-charge waves.

Similarly, in the case of axial velocity modulation, 4, = —A,,
Ag = —A,, and A; > A;. In this case the space-charge waves are
excited more strongly than the cyclotron waves.
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APPENDIX C—INTERACTION OF THE SLOW CYCLOTRON WAVE
WITH A SLOW-WAVE STRUCTURE

An idealized simple model?? consisting of an inductive wall and an
electron beam filling half infinite space in front of the inductive wall
is investigated. The whole system is immersed in a uniform magnetic
field in the direction of z (see Figure 17). Assuming the validity of
the applicable assumptions made in the first section and in addition
assuming E, = 0 and 9/0y = 0, one obtains a wave equation for E,;

2

Wp

Y —

o2 F, (o—Pvy)?
—p2 E,=0. (41)
0 x2 a)pz
1—

(0—Bvy) 2 — w2

[T T T L LT T 1T Tal NoeTve

I
ETECTRON BEAM

—B

Fig. 17—A simple model of a traveling-wave tube consisting of an inductive
wall interacting with the slow cyclotron wave of an electron beam which
fills the half infinite space.

The solution of this equation can be expressed as
Ez - EO e~ (42)
where y > 0, because of the required convergence of the field for

T —> 0.

Equations (41) and (42) yield

]
Oy

(ﬁ"—B’Uo)z
y2 = 2 . ) (43)
Oy
1—

(0—Bvy) 2 — 02

1—

22 P, Paschke, “Die Wechselseitigkeit der Kopplung in Wanderfeld-
réhren,” Archiv a elektr. Ubertragung, Vol. 11, p. 137, April 1957.
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Transverse boundary conditions:

Atz =0,
EzII = E’z]r (44)
H,,=H, +k, (45)
E
M =ix, (46)
ylI

where K is the surface current and is given by

€ 18 p2

B. (B—B)2—B2

K=—iyg=—

E.,. (47)

7 is the transverse a-c displacement and is obtained from the equation
of motion. H, is obtained from Curl H =i + €0E /2t and is given by

S|
H,= 1—- = E, (48)
B (B—B)2— B2
€ou 18p2
+ E,.

:89 (:83_:8) B :802

Equations (47) and (48) yield

€ow 18p2 .
HyII = l1— Em- (49)
:8 (186'—18)2_:802

From the slow-wave assumption,

i °FE, Y
:E- = =7 EE’z- (50)
T

&

At =0,

Y Y
EI(O) =_.7.—Ezl =7 '_EzII' (51)
B B
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From Equations (49) and (51)

Eoa . €0y I: B,* j|
—7 1—
18 (180_:81)2_:802

where X is the impedance of the inductive wall at z = 0. Defining

eoa)X = ,31, (53)

where B, is the propagation constant of the slow-wave structure, the
following dispersion equation is obtained by combining Equations (43)
and (52):

B:2 |:1— ][1— i :l:m. (54)
Be—PB)2 —B)*—B.*

Assuming synchronism between the circuit wave and the slow cyclotron
wave of the beam (i.e., 8;=8,+ 8, and 8, < B, and restricting
B=8,+ 8.+ 8, the following equation and solutions are obtained:

(E+ B [E2B. + (B.+ B.)B21 =0, (55)
gl = —180:
B
fa3=F 1By 1/1 ; (56)
Be
where £ =28, or
B,
:81 = 183 + ’
2
181) w
182,3=186+180:j_2—— 1+—. (67)

Gain per unit length:

llglml = up /‘/ 1 + . (58)
2‘[)0 ‘”c




A DYNAMIC-CAPACITOR ELECTROMETER
SUITABLE FOR MEASURING
ELECTROPHOTOGRAPHIC RECORDING MEDIA:*

By
E. C. Giaino

RCA Laboratories,
Princeton, N. J.

Summary—A dynamic-capacitor electrometer has been designed for
accurate and convenient measurement of the charge acceptance, dark decay
of charge, and the decay of charge during illumination on Electrofas® and
related electrophotographic materials. The apparatus provides means for
obtaining date under controlled conditions of temperature and relative
humidity.

With the apparatus, existing and proposed machine operating cycles
can be simulated. The electronic behavior of Electrofax paper and metal
coated plates can be studied over short and long time intervals. Such data
has direct applicability to high-speed print-out systems and to office copier
and relief-plate applications operating on relatively long processing cycles.
In addition to its research applications, the apparatus should be useful in
establishing test procedures and material specifications.

INTRODUCTION

not well suited for measuring the complete charge acceptance

and decay of electrophotographic media on a continuous basis
over a wide range of time intervals. The dynamic-capacitor electrom-
eter described herein is specifically designed to provide a means for
measuring the complete characteristic curve of such media. It includes
means for controlled corona charging and for measurement of the
charge acceptance and subsequent decay, both in the dark and during
illumination. The charge-decay measurements are made in an electro-
statically shielded enclosure under controlled ambient conditions of
temperature and relative humidity in order to provide reproducible
ambient conditions.

g- T the present time, commercially available electrometers are

The electrometer and its associated circuitry provide a means for
obtaining data which simulates the environmental conditions and pro-
cessing time ranges encountered in a wide variety of applications. The
device provides a means for investigating postulated physical models
describing the mechanisms of operation. With it, test procedures can
be established to form the basis for materials’ standardization.

* Manuscript received 15 September 1961.
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CHARGE LG

l'mmsr-:c‘ 10+ 0-5 SEC. }—— ImSEC. TO ©
5SEC. | ADJUSTABLE
ADJUSTABLE

Fig. 1—Timing intervals.

GENERAL DESCRIPTION OF APPARATUS

The apparatus consists of a dynamic-capacitor electrometer incor-
porating a corona charging source. The peripheral equipment includes
timing circuits for impressing a high voltage on the corona unit to
obtain precisely timed charging intervals. Means are also included for
synchronizing a recorder so that charge build-up as well as charge
decay can be observed. The timing circuitry also produces synchro-
nizing signals which can be used to initiate a fixed interval of illumi-
nation at a prescribed and adjustable time interval after charging
ceases. The timing intervals available are shown in Figure 1. In
order to record short-time-interval events, a cathode-ray oscilloscope
and camera are used.

The electrometer is housed in a hermetically sealed electrostatically
shielded enclosure so that studies can be made under controlled condi-
tions of ambient temperature and relative humidity. Under standard-
ized test conditions, this provides means for obtaining reproducible
electrostatic measurement not possible with commercial electrometers
and other measuring techniques. A block diagram of the electrometer
and its associated equipment is shown in Figure 2.

HEATED & CALIBRATION
HUMIDIFIED | B MEASURING  —)
AIR POWER SUPPLY | ==
TEMPERATURE HIGH VOLTAGE
CONTROLLER [+ ELECTROMETER TIMER SOURCE ¥ B -
DISPLAY & MONOCT!GRHOTMETOR
L
RECORDER SOURCE
I

SYNCH (1) OR (2)

Fig. 2—Electrometer block diagram.
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ELECTROMETER DETAILS

The electrometer is based on the dynamic-capacitor principle, i.e.,
a time-varying potential can be developed at the terminals of a capaci-
tor by periodically inserting and withdrawing a charged dielectric.
Detailed operation of similar devices are discussed in the literature.l.?
A partial derivation of the potential appearing at the terminals of the
electrometer as a function of time is given in the Appendix.

The electrometer consists of a parallel-plate capacitor; one plate
is a Ys-inch-square fixed transparent electrode, and the other is a
rotatable metal disk which carries the charged dielectric. The fixed

Als WTLFT ATRINLET -

s X

i
IGK VOITAGH |
1XPUT i
[]
!
}
4

" RESUReNGE |
v Ly |

+ z b EUTROLE :,E
_ b P \ b 3
% i) # B4
VORUSA e F R
CHARGE S ad a, F el g
—— y

ROTATING
Nisk

Fig. 3—Top view of electrometer.

L H. Palevsky, R. K. Swank, and R. Grenchik, “Design of Dynamic
Condenser Electrometers,” Rev. Sci. Instr., Vol. 18, No. 5, p. 298, May 1947.
2J. R. MacDonald and D. E. Edmonson, “Exact Solution of a Time-
Varying Capacitance Problem,” Proc. I.R.E., Vol. 49, No. 2, p. 453, Feb-

ruary 1961.
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electrode is separated from the disk by an air space of approximately
.080 inch. The fixed electrode is transparent, so that during light-decay
measurements the sample can be continuously and uniformly illumi-
nated. The exact light-decay curve can thus be obtained without
introducing light pulses which might give results which are difficult
to interpret, since most of the materials investigated show nonlinear
behavior. The corona charging unit is transparent for the same reason.

Fig. 4—Component parts of electrometer.

A top view of the electrometer with its transparent conductively
coated cover and its metal access-port cover removed is shown in
Figure 3. The cover is part of the electrostatic shielding. Figure 4
shows the cover and access port as well as a front-surface mirror for
directing a horizontal beam of light into the unit. Figure 5 shows the
completely assembled unit which measures approximately 6 inches in
each dimension. It is fully electrostatically shielded and can be sealed
from the existing ambient atmosphere.

In operation the sample is mounted on the 4-inch-diameter brass
rotatable disk by a metal clamp having a 1/2-inch-square aperture.
Provision has been made so that two samples can be measured simul-
taneously. Under some test conditions, it is desirable to compare an
unknown directly with a standard under identical conditions. The
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number of samples that might be carried by the disk is limited only
by the space available around the disk. The drive motor for the disk
is located in the motor compartment beneath a base plate on which is
mounted a fixed shaft which carries the rotating disk on ball bearings.
The fixed shaft also supports the transparent charging unit and the
fixed condenser electrode. The disk is driven by a friction wheel at

Fig. 5—Electrometer assembly.

approximately 900 rpm. In addition to the samples, a reference elec-
trode is carried by the disk. The reference electrode is insulated from
the disk and is connected through a slip ring to a variable-potential
source. The electrode area and the distance it protrudes above the disk
is the same as that of the sample. The reference electrode provides a
means for measuring the amplitude of the voltage pulse generated by
the sample as it passes under the probe. A reference voltage pulse,
which is identical to that from the sample, is obtained from the refer-
ence electrode and appears between successive sample pulses. A typical
pulse from either the sample or the reference electrode is shown in
Figure 6.

The sample is charged as it rotates beneath the corona charging
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Fig. 6—Typical voltage-output pulse appearing at grid of
oscilloscope input amplifier.

unit. The charging interval can be adjusted from 0.01 to 5 seconds.
The sample receives a charging pulse each time it passes beneath the
charger. A typical charging curve is shown in Figure 7 for an Electro-
fax coating on paper at 60% relative humidity and 25°C, and with
the charging voltage set at 6 kilovolts.

The charger consists of three .0022-inch tungsten wires spaced
1/2 inch apart. The spacing between the corona charger and the disc
is adjustable between 1/4 and 1 inch by sliding the charger along the
shaft to which it is attached. The electrometer and the corona charging
source are housed in a neoprene gasketed electrostatically shielded
enclosure as shown in Figure 3.

The sample under test can be heated with hot air when temperature
studies are required. A thermocouple mounted on the fixed shaft of

L
ot T A ENE BT TR AN

Fig. 7—Typical charging curve of Electrofax layer.
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the sample disk is used to measure the sample temperature. The
measured temperature difference between the sample and the shaft is
1° over the range 20° to 65°C. The thermocouple output is used to
provide the input control signal to a temperature controller which
controls the power input to the heating element in the heating chamber.

The entire electrometer assembly, exclusive of the hot air chamber,
is compact enough that it can be rigidly fastened to a monochromator
light source for light-decay measurements.

Tl BB So gt

as

Fig. 8 —Control circuit chassis (front panel).

TIME AND CONTROL DETAILS

The high-voltage interval timer and synchronizing circuits are
shown in Figures 8, 9, and 10.

The timing circuits consist of adjustable one-shot multivibrators.
The sequence of charging and charge measurement is manually started
by pressing a push-button switch on the front panel of the unit.

The timing circuits, corona power supply, and motor for rotating
the electrometer sample disk are all controlled from the front panel
of the time and control chassis.

The corona voltage is adjustable from 0 to 10 kilovolts and is set
on the panel meter. The polarity can be changed by switching the plug
and jack located behind the front panel. The interconnections are
shown in Figure 9. This photograph also shows the modified relay
for switching the high voltage.
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Fig. 9—Control circuit chassis (rear
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TYPICAL DATA

A typical complete characteristic curve of an Electrofax layer con-
sisting of a photoconductive zinc oxide powder in a silicone insulating
resin is shown in Figure 11.

The characteristic curve is the envelope of the data shown taken
above or below the horizontal axis. The photograph shows the way in
which the layer acquires charge during each of its transits beneath
the corona discharge operating at 6 kilovolts. The cathode-ray-oscillo-
scope sweep was initiated when the discharge was started. The sweep

Fig. 11—Typical electrofax characteristic curve: A is charge-buildup time,
B dark-decay time, and C light-decay time.

used for obtaining the data of Figure 11 was 1% seconds per division,
and the deflection sensitivity was 300 volts per vertical division. The
reference potential electrode was at zero potential at the time the data
was recorded. The charging interval is designated A and is equivalent
to 8 seconds. It will be observed that the sample reaches a saturation
potential of 600 volts in approximately 15 seconds. The interval B
is the dark-decay time. During the interval C, the decay of charge
occurs with light set at some arbitrary level.

By comparing the dark-decay curve alone on a given sample with
one including the light decay, the differential of the surface-charge
density can be determined for the image and nonimage areas for all
times after the charging interval. This data is essential in establishing
optimum processing cycles for printing devices utilizing such materials.
The data can also be used for indirectly studying various electro-
photographic developing systems. Charge-density levels needed for a
given development means can be measured.
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It will be observed from the recordings in Figures 6, 7, and 11 that
both positive and negative pulses appear in the trace. This is caused
by the input circuit of the oscilloscope which differentiates the approxi-
mately triangular waveshape of the voltage appearing at the electrom-
eter terminals as the sample passes under the probe. The exact wave-
shape of the voltage appearing at the terminals is determined by the
shape of the probe, the shape of the aperture in the clamp holding the
sample to the'disk, and the charge distribution on the sample. Since
the charge distribution must be uniform with the type of corona
charging used, the pulse is governed by the geometry of the probe
and sample.

el

Cy Ay, d, LK,
(A~ &) 3=C, ¢,
1 /hv
{dit d,) cs_I_ R
A,d,. K,

A= AREA OF THE TRANSPARENT PROBE

Ay |ANR§r|A (E)F SAMPLE UNDER PROBE AT ANY INSTANT
M

d;= PROBE TO SAMPLE SPACING
dp= SAMPLE THICKNESS

K, = DIELECTRIC CONSTANT OF AIR
Kz= DIELECTRIC CONSTANT OF SAMPLE

Cs= SHUNT CAPACITY OF PROBE
S" SAMPLE AREA AND LEADS OUTSIDE

Rl.”= PHOTOCONDUCTOR LEAKAGE IN THE DARK AND
WITH LIGHT

Fig. 12—Equivalent circuit.

APPENDIX

The potential appearing at the electrometer terminals can be calcu-
lated using the equivalent circuit shown in Figure 12. C, is the capaci-
tance of the sample in series with the probe-to-sample capacitance as
the sample passes beneath the probe. C, is the capacitance of the
probe-to-sample-disk, and C, is the shunt capacitance of the probe and
leads outside the sample area.

It will be assumed that the sample is charged to a uniform charge
density q,.
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Using the notation shown in Figure 12, the voltage as a function
of time is given by

The time variation of capacitance, C(¢), is

KA, KK, K,
c@) = + A, (¢) = +C,.
d, +d, Kidy + Kyd,  d, +d,

Since d, > d, and K, > K|,

C) ~

+C,

1+ dy

Therefore, the approximate potential as a function of time is given by

QsA2 (t)
V(L) =~

1A1
dy +dy

The value of A,(¢) depends on the geometry of the probe and
sample.

Three different probe-sample shapes, square, circular, and circular
sectors, have been used to evaluate 4,(¢). In each, identical probe and
test sample shapes have been used. Perfect congruency between the
sample and the probe is assumed when one is directly over the other.
Rather complex expressions result for the square and circular geome-
tries. The simplest results are obtained using circular sectors.

+ C,
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